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Summary 
This thesis describes research starting in 1999 on three areas of natural product 
science, namely bacterial resistance modifying agents, antibacterials and structure 
elucidation of natural products.  
Plants produce an array of structurally-complex and diverse chemical scaffolds and 
whilst there is an expanding volume of published literature on structure elucidation, 
there remains a need to understand why these compounds are produced and how 
they function in terms of biological activity. That can only be properly realised by a 
full and determined attempt at structure elucidation. This is an important concept as 
molecular structure describes and precedes function. The chirality and functional 
group chemistry of natural products defines the way in which a compound 
specifically binds to a receptor, protein or drug target.  
My independent research career started with studies on the ability of plant extracts 
and phytochemicals to modulate the activity of antibiotics that are substrates for 
bacterial multidrug efflux. These investigations are described in the first section, 
“Natural Product Resistance Modifying Agents”. Studies were, in the first instance, 
simple assays to look at potentiation and synergy of extracts and pure 
phytochemicals to potentiate the activity of antibiotics against resistant bacteria. This 
research evolved to study efflux inhibition, where we learnt much from the 
collaborations with Professors Piddock (Birmingham), Kaatz (Wayne State) and 
Bhakta (Birkbeck). Latterly, we were inspired by the highly imaginative and creative 
work of Dr Paul Stapleton (UCL), to study the plasmid transfer inhibitory effects of 
natural products; the rationale being that plasmids carry antibiotic-resistance genes 
and virulence factors. Inhibition of transfer could result in a reduction in the spread of 
antibiotic resistance and a reduction in pathogenicity.   
The second section of this thesis describes antibacterial natural products that were 
evaluated against clinically-relevant species of bacteria, in the main Gram-positive 
organisms such as Staphylococcus aureus and its methicillin- (MRSA) and 
multidrug-resistant variants and Mycobacterium tuberculosis, the causative agent of 
tuberculosis, which still continues to affect millions of people globally and for which 
antibiotic resistance is considerable.  
The papers described in this section detail the extraction of the plant and the 
bioassay-guided isolation of the active compounds, which were then subjected to 
structure elucidation, using in the majority of cases, Nuclear Magnetic Resonance 
(NMR) spectroscopy, High-Resolution Mass Spectrometry, and Infrared and 
Ultraviolet-Visible Spectroscopy. Natural products from the acylphloroglucinol, 
terpenoid, polyacetylene, alkaloid and sulphide classes are well represented in these 
publications with some of these antibacterial natural products displaying minimum 
inhibitory concentrations (MIC) values of less than 1 mg/L against MRSA and 
Mycobacterium tuberculosis strains. These activity levels approach those of existing 
clinically used antibiotics and this highlights the value of plant natural products as a 
resource for antibacterial templates.  
Mechanistic studies have also been conducted on selected compounds, for example 
the natural products from Hypericum acmosepalum were found to inhibit ATP-
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dependent MurE ligase, a key enzyme involved in bacterial cell wall biosynthesis. 
Other examples included the main component of cinnamon (Cinnamomum 
zeylanicum), an ancient medicinal material cited in the Bible in Exodus, which has 
been used in antiquity as an anti-infective substance. The main compound from this 
medicinal material is trans-cinnamaldehyde, a simple phenylpropanoid which has 
been shown to inhibit Acetyl-CoA Carboxylase, a pivotal enzyme that catalyses the 
first committed step in fatty acid biosynthesis in all animals, plants and bacteria. In 
collaboration with the marine natural product chemist Professor Vassilios Roussis, 
we have also been able to characterise the antibacterial activities of marine plants, 
particularly compounds of the diterpene class that display promising levels of 
antibacterial activity against MRSA and S. aureus strains. Work on the antibacterial 
properties of Cannabis sativa showed that some of the main cannabinoids display 
excellent potency towards drug-resistant variants of S. aureus and support the 
ancient medicinal usage of Cannabis as an anti-infective and wound healing 
preparation. The acylphloroglucinol class of plant natural products are also 
noteworthy, particularly from Hypericum and Mediterranean medicinal plant species 
such as Myrtle (Myrtus communis), again with MIC values reaching 1 mg/L against 
pathogenic bacteria. We synthesised some of these acylphloroglucinols and made 
analogues and not surprisingly, were unable to improve the activity as nature really 
is the best chemist of all.  
The final section describes early and continuing research into the isolation and 
structure elucidation of natural products from plants and microbes. The rationale for 
this research is manifold: training for isolation to understand the medicinal use of a 
plant or microbe, chemotaxonomic investigations, the ecological relevance of 
phytochemicals in plants that are halophytic and xerophytic and in some cases just 
plain academic curiosity. These studies use classical phytochemical techniques to 
isolate and determine the structures of the species of investigation and where 
possible, absolute stereochemistry is undertaken. It should be noted however that 
isolation can be exceptionally challenging and frustrating. This can be due to the 
paucity of biomass, low concentrations of compounds, complexity of the resulting 
natural product mixtures and finally a lack of chemical stability of the products. All of 
these issues need to be faced before structure determination can even be 
attempted. A word of caution is therefore needed to the young natural product 
chemist embarking on their first isolation project. However, words of encouragement 
are also needed: the isolation of new, chemically complex and exquisitely biologically 
active molecules is a beautiful endeavour and exceptionally rewarding on many 
levels.  
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ABSTRACT: The isolation of two diarylnonanoids from Dioscorea cotinifolia possessing antibiotic-potentiating activity against
resistant strains of S. aureus are reported. The diarylnonanoids are a class of natural products similar in structure to the
diarylheptanoids, which have a wide spectrum of reported biological activities. One of the diarylnonanoids (1) isolated possesses a
chiral center, and to deduce its configuration, the modified Mosher ester method was used. Using both 1D and 2D NMR data, as
many protons as possible were assigned to both the R- and S-MTPA esters, and the configuration of the chiral center in 1 was
determined to be R. Both the chiral and achiral diarylnonanoid (2) exhibited potent antibiotic-potentiating activity with the chiral
natural product showing a greater tetracycline-potentiating activity than 2. Interestingly, 2 gave a higher norfloxacin-potentiating
activity with a resultant higher efflux pump inhibitory activity. Manipulation of the structure of the diarylnonanoids through synthesis
could lead to improved biological activity.

The genus Dioscorea, commonly known as the “yam” taxon,
is very well-known for its phytochemical diversity. The

rhizomes of some species are used as both food and medicine
in many parts of the world. Medicinally, the genus is used in
the treatment of wounds, sores,1 rheumatism, and skin
problems.2 Studies on the pharmacological properties of this
genus have shown anti-inflammatory, analgesic,3 antifungal,1

antitumor,4 and anthelmintic properties.5 One of the most
useful phytochemicals isolated from the family Dioscoreaceae
is diosgenin, which has an important role in the pharmaceutical
industry as the precursor for pharmacologically important
steroids. Other phytochemicals that have been reported in the
family include glycosides, flavonoids, alkaloids, phenols,
tannins, triterpenoids,6 and the diarylheptanoids.7 In this
study, reported are two new diarylnonanoids, an ω-hydroxy
fatty acid ester from Dioscorea cotinifolia Kunth as well as a
bibenzyl from D. sylvatica Eckl. var. sylvatica with antibiotic-
potentiating activity against methicillin-resistant Staphylococcus
aureus (MRSA). The potential of these compounds to inhibit
staphylococcal efflux pumps, which are known be involved in
antibiotic resistance, were further investigated.
The diarylnonanoids were isolated from the chloroform

extract of the rhizomes of D. cotinifolia. Compound 1 was
isolated as a yellow solid, while compound 2 was isolated as a

yellow amorphous powder. The IR absorption spectra of both
compounds showed a CO bond stretch at 1650 cm−1 and an
O−H bond stretch at 3300 cm−1. Using their 1H NMR and
HRESIMS data, both compounds were identified as 5-hydroxy-
1,9-nonane-3,7-diones with different substituents at positions 1
and 9.
The HRESIMS data of compound 1 showed a sodium

adduct ion peak [M + Na]+ at m/z 409.1623, corresponding to
the pseudomolecular formula, C22H26O6Na

+ (calcd 409.1627;
10 degrees of unsaturation). The 1H NMR data (500 MHz,
C6D6) revealed the presence of two aromatic ring systems
(Table 1). A 1,3,4-trisubstituted aromatic ring system with
three aromatic resonances, δH 6.46 (1H, d, J = 2.0 Hz), δH 6.99
(1H, d, J = 8.0 Hz), and δH 6.54 (1H, dd, J = 2.0, 8.0 Hz)
accounting for the 4-hydroxy-3-methoxyphenyl moiety of the
structure (ring A). For the second ring (B), a 1,4-disustituted
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aromatic ring (AA′BB′) system showed two aromatic
resonances, each integrating for two protons at δH 6.85 (2H,
d, J = 8.5 Hz) and δH 6.49 (2H, d, J = 8.5 Hz), and therefore
suggesting a 4-hydroxyphenyl moiety. A number of key
features in the spectroscopic data led to the unambiguous
assignment of the structure of 1.

Two sets of benzylic protons, δH 2.73 (2H, t, J = 7.5 Hz) and
δH 2.68 (2H, dt, J = 7.5 Hz), were apparent along with a pair of
deshielded methylene groups (H2-2 and H2-8) at δH 2.29 (2H,
t, J = 7.5 Hz) and δH 2.22 (2H, t, J = 7.5 Hz), which showed J
correlations with C-1 and C-9, respectively, in the HMBC
spectrum. Additionally, H2-2 and H2-8 also showed J
correlations with the carbonyl resonances at C-3 and C-7.
Furthermore, two deshielded methylene groups with reso-
nances at δH 2.15, 2.08 (2H, dd, J = 7.8, 4.4 Hz, H2-4) and δH
2.12, 2.04 (2H, dd, J = 7.8, 4.4 Hz, H2-6) exhibited J
correlations with an oxymethine carbon at C-5. A methoxy

group resonance on the aromatic ring A at δH 3.20 (3H, s),
further supported the inference of a 5-hydroxy-1,9-nonane-3,7-
dione moiety of 1. Further resonances at δH 3.34 (1H, brd),
5.36 (1H, s), and 3.90 (1H, brd), could be attributed to the
three hydroxy groups at C-5, C-4′, and C-4″, respectively.
The 13C NMR spectrum of 1 revealed 22 carbon resonances

with seven quaternary carbons missing in the DEPT-135
spectrum, which supported the proposed structure. There were
two carbonyl resonances (δC 209.2 and 209.3), an oxymethine
(δC 64.9), and methylenes with different chemical shifts,
depending on their proximity to the deshielding oxymethine
and carbonyl groups (Table 1). In the HMBC spectrum, the
proton at position H-3″ showed J correlations with C-4″ and
C-5″. The methylene protons at H-9 showed correlations with
C-8 and C-1″, while the methylene protons at H-1 showed
correlations with C-2 and C-1′, which enabled the structure of
the compound to be confirmed as 5-hydroxy-1-(4-hydroxy-3-
methoxyphenyl)-9-(4-hydroxyphenyl)nonane-3,7-dione.
The HRESIMS of 2 showed a sodium adduct ion peak [M +

Na]+ peak at m/z 439.1729, corresponding to a pseudomo-
lecular formula, C23H28O7Na

+ (calcd 439.1733; 10 degrees of
unsaturation). This was 30 atomic mass units greater than the
sodium adduct ion peak observed for 1, accounting for the
addition of an oxymethylene (OCH2) moiety. The 1H NMR
spectrum (500 MHz, C6D6) of 2 was highly similar to that of 1
and revealed the absence of a disubstituted aromatic ring
(Table 1). The integrals of the resonances in the 1,3,4-
trisubstituted aromatic ring were doubled, showing two
identical aromatic rings, for which the protons were equivalent.

Table 1. 1H and 13C NMR Spectroscopic Data and HMBC Correlations of 1 and 2a

1 2

no. δC, type δH (J in Hz) δC, type δH (J in Hz) HMBC

1 29.4, CH2 2.73, t (7.5) 29.9, CH2 2.73, t (7.5) 3, 2, 2′, 6′, 1′
2 45.8, CH2 2.29 t (7.5) 45.8, CH2 2.29, t (7.5) 1′, 1, 3
3 209.2, C 209.3, C 1, 5, 2, 4
4 49.0, CH2 2.15, dd (7.8, 4.4) 49.1, CH2 2.16, dd (7.8, 4.3) 6, 3, 5

2.08, dd (7.8, 4.4) 2.08, dd (7.8, 4.3)
5 64.9, CH 4.39, m 64.9, CH 4.42, m 3, 7, 4, 6
6 49.1, CH2 2.12, dd (7.8, 4.4) 49.1, CH2 2.16, dd (7.8, 4.3) 4, 5, 7

2.04, dd (7.8, 4.4) 2.08, dd (7.8, 4.3)
7 209.3, C 209.3, C 5, 9, 6, 8
8 45.6, CH2 2.22, t (7.5) 45.8, CH2 2.29, t (7.5) 1″, 7, 9
9 29.3, CH2 2.68, td (7.5, 2.5) 29.9, CH2 2.73, t (7.5) 7, 2″, 6″, 1″, 8
1′ 133.4, C 133.3, C 5′, 2, 1, 2′
2′ 111.7, CH 6.46, d (2.0) 111.8, CH 6.46, d (1.5) 1′, 3′, 4′, 6′, OCH3 − 3′
3′ 147.2, C 147.2, C
4′ 145.2, C 145.2, C
5′ 115.2, CH 6.99, d (8.0) 115.2, CH 6.99, d (8.0) 3′, 1′, 4′
6′ 121.6, CH 6.54, dd (8.0, 2.0) 121.6, CH 6.54, dd (8.0, 1.5) 4′, 2′
1″ 133.4, C 133.3, C
2″ 130.1, CH 6.85, d (8.5) 111.8, CH 6.46, d (1.5)
3″ 115.9, CH 6.49, d (8.5) 147.2, C
4″ 155.1, C 145.2, C
5″ 115.9, CH 6.49, d (8.5) 115.2, CH 6.99, d (8.0)
6″ 130.1, CH 6.85, d (8.5) 121.6, CH 6.5, dd (8.0, 1.5)
OCH3 − 3′ 55.7, CH3 3.20, s 55.7, CH3 3.21, s 3′
OCH3 − 3″ 55.7, CH3 3.21, s 3″
OH − 5 3.34, brd
OH − 4′ 5.36, s
OH − 4″ 3.90, brd

a500 MHz for 1H and 125 MHz for 13C, recorded in C6D6.
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This observation, and the fact that the integrals of the
methylenes in the 5-hydroxy-1,9-nonane-3,7-dione moiety
were also doubled, led to the conclusion that the structure of
2 possesses symmetry and this could be readily explained by
the proposal of 2 as 5-hydroxy-1,9-bis(4-hydroxy-3-
methoxyphenyl)nonane-3,7-dione. However, due the ex-
changeable nature of the hydroxy group protons, they could
not be detected in the 1H NMR spectrum of 2 in C6D6.
The 13C NMR spectrum of 2 revealed only 13 carbon

signals, which again was consistent with the observation of a
plane of symmetry at position C-5. The HMBC and COSY
data were also highly similar to those of 1. To verify if
compound 1 was not obtained as an artifact, it was isolated
from its fraction using preparative TLC with chloroform−
acetone−acetic acid (6:4:0.1). Both compounds were isolated
with different retention factors, Rf 0.34 for 1 and Rf 0.39 for 2.
It was further hypothesized that if 1 was indeed an artifact, its
fragment would be clearly visible in the ESIMS spectra of 2,
run in positive mode, but this was not the case. It was
concluded that both compounds are natural products that exist
in the plant.
This is the first report of the isolation of diarylnonanoids

from the Dioscorea genus. Although the diarylheptanoids are
similar in structure, and have been previously isolated from the
Dioscoreaceae family,7−10 diarylnonanoids have a 9-carbon
chain linking the two aromatic systems. Structurally similar
compounds have been isolated from the Myristica genus in the
plant family Myristicaceae.11−14 Mosher ester analysis was used
to deduce the absolute configuration of the chiral center (C-5)
in compound 1. The Mosher esters, obtained by reacting 1
with both (3R)- and (3S)-MTPA chloride to yield the (4S)-
and (4R)-MTPA ester, respectively, were analyzed using both
1D and 2D NMR spectroscopy. The data were used to assign
as many protons as possible on both the (R)- and (S)-esters.
Since the methylene protons at positions 2 and 8, as well as
those in 4 and 6 were overlapped and difficult to distinguish,
the benzylic protons at positions 1 and 9, as well as the
aromatic protons were used for the analysis. HMQC, HMBC,
and COSY spectra were key in the assignments. According to
the Kakiswa group,15 the absolute values of Δδ must be
proportional quantitatively to the distance from the MTPA
moiety. This condition was met, bringing confidence to the
assignment of the hydrogens of the MTPA esters. Using their
method, which was later reiterated by Hoye and co-workers,16

the difference in the chemical shift (ΔδSR) was calculated from
each of the analogous pairs of protons for both the (S)- and
(R)-MTPA esters.
To determine the absolute configuration, all positive ΔδSR

values were assigned to the right side of the model (R1) in
Figure 1 and all the negative ΔδSR values were placed on the
left (R2) (as per the advanced or modified Mosher ester
analysis.15 By applying the Cahn Ingold Prelog system, the
priority of the groups on the original carbinol were assigned as

1 (OH), 2 (R1), 3 (R2), and 4 (H) and the absolute
configuration of the carbinol at C-5 of 1 was determined as
(R). The name was then assigned as (5R)-hydroxy-1-(4-
hydroxy-3-methoxyphenyl)-9-(4-hydroxyphenyl)nonane-3,7-
dione. The specific optical rotation was determined to be
[α]D

20 +130.9 (c 0.08, CHCl3).
The known compounds (E)-32-((3-(3-hydroxy-4-

methoxyphenyl)isoferuloyl)oxy)dotriacontanoic acid (3)17

and 5-(2-hydroxyphenethyl)-2,3-dimethoxyphenol) (4)17,18

were isolated from the chloroform extracts of D. cotinifolia
and D. sylvatica var. sylvatica, respectively.
The antibiotic-potentiating activities of compounds 1−4

were determined using two MDR S. aureus strains possessing
characterized efflux proteins, namely, SA-1199B, which is
resistant to fluoroquinolones due to overexpression of the
NorA MDR pump,19 and XU212, which is tetracycline-
resistant due to the TetK efflux protein.20 S. aureus XU212 is
also resistant to most β-lactams due to PBP2a production
conferred by the mecA gene.20 None of the compounds
showed inhibitory activity against the S. aureus strains, giving
minimum inhibitory concentration (MIC) values at >128 mg/
L. At subinhibitory concentrations (1/4 or less of the MIC),
the compounds caused a 2- or higher-fold reduction in the
MIC of the antibiotics when tested against the corresponding
resistant strain. Compound 1 was the most active, resulting in a
512-fold reduction in the MIC of tetracycline against the
tetracycline-resistant XU212 strain (Table 2). The ω-hydroxy
fatty acid ester (3) was also very active and resulted in an 8-
and 16-fold reduction in the MIC of norfloxacin and
tetracycline, respectively.

The possible effect of the isolated compounds to inhibit the
active efflux of an antibiotic from cells was investigated using
an ethidium bromide accumulation assay. Figure S1 (Support-
ing Information) and Table S1 (Supporting Information) show
the effects of the compounds on the intracellular accumulation
of ethidium bromide over time within S. aureus 1199B.
Reserpine, a known efflux pump inhibitor, showed an increase
in intracellular accumulation of ethidium bromide with a
resultant increase in fluorescence over a 30 min period of
observation. This activity was dose-dependent and at the
highest concentration (1/4 MIC), the difference in accumu-
lation (the slope of 2.88) compared to that of the control in
the absence of the inhibitor (referred to as the “blank”) was the
highest obtained (Table 2). Compounds 2 and 4 showed
significant efflux pump inhibitory (EPI) activity, with slope

Figure 1. ΔδSR values (bold) for the MTPA ester of 1 (left) and the
model used to determine the absolute configuration (right).

Table 2. Antibiotic-Potentiating Activity of Compounds 1−
4

MIC (mg/L) of test sample in
combination with specified antibiotic

(fold reduction) against:

S. aureus 1199B
(NorA)

S. aureus XU212
(TetK)

compound (subinhibitory
concentration in mg/L)

norfloxacin @ 32
mg/L

tetracycline @
128 mg/L

1 (100) 16 (2) <0.25 (>512)
2 (30) 8 (4) 128
3 (100) 4 (8) 8 (16)
4 (64) 2 (16) 64 (2)
reserpinea (20) 16 (2) 64 (2)

aPositive control substance.

Journal of Natural Products pubs.acs.org/jnp Note

https://dx.doi.org/10.1021/acs.jnatprod.9b01006
J. Nat. Prod. 2020, 83, 1696−1700

1698

17

http://pubs.acs.org/doi/suppl/10.1021/acs.jnatprod.9b01006/suppl_file/np9b01006_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jnatprod.9b01006/suppl_file/np9b01006_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jnatprod.9b01006/suppl_file/np9b01006_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.9b01006?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.9b01006?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.9b01006?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.9b01006?fig=fig1&ref=pdf
pubs.acs.org/jnp?ref=pdf
https://dx.doi.org/10.1021/acs.jnatprod.9b01006?ref=pdf


differences of 2.45 and 2.68, respectively. Furthermore, their
relative final fluorescence (RFF) was similar to that of
reserpine. These results led to the conclusion that the
antibiotic-potentiating activity of these isolated compounds is
due to their EPI activity. 1 gave a lower norfloxacin-
potentiating activity, which corresponded to its weaker efflux
pump activity compared to 2. This was interesting because
structurally these two compounds are very similar, with only
differences in the substitution in the second aromatic ring.
From an observation of the structures of the NorA pump

inhibitors isolated in this study, it seems plausible to suggest
that the presence of more than one methoxy group as well as at
least two phenyl rings is essential for greater EPI activity. This
corroborates with the structures of reserpine and verapamil,
well-known EPIs, which also possess these structural character-
istics. Kaatz and colleagues21 noted that due to the
heterogeneity of reported EPIs, it becomes difficult to
characterize the critical structure of an “ideal” NorA inhibitor.
However, their recent work on ligand-based pharmacophore
modeling suggests that the presence of four pharmacophores
facilitate NorA inhibition: (1) a hydrogen-bond acceptor, (2) a
positive charge, (3) two aromatic rings, and (4) a hydrophobic
region.22 Although the isolated compounds lacked a positive
charge, they possess all the other pharmacophores required
and therefore displayed NorA inhibitory properties. The
bibenzyl 4 also showed good antibiotic potentiating activity
(16-fold reduction in the MIC of norfloxacin).

■ EXPERIMENTAL SECTION
General Experimental Procedures. The optical rotation of the

chiral compound was measured on a PolAAR 21 instrument (Optical
Activity Ltd.) using an A2 series polarimeter sample tube with a 100
mm path length. UV−vis absorption spectra were measured on a
UV−vis (Spectronic Helios Gamma UV−visible spectrophotometer)
and IR spectra were measured on a PerkinElmer 100 FT-IR
spectrometer. 1D 1H, 13C, and DEPT-135, and 2D HMQC,
HMBC, COSY, and NOESY NMR spectroscopic data were acquired
on a Bruker Avance 500 MHz NMR spectrometer. Deuterated
solvents and NMR tubes were purchased from Cambridge Isotope
Laboratories and Sigma-Aldrich, respectively. Bruker Topspin, version
3.2 software was used to process NMR data. Low-resolution mass
spectra were acquired on a LCQ Duo Ion-Trap mass spectrometer
(Thermo Fisher Scientific), and a Waters Q-TOF Premier Tandem
mass spectrometer was used for high-resolution mass spectrometry.
Column chromatography was performed on silica gel 60 (0.04−0.063
mm; Merck) and TLC on Silica gel 60 F254 (Merck) plates. Vanillin-
sulfuric acid and p-anisaldehyde reagents were used to visualize the
TLC plates. All chemicals used were HPLC grade. Chemicals were
supplied by either Sigma-Aldrich or Fisher Scientific.
Plant Material. Dioscorea cotinifolia (voucher number GM218)

and Dioscorea sylvatica var. sylvatica (voucher number GM217) were
collected in March 2014 from Malutha in the southeastern part of
Eswatini, Southern Africa. Their exact location was recorded with a
Global Position System. Botanical identification was done by Mr.
M.N. Dludlu (Botanist; Eswatini Institute for Research in Traditional
Medicine, Medicinal and Indigenous Food Plants, University of
Eswatini) and voucher specimens were deposited with the Eswatini
National Herbarium, Malkerns Research Station, Eswatini.
Extraction and Isolation. The dried and ground rhizomes of

D. cotinifolia (544 g) were extracted exhaustively in a Soxhlet extractor
using hexane, chloroform and methanol to yield 0.08%, 0.3% and
0.9%, respectively, of the crude extracts. The chloroform extract was
biologically active in the preliminary tests and therefore subjected to
normal-phase SPE with hexane (100%) and subsequently 10%
increments of ethyl acetate to yield 11 fractions. After TLC and 1H
NMR analysis, fractions 7, 8, 10, and 11 were targeted for the isolation

of compounds. Compound 1 (2.5 mg) was isolated from fraction 8
after preparative TLC on silica gel with chloroform−acetone−acetic
acid (8:2:0.1). Compound 2 (6.5 mg) was isolated from a
combination of fractions 10 and 11 by preparative TLC on silica
gel using chloroform−acetone−acetic acid (9:1:0.1), and compound
3 (14.8 mg) was isolated from fraction 7 which was further purified by
column chromatography on silica gel using ethyl acetate−hexane
(8:2).

The rhizomes of D. sylvatica var. sylvatica also were successively
extracted on an ultrasonic bath with hexane, chloroform and
methanol. Fractionation of the chloroform extract by VLC on silica
gel led to fraction 6 (227 mg), eluted with hexane-ethyl acetate
(50:50). Fraction 6 was purified by column chromatography on silica
gel, using petroleum ether (40−60 °C)−ethyl acetate−formic acid
(50:50:1) as mobile phases to yield 75 fractions. On the basis of their
TLC profile, fractions 10−19 were pooled and further purified by
preparative TLC to yield compound 4 (20 mg).

(5R) -Hydroxy-1 - (4 -hydroxy -3-methoxypheny l ) -9 - (4 -
hydroxyphenyl)nonane-3,7-dione (1). Yellow solid; [α]D

20 +130.9 (c
0.08, CHCl3); UV (CH3CN) λmax (log ε) 223 (4.38), 279 (3.91) nm;
IR (film) νmax 3296, 2949, 2837, 2141, 1646, 1450 cm−1; 1H (500
MHz) and 13C NMR (125 MHz, C6D6), see Table 1;
HRQTOFESIMS m/z 409.1623 [M + Na]+ (calcd for
C22H26O6Na

+, 409.16727).
5-Hydroxy-1,9-bis(4-hydroxy-3-methoxyphenyl)nonane-3,7-

dione (2). Yellow amorphous solid; UV (CH3CN) λmax (log ε) 201
(4.80), 225 (4.20), 280 (3.85); IR (film) νmax 3335, 2950, 2837, 1652,
1450 cm−1; 1H (500 MHz) and 13C NMR (125 MHz, C6D6), see
Table 1; HRQTOFESIMS m/z 439.1729 [M + Na]+ (calcd for
C23H28O7Na

+, 439.1733).
Preparation of Mosher’s Esters for Spectroscopic Determi-

nation of Stereochemistry. Mosher’s esters were prepared and
analyzed as previously described.15,16,23,24 Briefly, compound 1 (500
μg) was dissolved in CDCl3 (600 μL) and dry pyridine-d5 (6 μL).
Thereafter, either (S)- (+) or (R)-(−)-MTPA-Cl (6 μL; Sigma-
Aldrich) was added to the reaction mixture and allowed to stand for
24 h in a desiccator. When the reaction was complete the mixture was
transferred into an NMR tube and run on a Bruker Avance 500 MHz
spectrometer to acquire both 1D and 2D NMR data.

Broth Dilution Assay for Determining the Bacterial
Minimum Inhibitory Concentration (MIC). Minimum inhibitory
concentrations were determined by the broth dilution assay previously
described.25−27

Antibiotic-Potentiating Activity. Potentiation of antibiotic
activity by the test compounds used a modulation assay adapted
from Dickson and co-workers.28 S. aureus strains possessing genes that
code for antibiotic resistance against particular antibiotics were used
for the experiment; a tetracycline-resistant XU212 strain and the
norfloxacin-resistant SA-1199B strain. A subinhibitory concentration
(X = 1/4 MIC or less) of the compound was used for the experiment.

Real-Time Ethidium Bromide Accumulation Assay. The
efflux pump inhibition activity of the compounds was assessed using
real-time analysis of ethidium bromide (EtBr) accumulation in the
effluxing S. aureus 1199B strain. EtBr is a substrate for various MDR
efflux pumps and reversibly binds DNA.21,29 It enters the cell by
diffusion and is pumped out of effluxing cells via an efflux mechanism.
Real-time analysis allows for the monitoring of the influx and efflux
activity of EtBr within the cell.30 The assay was performed as
described by Ramalhete and co-workers31 with minor modifications.
Fluorescence was measured on a BioTek Synergy HT multidetection
plate reader, at excitation and emission wavelengths of 535/590 for 30
min, with readings taken every minute. A positive control (reserpine)
and a blank (without EPI) were included in the experiment. The data
was processed using Gen5 v1.09 software.
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a b s t r a c t 

Bacterial conjugation is the main mechanism for the transfer of multiple antimicrobial resistance genes 

among pathogenic micro-organisms. This process may be controlled by compounds that inhibit bacte- 

rial conjugation. In this study, the effects of allyl isothiocyanate, l -sulforaphane, benzyl isothiocyanate, 

phenylethyl isothiocyanate and 4-methoxyphenyl isothiocyanate on the conjugation of broad-host-range 

plasmids harbouring various antimicrobial resistance genes in Escherichia coli were investigated, namely 

plasmids pKM101 (IncN), TP114 (IncI 2 ), pUB307 (IncP) and the low-copy-number plasmid R7K (IncW). 

Benzyl isothiocyanate (32 mg/L) significantly reduced conjugal transfer of pKM101, TP114 and pUB307 to 

0.3 ± 0.6%, 10.7 ± 3.3% and 6.5 ± 1.0%, respectively. l -sulforaphane (16 mg/L; transfer frequency 21.5 

± 5.1%) and 4-methoxyphenyl isothiocyanate (100 mg/L; transfer frequency 5.2 ± 2.8%) were the only 

compounds showing anti-conjugal specificity by actively reducing the transfer of R7K and pUB307, re- 

spectively. 

© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved. 

1. Introduction 

Bacterial conjugation is an adaptive mechanism that allows bac- 

teria to transfer genetic material, effector proteins and/or toxins 

from one cell to another through a conjugative bridge [1,2] . The 

genetic material that is transferred via conjugation usually confers 

a selective advantage to the recipient organism, such as survival, 

resistance, pathogenicity, infection activities and/or the ability to 

respond to environmental changes. Conjugation greatly increases 

bacterial genome plasticity and has immense clinical relevance as 

a major route for the spread of multiple antimicrobial resistance 

genes among the microbial community and virulence genes from 

pathogen to host bacterium [2] . It is therefore imperative to find 

ways to combat conjugation as a means to decrease the ongoing 

rise of antimicrobial-resistant infections. 

Inhibition of bacterial conjugation has received little research 

attention because the focus has been on the identification of new 

classes of antimicrobial agents that target processes essential for 

bacterial growth such as cell wall biosynthesis, the cell membrane, 

protein synthesis, nucleic acid synthesis and metabolic activity. 

This traditional approach has produced many therapeutically use- 

ful agents so far, but the challenge is that an antibiotic also in- 

∗ Corresponding author. Tel.: + 44 207 753 5913. 

E-mail address: simon.gibbons@ucl.ac.uk (S. Gibbons). 

troduces selective pressure promoting resistant bacteria and this 

has led to the current antibiotic resistance crisis. An additional 

approach for reducing the increasing rate of bacterial antimicro- 

bial resistance dissemination and re-sensitising bacteria to exist- 

ing antibiotics would be to target non-essential processes such 

as conjugation, which are less likely to evoke bacterial resistance. 

This approach could also have a prophylactic use in cosmeceuti- 

cals to reduce plasmid transfer. In addition to bacterial conjuga- 

tion, other non-essential processes such as plasmid replication [3–

5] and plasmid-encoded toxin–antitoxin systems [6,7] have been 

exploited with promising potential in antibacterial therapy. 

The few effort s directed towards identifying anti-conjugants in- 

clude small-molecule inhibitors of Helicobacter pylori cag VirB11- 

type ATPase Cag α [8] . The cag genes encode assembly of the con- 

jugative bridge and injection of the CagA toxin into host cells 

[8,9] . In addition, there have been other reports of promising anti- 

conjugants, such as dehydrocrepenynic acid [1] , linoleic acid [1] , 

2-hexadecyanoic acid [10] , 2-octadecynoic acid [10] and tanzawaic 

acids A and B [11] . However, these compounds have stability, tox- 

icity or scarcity issues that need to be addressed. Therefore, there 

is a pressing need to identify safer anti-conjugants to help in the 

fight against plasmid-mediated transfer and the spread of antimi- 

crobial resistance and virulence. 

In this study, four naturally occurring isothiocyanates [allyl 

isothiocyanate ( 1 ), l -sulforaphane ( 2 ), benzyl isothiocyanate ( 3 ) 

https://doi.org/10.1016/j.ijantimicag.2019.01.011 
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and phenylethyl isothiocyanate ( 4 )] as well as a synthetic isoth- 

iocyanate [4-methoxyphenyl isothiocyanate ( 5 )] were investigated 

for their anti-conjugant activity against Escherichia coli strains 

bearing conjugative plasmids with specific antimicrobial resistance 

genes. Isothiocyanates are usually naturally occurring hydrolytic 

products of glucosinolates that are commonly found in Brassica 

vegetables. They are produced when damaged plant tissue re- 

leases the glycoprotein enzyme myrosinase, which hydrolyses the 

β-glucosyl moiety of a glucosinolate. This leaves the unstable agly- 

cone thiohydroxamate- O -sulfonate, which rearranges to form an 

isothiocyanate or other breakdown products [12,13] . Other isoth- 

iocyanates, such as 4-methoxyphenyl isothiocyanate and methyl 

isothiocyanate, are synthetically produced and are not naturally oc- 

curring. 

In addition to anti-conjugant testing, plasmid-curing activity 

and bacterial growth inhibition were also evaluated to help dis- 

criminate between true anti-conjugants and substances that reduce 

conjugation owing to elimination of plasmids or function by per- 

turbation of bacterial growth or physiology. Isothiocyanates pos- 

sessing the highest anti-conjugant activities were further investi- 

gated for cytotoxicity against human dermal fibroblasts, adult cells 

(HDFa; C-013-5C). 

2. Materials and methods 

2.1. Bacterial strains and plasmids 

Escherichia coli NCTC 10418 (a susceptible Gram-negative strain), 

Staphylococcus aureus ATCC 25923 (a susceptible Gram-positive 

strain), S. aureus SA-1199B (a fluoroquinolone-resistant strain that 

overexpresses the multidrug resistance NorA pump) and S. aureus 

XU212 (a tetracycline-resistant strain that overexpresses the mul- 

tidrug resistance TetK pump) were used for the broth dilution as- 

say. Plasmid-containing E. coli strains WP2, K12 J53-2 and K12 

JD173 were used as donor strains in the plate conjugation and 

plasmid elimination assays. Escherichia coli ER1793 (streptomycin- 

resistant) and E. coli JM109 (nalidixic-resistant) were used as 

recipient strains. The conjugative plasmids used were pKM101 

[WP2; incompatibility group N (IncN); ampicillin-resistant], TP114 

(K12 J53-2; IncI 2 ; kanamycin-resistant) and R7K (K12 J53-2; IncW; 

ampicillin-, streptomycin- and spectinomycin-resistant), purchased 

from Deutsche Sammlung von Mikroorganismen und Zellkul- 

turen (DSMZ, Braunschweig, Germany), and conjugative plasmid 

pUB307 (K12 JD173; IncP; ampicillin-, kanamycin- and tetracycline- 

resistant), provided by Prof. Keith Derbyshire (Wadsworth Center, 

New York Department of Health, New York, NY). 

2.2. Broth microdilution assay 

Antibacterial activity was determined by the broth microdilu- 

tion assay as described previously [14] , which is a modified ver- 

sion of the procedure described in the British Society for An- 

timicrobial Chemotherapy (BSAC) guide to susceptibly testing [15] . 

Bacteria were cultured on nutrient agar slants and were incu- 

bated at 37 °C for 18 h. A bacterial suspension equivalent to a 

0.5 McFarland standard was made from the overnight culture. This 

was added to Muller–Hinton broth and the test isothiocyanate, 

which had been serially diluted across a 96-well microtitre plate to 

achieve a final inoculum of 0.5 ×10 5 CFU/mL. Minimum inhibitory 

concentrations (MICs) were determined following 18 h of incuba- 

tion at 37 °C. This was done by visual inspection after the addition 

of a 1 mg/mL methanolic solution of 3-[4,5-dimethylthiazol-2-yl]- 

2,5-diphenyl tetrazolium bromide (MTT) and incubation at 37 °C 
for 20 min. This experiment was performed in duplicate in two in- 

dependent experiments. 

2.3. Liquid conjugation assay 

Donor cells with plasmids pKM101, TP114 and pUB307 were 

paired with the recipient ER1793. Plasmid R7K donor cells were 

paired with the recipient JM109. Research has shown that plas- 

mid carriage by host bacteria is associated with some fitness cost 

(burden) [16,17] . This fitness effect of plasmids plays a vital role 

in their ability to associate with a new bacterial host. As a con- 

sequence of this, different E. coli hosts that are known to success- 

fully conjugate [18,19] and to maintain the study plasmids were 

selected. The liquid conjugation assay was performed as previously 

described [20] with slight modifications. Equal volumes (20 μL) of 

donor and recipient cells, for which the CFU/mL had been prede- 

termined (Supplementary Table S1), were introduced into 160 μL 

of Luria–Bertani broth and the test sample or control. This was in- 

cubated at 37 °C for 18 h, after which the number of transconju- 

gants and donor cells was determined using antibiotic-containing 

MacConkey agar plates. A positive control (linoleic acid [1] ) and 

a negative control (donor, recipient and medium, without drug or 

test sample) were included in the experiment. The isothiocyanates 

were evaluated for anti-conjugant activity at a subinhibitory con- 

centration (0.25 × MIC). Antibiotics were added at the following 

concentrations for positive identification of donors, recipients and 

transconjugants: amoxicillin (30 mg/L); streptomycin sulphate (20 

mg/L); nalidixic acid (30 mg/L); and kanamycin sulphate (30 mg/L). 

Conjugation frequencies were calculated as the ratio of total num- 

ber of transconjugants (CFU/mL) to the total number of donor cells 

(CFU/mL) and were expressed as a percentage relative to the neg- 

ative control. This experiment was performed in duplicate in three 

independent experiments and the anti-conjugation activity was re- 

ported as the mean ± standard deviation (S.D.). 

2.4. Plasmid elimination assay 

The plasmid elimination assay was performed as described pre- 

viously [21] with minor modifications. Escherichia coli donor strains 

were subcultured on appropriate antibiotic-containing MacConkey 

agar plates to ensure plasmid presence. Following incubation of 

the plates at 37 °C for 18 h, two to three single colonies were se- 

lected and were inoculated into Luria–Bertani broth. This was in- 

cubated for 18 h at 37 °C and the CFU were determined prior to 

the assay. Then, 20 μL of the overnight culture was added to a 

mixture of 180 μL of LB and test sample in a 96-well microtitre 

plate. This was incubated overnight (18 h) at 37 °C and was sub- 

sequently serially diluted, then 20 μL was plated on antibiotic- 

containing MacConkey agar and was incubated for 18 h at 37 °C. 
The isothiocyanates were evaluated for plasmid elimination activity 

at concentrations used in the liquid conjugation assay. Both a pos- 

itive control (promethazine) [22–24] and negative control (mixture 

without isothiocyanate or control drug) were included in this ex- 

periment. Plasmid elimination was calculated using the equation: 

Plasmid elimination 

= 

CFU / mL of control − CFU / mL of test sample 

CFU / mL of control 
× 100 

Antibiotics and concentrations used in MacConkey agar for pos- 

itive identification of E. coli cells harbouring plasmids were amox- 

icillin (30 mg/L), kanamycin sulphate (20 mg/L and 30 mg/L) and 

nalidixic acid (30 mg/L). This experiment was performed in dupli- 

cate with three independent experiments. 

2.5. Cytotoxicity assay 

The isothiocyanates showing anti-conjugant activity were fur- 

ther assessed for their effect on eukaryotic cell growth. The sul- 

forhodamine B (SRB) colorimetric assay was used as described 
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previously [25] with modifications. Human dermal fibroblasts, 

adult cells (HDFa; C-013-5C) were grown in a 75-cm 

2 culture flask 

at 37 °C in a humidified atmosphere of 5% carbon dioxide using 

Dulbecco’s modified Eagle’s medium supplemented with 10% fe- 

tal bovine serum, 1% non-essential amino acids, 0.1% gentamicin 

and amphotericin B. The grown cells were seeded in a 96-well mi- 

crotitre plate and the test samples and medium were added. The 

plates were then incubated at 37 °C in 5% CO 2 for 72 h. Then, 50 μL 

of cold 40% w/v trichloroacetic acid solution was added, the plate 

was placed in the fridge for 1 h at 4 °C and was washed four times 

with distilled water. Cells were then stained with 0.4% w/v SRB so- 

lution and were left at room temperature for 1 h. The plate was 

then rinsed four times with 1% acetic acid and was left overnight 

(24 h) to dry. Thereafter, 100 μL of 10 mM Tris buffer solution was 

dispensed into the wells and was agitated in an orbital shaker for 

5 min to allow solubilisation of SRB–protein complexes. The optical 

density (OD) at 510 nm was then measured using a microtitre plate 

reader (Tecan Infinite ® M200; Tecan Life Sciences, Grödig, Austria). 

The percentage of viable cells was calculated using the equation: 

Percentage of viable cell 

= 

OD of test sample − OD of blank 

OD of negative control − OD of blank 
× 100 

The experiment was performed as triplicate in three indepen- 

dent experiments, and cytotoxicity was reported as the mean ±
S.D. 

2.6. Statistical analyses 

Statistical analyses were carried out using Excel Data Analysis 

(Microsoft Corp., Redmond, WA) and GraphPad Prism 7 (GraphPad 

Software Inc., La Jolla, CA). Welch’s t -test was used to evaluate dif- 

ferences between the control conjugal transfer frequency and the 

test compounds. Results with P -value of < 0.05 were considered 

statistically significant. 

3. Results 

3.1. Effect of isothiocyanates on bacterial growth 

To test whether the selected isothiocyanates had growth- 

inhibitory activity against bacterial species and to determine a 

suitable concentration for their evaluation in the anti-conjugation 

assay, the isothiocyanates were tested against susceptible Gram- 

negative ( E. coli NCTC 10418) and Gram-positive ( S. aureus ATCC 

25923) standard isolates as well as antibiotic-effluxing S. au- 

reus strains (SA-1199B and XU212). Table 1 shows the MICs for 

the tested isothiocyanates. Their inhibitory activity varied from 

16 mg/L to > 512 mg/L against the evaluated bacteria. The gen- 

eral observation was that, unsurprisingly, the isothiocyanates were 

marginally more active against the Gram-positive compared with 

the Gram-negative strains. 

3.2. Effect of isothiocyanates on conjugal transfer of plasmids 

To investigate whether the selected isothiocyanates had anti- 

conjugant activity, a range of plasmids belonging to different in- 

compatibility groups (IncN plasmid pKM101, IncI 2 plasmid TP114, 

IncP plasmid pUB307 and IncW plasmid R7K) were employed to 

test the specificity of conjugation inhibition in E. coli . With in- 

formation about their MIC against E. coli NCTC 10418 (a suscepti- 

ble standard strain) ( Table 1 ), the isothiocyanates were tested at a 

subinhibitory concentration (0.25 × MIC). Fig. 1 shows the effect of 

the isothiocyanates on conjugal transfer of the test plasmids. The 

test isothiocyanates exhibited inhibitory activities ranging from a 

complete reduction in conjugation frequency (0%, considered ac- 

tive) and inhibition of conjugation frequency to < 10% (also consid- 

ered active), to 10–50% (considered moderately active) and > 50% 

(considered inactive) (Supplementary Table S2). 

3.3. Elimination of plasmids from Escherichia coli 

To determine that the observed anti-conjugant activity was not 

due to elimination of conjugative plasmids, donor cells were grown 

in the presence of the test isothiocyanates and the plasmid elim- 

ination assay was performed. Fig. 2 shows the effect of the isoth- 

iocyanates on conjugative plasmids. The isothiocyanates exhibited 

varied plasmid-curing activities. Plasmids TP114 (IncI 2 ) and R7K 

(IncW) were the most eliminated in the donor cells, with elimi- 

nation percentages ranging from 3.0 ± 0.1% to 77.8 ± 8.0%. Most of 

the tested isothiocyanates did not have any plasmid-curing effects 

on pKM101 (IncN), with the exception of allyl isothiocyanate ( 1 ), 

which showed a curing effect of 19.4 ± 6.6%. For pUB307 (IncP), 

a plasmid-curing effect was observed for l -sulforaphane ( 2 ) (56.7 

± 3.2%) and phenylethyl isothiocyanate ( 4 ) (64.8 ± 15.4%) (Supple- 

mentary Table S3). 

3.4. Effect of increasing concentrations of benzyl isothiocyanate (3) 

on conjugal transfer of plasmids pKM101 (IncN), TP114 (IncI 2 ) and 

pUB307 (IncP) 

With benzyl isothiocyanate ( 3 ) having shown broad-range anti- 

conjugant (conjugal reduction to 0.3 ± 0.6–10.7 ± 3.3%; Fig. 1 ) 

and the least donor plasmid elimination activity (0–26.5 ± 5.9%; 

Fig. 2 ) of all tested compounds, it was further assessed to observe 

its effect on conjugal transfer at increasing concentrations. Gener- 

ally, there was a gradual increase in anti-conjugal activity against 

pKM101 and TP114 with an increase in concentration from 0.125 

mg/L to 64 mg/L ( Fig. 3 ), whereas for plasmid pUB307 there was 

no significant change in the anti-conjugal activity for benzyl isoth- 

iocyanate ( 3 ) and it surprisingly remained active at the low con- 

centrations tested. The observed conjugal transfer of pUB307 in the 

presence of 3 ranged from 11.3 ± 2.6% to 1.9 ± 2.2% for concen- 

trations of 0.125 mg/L and 64 mg/L, respectively (Supplementary 

Table S4). 

3.5. Effect of increasing concentrations of 4-methoxyphenyl 

isothiocyanate (5) on conjugal transfer of pUB307 

Among the test isothiocyanates, 4-methoxyphenyl isothio- 

cyanate ( 5 ) was the most active against plasmid pUB307 (IncP) 

with no plasmid-curing activity. It was therefore evaluated for the 

effect of increasing concentrations (1–128 mg/L) on the conju- 

gal transfer of plasmid pUB307. The observed activities are shown 

in Fig. 4 . 4-Methoxyphenyl isothiocyanate ( 5 ) showed a moderate 

anti-conjugant activity (22.7 ± 1.6%) at the lowest concentration 

(1 mg/L) and this was steadily maintained up to 32 mg/L, after 

which there was a sharp increase in conjugal inhibition. Almost 

complete conjugal inhibition was observed at 128 mg/L (Supple- 

mentary Table S5). 

3.6. Effect of allyl ( 1 ) and benzyl ( 3 ) isothiocyanates on normal 

growth of human dermal fibroblasts, adult cells (HDFa; C-013-5C) 

Allyl ( 1 ) and benzyl ( 3 ) isothiocyanates that exhibited active to 

moderate anti-conjugant activity against all test plasmids were fur- 

ther assessed for cytotoxicity against normal cell growth. This was 

to determine whether the broad-range anti-conjugant activities ex- 

hibited by isothiocyanates 1 and 3 were not at cytotoxic concen- 

trations and thus worth pursuing as potential anti-conjugants for 

further development. The observed cytotoxic activities are shown 

22



632 A .A . Kwapong, P. Stapleton and S. Gibbons / International Journal of Antimicrobial Agents 53 (2019) 629–636 

Table 1 

Minimum inhibitory concentrations (MICs) of isothiocyanates and comparators against Escherichia coli and Staphylococcus aureus strains. 

Isothiocyanate Chemical structure MIC (mg/L) 

E. coli NCTC 10418 a S. aureus ATCC 25923 a S. aureus SA-1199B b S. aureus XU212 c 

Allyl isothiocyanate ( 1 ) 

N
C

S
 

> 512 512 512 > 512 

l -sulforaphane ( 2 ) 
S

C
O

N
S

 

64 64 32 32 

Benzyl isothiocyanate ( 3 ) 

N
C

S

128 256 256 512 

Phenylethyl isothiocyanate ( 4 ) 

N
C

S
 

256 16 32 32 

4-Methoxyphenyl isothiocyanate ( 5 ) O

N
C

S

512 256 128 128 

Ciprofloxacin – < 0.0625 < 0.0625 – –

Norfloxacin – – – 32 –

Tetracycline – – – – 128 

a Susceptible standard strains. 
b Fluoroquinolone-resistant strain overexpressing the NorA efflux pump. 
c Tetracycline-resistant strain overexpressing the TetK efflux pump. 

Fig. 1. Effect of selected isothiocyanates on conjugal transfer of (A) IncN plasmid pKM101, (B) IncI 2 plasmid TP114, (C) IncP plasmid pUB307 and (D) IncW plasmid R7K, 

expressed as a percentage relative to the control without test compound (Clt). The isothiocyanates were tested at the following subinhibitory concentrations: allyl isothio- 

cyanate ( 1 ) (100 mg/L); l -sulforaphane ( 2 ) (16 mg/L); benzyl isothiocyanate ( 3 ) (32 mg/L); phenylethyl isothiocyanate ( 4 ) (64 mg/L); and 4-methoxyphenyl isothiocyanate 

( 5 ) (100 mg/L). Linoleic acid ( 6 ), a known anti-conjugant for IncW plasmids, was tested at 200 mg/L. Values represent the mean ± standard deviation of at least three 

independent experiments measured by the plate conjugation assay. ∗ P < 0.05 (compared with the control). 
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Fig. 2. Plasmid elimination activity of the isothiocyanates. The isothiocyanates were tested at the following concentrations: allyl isothiocyanate ( 1 ) (100 mg/L); l -sulforaphane 

( 2 ) (16 mg/L); benzyl isothiocyanate ( 3 ) (32 mg/L); phenylethyl isothiocyanate ( 4 ) (64 mg/L); 4-methoxyphenyl isothiocyanate ( 5 ) (100 mg/L); and promethazine (Pmz) 

(16 mg/L). 

Fig. 3. Effect of increasing concentrations of benzyl isothiocyanate ( 3 ) on conjugal transfer of plasmids pKM101 (IncN), TP114 (IncI 2 ) and pUB307 (IncP) relative to the 

control without test sample (100% conjugation frequency). Values represent the mean ± standard deviation of a least three independent experiments measured by the plate 

conjugation assay. 

in Fig. 5 . The 50% cytotoxic concentration (CC 50 ) values for allyl ( 1 ) 

and benzyl ( 3 ) isothiocyanates against HDFa cells were 63.9 mg/L 

(645 μM) and 30.3 mg/L (203 μM), respectively (Supplementary Ta- 

ble S6). 

4. Discussion 

The discovery of a potent compound that will inhibit the spread 

of resistance genes and/or resistance mechanisms has clinical rele- 

vance, especially in this era of plasmids in species such as Klebsiella 

pneumoniae that are carbapenem-resistant. This is highly timely 

given the lack of treatment options for infections caused by this 

pathogen. In line with this, selected isothiocyanates, which are 

hydrolysis products of glucosinolates commonly found in Brassica 

vegetables, were investigated for the possibility of inhibiting the 

spread of resistance genes by blocking bacterial conjugation in 

E. coli . 

The initial findings from this study showed that allyl isoth- 

iocyanate ( 1 ), l -sulforaphane ( 2 ), benzyl isothiocyanate ( 3 ), 

phenylethyl isothiocyanate ( 4 ) and 4-methoxyphenyl isothio- 

cyanate ( 5 ) have some level of antibacterial activity ranging from 

16 mg/L to > 512 mg/L against susceptible E. coli NCTC 10418 and S. 

aureus ATCC 23925 as well as effluxing multidrug-resistant S. au- 

reus strains (SA-1199B and XU212) ( Table 1 ). This corroborates the 

reported antibacterial activity of the isothiocyanates but, owing to 

the variability in testing methods, bacterial inoculum densities and 

diversity in susceptibility, it is difficult to compare results [26–32] . 

The isothiocyanates were found to be less potent compared with 
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Fig. 4. Effect of increasing concentrations of 4-methoxyphenyl isothiocyanate ( 5 ) on conjugal transfer of IncP plasmid pUB307 relative to the control without test sample 

(100% conjugation frequency). Values represent the mean ± standard deviation of a least three independent experiments measured by the plate conjugation assay. 

Fig. 5. Effect of allyl ( 1 ) and benzyl ( 3 ) isothiocyanates on growth of human dermal fibroblasts, adult cells (HDFa; C-013-5C). Values represent the mean ± standard deviation 

of a least three independent experiments measured by cytotoxicity assay. 

conventional antibiotics, and similar results have been reported by 

others [26,28,32] . Among the tested isothiocyanates, phenylethyl 

isothiocyanate ( 4 ) was the most potent against Gram-positive mi- 

crobes with MICs ranging from 16 mg/L to 32 mg/L, followed by l - 

sulforaphane ( 2 ) (MIC range 32–64 mg/L), which was also the most 

potent against Gram-negative E. coli NCTC 10418. The antibacterial 

activities of these isothiocyanates have been explained to be due to 

their ability to cause physical membrane damage [33,34] , to inter- 

fere with the bacterial redox system that affects the cell membrane 

potential [34] , or disruption of major metabolic processes [35,36] . 

Regarding the anti-conjugal activity study, broad-range anti- 

conjugant activity was observed for allyl ( 1 ) and benzyl ( 3 ) isoth- 

iocyanates at subinhibitory concentrations, with 3 being the most 

potent among the tested isothiocyanates ( Fig. 1 ). It inhibited the 

conjugation of plasmids pKM101 (IncN), TP114 (IncI 2 ) and pUB307 

(IncP), and selectively cured plasmid TP114 only. Against plasmids 

pKM101 and TP114, 3 also reduced conjugal transfer by 97.7 ± 3.3% 

and 96.4 ± 4.2%, respectively, at 32 mg/L (214.46 μM) and its ac- 

tivity gradually declined with decreasing concentrations ( Fig. 3 ). 

This was not the same for pUB307, where 3 continued to show 

pronounced activity with a 90.8 ± 2.3% reduction in conjugation 

even at a low concentration of 0.25 mg/L (1.68 μM). This was in- 

teresting as 3 did not show any plasmid-curing activity against this 

particular plasmid pUB307 or against pKM101, ruling out the fact 

that the observed anti-conjugation may be due to plasmid elimi- 

nation. Another area of interest was that 3 exhibited broad-range 

activity; this could mean that 3 either acts on a common target 

site on the conjugation machinery or that it causes general cell 

toxicity. However, considering the MIC (128 mg/L; Table 1 ) of 3 

against the susceptible E. coli strain NCTC 10418, the concentra- 

tions ( ≤32 mg/L) used for the conjugation assays were at sub- 

lethal doses and are less likely to have caused general cell toxicity. 

With allyl isothiocyanate ( 1 ), moderate plasmid elimination activ- 

ity was observed against most of the test plasmids and this may 

be an indication that its broad-range anti-conjugant activity is due 

to plasmid curing. The broad-range activities of 1 and 3 prompted 

their testing against normal growth of human dermal fibroblasts, 

adult cells (HDFa; C-013-5C). A comparison of the CC 50 of 3 against 

HDFa cells (30.30 mg/L; 203.07 μM) with its anti-conjugant con- 

centration against the test plasmids showed that its CC 50 level was 

above the concentrations needed to cause a 50% reduction in con- 

jugal transfer of plasmids; pKM101 (CC 50 = 2.19 mg/L; 14.68 μM); 

TP114 (CC 50 = 1.24 mg/L; 8.31 μM); and pUB307 (CC 50 = 0.34 mg/L; 

2.28 μM) ( Fig. 5 ). This suggests that 3 showed anti-conjugant ac- 

tivity at non-toxic concentrations. However, the same cannot be 

said for allyl isothiocyanate ( 1 ) because its CC 50 against HDFa cells 
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(63.9 mg/L; 644.48 μM) was below the 100 mg/L needed to cause 

moderate anti-conjugant activity (50–90% reduction) against most 

of the test plasmids. It is therefore suggested that the concentra- 

tions needed to cause a 50% reduction in conjugation is most likely 

to be closer to the CC 50 value. 

From this study, specificity of anti-conjugal and plasmid-curing 

activity was observed for 4-methoxyphenyl isothiocyanate ( 5 ), a 

synthetic compound. l -sulforaphane ( 2 ) also exhibited some level 

of anti-conjugant specificity against the IncW plasmid R7K at 16 

mg/L (90.25 μM), but at this same concentration plasmid curing 

was observed and hence 2 is not a true anti-conjugant ( Fig. 2 ). 

Anti-conjugant activity of 5 at 100 mg/L (605.29 μM) was pro- 

nounced for the IncP plasmid pUB307, with a 94.8 ± 2.8% re- 

duction in conjugation, but it showed minimal inhibition or even 

promoted conjugation for the other test plasmids ( Fig. 1 ). Its anti- 

conjugant activity was, however, concentration-dependent ( Fig. 4 ). 

Regarding the plasmid-curing effect, 5 showed elimination of only 

the IncW plasmid R7K but it did not have any effect on conju- 

gation of this plasmid. This may give an indication that 5 could 

have some conjugation promotion factors, and this was observed 

for pKM101. Conjugation of pKM101 in the presence of 5 ex- 

ceeded 100% ( Fig. 1 ). The anti-conjugation, plasmid-curing and 

pro-conjugation activities exhibited by 5 supports its specificity. 

This suggests that compound 5 acts on a specific target site that 

may not be common to all plasmids. Consequently, it is less likely 

for resistance to develop against 5 , unlike other compounds that 

target general and essential targets of bacteria, which is the case 

in many instances of antibiotic resistance [37] . A general obser- 

vation with the test isothiocyanates is that the presence of oxy- 

gen, attached to sulphur or an aromatic carbon, conferred some 

level of anti-conjugal specificity. We therefore hypothesise that the 

methoxyl substituent on the aromatic ring and the lack of a hy- 

drocarbon chain of 5 , which makes it structurally different from 

the other test aromatic isothiocyanates, may have contributed to 

its specificity of activity. 

In conclusion, isothiocyanates 3 and 5 were the most promising 

anti-conjugants identified in this study. Further explorative studies 

involving structural modification and mechanistic studies of these 

isothiocyanates could possibly lead to the identification of a potent 

anti-conjugant. This will help decrease the spread of multidrug re- 

sistance genes and multidrug-resistant bacteria, reduce virulence 

and help reinstate existing antibiotics. 
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a b s t r a c t

Phytochemical investigation of the methanolic extract of Lepidium sativum seeds led to the isolation of a
new compound, named 2-(3-(3-((1H-imidazol-2-yl)methyl)-5-methoxyphenoxy)benzyl)-1H-imidazole
and given the trivial name Lepidine AK (1), along with three known compounds; Lepidine E (2),
Lepidine B (3) and 2-(3-(2-((1H-imidazol-2-yl)methyl)-6-methoxyphenoxy)benzyl)-1H-imidazole (4).
The structures were elucidated based on NMR spectroscopy, UV, IR and high-resolution electrospray ion-
ization mass spectrometry. The isolated compounds were tested for bacterial conjugation inhibition.
Lepidine AK (1, 100 lg/mL) reduced the conjugal transfer of the IncI2 plasmid TP114 to 44.7 ± 3.5% but
interestingly promoted the conjugation of the IncN plasmid pKM101 to greater than 120%.

Crown Copyright � 2018 Published by Elsevier Ltd. All rights reserved.

Introduction

Lepidium sativum (garden cress) is an annual herb of the family
Brassicaceae. It is a native of Egypt and West Asia but is widely
farmed in temperate countries globally for its culinary and medic-
inal uses.1,2 In China, garden cress seeds are used for the treatment
of abdominal colic, asthma, pleurisy and dropsy.3 In Africa,
Ethiopians use the seeds primarily for treatment of throat diseases,
asthma, bronchitis, headache and for baking and as a condiment.4,5

The Mauritians use the seeds for the treatment of hiccough and
stomachache.5 Both seeds and leaves of L. sativum are used for
the treatment of inflammation, bronchitis, rheumatism and mus-
cular pain in the Unani system of medicine.3,6 It is also reported
to be useful in the treatment of diabetes, hypertension, cough
and bleeding piles.7–9 Phytochemical studies on L. sativum have
shown the presence of essential oil, glucosinolates, alkaloids, ster-
ols, cyanogenic glycosides (traces), flavonoids, tannins, saponins
and triterpenes.3,6 Bahroun and Damak first reported dimeric imi-
dazole alkaloids for L. sativum seeds after which Meinhart Zenk’s
group isolated five additional analogues.10

In this paper, we report the isolation and structural characteri-
zation by spectroscopic methods of a new dimeric imidazole alka-
loid, 2-(3-(3-((1H-imidazol-2-yl)methyl)-5-methoxyphenoxy)
benzyl)-1H-imidazole (1) (Fig. 1) along with three known com-

pounds. The antibacterial activity and inhibition of bacterial conju-
gal transfer of plasmids of the isolated compounds are reported
herein for the first time.

Results and discussion

L. sativum seeds (245 g) were obtained from Seed Parade, UK,
and defatted with petroleum ether and subsequently extracted
with methanol. The MeOH extract was mixed with water, acidified
with concentrated HCl and it was then liquid-liquid extracted with
EtOAc. The EtOAc fraction was chromatographed over silica gel 60
(gravity column, 70–230 mesh, column size: 50 � 4 cm).
Compound 1 (3.6 mg, Rf value: 0.39) was obtained by purification
of the column fractions using preparative TLC (silica gel,
CHCl3-MeOH-NH3, 90:9:1, V/V).

Compound 1 was isolated as a pale yellow solid and HRTOFE-
SIMS gave an m/z at 361.1659 [M+H]+, which indicated that its
molecular formula was C21H20N4O2. The 1H and COSY NMR spectra
revealed two aromatic rings; di-substituted (A) and tri-substituted
(B) aromatic rings. The 1H data was similar to the known com-
pound 4 (2-(3-(2-((1H-imidazol-2-yl)methyl)-6-methoxyphe-
noxy)benzyl)-1H-imidazole, only varying in the positioning of the
methoxyl and imidazolyl methyl group on the B-ring. The di-sub-
stituted aromatic ring was identified by proton resonances at dH
6.70 (dd, J = 2.0, 1.5 Hz, H-2), 6.86 (dd, J = 8.0, 0.5 Hz, H-4), 7.15
(t, J = 8.0 Hz, H-5), 6.64 (dd, J = 8.0, 2.0 Hz, H-6). The couplings
between the aromatic hydrogens, and the meta-coupling of H-2

https://doi.org/10.1016/j.tetlet.2018.04.028
0040-4039/Crown Copyright � 2018 Published by Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: simon.gibbons@ucl.ac.uk (S. Gibbons).

Tetrahedron Letters 59 (2018) 1952–1954

Contents lists available at ScienceDirect

Tetrahedron Letters

journal homepage: www.elsevier .com/locate / tet le t

28

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tetlet.2018.04.028&domain=pdf
https://doi.org/10.1016/j.tetlet.2018.04.028
mailto:simon.gibbons@ucl.ac.uk
https://doi.org/10.1016/j.tetlet.2018.04.028
http://www.sciencedirect.com/science/journal/00404039
http://www.elsevier.com/locate/tetlet


by H-6 (4JHH = 2.0 Hz) confirmed their arrangement on the di-sub-
stituted ring. On the B-ring a meta-coupling of a hydrogen signal at
dH 7.01 (d, J = 1.5 Hz, H-10) to dH 6.85 (s, J = 1.5 Hz, H-12) in the
COSY spectrum also indicated the presence of an aromatic spin sys-
tem, which was 1,3,5-tri-substituted (ring B). Both spin systems
were confirmed by the HMQC and HMBC correlations (Table 1,
Fig. 2). The aromatic rings were linked by oxygen, which was con-
firmed by a strong IR absorption band at 1053 cm�1 (the ether
functional group). A 3JH-C correlation of the methoxyl hydrogens
(3H, s, dH 3.70) to the aromatic quaternary carbon (dC 151.9, C-9)
revealed the position of the methoxyl group on the aromatic ring
B. It was meta-positioned to the imidazolylmethyl moiety and this
was supported by the splitting pattern of the aromatic hydrogens
on the ring B. The NOESY spectrum revealed a cross peak between
the methoxyl hydrogens (3H, s, dH 3.70) and the aromatic hydro-
gens H-8 and H-10 (dH 7.01), which confirmed this structural
arrangement. The hydrogen signal at dH 6.91 (4H, s, H-15, H-16,
H-19 and H-20) and the carbon signals at dC 123.3 (2C, C-15 and
C-16), 123.0 (2C, C-19 and C-20), 148.1 (C-14) and 148.4 (C-18)
accounted for the two-imidazole rings. The signals at dH 3.97
(2H, s, H2-13), dc 34.3 (C-13) and dH 3.95 (2H, s, H2-17), dc 35.1
(C-17) were identified as the two methylene groups connecting
the imidazole rings to the aromatic rings. The IR spectrum con-
firmed this with the presence of secondary amine functional group

absorbance at 2920 cm�1. The combined NMR, IR and HRTOFESIMS
spectra data led to an unambiguous assignment of the full struc-
ture of compound 1, as 2-(3-(3-((1H-imidazol-2-yl)methyl)-5-
methoxyphenoxy)benzyl)-1H-imidazole. The known compounds
were identified by comparison of their spectroscopic data with
reported data as Lepidine E (2), Lepidine B (3) and 2-(3-(2-((1H-
imidazol-2-yl)methyl)-6-methoxyphenoxy)benzyl)-1H-imidazole
(4).10

The compounds were tested for their ability to inhibit bacterial
plasmid conjugation11 (Table 2). The essence of this assay is to
identify compounds that can inhibit the spread of antibiotic-resis-
tance genes via the bacterial type-IV secretion systems (conjuga-
tion machinery). The inhibition of this process is important
because of the clinical significance of conjugation machinery in
the transfer of toxins and effector proteins directly into eukaryotic
target cells, and its involvement in biofilm formation as well as the
aforementioned transfer of antibiotic-resistance genes among
microorganisms.12,13

It was interesting to note that some of the dimeric imidazoles
(compounds 2 and 4) at sub-inhibitory concentration (100 lg/
mL) exhibited anti-conjugal activity in Escherichia coli while com-
pound 3 at the same concentration enhanced conjugation activity
(conjugal transfer frequency, greater than 120%). With compound
1, the activity varied.

Compound 2 reduced the conjugal transfer frequency of the
IncN plasmid pKM101 and IncI2 plasmid TP114 to 31.0 ± 7.0%
and 26.0 ± 4.0%, respectively. In comparison to compound 2, 4
had a slightly better reduction in conjugal transfer frequency, a
28.0 ± 5.0% for IncN plasmid pKM101 and 23.5 ± 4.9% for IncI2 plas-
mid TP114. Although the difference in anti-conjugal activity for
compounds 2 and 4 is marginal, we suspect that the structural dif-
ferences of substituent groups on the aromatic ring B of the com-
pounds may have contributed to this. At position 8 of the
aromatic ring B, compound 2 has a hydroxyl group attached while
compound 4 has a methoxyl group. The imidazolylmethyl moiety
is attached to position 11 for compound 2, while for compound 4
it is at the position 12. A general observation made was that, the
isolated compounds were similar to each other but only varied in
the positioning of the substituent groups on the aromatic ring B
(either an hydroxyl or a methoxyl group and an imidazolylmethyl
moiety), and this may have influenced the varied outcome of activ-
ity against the conjugal transfer of plasmids in E. coli.

The only compound, which showed specificity in activity
against the tested plasmids strains, was the new imidazole (1). It
exhibited moderate anti-conjugal activity against the IncI2 plasmid
TP114 (transfer frequency 44.0 ± 3.5%) and enhanced the
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Fig. 1. Structure and numbering of compound 1.

Table 1
1H (500 MHz) and 13C NMR (125 MHz) NMR data and HMBC correlations of 1
recorded in methanol d4.

Position dC, type dH, (J in Hz) HMBC

1 159.9, C
2 117.6, CH 6.70, dd (2.0, 1.5)
3 141.0, C
4 123.3, CH 6.86, dd (8.0, 0.5) C-5
5 130.6, CH 7.15, t C-1, C-3
6 115.6, CH 6.64, dd (8.0, 2.0)
7 145.6, C
8 114.5, CH 7.01, s C-9
9 151.9, C
10 126.4, CH 7.01, d (1.5) C-11
11 132.5, C
12 123.0, CH 6.85, d (1.5)
13 34.3, CH2 3.97, s C-2, C-3, C-4, C-14
14 148.1, C
15 123.3, CH 6.91, s C-14
16 123.3, CH 6.91, s C-14
17 35.1, CH2 3.95, s C-10, C-11, C-12, C-18
18 148.4, C
19 123.0, CH 6.91, s C-18
20 123.0, CH 6.91, s C-18
O-Me 56.5, CH3 3.70, s C-9

O

N NH

OCH3

N NH

A B

Fig. 2. Key HMBC (single-headed arrows) and NOESY (double-headed arrows)
correlations of compound 1.
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conjugation activity of the IncN plasmid pKM101 to greater than
120%. We found this interesting, as specificity would limit its
potential use but promotion may have utility in promoting plasmid
transfer, which would be useful in many areas of molecular biol-
ogy. In conclusion, this finding could serve as a good start point
for structural modification for improved anti-conjugal activity with
specificity. The development of an anti-conjugal molecule has
potential druggability in reducing transfer and spread of resistance
and reducing virulence.

Structure elucidation

2-(3-(3-((1H-imidazol-2-yl)methyl)-5-methoxyphenoxy)ben-
zyl)-1H-imidazole (compound 1).

Pale yellow solid; kmax (log e) 218 (3.97), 228 (4.18) nm; IR
(film) Vmax: 2919.76, 1045.02, 971.15, 799.93, 610.64 cm�1; 1H
NMR (500 MHz, methanol-d4) and 13C NMR (125 MHz,
methanol d4): see Table 1; positive HRTOFESIMS m/z 361.1659
[M+H]+ (calcd for C21H20N4O2, 361.1664).
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TP114b 44.0 ± 3.5 26.0 ± 4.0 120 ± 0.0 23.5 ± 4.0 17.0 ± 4.2 100.0 ± 0.0
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b E. coli strain K12 J53-2 bearing plasmid TP114 (IncI2; kanamycin-resistant).
c E. coli strain ER1793, streptomycin resistant.
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Analogues of Disulfides from Allium 
stipitatum Demonstrate Potent 
Anti-tubercular Activities through 
Drug Efflux Pump and Biofilm 
Inhibition
Cynthia A. Danquah1,2, Eleftheria Kakagianni1, Proma Khondkar1,3, Arundhati Maitra2, 
Mukhlesur Rahman   4, Dimitrios Evangelopoulos5, Timothy D. McHugh   5, Paul Stapleton1, 
John Malkinson1, Sanjib Bhakta   2 & Simon Gibbons1

Disulfides from Allium stipitatum, commonly known as Persian shallot, were previously reported to 
possess antibacterial properties. Analogues of these compounds, produced by S-methylthiolation 
of appropriate thiols using S-methyl methanethiosulfonate, exhibited antimicrobial activity, with 
one compound inhibiting the growth of Mycobacterium tuberculosis at 17 µM (4 mg L−1) and other 
compounds inhibiting Escherichia coli and multi-drug-resistant (MDR) Staphylococcus aureus at 
concentrations ranging between 32–138 µM (8–32 mg L−1). These compounds also displayed moderate 
inhibitory effects on Klebsiella and Proteus species. Whole-cell phenotypic bioassays such as the spot-
culture growth inhibition assay (SPOTi), drug efflux inhibition, biofilm inhibition and cytotoxicity assays 
were used to evaluate these compounds. Of particular note was their ability to inhibit mycobacterial 
drug efflux and biofilm formation, while maintaining a high selectivity towards M. tuberculosis H37Rv. 
These results suggest that methyl disulfides are novel scaffolds which could lead to the development of 
new drugs against tuberculosis (TB).

We investigated extracts of bulbs from the plant family Alliaceae for their ability to produce antibacterial com-
pounds, and from Allium neapolitanum, antibacterial canthinone alkaloids and hydroxy acids were characterised1.  
Of more chemical and pharmacological interest, a study on the Central Asian species Allium stipitatum, led 
to the isolation of three novel pyridine-N-oxide alkaloids (1–3), displaying outstanding potency towards 
Mycobacterium tuberculosis (Fig. 1)2. The minimum inhibitory concentrations (MIC) exhibited by these com-
pounds were clinically-relevant and found to range between 2.5–40 µM (0.5–8 mg L−1). Subsequently, a series 
of structurally-related methyl disulfides were synthesized in an effort to optimize the exceptional antibac-
terial activity. Structure-activity relationships revealed that the presence of the disulfide moiety was not the 
only factor responsible for activity, and it is possible that the disulfide is strongly “activated” by the presence of 
electron-withdrawing functional groups such as pyridine, pyridine-N-oxide, pyrimidine and quinoline, whereas 
phenyl and thiophene were poorly electron withdrawing and therefore had little effect on the “reactivity” of the 
disulfide bond (Fig. 1)2. From compounds 4–6, it was clear that the N-oxide was not a prerequisite for antibacte-
rial activity. Based on this rationale, we synthesised a small set of disulphides with proximal electron-withdrawing 
groups and characterised their antibacterial properties.
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Given the continuing issues of multidrug-resistant (MDR) and extensively-drug-resistant (XDR) cases that 
are increasingly associated with clinically-relevant Gram-positive, Gram-negative and acid-fast human pathogens 
(such as Staphylococcus aureus, Escherichia coli and Mycobacterium tuberculosis respectively), there is a pressing 
need to develop new classes of antibacterials3–5. Common strategies for effective antimicrobial development are 
to target novel endogenous effector machinery within a pathogen or to reverse resistance and thereby make the 
bacteria more susceptible to existing chemotherapy. Increased levels of tolerance towards drugs are observed 
in bacteria that contain systems to prevent these compounds from reaching their site(s) of action6. Within this 

Figure 1.  Compounds isolated from Allium stipitatum with antibacterial activity (1–3). Synthesized 
compounds (4–8) based on the natural products. MIC values against S. aureus are in parentheses. Reaction 
scheme for the synthesis of compounds (13–16) and the resulting synthesized methyl disulfides.
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paradigm, efflux pump-related multidrug-resistance significantly contributes to a reduction in drug accumula-
tion and often renders antibiotics redundant7. This could be circumvented by molecules that interfere with or 
inhibit antibiotic efflux8,9. Additionally, multidrug efflux pumps are often transmembrane proteins that secrete 
metabolites involved in quorum-sensing10. This cross-talk between bacteria is believed to be essential for the for-
mation and dispersion of bacterial biofilms11. Therefore, inhibition of multidrug efflux pumps is also a strategy to 
inhibit biofilm formation, which is a major contributor to antimicrobial resistance11.

The aim of this study was to synthesise the novel disulphide compounds mentioned earlier and comprehen-
sively evaluate their biological activity to optimise the chemical scaffold as a prospective therapeutic lead.

Results
Synthesis of the antibacterial methyl disulfides.  To probe the antibacterial potency, efflux and biofilm 
inhibitory properties, we chose an initial series of aromatic and heterocyclic thiols on the basis of their com-
mercial availability, namely 4-amino-5-(benzylthio)-4H-1,2,4-triazole-3-thiol (9), 4-aminothieno[2,3-d]pyrimi-
dine-2-thiol (10), 7-fluorobenzo[d]thiazole-2-thiol (11) and 4-ethyl-5-mercapto-4H-1,2,4-triazol-3-ol (12). Each 
aromatic thiol was treated with S-methyl methanethiosulfonate under alkaline conditions to generate the methyl 
disulfides, compounds 13–16 (Fig. 1 and Supplementary Information).

Antibacterial Bioassay of the methyl disulfides.  The spot culture growth inhibition (SPOTi) assay 
is a whole-cell phenotypic screen that is routinely used to identify novel antimicrobial molecules with clini-
cal relevance12,13. This rapid but gold-standard assay was applied to evaluate the antimicrobial activity of the 
synthesized compounds against Gram-positive, Gram-negative and acid-fast bacteria. All of the synthesized 
methyl disulfides demonstrated antibacterial activity to varying extents (Table 1). Based on the encouraging 
results when tested against the non-pathogenic model of M. tuberculosis organisms, M. aurum (ATCC23366) 
and M. bovis BCG (ATCC35734), the compounds were subsequently tested against M. tuberculosis H37Rv 
and its multidrug-resistant clinical isolates (Mtb-MDR1 and Mtb-MDR2). All four compounds showed 
anti-mycobacterial activities when tested, with compound 14 having the lowest MIC of 17 µM (4 mg L−1), against 
the virulent M. tuberculosis H37RV. Additionally, compounds 13–16 exhibited antibacterial activity against the 
Gram-positive Staphylococcus aureus strains (including effluxing multidrug-resistant strains) and Enterococcus 
faecalis. In particular, compounds 14 and 16 were active against S. aureus with MIC values ranging between 
70–84 µM (16 mg L−1).

Efflux Pump Inhibitory Activity.  Multi-drug efflux pumps are a key mechanism through which many 
pathogens, M. tuberculosis in particular, develop intrinsic resistance or tolerance towards xenobiotic com-
pounds14,15. Ethidium bromide (EtBr) is a known substrate for these pumps and its accumulation inside the 
bacterial cell, when the extrusion mechanism is impaired, can be followed by detecting its fluorescence16. EtBr 
is usually quenched in an aqueous environment and fluoresces when interacting with the hydrophobic regions 
within the bacilli17. Verapamil, a calcium channel blocker, is widely used as an inhibitor of efflux in mycobacterial 
cells and was used as a control in our experiments15. All of the compounds showed inhibition of efflux in the 
whole-cell model (Fig. 2), with compound 14 and 16 being the most active inhibitors, without affecting the cell 
viability (a concentration of 25% of the MIC was used for the assay).

Methyl disulfides as bacterial biofilm inhibitors.  As alluded to earlier, efflux mechanisms are involved 
in quorum-sensing that in turn plays a pivotal role in biofilm formation11. The transcriptional activator LuxR 
is heavily implicated in quorum sensing and induction of biofilm formation in a variety of bacteria, and is also 
found in M. tuberculosis and M. leprae18,19. Tubercle bacilli have a natural tendency to form biofilms and other 
multi-cellular structures, known as cords in liquid culture20. Multi-cellular aggregates resembling biofilms have 
been detected in the acellular rims of granulomas and necrotic lesions21. Other species belonging to the M. 
tuberculosis complex (MTBC) such as M. avium are known to form stable biofilms in water reservoirs and can 
invade lung tissues22. The ability to form cords and biofilms has been correlated with the pathogen’s virulence22. 

Compound M. smegmatis
M. 
aurum

M. bovis 
BCG

M. tuberculosis 
H37Rv

M. tuberculosis 
MDR1

M. tuberculosis 
MDR2

E. coli 
(NCTC 
10418)

Proteus 
mirabilis 
-10830 K. pneumoniae

S. aureus 
SA-1199B

S. aureus 
XU212 EMRSA-15

Ent. 
faecalis

13 113 (32) 113 (32) 113 (32) 225 (64) 450 (128) 898 (256) 450 (128) 450 (128) 450 (128) 113 (32) 56 (16) 225 (64) 113 (32)

14 70 (16) 70 (16) 70 (16) 17 (4) 70 (16) 140 (32) 558 (128) 2232 (512) 2232 (512) 70 (16) 70 (16) 70 (16) 140 (32)

15 277 (64) 277 (64) 277 (64) 138 (32) >2213 (>512) >2213 (>512) 553 (128) 2213 (512) >2213 (>512) 138 (32) 69 (16) 69 (16) 69 (16)

16 84 (16) 84 (16) 84 (16) 167 (32) 167 (32) 669 (128) 84 (16) 335 (64) 335 (64) 84 (16) 84 (16) 42 (8) 84 (16)

Norfloxacin — — — — — — 0.4 (0.125) >200 (>64) >200 (>64) 200 (64) 25 (8) 2 (0.5) 6 (2)

Isoniazid 29 (4) 4 (0.5) 0.7 (0.1) 0.7 (0.1) 0.7 (0.1) 0.7 (0.1) — — — — — — —

Rifampicin 10 (8) 0.1 (0.1) 0.6 (0.5) 0.1 (0.1) — — — — — — — — —

Table 1.  Minimum Inhibitory Concentrations (MIC) in µM (mg L−1) of the synthesized compounds (13–16) 
against non-pathogenic mycobacteria and pathogenic multidrug-resistant clinical isolates of Mycobacterium 
tuberculosis, as well as Gram-positive and Gram-negative bacteria.
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Biofilm-deficient mutants of the pathogen show reduced ability to invade epithelial cells as well as to cause infec-
tion in mouse models19.

M. smegmatis, a non-pathogenic model for M. tuberculosis, forms stable biofilms at the liquid-air interface 
within 5 days and was used to test whether the impairment of drug efflux could also inhibit the formation of 
biofilms in mycobacteria15. As compound 14 was found to be the most potent anti-mycobacterial (see Table 1), it 
was selected for the biofilm inhibition studies. Compound 14 was observed to inhibit the growth of M. smegmatis 
biofilms in a concentration-dependent manner even at sub-MIC levels (Fig. 3a and b) when compared to controls. 
This finding was further validated through a quantitative crystal violet staining method23. Scanning electron 
microscopic24 images (Fig. 3c) of M. smegmatis biofilms revealed a dense lattice-like network of bacterial cells 
with rough outer coats that are likely to be composed of extracellular polymeric substances (EPS) such as lipids, 
proteins and extra-cellular DNA. On treatment with compound 14, the outer layer of the bacilli became smoother 
and they appeared to lose the mesh-like inter-cellular connections within the community.

Selectivity.  The synthesized compounds showed a range of eukaryotic toxicity profiles against murine mac-
rophage RAW264.7 cells (Table 2). Compound 14 demonstrated a promising SI of 16.

Discussion
The multidrug-resistant S. aureus SA-1199B (a strain that overexpresses NorA, a multidrug efflux transporter), 
proved to be as susceptible to the methyl disulfides as other non-NorA S. aureus isolates (Table 1). This indicated 
that the methyl disulfides may have a mechanism of action that evades NorA-mediated multi-drug efflux.

Interestingly, compound 16 inhibited the Gram-negative bacteria Klebsiella pneumoniae and Proteus mirabilis 
at an MIC of 335 µM (64 mg L−1) and whilst this is a moderate activity, it is rare to find compounds demonstrating 
antibacterial activity toward these organisms. Even the standard antibiotic control used for the assay, norfloxacin, 
could only inhibit the growth of these organisms at a minimum inhibitory concentration higher than 200 µM 
(64 mg L−1). The synthesized methyl disulfides exhibited appreciable antibacterial activity against E. coli; particu-
larly compound 16 had good antibacterial activity with an MIC value of 84 µM (16 mg L−1).

Overall, the methyl disulfides exhibited inhibitory effects against Gram-positive bacterial strains and acid-fast 
Mycobacterium species. However, their moderate activity against the selected Gram-negative bacteria provided 
further incentive to investigate the endogenous mechanism(s) of action of these compounds.

Compounds 14 and 16 exhibited whole-cell drug efflux pump inhibitory activities higher than 13 and 15. 
Cells treated with the known efflux pump inhibitor verapamil and inhibitor-free cells were used as positive and 
negative controls in this assay respectively (see Fig. 2).

In terms of the effects of the compounds on Mycobacterium smegmatis biofilm formation, the ability of 
compound 14 to concentration-dependently inhibit biofilm formation, even at sub-MIC levels is particularly 
noteworthy.

Figure 2.  Efflux pump inhibition (EPI) of M. aurum under the pressure of methyl disulfides 13–16. Ethidium 
bromide (EtBr), an efflux pump substrate was used at a final concentration of 1.3 µM (0.5 mg L−1). Its 
accumulation within the bacterial cells is an indicator of disruption of the efflux mechanism and was detected 
using fluorescence emissions. Verapamil (VP), a known efflux pump inhibitor, and a drug-free culture were 
used as positive and negative controls respectively. Low (11–20 rfu) to very high (>50 rfu) inhibition of efflux 
are represented by the numbers at the side of the graph. The experiments were performed in triplicate (n = 3) 
and the graph was plotted using the averages. (rfu = relative fluorescence units).
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The efflux pump and biofilm inhibitory effects indicate the possible mechanisms of action of these com-
pounds. This route of antibacterial activity against Pseudomonas aeruginosa was also noted by Jakobsen et al. 
(2012) for similar compounds25. In addition, allicin, one of the major volatile compounds present in garlic and 
also a disulfide has been reported to act through permeabilization of cell membranes and inactivation of meta-
bolic enzymes resulting in depletion of intracellular glutathione pools26,27. Our ongoing genomic and transcrip-
tomic analyses of bacterial cells under pressure of inhibitor compounds, as well as spontaneous resistant mutants 
followed by molecular and biochemical investigations of the relevant genes and their recombinant products 
should provide a deeper insight into the molecular mechanism(s) of action of these compounds.

For compounds 13, 15 and 16, the bacterial growth inhibition and macrophage cytotoxicity were similar, 
indicating poor selectivity for their antibacterial action (Table 2). However for compound 14, the SI was 16. The 
SI provides information on the therapeutic potential of compounds as a function of the concentration range 
at which they are active against pathogenic mycobacteria while remaining non-toxic to mammalian cells. This 

Figure 3.  Inhibition of M. smegmatis biofilm formation in the presence of varying concentrations of compound 
14. (a) Dose-dependent inhibition of M. smegmatis biofilm formation, as observed by their thinning in the 
presence of compound 14. Tubes A and B are ‘no drug’ and solvent (0.1% DMSO) controls respectively. Note 
that the biofilm formation initiated at the air-liquid interface in M. smegmatis. A newly-formed biofilm becomes 
stacked on top of the old layer and generates a downwards push. Once a critical biomass was exceeded, the 
lower part of the mature biofilm was observed to dissociate and settle at the bottom of the stand-culture-tube 
(see controls in which no inhibitor was added). (b) Crystal violet staining of the biofilms showing a decrease 
in the intensity of the stain with increasing concentrations of compound 14. (c) SEM images of M. smegmatis 
planktonic, untreated biofilms and biofilms treated with 50 mg L−1 of compound 14.

Compound
MIC[a]M. tb 
H37Rv µM (mg L−1) GIC [b]µM (mg L−1) SI[c]

13 225 (64) 439 (125) 1.95

14 17 (4) 272 (62.5) 16

15 138 (32) 135 (31.3) 0.98

16 167 (32) 40 (7.8) 0.24

INH 0.7 (0.1) No inhibition *

Table 2.  Cytotoxicity profile of compounds 13–16 and selectivity against the murine macrophage cell line 
RAW 264.7 using the resazurin assay. INH was used as a control drug and shows no effect on the viability of 
the cells. A drop in the fluorescence levels indicate loss of viability of cells as determined by the reduction in 
the oxidation of resazurin to resorufin which in turn fluoresces. The experiments were performed in triplicate. 
[a]MIC - minimum inhibitory concentration. [b]GIC - growth inhibitory concentration. [c]SI - selectivity index, 
where SI = GIC/MIC (SI calculated using the µM values in Table 2). [d]INH- Isoniazid (control, front-line anti-
tubercular drug)*. As no significant inhibition is observed the SI in these cases cannot be calculated.

35



www.nature.com/scientificreports/

6SCIentIfIC Reports |  (2018) 8:1150  | DOI:10.1038/s41598-017-18948-w

provides information on the therapeutic potential of these compound, as a function of the concentration range at 
which it is active against the growth of pathogenic mycobacteria while remaining non-toxic to mammalian cells 
(murine macrophages in this case). In conclusion, these synthesized methyl disulfides are new chemical scaffolds 
that have potential as templates for the discovery of new anti-tubercular leads.

Methods
Materials and synthesis of methyl disulfides.  Aromatic thiols 4-amino-5-(benzylthio)-4H-1,2,4-tri-
azole-3-thiol (9), 4-aminothieno[2,3-d]pyrimidine-2-thiol (10), 7-fluorobenzo[d]thiazole-2-thiol (11), 4-ethyl-
5-mercapto-4H-1,2,4-triazol-3-ol (12) were purchased from Sigma-Aldrich, Gillingham, U.K. The method of 
Kitson and Loomes (1985), for the synthesis of methyl 2- and 4-pyridyl disulfide from 2- and 4-thiopyridone and 
methyl methanethiosulfonate was adapted and modified as follows. The appropriate thiol (2.5 mmol) was dis-
solved in water (5 mL) containing NaOH (0.10 g, 2.5 mmol, 1 equiv.) and S-methyl methanethiosulfonate (0.315 g, 
2.5 mmol, 1 equiv.) added. The solution was stirred for 1 h at room temperature. The cloudy suspension formed 
was extracted with CH2Cl2 (20 mL). The organic phase was then dried with anhydrous sodium sulfate, filtered, 
and concentrated under reduced pressure to afford the pure disulfide which was subsequently characterized by 
spectroscopic techniques – NMR, MS, HRMS, UV and IR (Supplementary Information).

Antibacterial assays (whole-cell phenotypic assays).  Minimum inhibitory concentrations (MIC) of 
the compounds against Mycobacterium strains were determined using the spot-culture growth inhibition assay 
(SPOTi)12,13,28,29. The lowest concentration at which mycobacterial growth was completely inhibited by the com-
pound was observed directly. Isoniazid and rifampicin were used as antibiotic controls and the experiments 
repeated in triplicate.

The antibacterial activity of the compounds was tested against Gram-negative bacteria: Klebsiella pneumo-
niae, Proteus mirabilis (10830), Escherichia coli (NCTC 10418) and Gram-positive bacteria: Enterococcus faecalis 
(12697), methicillin-resistant Staphylococcus aureus strains (XU-212 and EMRSA-15) and multidrug-resistant 
Staphylococcus aureus strain SA-1199B using the microtitre broth dilution assay. Norfloxacin served as a posi-
tive control. The assay was performed in 96-well plates and each methyl disulfide was tested in quadruplicate to 
confirm the reliability and reproducibility of the data. The MIC was determined after the addition of 3-(4,5-dim
ethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to the 96-well plates. Bacterial growth was indicated 
by a colour change from yellow to dark blue, which was visually observed. The MIC was recorded as the lowest 
concentration at which no growth was observed13,30.

Cytotoxicity assay.  Eukaryotic cell toxicity assay was carried out using RAW 264.7 macrophage cells, grown 
in complete RPMI-1640 medium supplemented with 2 mM l-glutamine and 10% heat-inactivated fetal bovine 
serum and 1% l-glutamine in a 25 cm2 vented, screw-cap cell-culture flask (Flowgen Bioscience Ltd., Hessle, UK) 
and incubated at 37 °C with a supply of 5% CO2 until confluent growth was observed. Cytotoxicity of the com-
pounds towards the murine macrophages was determined using the resazurin assay29. For quantitative analysis, 
the fluorescence intensity was measured at λex560/λem590 nm using a FLUOstar OPTIMA micro plate reader. The 
growth inhibitory concentration (GIC) was reported as the lowest concentration of compound at which no viable 
eukaryotic cells were detected.

Efflux pump inhibition assay.  Efflux pump inhibition assays were performed following previously pub-
lished protocols and modified using M. aurum cells9,15,31. The effect of the synthesized compounds and verapamil 
(positive control) on the accumulation of ethidium bromide (EtBr) was determined by measuring fluorescence 
using a fluorimeter (FLUOstar OPTIMA, BMG Labtech) and fluorescence data was acquired every 60 s for a total 
period of 60 min. The compounds were used at one quarter of their MICs and EtBr (a known efflux pump sub-
strate) at a concentration of 1.3 µM (0.5 mg L−1).

Biofilm assay (inhibition of biofilm formation).  A late log-phase (OD600 = 3.0) culture of 
Mycobacterium smegmatis was inoculated into Sauton’s media as 1:100 dilutions. This preparation (2 mL) was 
transferred into polypropylene tubes and a range of concentrations of compound 14 3–218 µM (0.7–50 mg L−1) 
was then added to each tube. The cap was tightly closed to avoid evaporation of media and the cultures were incu-
bated at 37 °C in a stationary incubator for 5 days. Tubes containing the diluted cultures without any compounds 
served as inhibitor-free controls and those with only DMSO served as solvent controls. After 5 days, the biofilm 
samples were observed using the scanning electron microscope24. The experiments were performed in triplicate.

Once the biofilms were formed, the medium containing planktonic cells was removed carefully using a hypo-
dermic needle. 1% crystal violet was added to the tubes so as to cover the biofilm and was left for 10 min. The 
crystal violet solution was discarded and the tubes were washed at least three times until no further stain was 
present in the washings. Ethanol (95% v/v in water) was then added to the tubes and left for 10 min. The solutions 
were then diluted 1:3 with ethanol and the absorbance of each was measured at 600 nm.

The SEM images were analysed with ImageJ (NIH) software32. Each image was calibrated individually and 
measurements were recorded for at least 200 cells for each condition from a minimum of five fields with varying 
magnifications.
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Novel R-plasmid conjugal transfer inhibitory and antibacterial
activities of phenolic compounds from Mallotus philippensis (Lam.)
Mull. Arg.
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1. Introduction

The problem of antimicrobial resistance continues to threaten
the future of global health and healthcare systems [1]. Microbial
infections caused by multidrug-resistant (MDR) Gram-positive
bacteria such as Staphylococcus aureus as well as Gram-negative
bacteria, including among others Escherichia coli, Klebsiella

pneumoniae and Pseudomonas aeruginosa, represent an increasing-
ly growing problem. Bacterial plasmids have become broadly

recognised as a major contributor to the emergence and burden of
antibiotic resistance, especially in Gram-negative bacteria, owing
to their ease of mobility across and within bacterial species using
highly efficient type IV secretion systems (T4SSs) during conjuga-
tion [2]. The T4SSs translocate DNA and protein substrates across
the bacterial cell envelope and are widespread within Gram-
negative bacteria [3]. Exemplary plasmids comprising different
incompatibility (Inc) groups that are of clinical relevance include
pUB307 [4], pKM101 [5], TP114 [6], R7K [7] and R6K [8]. Over the
years, heterocyclic compounds, intercalators such as ethidium
bromide and sodium dodecyl sulphate [9], acridine dyes, surface-
active alkyl sulphates [10] and quinolones [11] have been reported
as plasmid ‘curing’ agents. However, most of these compounds are
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A B S T R A C T

Antimicrobial resistance severely limits the therapeutic options for many clinically important bacteria.

In Gram-negative bacteria, multidrug resistance is commonly facilitated by plasmids that have the

ability to accumulate and transfer refractory genes amongst bacterial populations. The aim of this study

was to isolate and identify bioactive compounds from the medicinal plant Mallotus philippensis (Lam.)

Mull. Arg. with both direct antibacterial properties and the capacity to inhibit plasmid conjugal transfer.

A chloroform-soluble extract of M. philippensis was subjected to bioassay-guided fractionation using

chromatographic and spectrometric techniques that led to the isolation of the known compounds

rottlerin [5,7-dihydroxy-2,2-dimethyl-6-(2,4,6-trihydroxy-3-methyl-5-acetylbenzyl)-8-cinnamoyl-1,2-

chromene] and the red compound (8-cinnamoyl-5,7-dihydroxy-2,2,6-trimethylchromene). Both

compounds were characterised and elucidated using one-dimensional and two-dimensional nuclear

magnetic resonance (NMR). Rottlerin and the red compound showed potent activities against a panel of

clinically relevant Gram-positive bacteria, including meticillin-resistant Staphylococcus aureus (MRSA).

No significant direct activities were observed against Gram-negative bacteria. However, both rottlerin

and the red compound strongly inhibited conjugal transfer of the plasmids pKM101, TP114, pUB307 and

R6K amongst Escherichia coli at a subinhibitory concentration of 100 mg/L. Interestingly, despite the

planar nature of the compounds, binding to plasmid DNA could not be demonstrated by a DNA

electrophoretic mobility shift assay. These results show that rottlerin and the red compound are

potential candidates for antibacterial drug lead development. Further studies are needed to elucidate the

mode of inhibition of the conjugal transfer of plasmids.
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associated with toxicity and mutation [12], thereby rendering
them unsuitable as potential drug templates for anti-plasmid
activity. Recent studies have shown that plant-derived drugs can
interact with plasmids causing plasmid loss from the host cell or
inhibiting T4SSs [13]. Furthermore, natural plant products are a
rich source of bioactive chemical scaffolds that have yielded
antimicrobial drug leads and have been exploited for various
diseases. Natural compounds such as phenolics [14] and acylph-
loroglucinols [15] are capable of modifying the bacterial resistance
phenotypes of meticillin-resistant S. aureus (MRSA). A novel and
promising approach to deal with multidrug resistance and
plasmid-encoded antibiotic resistance is to discover new antimi-
crobial hits that can complement the clinical efficacy of existing
antibiotics.

Mallotus philippensis (Lam.) Mull. Arg. (Euphorbiaceae family),
commonly known as ‘kamala’ (Fig. 1A), is a well-known medicinal
plant from Asia and Australia producing a wide range of natural
products including phenols, diterpenoids, steroids, flavonoids,
cardenolides, triterpenoids, coumarins and isocoumarins [16]. The
various compounds isolated from different parts of the plant,
especially the ‘red compound’ and rottlerin, have shown anti-
tumour, cytotoxic, antiviral, antileukaemic, antioxidant, anti-
inflammatory and immunoregulatory activities [17], antibacterial
activity against resistant Helicobacter pylori strains [18] and
antitubercular activities. In this study, the antibacterial properties
of the plant were further investigated, specifically to find agents
that had potent activities against Gram-positive bacteria and had
the capacity to act as anti-plasmid agents, preventing plasmid
transfer between Gram-negative bacteria.

2. Materials and methods

2.1. Chromatographic and spectrometric methods

1H and 13C nuclear magnetic resonance (NMR) spectra were
obtained on a Bruker AVANCE CP QNP 500 MHz instrument
(Bruker UK Ltd., Coventry, UK). Chromatographic separations using
thin layer chromatography (TLC), column chromatography and
vacuum liquid chromatography (VLC) were carried out on silica gel
GF254 (0.25 mm; Merck, Feltham, UK). The mass spectrum was
recorded with a matrix-assisted laser desorption/ionisation time-
of-flight (MALDI-TOF) mass spectrometer (Voyager-DE Pro;
Applied Biosystems, Warrington, UK) at the UCL School of
Pharmacy (London, UK).

2.2. Plant material, extraction and isolation

Dried and powdered fruit was collected by two of the authors
(VS and KS) from the premises of Poona College of Pharmacy (Pune,
India) and a voucher specimen (No. Mat-001) was deposited at the
herbarium in the UCL School of Pharmacy.

Red powder (500 g) was exhaustively extracted by cold
agitation with solvents of increasing order of polarity (2 L of
hexane, chloroform and methanol). The solutions were placed in an
ultrasonic bath for 48 h. The resulting extracts were dried under
vacuum on a rotary evaporator and were stored in a refrigerator for
further analysis. Then, 3 g of the chloroform extract was
fractionated using VLC with an increasingly polar gradient of
100% hexane to 100% ethyl acetate and finally 100% methanol,
which yielded 21 fractions. These fractions were monitored by TLC
using the solvent system containing hexane–ethyl acetate–formic
acid (4:6:1). Spots on TLC were visualised by long (365 nm) and
short (254 nm) wavelengths as well as being sprayed with 1% (w/v)
vanillin–sulphuric acid and heated until a colouration was
observed.

Using TLC profiling, similar fractions were pooled together into
10 fractions (F, G, H, I, I2, J, K, M, O and P) and were subjected to
antibacterial activity determination against two bacteria (S. aureus

SA1199B and S. aureus XU212) and were evaluated for anti-
plasmid activity against E. coli harbouring the pKM101 or TP114
plasmids. Fraction K was active in the antibacterial assay with a
minimum inhibitory concentration (MIC) of 8 mg/L against
SA1199B and 2 mg/L against XU212, whilst fractions J and K were
active in the anti-plasmid assay (data not shown). Fractions J and K
were pooled to gain sufficient material (10.9 mg) and were
subjected to column chromatography using a gradient from
100% toluene to 100% acetone. All fractions obtained were
monitored by TLC, yielding a compound with an Rf value of
0.35 with a mixture of hexane–ethyl acetate–formic acid (4:6:1).
The fractions that showed single spots were submitted for NMR
analysis, which yielded pure compound 1. The hexane-soluble
extract showed antibacterial activity, which led to the bioassay-
guided isolation of compound 2. Both compounds 1 and 2 were
then assessed for antibacterial and anti-plasmid activities.

2.3. Bacterial strains and plasmids

All bacterial strains and plasmids were cultured on nutrient
agar slopes and were incubated for 24 h at 37 8C prior to MIC

Fig. 1. (a) Photograph of Mallotus philippensis (Lam.) Mull. Arg. and (b, c) chemical structure of rottlerin (b) and the red compound (c).
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determination. An inoculum turbidity equivalent to a 0.5 McFar-
land standard (1 � 108 CFU/mL) was prepared in normal saline for
each test organism and was then diluted 1:100 in Mueller-Hinton
broth just before inoculation of the plates. Strains used in the study
included S. aureus SA1199B (norfloxacin-resistant, mediated by
drug efflux), S. aureus SA13373 (meticillin-resistant), MRSA 12981
(meticillin-resistant), MRSA 274829 (meticillin-resistant), MRSA
774812 (meticillin-resistant), MRSA 346724 (meticillin-resistant),
ATCC 25923 (standard susceptible S. aureus strain), EMRSA-15 and
EMRSA-16 (epidemic MRSA strains), XU212 (MRSA and TetK-
producer), S. aureus RN4220 (macrolide-resistant), Enterococcus

faecalis 13379 (vancomycin-resistant), E. faecalis 12697 (vanco-
mycin-resistant), E. coli NCTC 10418, P. aeruginosa 10662, K.

pneumoniae 342, Bacillus subtilis BsSOP01 and Proteus sp. P10830.

2.4. Minimum inhibitory concentration determination

A volume of 100 mL of sterile Mueller-Hinton broth (Oxoid,
Basingstoke, UK) containing 20 mg/L of Ca2+ and 10 mg/L of Mg2+

was dispensed into the wells of a 96-well microtitre plate (Nunc;
0.3 mL total volume per well). All antibacterial agents were
dissolved in dimethyl sulphoxide (DMSO) and were diluted in
Mueller-Hinton broth to give a stock solution. Then, 100 mL of the
antibacterial agent stock solution (2000 mg/L) was serially diluted
into each well and 100 mL of the bacterial inoculum was added to
each well to give a final concentration range of 1–512 mg/L. All
procedures were performed in duplicate and the plates were
incubated for 18 h at 37 8C. Then, 20 mL of a 5 mg/L methanolic
solution of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) (Sigma–Aldrich Ltd, Gillingham, UK) was added to
each well and was incubated for 30 min. Blue colouration indicated
bacterial growth. The MIC was recorded as the lowest concentra-
tion at which no colour change was observed.

2.5. Plasmid conjugation inhibition assay

Plasmid conjugal transfer inhibition was performed by the
broth mating method described by Rice and Bonomo [19] with
some modifications. A subinhibitory concentration of 100 mg/L
was used throughout the assay (0.25 � MIC of rottlerin and the red
compound against E. coli NCTC 10481; data not shown).
Plumbagin at a concentration of 8 mg/L was used as a positive
control.

Mating between the plasmid-containing donor strain E. coli K12
J53 and the recipient E. coli ER1793 was performed in Luria-Bertani
broth. Transconjugants were identified by plating bacterial
mixtures onto selective media containing the appropriate anti-
biotics: streptomycin (to select for the recipient) plus either
ampicillin (to detect the transfer of pKM101 and pUB307) or
kanamycin (to detect the transfer of TP114). Ampicillin and
nalidixic acid were used to detect the transfer of R7K or R6K to the
recipient E. coli JM109. The concentration of the various antibiotics
used was 30 mg/L. The transfer frequency was expressed as the
number of transconjugant colonies (CFU/mL) per recipient (CFU/
mL) and was represented as a percentage of transfer exhibited by
plasmid in the absence of the test compound (normalised to 100%).
Results were based on at least three independent experiments.
Data are expressed as the mean � S.D. Differences between two
mean values were calculated by Student’s t-test. P-values of <0.05
were considered statistically significant and P < 0.01 as very
significant.

2.6. DNA electrophoretic mobility shift assay (EMSA)

To establish whether the basis of the anti-plasmid activity
shown by rottlerin and the red compound was due to direct

binding to plasmid DNA, an EMSA [20] was carried out with
slight modification. Briefly, 0.5 mg of digested pKM101 DNA was
exposed to rottlerin and the red compound (final concentration of
100 mg/L) for 30 min at 37 8C. Samples were electrophoresed on a
0.8% agarose gel at a constant voltage of 40 V for 2–4 h. The gel was
subsequently stained with ethidium bromide to visualise the
location of the DNA.

3. Results

3.1. Identification of plant compounds

A bioassay-guided isolation approach of extracts of M.

philippensis was used to detect compounds capable of either
directly inhibiting microbial growth or of inhibiting the transfer of
plasmids pKM101 and TP114 in E. coli. This led to the isolation of
compound 1 (2.3 mg) (Fig. 1B). The hexane extract had direct
antimicrobial activity towards S. aureus SA1199B and gave rise to
compound 2 (1.1 mg) (Fig. 1C). The structures of these compounds
were identified using detailed one-dimensional and two-dimen-
sional NMR experiments, mass spectrometry and with reference
to the literature. The compounds were identified as rottlerin
(1; Fig. 1B) and the red compound (2; Fig. 1C). The red compound
gives the kamala plant dust its characteristic red colour. Rottlerin,
also known as mallotoxin or kamalin, is 5,7-dihydroxy-2,2-
dimethyl-6-(2,4,6-trihydroxy-3-methyl-5-acetylbenzyl)-8-cinna-
moyl-1,2-chromene, and the red compound is 8-cinnamoyl-5,7-
dihydroxy-2,2,6-trimethylchromene [17]. NMR assignments of the
compounds are shown in the Supplementary material for rottlerin
and red compound.

3.2. Antimicrobial and anti-plasmid activity of the compounds

The antimicrobial activities of rottlerin and the red compound
against MDR S. aureus and Gram-negative bacteria are given in
Table 1. Noteworthy, rottlerin was active against E. faecalis

12697 with an MIC of 1 mg/L, followed by E. faecalis 13379,
meticillin-resistant S. aureus strains MRSA 274829, MRSA
12981 and NorA-overexpressing SA1199B with a consistent MIC
of 2 mg/L, which compared favourably with standard antibiotics.
Rottlerin demonstrated further MIC values of 4 mg/L against S.

aureus ATCC 25923 and B. subtilis BsSOP01, 8 mg/L against S. aureus

RN4220 (MsrA), MRSA 346724 and MRSA 774812, 16 mg/L against
S. aureus XU212 and EMRSA-15, and 32 mg/L against EMRSA-16.
The antibacterial activity of the red compound had a common MIC
of 32 mg/L against S. aureus strains XU212, EMRSA-15 and -16,
SA1199B, ATCC 25923 and erythromycin-resistant S. aureus

RN4220. Both rottlerin and the red compound showed poor
activities against the Gram-negative organisms E. coli, P. aerugi-

nosa, K. pneumoniae and Proteus sp., with MICs in the range of 256–
512 mg/L.

Despite the poor direct antimicrobial potential against Gram-
negative organisms, the compounds were evaluated to establish
whether they had any capacity to inhibit the conjugative transfer
of antibiotic resistance-conferring plasmids amongst E. coli. The
characteristics of the plasmids investigated are shown in
Table 2. The inhibitory effects of rottlerin, the red compound
and plumbagin (a compound previously reported to inhibit
conjugation) on the plasmid transfer of pKM101, TP114,
pUB307, R7K and R6K were evaluated (Figs. 2 and 3). Plumbagin
(8 mg/L) had relatively potent capacity to modulate the transfer of
several plasmids: transfer frequencies were reduced to 11.0%, 5.7%,
31.8%, 29.8% and 11.2% for pUB307, pKM101, TP114, R6 K and R7K,
respectively. Rottlerin (100 mg/L) showed significant transfer
inhibitory effects (P < 0.05) towards pUB307 (12.67%) and
TP114 (3.77%), whilst the inhibitory effects of rottlerin on R7K
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(24.41%) and R6K (36.32%) were only moderate (Fig. 2). Almost
complete inhibition against pKM101 (0.27%; P < 0.01) was
observed. Likewise, the red compound (100 mg/L) also caused

significant transfer inhibition (P < 0.05) against pUB307 (29.16%),
TP114 (17.33%) and pKM101 (6.23%; P < 0.01), indicative of the
broad host effect of red compound on the three plasmids tested.

Table 1
Minimum inhibitory concentrations (MICs) of the agents against various Gram-positive and Gram-negative bacteria.

Strain MIC (mg/L)

Rottlerin Red compound NOR TET ERY OXA CIP

Staphylococcus aureus SA1199B 2 32 32

S. aureus ATCC 25923 4 32 32

Bacillus subtilis BsSOP01 4 NT 0.25

S. aureus XU212 16 32 0.25

EMRSA-15 16 32 16

EMRSA-16 32 32 0.25

S. aureus RN4220 8 32 0.25

MRSA 346724 8 NT 32

MRSA 774812 8 NT <0.25

MRSA 274829 2 NT <0.25

MRSA 12981 2 NT 128

Enterococcus faecalis 13379 2 NT 8

E. faecalis 12697 1 NT <0.06

Escherichia coli NCTC 10418 512 256 <0.06

Pseudomonas aeruginosa 10662 512 256 �0.06

Klebsiella pneumoniae 342 512 256 �0.03

Proteus sp. P10830 512 NT �0.03

NOR, norfloxacin; TET, tetracycline; ERY, erythromycin; OXA, oxacillin; CIP, ciprofloxacin; NT, not tested; EMRSA, epidemic meticillin-resistant S. aureus.

Table 2
Plasmids used, host and resistance markers.

Plasmid Plasmid size (kb) Incompatibility group Host Resistance marker

TP114 62.1 IncI2 Escherichia coli K12 J53 Kmr

pKM101 35.4 IncN E. coli WP2 uvrA Apr

pUB307:RP1 56.4 IncP E. coli K12 J53 Apr, Kmr, Tetr

R6K 39.4 IncX E. coli K12 J53 Apr, Smr

R7K 30.3 IncW E. coli K12 J53 Apr, Smr, Spr

R1-drd-19 93.9 IncF11 E. coli K12 J53 Apr, Cmr, Kmr, Smr, Spr, Sur

Recipient strain

E. coli ER1793 Smr

E. coli JM109 Nalr

Km, kanamycin; Ap, ampicillin; Tet, tetracycline; Sm, streptomycin; Sp, spectinomycin; Cm, chloramphenicol; Su, sulphonamide; Nal, nalidixic acid.

Fig. 2. Plasmid transfer inhibition in the presence of rottlerin (100 mg/L) and plumbagin (8 mg/L). Plasmid transfer in the absence of the drugs is normalised to 100%. Results

are expressed as the mean � S.D. (n = 3). *P < 0.05 and **P < 0.01 versus positive control at the same point. SIC, subinhibitory concentration.
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3.3. DNA-binding capacities of the compounds

Selective binding of rottlerin and the red compound to plasmid
DNA may possibly explain the specificity of activity towards
different plasmids. To investigate this, binding of rottlerin, the red
compound and actinomycin D (a well-documented DNA-binding
agent) to purified pKM101 DNA (the plasmid for which the greatest
inhibition of transfer was observed) was conducted and assessed
by an EMSA. In contrast to actinomycin D, which exhibited a
significant reduction in DNA mobility due to DNA binding by the
drug, no shift (or reduction in ethidium bromide fluorescence) in
pKM101 mobility was observed (Fig. 4). Consequently, based on
this assay, rottlerin and the red compound are less likely to exert
their inhibitory effects on plasmid conjugation by directly binding
to plasmid DNA.

4. Discussion

Mallotus is a fairly large genus rich in valuable phytochemicals
such as coumarins and isocoumarins, terpenes, steroids, flavo-
noids, lignans, chalcones and dimeric chalcone derivatives
[16]. These constituent compounds therefore partially justify the
ethnomedicinal uses of individual species for the treatment of
various ailments.

The red compound primarily serves as a precursor to various
chalcone and phloroglucinol derivatives in Mallotus spp. Rottlerin
is structurally similar to the red compound, except for the presence
of the acetophenone moiety. The acetophenone unit is composed
of a phloroglucinol backbone and is connected to an aromatic ring
via a deshielded CH2 group, a cinnamoyl group (Ph-CH55CH–CO)
and a geminal methyl pair, together with olefinic hydrogens
forming a dimethyl-pyran unit. These moieties are very similar to
the structural features seen in the red compound, although this has
an aromatic-bearing methyl group instead of a benzylic methylene
in the case of rottlerin.

Both rottlerin and the red compound displayed notable
antibacterial activities against the panel of MRSA strains and
MDR Gram-negative bacteria tested, which is reported for the first
time. The results identified an additional antibacterial potential of
the compounds to their already known antimycobacterial activi-
ties [17] and antibacterial properties against H. pylori [16]. Rottlerin
showed good potency of 1 mg/L against E. faecalis 112697 and
2 mg/L against several resistant S. aureus strains such as MRSA
274829, MRSA 12981, NorA-overexpressing strain S. aureus

SA1199B, and E. faecalis 13379. In addition, MICs in the range of
4–32 mg/L towards S. aureus ATCC 25923, B. subtilis BsSOP01, S.
aureus XU212, EMRSA-15, EMRSA-16 and MRSA 346724 were
observed, indicating that rottlerin has a very broad and strong
antibacterial activity towards Gram-positive species, which could
be harnessed for future antibacterial drug discovery towards
MRSA. MRSA continues to pose a health concern, particularly in
hospital-acquired infections, and possess an ‘exceptional’ wide
diversity of resistance to many classes of drugs, including
tetracyclines, macrolides, aminoglycosides, fluoroquinolones
and, in some cases, glycopeptides [21].

Resistance in strains such as S. aureus SA1199B, XU212 and
RN4220 is promoted by the expression of the efflux pumps NorA,
TetK and MsrA, respectively, and these mechanisms have become
increasingly important in the current threat of multidrug
resistance. S. aureus XU212 is an MRSA and overexpresses the
TetK (tetracycline) efflux pump, which increases the transport and
recognition of tetracycline. MDR S. aureus strain SA1199B over-
expresses the NorA efflux transporter, in addition to a gyrase
mutation, thereby conferring a high level of resistance to certain
fluoroquinolones. S. aureus RN4220 possesses the MsrA macrolide
efflux pump, which binds to macrolides, expelling them from their
drug-binding sites [22], whilst epidemic strains of EMRSA are
notable for cases of bacteraemia in UK hospitals [23].

The antibacterial effect of the red compound affords a moderate
to low range of activity compared with rottlerin. Enhancement of
the antibacterial activity of rottlerin against MRSA may be
attributable to the acetophenone moiety possessed by this
compound. Poor activities of rottlerin and the red compound
towards Gram-negative bacteria (E. coli, K. pneumoniae, P.

aeruginosa and Proteus sp. P10830) almost certainly could be
due to poor penetration of the compounds through the bacterial
outer membrane [24] or the presence of resistance-nodulation-cell
division (RND) efflux pumps in these bacteria, as these compounds
are large polyphenolic structures and are possibly RND substrates.

Toxicity studies by other workers have shown that rottlerin has
a cytotoxic effect at concentrations higher than IC50 values of 9 mM
and 8 mM when screened against HL-60 and MIAPCa-2 cells,

Fig. 3. Plasmid transfer inhibition in the presence of the red compound (100 mg/L)

and plumbagin (8 mg/L). Plasmid transfer in the absence of the drugs is normalised

to 100%. Results are expressed as the mean � S.D. (n = 3). *P < 0.05 and

**P < 0.01 versus positive control at the same point. SIC, subinhibitory concentration.

Fig. 4. Electrophoretic mobility shift assay (EMSA) to assess binding of rottlerin and

the red compound to plasmid pKM101 DNA. Lane 1, pKM101 plus actinomycin D (a

known DNA-binding agent); lane 2, pKM101; lane 3, pKM101 plus the red

compound; and lane 4, pKM101 plus rottlerin.
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respectively [25]. There was also marked cytotoxicity following
exposure of SK-Mel-28 cells at 20 mM for a period of 24 h
[26]. However, whilst these observations suggest that rottlerin is
toxic at high concentrations, this is not the case at the MIC found to
be effective towards Gram-positive and Gram-negative bacteria.
Further modification of the chemical structure as well as
favourable toxicity profiles of the compound suggests a possible
therapeutic lead agent.

Plasmids offer numerous unique targets for combating drug-
resistant bacteria. Therefore, the use of a single compound that could
cause efficient plasmid curing and/or minimise antibiotic resistance
transmission is of interest. The decrease in the transfer frequency
mediated by the compounds at subinhibitory concentrations is
noteworthy because this may lead to reduced maintenance of
conjugative plasmids within the bacterial population [27]. The
influence of rottlerin was pronounced, with significant reductions in
the transfer of plasmids TP114 (96.3%) and pUB307 (87.3%), and
most significantly pKM101 (99.7%). Similarly, the red compound
displayed significant inhibitory effects on the transfer of pKM101
(93.8%), followed by TP114 (82.7%) and pUB307 (70.8%); the
inhibitory effects of rottlerin on R6K and R7K were only moderate.
Although the inhibitory activities of the tested compounds differ
from those of plumbagin when compared to the given subinhibitory
concentration, they are potential active antimicrobial and anti-
plasmid agents. Plumbagin (5-hydroxy-2-methyl-1,4-naphthoqui-
none) reportedly is the first natural compound with established
anti-plasmid activity attributable to disruption of DNA gyrase
[28,29]. Further studies reported that plasmids, typified by TP181,
had increased susceptibility to plumbagin, which can block the
rifampicin-induced host-killing system of plasmids to aid survival of
plasmid-free strains [30].

Probably, the planar nature of rottlerin and the red compound
could facilitate intercalation into plasmid DNA and thus interfere
with the conjugation process. Most anti-plasmid compounds, both
natural and synthetic, have been shown to possess aromatic
moieties that bind into the plasmid and interact with DNA gyrase
[31] or disrupt the architecture and partitioning system of the
plasmid, an example being phenothiazine [32]. Plant-derived
natural products with anti-plasmid activity that have previously
been reported include the norditerpene compound 8-epidiosbulbin-
E-acetate from the bulbs of Dioscorea bulbifera [33], and bharangin, a
phenolic compound from Pygmacopremna herbacea (Roxb.)
[34]. Overall, the fact that rottlerin and the red compound could
inhibit plasmid transfer in treated cells at subinhibitory concentra-
tions that do not inhibit bacterial growth suggests that the target for
these antimicrobial agents could affect plasmid DNA and the
replication system in some way that is yet to be determined.

The actinomycin D–DNA bound complex showed a pronounced
shift in its DNA migration (Fig. 4) concurring with its well-known
capacity to intercalate into DNA [35]. A similar shift in migration
was expected for rottlerin and the red compound if direct binding
to plasmid DNA was the probable mechanism of action. Whilst no
binding was detected, the compounds may have bound to the DNA
in sufficiently low quantities or affected the DNA properties in
some other way as not to cause any visible shift in DNA migration
detectable by the EMSA. A study by Palchaudhuri and Hergenr-
other [35] noted the importance of molecules that can bind to DNA
such as anthracyclines used as anticancer drugs with both
antineoplastic and antibacterial properties. Further studies are
required to fully eliminate DNA binding as a possible mode of
action of the compounds.

5. Conclusion

Undoubtedly it will require significant effort to explore the
druggability of anti-plasmid agents but certainly these results

represent a step in illustrating that natural plant-derived products
have the potential to selectively inhibit plasmid transfer in E. coli as
well as having direct antibacterial activities against Gram-positive
organisms. Since many clinically useful antimicrobial agents are no
longer effective owing to the prevalence of strains carrying
plasmid-encoded resistance mechanisms, an anti-plasmid ap-
proach could rejuvenate antibiotic use, enabling them to be
effective once again. Finally, bacteria whose virulence is plasmid-
determined could also be targeted with the help of anti-plasmid
agents. Research efforts are ongoing to understand the specificity
and mode of action of these compounds but, to the best of our
knowledge, this is the first report on the inhibitory effects of
natural compounds from M. philippensis on the conjugal transfer of
R-plasmids.
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a b s t r a c t

Reinvestigation of the CHCl3-soluble extract from the flowers of Ipomoea murucoides, through prepara-
tive-scale recycling HPLC, yielded three pentasaccharides of 11-hydroxyhexadecanoic acid, murucoidins
XVII–XIX, in addition to the known murucoidin III and V, all of which were characterized by NMR spec-
troscopy and mass spectrometry. These compounds were found to be macrolactones of the known pen-
tasaccharides simonic acid B and operculinic acid A. The acylating groups corresponded to acetic, (2S)-
methyl-butyric, (E)-cinnamic and octanoic acids. The esterification sites were established at the C-2 of
the second rhamnose and C-3 and C-4 of the third rhamnose. The aglycone lactonization was placed at
C-2 or C-3 of the first rhamnose. Bioassays for modulation of antibiotic activity were performed against
multidrug-resistant strains of Staphylococcus aureus, Escherichia coli Rosetta-gami, and two nosocomial
pathogens: Salmonella enterica sv. Typhi and Shigella flexneri. The tested glycolipids did not act as cyto-
toxic (IC50 > 4 lg/mL) nor as antimicrobial (MIC > 128 lg/mL) agents. However, they exerted a potentia-
tion effect on clinically useful antibiotics against the tested bacteria by increasing their antibiotic
susceptibility up to four-fold at concentrations of 25 lg/mL.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The genus Ipomoea of themorning glory family (Convolvulaceae)
is distinguished by its worldwide distribution in tropical regions as
well as for its curative attributes that include laxative properties,
which are derived from the presence of high yields of resin glyco-
sides in the whole plant (Eich, 2008; Pereda-Miranda et al., 2010).
From a chemical point of view, resin glycosides are mixtures of gly-
colipids of high molecular mass that are amphipathic in nature due
the presence of a hydrophilic portion (the oligosaccharide core) and
a hydrophobic aglycone (monohydroxylated fatty acids of fourteen
and sixteen carbon atoms) forming the macrolactone (Pereda-Mir-
anda et al., 2010). Important and diverse biological activities of ther-
apeutic interest have been attributed to morning glory resin
glycosides (Pereda-Miranda et al., 2010). One of which is their anti-
bacterial activity against resistant nosocomial strains of Staphylo-
coccus aureus (Pereda-Miranda et al., 2006).

The main mechanism in the development of bacterial resistance
is due to the presence of trans-membrane proteins that confer the
phenotype of multidrug-resistance (MDR) to antibiotics, for exam-
ple the Nor-A and Tet-K pumps. These proteins function as trans-
port systems that are activated to expel antibiotics, preventing
the drug from reaching the concentration required to exert their

activity within the cell (Savjani et al., 2009; Stavri et al., 2007). Pre-
vious studies have described the enhancement of antibiotic sus-
ceptibility using microbiologically inactive resin glycosides as
inhibitors of efflux pumps in S. aureus (Chérigo et al., 2008, 2009;
Escobedo-Martínez et al., 2010; Pereda-Miranda et al., 2006). These
compounds caused a decrease (at the concentration of 25 lg/mL)
of the minimum inhibitory concentration value (MIC; four times,
32–8 lg/mL) of therapeutic antibiotics. Experiments to test the
inhibition of extracellular transport of ethidium bromide, a fluores-
cent agent, have shown that these glycolipids are substrates for
MDR efflux pumps (Chérigo et al., 2008; Pereda-Miranda et al.,
2006) as well as, in some instances, more potent and effective
inhibitors of efflux pumps than reserpine, an alkaloid used as a po-
sitive efflux pump inhibitor control (Gibbons, 2008; Li and Nikaido,
2009). These metabolites were also tested for resistance-modula-
tory activity against Escherichia coli Rosetta-gami and two nosoco-
mial pathogens, Salmonella enterica sv. Typhi and Shigella flexneri.
These compounds exerted a potentiation effect of clinically useful
antibiotics against the tested Gram-negative bacteria by increasing
antibiotic susceptibility up to 64-fold at concentrations of 25 lg/
mL (Corona-Castañeda and Pereda-Miranda, 2012).

These findings constitute the starting point for the conceptual
approach that guided the present investigation, which is aimed
at evaluating new oligosaccharides from I. murucoides as potential
modulators of the multidrug-resistant (MDR) phenotype in both
Gram-positive and -negative bacteria, where active efflux has
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proven to be one of the most successful detoxification mecha-
nisms. Expanding the knowledge of resin glycoside structural
diversity opens the potential for possible therapeutic applications
against nosocomial pathogens.

2. Results and discussion

A chemical reinvestigation of I. murucoides flowers allowed the
isolation of three novel pentasaccharides (1–3) from their

CHCl3-soluble extracts as well as the previously known murucoi-
dins III and V (Chérigo and Pereda-Miranda, 2006). The structures
for the new murucoidins XVII–XIX (1–3) were established by one-
dimensional (1H and 13C NMR) (Tables 1 and 2) and two-dimen-
sional (NMR: COSY, TOCSY, HSQC and HMBC) spectroscopic and
spectrometric (FAB-MS negative mode) techniques (Pereda-Miran-
da et al., 2010). The novel compounds were found to be macrolac-
tones of the known pentasaccharides simonic acid B and
operculinic acid A. Evidences for the configuration of constitutive

Table 1
1H (500 MHz) NMR spectroscopic data of compounds 1–3 (pyridine-d5).a

Hydrogenb 1 2 3

Fuc 1 4.82 d (7.5) 4.80 d (8.0) 4.73 d (7.5)
2 4.50 dd (7.5, 9.5) 4.51 dd (8.0, 9.5) 4.16 dd (7.5, 9.5)
3 4.20 dd (9.5, 2.5) 4.16 dd (9.5, 3.0) 4.07 dd (9.5, 4.0)
4 3.90⁄ 3.91 sa 3.99 d (3.5, 1.0)
5 3.81 dq (1.0, 6.5) 3.81 dq (1.0, 6.5) 3.78 dq (1.0, 6.5)
6 1.52 d (6.5) 1.52 d (6.5) 1.51 d (6.0)

Rha 1 6.32 d (1.0) 6.32 d (1.5) 5.48 d (1.5)
2 5.20 dd (1.0, 2.5) 5.29 dd (1.5, 3.0) 5.95 dd (2.0, 3.5)
3 5.66 dd (3.0, 10.0) 5.59 dd (3.0, 9.5) 5.02 dd (3.0, 9.5)
4 4.67 t (9.5) 4.62 t (9.5) 4.23 sa
5 4.99 dq (9.5, 6.0) 4.99 dd (9.5, 6.0) 4.43 dq (9.5, 6.0)
6 1.59 d (6.0) 1.57 d (6.0) 1.62 d (6.0)

Rha0 1 5.57 d (1.5) 5.64 d (1.5) 6.12 d (2.0)
2 6.03 dd (1.5, 3.5) 5.81 dd (1.5, 3.0) 5.97 dd (2.0, 3.0)
3 4.63 dd (3.5, 9.0) 4.49 dd (3.0, 9.5) 4.61 dd (3.0, 9.5)
4 4.26 t (9.5) 4.21 dd (9.5, 9.5) 4.26 dd (9.5, 9.5)
5 4.39 dq (9.5, 6.0) 4.31 dq (9.5, 6.5) 4.35 dq (9.5, 6.0)
6 1.62 d (6.0) 1.59 d (6.5) 1.65 d (6.5)

Rha00 1 6.20 d (1.5) 5.89 sa 5.89 d (1.5)
2 5.14 dd (1.5, 3.0) 4.64 dd (1.5, 3.5) 4.72 dd (1.5, 3.0)
3 5.88 dd (3.0, 9.5) 4.41 sa 4.49 dd (3.0, 9.5)
4 6.02 t (9.5) 5.76 t (9.5) 5.81 t (9.5)
5 4.45 dq (9.5, 6.5) 4.33 dq (9.5, 6.0) 4.33 dq (9.5, 6.5)
6 1.43 d (6.5) 1.39 d (6.0) 1.38 d (6.5)

Rha0 0 0 1 5.55 d (1.5) 5.64 d (1.5)
2 4.76 sa 4.85 dd (1.5, 2.5)
3 4.38 dd (3.5, 9.5) 4.40 dd (2.5, 9.0)
4 4.25 dd (9.5, 9.5) 4.27 dd (8.0, 9.0)
5 4.28 dq (9.5, 6.5) 4.25 dq (9.5, 4.5)
6 1.69 d (6.5) 1.56 d (5.5)

Glc 1 5.09 d (7.5)
2 3.87 dd (7.5, 8.8)
3 4.12 dd (8.5, 9.0)
4 4.14 dd (8.5, 9.0)
5 3.84 ddd (2.5, 5.5, 8.0)
6a 4.35 dd (11.0, 5.0)
6b 4.46 dd (12.5, 3.0)

Jal 2a 2.26 ddd (2.8, 7.0, 15.0) 2.24 ddd (2.5, 6.5, 15.0) 2.23 ddd (3.5, 9.0, 12.5)
2b 2.58 dd (2.8, 15.0) 2.92 ddd (2.5, 6.5, 15.0) 2.40 ddd (3.5, 9.0, 12.5)
11 3.90⁄ 3.87 m 3.86 m
16 0.96 t (7.0) 0.84 t (7.0) 0.88 t (7.0)

Mba 2 2.45 tq (7.0, 7.0) 2.50 tq (7.0) 2.37 tq (6.5, 7.0)
2-Me 1.13 d (7.0) 1.20 d (7.0) 1.07 d (7.0)
3-Me 0.84 t (7.5) 0.94 t (7.5) 0.84 t (7.5)

Mba0 2 2.45 tq (7.0, 7.0)
2-Me 1.11 d (7.0)
3-Me 0.81 t (7.5)

Cna 2 6.56 d (16.0)
3 7.84 d (16.0)
2’ 7.32 m
3’ 7.44 m
4’ 7.32 m

Ac 2 2.05 s

Octa 2 2.34 t (7.0)
8 0.95 t (7.0)

a Chemical shifts (d) are in ppm relative to TMS. The spin coupling (J) is given in parentheses (Hz). Chemical shifts marked with an asterisk (⁄) indicate overlapped signals.
Spin-coupled patterns are designated as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, brs = broad singlet.

b Abbreviations: Fuc, fucose; Rha, rhamnose; Glc, glucose, Jal, 11-hydroxyhexadecanoyl; Mba, methylbutanoyl, Cna, cinamoyl, Ac, acetyl, Octa, octanoyl.
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monosaccharides, the anomeric linkages, the sequence of glycosi-
dation, as well as the absolute configuration for the aglycones were
published when these oligosaccharides were first elucidated. Also,
they are representative cores commonly found in the morning
glory resin glycosides, e.g., the Mexican medicinal arborescent

members of the genus Ipomoea, I. murucoides (Chérigo and
Pereda-Miranda, 2006) and I. intrapilosa (Bah et al., 2007), among
others (Pereda-Miranda et al., 2010).

Negative-ion FAB mass spectrometry was particularly useful in
determining the exact mass and molecular formulas for 1–3. The
mass spectra showed a quasimolecular ion [M�H]� at m/z 1297
(C65H101O26) for compound 1, at m/z 1193 ([M�H]�, C59H101O24)
for compound 2, and at m/z 1109 ([M�H]�, C53H89O24) for 3. In
all cases, the characteristic fragment ions common to all branched
pentasaccharide resin glycosides were observed for the glycosidic
cleavage of each sugar moiety (Chérigo et al., 2008; Escalante-Sán-
chez et al., 2008; Pereda-Miranda et al., 2005). For example, diag-
nostic fragments were observed for the aglycone (jalapinoic acid
residue: m/z 271), the aglycone and a methyl pentose residue (m/
z 417), the aglycone and two methyl pentoses (m/z 545), and the
aglycone and three methyl pentoses (m/z 691) (Bah and Pereda-
Miranda, 1996; Pereda-Miranda et al., 2010; Castañeda-Gómez
et al., 2013). For compound 1, the observed ester eliminations at
m/z 1213 ([M�H]�–C5H8O [Mba, 84 amu]), 1167 ([M�H]�–C9H6O
[Cna, 130 amu]), and 1083 ([M�H]�–C5H8O–C9H6O) allowed for
the identification of a triacylated simmonic acid B macrocyclic
derivative, while a diacylated derivative of this glycosidic acid
was identified for 3 through fragment anions at m/z 1067
([M�H]�–C2H2O [Ac, 42 amu]) and 837 ([M�H]�–C2H2O–C5H8O–
C6H10O4). Finally, the fragments at m/z 1067 ([M�H]�–C8H14O),
963 ([M�H]�–C5H8O–C6H10O4), and 837 ([M�H]�–C5H8O–
C8H14O–C6H10O4) also identified a diacylated operculinic acid A
derivative for 2 (Castañeda-Gómez et al., 2013).

Murucoidin XVII (1) was identified as the intramolecular
1,300 ester of (11S)-hydroxyhexadecanoic acid of O-b-D-glucopyran-
osyl-(1?3)-O-[4-O-(2S)-2-methylbutanoyl,3-O-cinnamoyl]-a-L-
rhamnopyranosyl-(1?4)]-O-a-L-rhamnopyranosyl-(1?4)-O-a-
L-rhamnopyranosyl-(1?2)-O-b-D-fucopyranoside. In the 1H NMR
spectrum, five anomeric protons were identified through their
chemical shifts and coupling constant as doublets (Table 1): 4.82
(7.5 Hz, Fuc), 6.32 (1.0 Hz, Rha), 5.57 (1.5 Hz, Rha0), 6.20 (1.5 Hz,
Rha00), and 5.09 ppm (7.5 Hz, Glc). Characteristic signals for the
acylating substituents were registered: (a) (2S)-methylbutanoic,
triplet-like signal at 2.45 ppm (Mba, H-2); (b) cinnamic acid, two
doublets at 6.56 (Cna, H-2) and 7.84 (H-3) ppm and two multiplets
at 7.32 (H-20) and 7.44 (H-30) ppm. The 13C NMR spectrum pro-
vided the following information (Table 2): five anomeric carbons
between 99.2 and 105.1 ppm, a signal at 62.5 ppm for the hydroxy-
methylene group of glucose, and four signals corresponding to the
carbonyl groups for the three acylating substituents (Mba
174.4 ppm; Mba0 176.1 ppm; Cna 166.1 ppm) and the macrocyclic
lactone (174.4 ppm).

Murucoidin XVIII (2) was identified as the intramolecular
1,200 ester of (11S)-hydroxyhexadecanoic acid of O-a-L-rhamno-
pyranosyl-(1?3)-O-[[4-O-(2S)-2-methylbutanoyl]-a-L-rhamno-
pyranosyl-(1?4)]-O-[2-O-octanoyl]-a-L-rhamnopyranosyl-(1?
4)-O-a-L-rhamnopyranosyl-(1?2)-O-b-D-fucopyranoside. For 2 in
the 1H NMR spectrum (Table 1), the anomeric signals were ob-
served at 4.80 (8.0 Hz, Fuc), 6.32 (1.5 Hz, Rha), 5.64 (1.5 Hz, Rha0),
5.89(1.0 Hz, Rha00), and 5.55 ppm (1.5 Hz, Rha0 0 0). The characteristic
signals for the ester substituents were: Mba (dH-2 2.50) and octa-
noic acid (two triplets, dH-2 2.34 and dH-8 0.95). The 13C NMR spec-
trum showed: five anomeric carbons (dC 99.2–104.3); and three
signals for the carbonyl groups: two for the acylating acids (Octa
dC 172.9 and Mba dC 176.3); and the macrolactone (dC 174.9) Fig. 1.

The murucoidin XIX (3) was identified as the intramolecular
1,200 ester of (11S)-hydroxyhexadecanoic acid of O-a-L-rhamno-
pyranosyl-(1?3)-O-[[4-O-acetyl]-a-L-rhamnopyranosyl-(1?4)]-
O-[2-O-(2S)-2-methylbutanoyl]-a-L-rhamnopyranosyl-(1?4)-O-
a-L-rhamnopyranosyl-(1?2)-O-b-D-fucopyranoside. The 1H NMR
spectra of this compound showed five anomeric protons: dH 4.73

Table 2
13C (125 MHz) NMR spectroscopic data of compounds 1–3 (pyridine-d5).a

Carbonb 1 2 3

Fuc 1 101.5 101.6 104.3
2 73.6 73.4 80.3
3 76.5 76.6 73.3
4 73.6 73.5 73.1
5 71.2 71.2 70.8
6 17.2 17.2 17.4

Rha 1 100.0 100.2 98.8
2 70.0 69.7 73.9
3 78.0 77.8 69.9
4 76.0 77.9 79.9
5 68.0 67.9 68.6
6 19.2 19.2 19.5

Rha0 1 99.2 99.2 99.2
2 72.3 73.0 73.0
3 80.1 80.2 79.6
4 79.1 79.2 80.0
5 68.1 68.3 68.1
6 18.8 18.7 18.8

Rha00 1 103.4 103.6 103.7
2 69.9 72.6 72.9
3 72.8 70.2 70.2
4 71.7 74.8 75.3
5 68.2 68.1 68.5
6 17.9 17.9 17.8

Rha0 0 0 1 104.3 104.9
2 72.5 72.5
3 72.6 72.6
4 73.7 73.5
5 70.8 70.5
6 18.8 18.6

Glc 1 105.1
2 75.2
3 78.2
4 70.8
5 77.7
6 62.5

Jal 1 174.4 174.9 173.1
2a 34.5 33.7 34.3
11 79.5 79.3 82.3
16 14.5 14.4 14.3

Mba 1 175.9 176.3
2 41.3 41.6
2-Me 16.9 17.0
3-Me 11.8 11.8

Mba0 1 176.1
2 41.5
2-Me 16.7
3-Me 11.6

Cna 1 166.1
2 118.6
3 145.2
1’ 134.7
2’ 129.2
3’ 128.5
4’ 130.7

Ac 1 170.6
2

Octa 1 172.9
2 34.4
8 14.2

a Chemical shifts (d) are in ppm relative to TMS.
b Abbreviations: Fuc, fucose; Rha, rhamnose; Glc, glucose, Jal, 11-hydroxyhexa-

decanoyl; Mba, methylbutanoyl, Cna, cinamoyl, Ac, acetyl, Octa, octanoyl.
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(7.6 Hz; Fuc), 5.48 (1.5 Hz, Rha), 6.12 (2.0 Hz; Rha0), 5.89 (1.5 Hz,
Rha00), and 5.64 (1.5 Hz, Rha0 0 0); 2-methylbutanoic acid (tq, dH-2

2.37) and acetic acid (singlet, dH 2.05). The 13C NMR spectrum
displayed five signals for the anomeric carbons (dC 98.8–104.9)
and three carbonyl signals at dC 170.6 (Ac), 172.9 (Octa) and
175.5 (macrolactone) Fig. 2.

The acylation sites and glycosidation sequence were assigned
by the 2,3JCH correlations observed in the HMBC spectrum for all
of the compounds (Duus et al., 2000; Pereda-Miranda et al.,
2010).The position for macrolactonization was placed at C-2 for
compound 3 and at C-3 for compounds 1 and 2 of the second sac-
charide (Rha), as confirmed by the observed correlation for protons
H-2 (dH-2 5.95 for compound 3) or H-3 (dH-3 5.66 for compound 1
and dH-3 5.59 for 2). Similarly, the esterification sites were located
at C-2 of the second unit of rhamnose (Rha0) at dH-2 6.03, 5.81, and
5.97 for compounds 1–3, respectively, and H-4 of the third unit of
rhamnose (Rha00) at dH-4 6.02, 5.76, and 5.81 for all compounds.
Additionally, compound 1 displayed another position of acylation
at C-3 of Rha00 at dH-3 5.88.

The tested glycolipids were neither cytotoxic (KB: IC50 > 4 lg/
mL) nor antibacterial (Gram-positive: MICP 128 lg/mL; Gram-
negative: MICP 512 lg/mL) (Table 3). However, all of them exhib-
ited a strong antibiotic modulatory activity at a concentration of
25 lg/mL (Table 4). This effect potentiated norfloxacin susceptibil-
ity against SA-1199B by four-fold (32–8 lg/mL) for compounds 1
and 2, and two-fold (32–16 lg/mL) for compound 3 (Table 3).
The modulation of antibiotic activity on MDR Gram-negative

Compound

R1 R2 R3 R4

1 (2S)-methylbutanoyl = Mba cinamoyl= Cna β-D-glucopyranosyl= Glc Mba

2 Mba H α-L-rhamnopyranosyl = Rha n-octanoyl

Fig. 1. Chemical structure of murucoidins XVII and XVIII (1 and 2).

Fig. 2. Chemical structure of murucoidin XIX (3).

Table 3
Susceptibility of Staphylococcus aureus to murucoidins XVII–XIX (1–3) and their cytotoxicity.a

Compound IC50 (lg/mL) MIC (lg/mL)c

KB Hep-2 HeLa ATCC 25923 XU-212 EMRSA-15 SA-1199Bb

Nor (�) Nor (+)

1 15.7 6.1 >20 >128 >128 >128 128 8
2 >20 >20 >20 >128 >128 >128 128 8
3 10.8 >20 19.0 >128 >128 >128 128 16
Vinblastine 0.005 0.006 0.001
Colchicine 0.002 0.003 0.001
Norfloxacin 32
Reserpine 4

a Abbreviations: KB, nasopharyngeal carcinoma; Hep-2, laryngeal carcinoma; HeLa, cervix carcinoma; ATCC 25923, standard S. aureus strain; EMRSA-15, epidemic meth-
icillin-resistant S. aureus strain containing the mecA gene; XU-212, a methicillin-resistant S. aureus strain possessing the TetK tetracycline efflux protein; SA-1199B,
multidrug-resistant S. aureus strain over-expressing the NorA efflux pump.

b Nor (�) = minimum inhibitory concentration (MIC) value determined in the susceptibility testing; Nor (+) = MIC value determined for norfloxacin in the modulation assay
at the concentration of 25 lg/mL of the tested oligosaccharide.

c MIC value for norfloxacin in the modulation assay at the concentration of 20 lg/mL of reserpine which was used as positive control for an efflux pump inhibitor.
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strains was similar to that observed for reserpine, a positive con-
trol, in combination with tetracycline, kanamycin, and chloram-
phenicol. In most of the cases observed, a reduction in MIC was
two-fold (Table 4). The highest reduction was observed for com-
pound 3 in combination with tetracycline and kanamycin against
S. flexneri (512–128 lg/mL). The complexity of the machinery
and mechanisms of multidrug efflux in Gram-negative pathogens
causes the major difference observed in potency for modulatory
activity of the tested glycolipids against both Gram-positive and
-negative bacteria, the latter of which are enveloped within a pro-
tective double-layer of lipid membranes. Noxious compounds are
expelled across these membranes by active transport, providing
the pathogens with a permeability barrier to hydrophilic com-
pounds like antibiotics (Stavri et al., 2007). The more complex
structure of multidrug efflux pumps in Gram-negative strains in-
cludes an inner membrane transporter, a periplasmic fusion pro-
tein, as well as an outer membrane channel (Zgurskaya, 2009).
This tripartite efflux pump system therefore confers MDR bacteria
with the capacity to occupy lethal ecological niches by avoiding the
cytotoxic effects of antibiotics and drastically limits the clinical use
of these drugs (Corona-Castañeda and Pereda-Miranda, 2012).

3. Concluding remarks

The contemporary recognition of the emergence and prolifera-
tion of methicillin-resistant strains of S. aureus is an epidemiolog-
ical challenge as few antibiotics are effective agents in the
treatment of nosocomial infections caused by these pathogens.
Multidrug-resistant strains of S. aureus are often unresponsive to
many types of clinically useful antibiotics which can include van-
comycin, oxazolidinone, b-lactam and the streptogram in antibi-
otic categories (Freixas et al., 2012; Shibata et al., 2005). The
literature describes a few effective plant-derived efflux pump
inhibitors (EPIs) against Gram-positive bacteria (Stavri et al.,
2007; Savoia, 2012), but information about EPIs against Gram-neg-
ative nosocomial pathogens is much more scarce. From the results
obtained by researching into the potential of resin glycosides as
EPIs in microbial pathogens (Chérigo et al., 2008, 2009; Escobe-
do-Martínez et al., 2010; Pereda-Miranda et al., 2006) and mam-
malian cells (Castañeda-Gómez et al., 2013; Cruz-Morales et al.,
2012; Figueroa-González et al., 2012), there is a clear indication
of the possibility that these metabolites could be used as synergis-
tic agents in combinatorial therapies, increasing the strength and
usefulness of antibiotics that are not effective in the treatment of
refractive infections caused by MDR strains.

4. Experimental

4.1. General experimental procedures

Melting points were determined on a Fisher–Johns apparatus
and are uncorrected. Optical rotations were measured with a

Perkin–Elmer 241 polarimeter. 1H (500 MHz) and 13C (125 MHz)
NMR experiments were conducted on a Bruker DMX-500 instru-
ment. The NMR techniques were performed according to a previ-
ously described methodology (Bah and Pereda-Miranda, 1996).
Negative-ion low and high-resolution FABMS were recorded using
a matrix of triethanolamine on a JEOL SX-102A spectrometer. The
instrumentation used for HPLC analysis consisted of a Waters
600 E multisolvent delivery system equipped with a Waters 410
differential refractometer detector (Waters Corporation, Milford,
MA). Control of the equipment, data acquisition, processing, and
management of the chromatographic information were performed
by the Empower 2 software program (Waters).

4.2. Plant material

Flowers of Ipomoea murucoides were collected at Tepostlán,
Morelos, Mexico, on April 10, 2010. The plant material was identi-
fied by Dr. Robert Bye and one of the authors (R.P.-M.) through
comparison with an authentic plant sample (RP-05) archived at
the Departamento de Farmacia, Facultad de Química, UNAM (Chér-
igo and Pereda-Miranda, 2006). A voucher specimen (Robert Bye
35906) was deposited in the Ethnobotanical Collection of the Na-
tional Herbarium (MEXUE), Instituto de Biología, UNAM.

4.3. Extraction and isolation of compounds 1–3

The whole plant material (500 g) was powdered and extracted
exhaustively by maceration at room temperature with CHCl3 to af-
ford, after removal of the solvent, a dark brown syrup (35.8 g). The
crude mixture of resin glycosides was obtained after fractionation
of this extract by open column chromatography over silica gel
eluted with a gradient of MeOH in CHCl3. A total of 220 fractions
(250 mL each) were collected and combined to give a pool contain-
ing a mixture of resin glycosides, which was subjected to fraction-
ation by open column chromatography over reversed-phase C18

(330 g) eluted with MeOH to eliminate waxes and pigmented res-
idues. This process provided 30 secondary fractions (30 mL each).
Subfractions 18–25 were combined to yield a mixture of lipophilic
pentasaccharides (20 g), which were analyzed by reversed-phase
C18 HPLC using an isocratic elution with CH3CN–H2O (95:5). For
their resolution, a Symmetry C18 column (Waters; 7 lm,
19 � 300 mm), a flow rate of 9 mL/min, and a differential refrac-
tometer detector were used. This analysis allowed the comparison
with reference solutions of the previously reported resin glycosides
(Chérigo et al., 2008), confirming the detection of the following
compounds: murucoidin V (tR 6.9 min), and murucoidin III (tR
24.6 min). Peaks with tR values of 9.2 min (peak II), and 16.5 min
(peak IV) were collected by the technique of heart cutting and
independently reinjected in the apparatus operating in the recycle
mode (Pereda-Miranda and Hernández-Carlos, 2002) to achieve to-
tal homogeneity after 15 consecutive cycles. These technique
yielded pure compounds: compound 1 (25 mg) from peak II, left

Table 4
Susceptibility of Escherichia coli, Salmonellaenterica, and Shigella flexneri to murucoidins XVII–XIX (1–3).

Compound MIC (lg/mL)

Escherichia coli Rosetta gami Salmonella enterica sv. Typhi Shigella flexneri

(�) Tet (+) Kan (+) Cam (+) (�) Tet (+) Kan (+) Cam (+) (�) Tet (+) Kan (+) Cam (+)

Antibiotics 128 32 256 1024 1024 512 512 512 256
1 >512 64 8 128 >512 512 512 256 512 256 128 256
2 >512 64 8 128 >512 512 512 256 512 256 128 256
3 >512 64 8 128 >512 512 512 256 512 128 128 256

Reserpine >512 64 8 128 >512 512 512 256 >512 256 64 128

Abbreviations: (�), minimum inhibitory concentration (MIC) value determined in the susceptibility testing; Tet (+), MIC value determined for tetracycline; Kan(+), MIC value
determined for kanamycin; Cam (+), MIC value determined for chloramphenicol in the modulation assay at the concentration of 25 lg/mL of the tested oligosaccharide.
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region; compound 2 (20 mg) from peak II, right region; and com-
pound 3 (15 mg) from peak IV. Saponification of all compounds
yielded (S)-(+)-a-methylbutyric acid: [a]D +10 (c 1.0, CHCl3), while
compounds 1–3 also afforded cinnamic, octanoic and acetic acids,
respectively, all of which were purified by HPLC according to pre-
viously described methologies (Pereda-Miranda and Hernández-
Carlos, 2002; Pereda-Miranda et al., 2005).

4.4. Compound characterization

4.4.1. Murucoidin XVII (1)
White powder; mp 133–135 �C; [a]D �98 (c 0.2, MeOH); 1H and

13C NMR, see Tables 1 and 2; negative-ion FABMS m/z 1297
[M�H]� (C65H101O26), 1167 [1297�130 (C9H6O, cna)]�, 1083
[1167�84 (C5H8O, mba)]�, 937 [1083�146 (C6H10O4, methylpen-
tose)]�, 545 [937�162 (C6H10O5, deoxyhexose)�146(C6H10O4,
methylpentose)�84 (C5H8O, mba]�, 417 [545+18 (lactone hydroly-
sis)�146 (C6H10O4, methylpentose)]�, 271 [417�146 (C6H10O4,
methylpentose); jalapinolic acid�H]�; HRFABMS m/z 1297.6576
[M�H]� (calcd for C65H101O26 1297.6581).

4.4.2. Murucoidin XVIII (2)
White powder; mp 123–126 �C; [a]D �88 (c 0.2, MeOH); 1H and

13C NMR, see Tables 1 and 2; negative-ion FABMS m/z 1193
[M�H]� (C59H101O24), 1067 [1193�126 (C8H14O, octa)]�, 963
[1193�84 (C5H8O, mba)�146(C6H10O4, methylpentose)]�, 837
[963�126 (C8H14O, octa)]�, 545 [837�146(C6H10O4, methylpen-
tose)�146(C6H10O4, methylpentose)]�, 417 [545+18 (lactone
hydrolysis)�146 (C6H10O4, methylpentose)]�, 271 [417�146
(C6H10O4, methylpentose); jalapinolic acid�H]� ; HRFABMS m/z
1193.6678 [M�H]� (calcd for C59H101O24 1193.6683).

4.4.3. Murucoidin XIX (3)
White powder; mp 150–153 �C; [a]D �50 (c 0.12, MeOH); 1H

and 13C NMR, see Tables 1 and 2; negative FABMS m/z 1109
[M�H]� (C53H89O24), 1067 [1109�43 (C2H3O, ac)]�, 921
[1067�146 (C6H10O4, methylpentose)]�, 837 [921�84 (C5H8O,
mba)]�, 545 [837�146 (C6H10O4, methylpentose)�146 (C6H10O4,
methylpentose)]�, 417 [545+18 (lactone hydrolysis)�146
(C6H10O4, methylpentose)]�, 271 [417�146 (C6H10O4, methylpen-
tose); jalapinolic acid�H]� ; HRFABMS m/z 1109.5738 [M�H]�

(calcd for C53H89O24 1109.5744).

4.5. Biological assays

4.5.1. Bacterial strains and media
S. aureus EMRSA-15 containing the mecA gene was provided by

Dr. Paul Stapleton, from the UCL School of Pharmacy. Strain XU-
212, a methicillin-resistant strain possessing the TetK tetracycline
efflux protein, was provided by Dr. E. Udo (Gibbons and Udo, 2000).
SA-1199B, which over-expresses the NorA MDR efflux protein
(Chérigo et al., 2009) was the generous gift of Professor Glenn
Kaatz of Wayne State University. Standard strain S. aureus ATCC
25923 was obtained from the ATCC. All strains were cultured on
nutrient agar (Oxoid, Basingstoke, UK) before determination of
MIC values. Cation-adjusted Mueller–Hinton broth (MHB; Oxoid)
containing 20 and 10 mg/L of Ca2+ and Mg2+, respectively was used
for susceptibility tests. E. coli Rosetta-gami was provided by Dr.
Federico del Río Portilla, Departamento de Bioquímica, Instituto
de Química, UNAM, and was cultured on Luria–Bertani nutrient
agar (Sigma) before determination of MIC values. Luria–Bertani
broth (LB) was used for susceptibility tests. Nosocomial strains of
S. flexneri and S. enterica sv. Typhi were provided by Dr. Fernando
Calzada Bermejo, Unidad de Investigación Médica en Farmacología
y Productos Naturales, Centro Médico Nacional Siglo XXI, Instituto
Mexicano del Seguro Social, and were cultured on nutrient agar

(Mueller–Hinton; Sigma) before determination of MIC values.
Mueller–Hinton (MHB) broth was used for susceptibility tests.

4.5.2. Compounds
Tetracycline (purity > 98%), kanamycin (purity > 99%), chloram-

phenicol (purity > 98%), and reserpine (purity > 98%) were ob-
tained from Sigma. Glycolipids 1–3 were purified as previously
described by preparative recycling HPLC using a Waters 600 E mul-
ti-solvent delivery system equipped with a Waters 410 refractive
index detector (Waters) as described above, and their purity was
assessed by HPLC, NMR, and FAB-MS as >99%.

4.5.3. Susceptibility testing
MIC values were determined at least in duplicate by standard

microdilution procedures. An inoculum density of 1.5 � 108 CFU
of each of the test strains was prepared in 0.9% saline by compar-
ison with a McFarland standard. MHB or LB (125 lL) was dispensed
into 10 wells of a 96-well microtiter plate (Nunc, 0.3 mL volume
per well). All test compounds were dissolved in DMSO before dilu-
tion into MHB or LB for use in MIC determinations. The highest
concentration of DMSO remaining after dilution (3.125% v/v)
caused no inhibition of bacterial growth. Then, compounds 1–3
or appropriate antibiotic (125 lL) were individually dispensed into
well 1 and serially diluted across the plate (512–1 lg/mL), leaving
well 11 empty for the growth control. The final volume was dis-
pensed into well 12, which being free of inoculum served as the
sterile control. The inoculum (125 lL) was added into wells 1–11
and the plate was incubated at 37 �C for 24 h. The MIC was defined
as the lowest concentration, which yielded no visible growth. Tet-
racycline, kanamycin, and chloramphenicol were also tested as po-
sitive drug controls. A methanolic solution (5 mg/mL) of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT;
Sigma) was used to detect bacterial growth by a color change from
yellow to dark blue. For the modulation assay, all glycolipids were
tested at a final concentration of 25 lg/mL. Two-fold serial dilu-
tions of antibiotics ranging from 512 to 1 lg/mL were added, and
the microtiter plates were then interpreted, after inoculum addi-
tion and incubation, in the same manner as for MIC determina-
tions. The activity of reserpine at a concentration of 20 lg/mL
was also tested as an efflux pump inhibitor (positive control). All
samples were tested in duplicate (Corona-Castañeda and Pereda-
Miranda, 2012).

4.5.4. Cytotoxicity assay
Nasopharyngeal (KB), cervix (HeLa), and laryngeal carcinoma

(Hep-2) cell lines were maintained in RMPI 1640 (10�) medium
supplemented with 10% fetal bovine serum. Cell lines were cul-
tured at 37 �C in an atmosphere of 5% CO2 in air (100% humidity).
The cells at log phase of their growth cycle were treated in tripli-
cate with various concentrations of the test samples (0.16–20 lg/
mL) and incubated for 72 h at 37 �C in a humidified atmosphere
of 5% CO2. The cell concentration was determined by the NCI sulfo-
rhodamine method. Results were expressed as the dose that inhib-
its 50% control growth after the incubation period (IC50). The
values were estimated from a semi log plot of the drug concentra-
tion (lg/mL) against the percentage of viable cells. Vinblastine and
colchicine were included as positive drug controls (Vichai and Kir-
tikara, 2006; Figueroa-González et al., 2012).
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a b s t r a c t

An in-depth evaluation was undertaken of a new antibacterial natural product (1) recently isolated and
characterised from the plant Hypericum olympicum L. cf. uniflorum. Minimum inhibitory concentrations
(MICs) were determined for a panel of bacteria, including: meticillin-resistant and -susceptible strains of
Staphylococcus aureus, Staphylococcus epidermidis and Staphylococcus haemolyticus; vancomycin-resistant
and -susceptible Enterococcus faecalis and Enterococcus faecium; penicillin-resistant and -susceptible
Streptococcus pneumoniae; group A streptococci (Streptococcus pyogenes); and Clostridium difficile. MICs
were 2–8 mg/L for most staphylococci and all enterococci, but were ≥16 mg/L for S. haemolyticus and
were >32 mg/L for all species in the presence of blood. Compound 1 was also tested against Gram-negative
bacteria, including Escherichia coli, Pseudomonas aeruginosa and Salmonella enterica serovar Typhimurium
but was inactive. The MIC for Mycobacterium bovis BCG was 60 mg/L, and compound 1 inhibited the ATP-
dependent Mycobacterium tuberculosis MurE ligase [50% inhibitory concentration (IC50) = 75 �M]. In a
radiometric accumulation assay with a strain of S. aureus overexpressing the NorA multidrug efflux pump,
the presence of compound 1 increased accumulation of 14C-enoxacin in a concentration-dependent man-
ner, implying inhibition of efflux. Only moderate cytotoxicity was observed, with IC50 values of 12.5, 10.5
and 8.9 �M against human breast, lung and fibroblast cell lines, respectively, highlighting the potential
value of this chemotype as a new antibacterial agent and efflux pump inhibitor.

© 2013 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.

1. Introduction

Plants produce an array of biologically active molecules that
have been used as anticancer agents [1], including Taxol®, the
camptothecins, the vinca alkaloids and podophyllotoxin deriva-
tives such as etoposide [2]. Less research has been done to evaluate
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∗∗ Corresponding author. Tel.: +44 207 753 5913; fax: +44 207 753 5964.
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plants as sources of antibacterial agents [3] and among the reports
that do exist many lack cytotoxicity data and tested only a few
bacterial species. Even fewer studies have attempted to unravel
the mechanisms of action for plant products, notable exceptions
being studies on (i) the diterpene totarol from many conifer-
ous plants as an inhibitor of FtsZ [4] and of efflux [5] and (ii)
epicatechin gallate from green tea, which potentiates �-lactam
activity against meticillin-resistant Staphylococcus aureus (MRSA)
[6].

Nevertheless, plants may be a valuable source of new antibac-
terials. They must protect themselves against environmental
microbes, and plant extracts are widely used as systemic and
topical antimicrobials in Western herbal and traditional Chinese
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Fig. 1. Chemical structure of compound 1.

medicine as well as in Ayurvedic medicine [7]. Plant extracts are
also marketed as ‘food materials’ with antibacterial properties, such
as the various cranberry and bearberry preparations used in the
management of urinary tract infections, with bearberry products
having better understood chemistry and pharmacology [8]. Also
of note are light-activated antibacterial terthiophenes, with mini-
mum inhibitory concentrations (MICs) of 0.022 mg/L for S. aureus
[9].

We have previously examined plant-derived antibacterials
from the acetylene [10], diterpene [11], alkaloid [12] and
flavonoid [13] groups. We have focused on acylphlorogluci-
nol products [14], largely due to the considerable antibacterial
activities of hyperforin from St John’s wort [15], which dis-
played a MIC of 0.1–1 mg/L for penicillin- and meticillin-resistant
S. aureus [16]. Acylphloroglucinols are complex natural prod-
ucts with an acylated aromatic-derived core and many prenyl
groups, which may be cyclised or oxidised to give a class
of chiral products rich in functional groups [17]. Early work
on these molecules led to their isolation and characterisa-
tion from other Hypericum spp. such as Hypericum drummondii,
which yielded the drummondins, some of which have potent
activity towards S. aureus (MIC = 0.39 mg/L [18]). Other new
acylphloroglucinol products with moderate antibacterial activ-
ity [14] were found in Hypericum foliosum and Hypericum beanii,
whilst lipophilic extracts of the aerial parts of Hypericum olympicum
L. cf. uniflorum were found to contain a new acylphloroglu-
cinol antibacterial (1), given the trivial name olympicin A
(Fig. 1); this was spectroscopically characterised and patented
[19,20].

Here we describe the antibacterial spectrum of activity of
compound 1 in the presence and absence of blood against mul-
tiple bacteria, including Mycobacterium bovis BCG, and provide a
cytotoxicity evaluation for mammalian cell lines. We addition-
ally examined the ability of compound 1 to inhibit ATP-dependent
MurE ligase of Mycobacterium tuberculosis as well as to increase the
accumulation of the quinolone antibiotic enoxacin by a strain of S.
aureus overexpressing the NorA major facilitator superfamily (MFS)
efflux pump. This work shows the value of simple plant natural
product chemotypes as antibacterials and as modifiers of bacterial
resistance.

2. Materials and methods

2.1. Isolation of compound 1

Aerial parts of H. olympicum L. cf. uniflorum (Kew accession
no. 1969-31184) were collected from the Royal Botanic Gar-
den Kew at Wakehurst Place (Ardingly, UK): 937 g of dried,

powdered material was sequentially extracted with 3.5 L of n-
hexane, dichloromethane (DCM) and methanol using a Soxhlet
apparatus (Fisher Scientific, Loughborough, UK). The n-hexane
and DCM extracts were active against the NorA-overexpressing
S. aureus strain 1199B (SA-1199B) [21] at 32 mg/L and 16 mg/L,
respectively, but had similar profiles by thin-layer chromatography
(TLC) (Merck, Darmstadt, Germany). The hexane extract (15.2 g)
was fractionated by vacuum-liquid chromatography (VLC) (silica
gel PF254+366; Merck) using a step-gradient solvent system from
100% hexane to 100% ethyl acetate with a 10% increment and
a final methanol wash. VLC fractions 6–8 were active against S.
aureus SA-1199B at 64 mg/L, had similar TLC profiles and were
pooled (total of 842.0 mg). This combined fraction was separated by
Sephadex LH-20 (Amersham Biosciences, Little Chalfont, UK) chro-
matography, giving five fractions eluted with chloroform:methanol
(1:1) and one fraction eluted with methanol. The fraction eluted
with methanol (80.9 mg) was active at a MIC of 1 mg/L against
SA-1199B, and compound 1 (29.1 mg) was isolated from this frac-
tion by preparative TLC [silica; toluene:ethyl acetate:acetic acid
(80:18:2), retention factor (Rf) = 0.62]. The compound gave an
orange colour reaction with vanillin–sulphuric acid spray on the
TLC plate.

2.2. Antibiotics and media

Unless otherwise stated, all chemicals were obtained from
Sigma–Aldrich (Poole, UK).

2.3. Bacteria

The bacteria were recent clinical isolates or were reference
controls (Table 1). The clinical isolates represented important resis-
tance phenotypes currently prevalent in the UK and worldwide.
They comprised: (i) MRSA, including the epidemic MRSA (EMRSA)-
15 and -16 strains dominant in the UK [22]; (ii) meticillin-resistant
coagulase-negative staphylococci (i.e. Staphylococcus epidermidis
and Staphylococcus haemolyticus); (iii) vancomycin-resistant and
-susceptible Enterococcus faecalis and Enterococcus faecium; (iv)
penicillin-resistant and -susceptible Streptococcus pneumoniae; (v)
group A streptococci (Streptococcus pyogenes), which remain uni-
versally susceptible to penicillin; and (vi) Clostridium difficile.
Among the Gram-negative organisms tested were Escherichia coli
NCTC 10418, E. coli STHG69 (multiresistant CMY-4 �-lactamase-
producing isolate) and Pseudomonas aeruginosa strains NCTC 10662
and NCIB 8626. M. bovis BCG ATCC 35734 (Pasteur) was also used.
SA-1199B was used in 14C-enoxacin accumulation assays.

2.4. Susceptibility testing

MICs were determined on Iso-Sensitest agar (ISA) by the method
of the British Society for Antimicrobial Chemotherapy (BSAC)
(http://www.bsac.org.uk) or by microdilution in Iso-Sensitest broth
(ISB). Both media were from Oxoid–Thermo Fisher (Basingstoke,
UK); ISA was supplemented or not with 5% whole equine blood and
ISB with 5% lysed equine blood. Plates were variously incubated at
35–37 ◦C in (i) air, (ii) air enriched with 5% CO2 or (iii) under anaer-
obic conditions. The antimycobacterial activity of compound 1 was
determined against slow-growing M. bovis BCG using an agar-based
spot culture growth inhibition assay as described previously [23].
The front-line antitubercular drug isoniazid was used as a positive
control.

2.5. Functional assay for M. tuberculosis MurE activity

The activity of MurE from M. tuberculosis was monitored
by measuring the release of inorganic phosphate following ATP
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Table 1
Minimum inhibitory concentrations (MICs) of compound 1 in Iso-Sensitest broth (ISB) and on Iso-Sensitest agar (ISA) under different atmospheric conditions.

Specimen ID Species Phenotype MIC (mg/L)

Air, no blood
added

Air, 5% blood
added

5% CO2, blood
added

Anaerobic,
blood added

ISA ISB ISA ISB ISA ISB ISA ISB

H00057 Staphylococcus aureus EMRSA-16 4 2 >32 >32 >32 >32 32 32
H00520 S. aureus EMRSA-16 2 2 >32 >32 >32 >32 32 32
H00440 S. aureus EMRSA-15 4 4 >32 >32 >32 >32 32 >32
H00156 S. aureus EMRSA-15 4 4 >32 >32 >32 >32 >32 >32
ST797 S. aureus MSSA 8 4 >32 >32 >32 >32 >32 >32
ST841 S. aureus MSSA 8 4 >32 >32 >32 >32 >32 >32
ST862 S. aureus MSSA 8 4 >32 >32 >32 >32 >32 >32
ST870 S. aureus MSSA 2 2 >32 >32 >32 >32 32 >32
CN521 Staphylococcus epidermidis MR-CoNS 8 4 >32 >32 >32 >32 >32 >32
CN515 Staphylococcus haemolyticus MR-CoNS >32 >32 >32 >32 >32 >32 >32 >32
CN590 S. haemolyticus MS-CoNS 16 16 >32 >32 >32 >32 >32 >32
CN535 S. epidermidis MS-CoNS 4 2 >32 >32 >32 >32 32 >32
H00461 Enterococcus faecium VanR 4 2 >32 >32 >32 >32 >32 >32
H00473 E. faecium VanR 4 2 >32 32 >32 32 >32 >32
H00452 E. faecium VanS 4 2 >32 >32 >32 >32 >32 >32
H00277 E. faecium VanS 8 2 >32 >32 32 32 32 >32
H00260 Enterococcus faecalis VanS 4 4 >32 >32 >32 >32 >32 >32
H00666 E. faecalis VanS 4 4 >32 >32 >32 >32 >32 >32
H00587 E. faecalis VanR 4 4 >32 >32 >32 >32 >32 >32
H00066 E. faecalis VanR 4 4 >32 >32 >32 >32 >32 >32
PN2177 Streptococcus pneumoniae PenR (2)a (2)a >32 32 32 32 32 32
PN1847 S. pneumoniae PenR (4)a (2)a >32 32 >32 32 >32 32
H00053 S. pneumoniae PenS (2)a (2)a >32 32 >32 32 >32 >32
H00070 S. pneumoniae PenS (4)a (2)a >32 32 >32 32 >32 32
BS1514 GAS (4)a (4)a >32 >32 >32 >32 >32 >32
BS1526 GAS (4)a (4)a >32 >32 >32 >32 >32 >32
BS1531 GAS (4)a (4)a >32 >32 >32 >32 >32 >32
BS1552 GAS (4)a (4)a >32 >32 >32 >32 >32 >32
H00518 Clostridium difficile Anaerobe ng ng ng ng ng ng >32 >32
519 C. difficile Anaerobe ng ng ng ng ng ng >32 >32
520 C. difficile Anaerobe ng ng ng ng ng ng >32 >32
522 C. difficile Anaerobe ng ng ng ng ng ng >32 >32

Standard controls
NCTC9343 Bacteroides fragilis Anaerobe ng ng ng ng ng ng >32 >32
ATCC29212 S. pneumoniae (4)a (2)a >32 32 >32 32 >32 32
ATCC29212 E. faecalis 4 4 >32 >32 >32 >32 >32 >32
NCTC6571 S. aureus 4 4 >32 >32 >32 >32 32 >32
ATCC 35734 Mycobacterium bovis BCG Pasteur 60

EMRSA, epidemic meticillin-resistant Staphylococcus aureus; MSSA, meticillin-susceptible S. aureus; MR-CoNS, meticillin-resistant coagulase-negative staphylococci;
MS-CoNS, meticillin-susceptible coagulase-negative staphylococci; VanR, vancomycin-resistant; VanS, vancomycin-susceptible; PenR, penicillin-resistant; PenS, penicillin-
susceptible; GAS, group A streptococci (Streptococcus pyogenes); ng, no growth (all examples were for anaerobes under aerobic growth conditions).

a MIC less than or equal to the indicated value, arising when there was no growth at the lowest concentration tested.

hydrolysis [24], with assays performed in final volumes of 50 �L
in half-area Costar® microtitre plates (Appleton Woods Ltd.,
Birmingham, UK). The reaction mixtures comprised 50 ng of recom-
binant MurE enzyme purified as described previously [25] with
25 mM Bis–Tris–propane/HCl (pH 8.5), 5 mM MgCl2, 50 �M ATP,
50 �M UDP-MurNAc-l-Ala-d-Glu and 4% (v/v) dimethyl sulphox-
ide (DMSO) (enzyme reaction) at 37 ◦C. Then, 2 �L of compound
1 (concentrations of 0.3–100 �M) dissolved in 100% DMSO was
added and the reaction was initiated by the addition of 75 �M
meso-diaminopimelic acid for 30 min at 37 ◦C. Following this incu-
bation period, release of inorganic phosphate was determined
using a Gold Lock Reagent Kit (Innova Biosciences, Cambridge,
UK) according to the manufacturer’s instructions. Results were
corrected for background absorbance of the reaction mixtures
and for any non-enzymatic hydrolysis of ATP (control reaction
without enzyme). Percent inhibition was calculated for each
concentration of compound 1 and was fitted to a non-linear
regression model, plotting the sigmoidal dose–response on a
semi-log scale to derive the IC50 (the inhibitor concentration
giving 50% inactivation). All assays were performed in tripli-
cate.

2.6. Cytotoxicity evaluation

The antiproliferative activity of compound 1 was determined for
MCF7 (human breast carcinoma), A549 (human lung carcinoma)
and WI38 (human fibroblast) cells using the sulforhodamine B
assay [26].

2.7. Accumulation of 14C-enoxacin

Accumulation studies using SA-1199B [MIC for compound 1 of
2.9 �M (1 mg/L)] were performed essentially as described previ-
ously, modified by the use of a 10-min time course [27]. Control
experiments, representing unimpeded NorA activity, included
cells incubated only with 14C-enoxacin. Additional experiments
were performed using reserpine (33 �M) or a concentration
range of compound 1 (10–50 �M; 3.46–17.3 mg/L) in addition to
14C-enoxacin. Three replicates were performed for the control,
reserpine, and the 10 �M and 50 �M concentrations of com-
pound 1, and two replicates were performed for the remainder of
the tested concentrations of compound 1. Comparisons between
control, reserpine, and the 10 �M and 50 �M concentrations of
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compound 1 activity in MCF7 cells
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Fig. 2. Activity of compound 1 in human breast cancer cells (MCF7) exposed for 96 h. Cell survival is shown as a percentage of untreated cells.

compound 1 were performed using the statistical functions avail-
able within SigmaPlot 12.0 (t-test) (SYSTAT Software Inc., Chicago,
IL).

Time–kill analyses were performed using SA-1199B and the
highest concentration of compound 1 employed in accumulation
assays (50 �M). The conditions of the accumulation assay were
replicated exactly, resulting in an initial inoculum of SA-1199B of
ca. 1011 CFU/mL. Following the addition of compound 1, aliquots
were removed at 0, 2, 5 and 10 min and surviving bacteria were
enumerated using dilution and plating techniques. Dilutions were
sufficient to eliminate any antibiotic carry-over effect.

3. Results

3.1. Susceptibility tests

Enterococci and staphylococci grew under all conditions,
whereas the streptococci grew poorly in the absence of blood and
C. difficile grew only under anaerobic conditions.

Without blood, the MICs of compound 1 for staphylococci,
enterococci and streptococci mostly were 2–8 mg/L on ISA and
2–4 mg/L in ISB (Table 1). Exceptions were both of the S. haemolyti-
cus isolates, for which MICs were ≥16 mg/L both in ISB and on ISA.
The reason(s) for this differential are unknown, but the greater
resistance in the species is notable.

Addition of blood raised the MICs of compound 1 to >32 mg/L
both on ISA and in ISB for all strains tested, and the values remained
at >32 mg/L when the blood-containing media were incubated
under 5% CO2 or under anaerobic conditions. No activity was noted
for compound 1 against the Gram-negative organisms E. coli or P.
aeruginosa (MICs > 512 mg/L) (data not shown).

The antimycobacterial activity of compound 1 was determined
against the slow-growing vaccine strain M. bovis BCG, a close rel-
ative to pathogenic M. tuberculosis, using an agar-based assay, and
the MIC was found to be 60 mg/L.

3.2. Inhibition of MurE ligase

The effect of compound 1 was tested against the recombinant
MurE ligase from M. tuberculosis, a key enzyme that participates
in the early stages of peptidoglycan biosynthesis. This enzyme is
conserved in all bacterial species but selects its natural substrates
in a species-specific manner [24]. Compound 1 exhibited moderate
inhibition of the activity of M. tuberculosis MurE ligase, with an IC50
of 75 �M (data not shown).

3.3. Cytotoxicity evaluation

The IC50 values of compound 1 were determined for MCF7
(human breast carcinoma; Fig. 2), A549 (human lung carcinoma)
and WI38 (human fibroblast) cells using the sulforhodamine B
assay and were 12.5, 10.5 and 8.9 �M, respectively.

3.4. 14C-enoxacin accumulation

Compound 1 demonstrated a concentration-dependent effect
on the accumulation of 14C-enoxacin by S. aureus SA-1199B, with
increasing concentrations resulting in gradually increasing accu-
mulation (Fig. 3). Both reserpine and compound 1 at 50 �M
increased enoxacin accumulation significantly compared with the
control (P = 0.03 and P = 0.002, respectively) and there was a trend
towards compound 1 at 50 �M being more effective than reserpine
(P = 0.08).

Enoxacin accumulation data were validated by time–kill assays,
which revealed no effect of 50 �M of compound 1 on the viabil-
ity of S. aureus SA-1199B over a 10-min exposure period (data not
shown). This period of time was the same as that employed in the
accumulation assays.

4. Discussion

Compound 1 had antibacterial activity against Gram-positive
bacteria, with MICs of 2–8 mg/L for staphylococci and entero-
cocci, although with much higher values for S. haemolyticus.
MICs were generally slightly higher on ISA than in ISB and

Fig. 3. Accumulation of 14C-enoxacin by Staphylococcus aureus 1199B. Concentra-
tions of reserpine and compound 1 used are indicated.
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this may reflect binding to agar. The compound probably
has similar activity against streptococci as against staphy-
lococci and enterococci, although growth of streptococci is
poor without blood and interpretation must be made cau-
tiously.

Blood obviated the activity of compound 1, raising its MICs to
>32 mg/L, irrespective of species and atmospheric conditions. It
is likely that compound 1 was bound by albumin or some other
blood component. The inactivation is likely to preclude develop-
ment as a systemic antibiotic but there may be potential for topical
use. One example might be the eradication of nasal carriage of
MRSA, a role where mupirocin, another antibiotic unsuitable for
systemic use, has found a niche. Compound 1 might also remain
suitable for minor skin infections such as impetigo caused by S.
aureus. The natural products mupirocin and retapamulin, both
of which are unsuitable for systemic use, likewise are employed
in this role. Use in staphylococcal conjunctivitis might also be
practicable. Animal experiments could be used to test these pos-
sibilities.

Reasons for the lack of activity of compound 1 against any of the
Gram-negative bacteria, even at 512 mg/L, are uncertain but efflux
was considered a possible contributory factor. In support of this, we
have recently shown that strains of Salmonella lacking components
of efflux pumps such as the pivotal resistance–nodulation–division
(RND) pump AcrAB–TolC are susceptible to plant-derived antibac-
terials such as falcarindiol, which is inactive against their parent
strains [28]. However, the activity of compound 1 against Gram-
negative isolates was not improved with the addition of the
outer membrane permeabilisers ethylene diamine tetra-acetic acid
(1 mM) or polyethyleneimine (50 mg/L) (data not shown), and its
molecular weight (346 Da) is far below the general exclusion limit
for the outer membrane. These data suggest that outer membrane
impermeability is not responsible for the lack of activity. Inactiva-
tion by chemical modification is another possible mechanism for
the lack of activity of compound 1 against Gram-negative bacteria,
and further work will be required to investigate this possibil-
ity.

Compound 1 inhibited the ATP-depended MurE ligase from M.
tuberculosis, a cytoplasmic enzyme that participates in the biosyn-
thesis of cell wall peptidoglycan [24]. The key enzymes of the cell
wall peptidoglycan biosynthesis pathway are essential for the sur-
vival of many bacterial pathogens [29] and there is renewed interest
in the search for novel therapeutic targets for tackling existing drug
resistance [30,31].

Compound 1 also had some ability to impede efflux. The low
accumulation of 14C-enoxacin by SA-1199B in the absence of
inhibitors was expected and is the result of overexpression of NorA
in this strain (Fig. 3). Compound 1 at 50 �M significantly increased
enoxacin accumulation and this concentration was as effective, or
perhaps even more effective, than 33 �M reserpine. Increased accu-
mulation of enoxacin is consistent with interference with NorA. As
such, it is clear that compound 1 is a NorA inhibitor. Use of con-
centrations that surpassed the MIC of compound 1 for SA-1199B
was not problematic based on time–kill assays, which revealed no
effect of compound 1 at 50 �M on the viability of SA-1199B over
60 min.

The pharmacophore of compound 1 may provide a starting
point towards the development of a more effective inhibitor, and
its weak cytotoxic activity towards cancer and mammalian cell
lines suggests that this class of compound may have potential in
a topical formulation or, if antibacterial activity in the presence of
blood can be enhanced through iterative chemistry, as a lead in the
development of a new class of systemic antibiotics. Compounds
that are antibacterial and can inhibit efflux processes of bacteria
could have potential to treat infections due to multidrug-resistant
strains.
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a b s t r a c t

It was hypothesised that extracts from plants that are used as herbal medicinal products contain inhibitors
of efflux in Gram-negative bacteria. Extracts from 21 plants were screened by bioassay for synergy with
ciprofloxacin against Salmonella enterica serotype Typhimurium, including mutants in which acrB and tolC
had been inactivated. The most active extracts, fractions and purified compounds were further examined
by minimum inhibitory concentration testing with five antibiotics for activity against Enterobacteriaceae
and Pseudomonas aeruginosa. Efflux activity was determined using the fluorescent dye Hoechst 33342.
Eighty-four extracts from 21 plants, 12 fractions thereof and 2 purified molecules were analysed. Of
these, 12 plant extracts showed synergy with ciprofloxacin, 2 of which had activity suggesting efflux
inhibition. The most active extract, from Levisticum officinale, was fractionated and the two fractions
displaying the greatest synergy with the five antibiotics were further analysed. From these two fractions,
falcarindiol and the fatty acids oleic acid and linoleic acid were isolated. The fractions and compounds
possessed antibacterial activity especially for mutants lacking a component of AcrAB–TolC. However, no
synergism was seen with the fractions or purified molecules, suggesting that a combination of compounds
is required for efflux inhibition. These data indicate that medicinal plant extracts may provide suitable
lead compounds for future development and possible clinical utility as inhibitors of efflux for various
Gram-negative bacteria.

© 2010 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.

1. Introduction

Over the last decade there has been a dramatic reduction in
the number of pharmaceutical companies developing new antimi-
crobial agents [1]. In parallel, the number of antibiotic-resistant
Gram-negative bacteria has increased [2]. With the reduction in
the number of new agents and in antibiotic development, there
has been a resurgence of interest in the search for compounds
that will restore the activity of licensed antimicrobial agents that
until recently had excellent activity against Gram-negative bac-
teria. In 1998 it was shown that plant-derived compounds have
activity against Gram-positive bacteria, in particular Staphylococ-
cus aureus [3]. Several compounds, such as reserpine, behave
as if they inhibit efflux pumps and hence have become known
as efflux pump inhibitors (EPIs) [4]. Since that time, numer-
ous phytochemicals have been shown to have activity against
S. aureus or other Gram-positive bacteria, or to act as potential
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EPIs with antimicrobials for Gram-positive bacteria [5–11]. Unfor-
tunately, most of the plant-derived compounds have little or no
activity with antibiotics against Gram-negative bacteria and it was
suggested that, as many plant pathogens are Gram-negative bac-
teria, plants may not produce molecules effective against these
organisms [5]. None the less, there are many medicinal plants
that have traditional usage in various parts of the world in
the treatment of infections caused by Gram-negative bacteria
[12,13].

Gram-negative bacteria have innate multidrug resistance to
many antimicrobial compounds owing to the presence of efflux
pumps. In the Enterobacteriaceae, the efflux pump most commonly
associated with this innate multidrug resistance is the AcrAB–TolC
efflux system.

Homologues of this pump are found in other Gram-negative
bacteria, including Pseudomonas aeruginosa, Acinetobacter spp. and
Campylobacter jejuni [14]. The presence of these pumps and their
broad substrate profile is the cause of the innate resistance to many
of the agents that have good antimicrobial activity against Gram-
positive bacteria. Overproduction of these efflux pumps confers
clinically relevant resistance to many antimicrobial agents, includ-
ing ciprofloxacin and tigecycline, in Enterobacteriaceae [14].

0924-8579/$ – see front matter © 2010 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.
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We hypothesised that extracts from plants that are used
as natural herbal medicines contain molecules that act as EPIs
against the efflux pumps of Gram-negative bacteria. Therefore, 84
extracts from 21 medicinal plants were investigated for synergis-
tic activity with ciprofloxacin against Salmonella enterica serotype
Typhimurium. These plants were chosen as they all have a use in
various systems of medicine and some are used as topical antimi-
crobials, for example Melissa officinalis. Extracts were screened for
differential activity against strains that either expressed or over-
produced the AcrAB–TolC pump but had no activity for mutants
in which a component of this pump had been inactivated. In this
way, it was hoped to identify extracts that contained an EPI spe-
cific for this pump. For those extracts where data suggested active
components, the effect upon growth of Salmonella spp. as well as
inhibition of efflux activity was determined. Two extracts showing
the greatest synergy with ciprofloxacin were fractionated and the
active molecules were identified.

2. Materials and methods

2.1. Bacterial strains, storage and growth

All bacteria used in this study are listed in Table 1. Construc-
tion of mutants derived from S. Typhimurium has been described
previously [16,19,21,22]. Salmonella Typhimurium L3 is a pre-
therapy human clinical isolate and L10 is a post-therapy human
clinical isolate that overexpresses acrAB, both of which have
been previously described [20,23]. All bacteria were stored on
ProtectTM beads (Technical Service Consultants Ltd., Heywood,
UK) at −80 ◦C. Identification of each species was confirmed by
Gram-stain and analytical profile index (API 20E; bioMérieux,
Marcy-l’Étoile, France).

Table 1
Bacterial strains used in this study.

Strain Species Description Reference/source

L354 S. Typhimurium SL1344 [15]
L109 S. Typhimurium SL1344 tolC::aph [16]
L110 S. Typhimurium SL1344 acrB::aph [16]
L884 S. Typhimurium SL1344 acrA::aph [17]
L785 S. Typhimurium ATCC 15277 (LT2) [18]
L828 S. Typhimurium ATCC 14028s [18]
L829 S. Typhimurium ATCC 14028s �tolC [19]
L830 S. Typhimurium ATCC 14028s

�acrB
[19]

L831 S. Typhimurium ATCC 14028s
�acrAB

[19]

L3 S. Typhimurium Human
pre-therapy
clinical isolate,
antibiotic-
susceptible

[20]

L10 S. Typhimurium Human
post-therapy
clinical isolate;
MDR and
overproducing
acrAB

[20]

A1 Enterobacter cloacae NCTC 10005 NCTC
B14 Serratia marcescens NCTC 2847 NCTC
G1 Pseudomonas aeruginosa NCTC 10662 NCTC
H42 Klebsiella pneumoniae NCTC 10896 NCTC
H43 K. pneumoniae NCTC 9633 NCTC
I114 Escherichia coli NCTC 10538 NCTC
J29 Morganella morganii NCTC 235 NCTC

S. Typhimurium, Salmonella enterica serotype Typhimurium; ATCC, American Type
Culture Collection; MDR, multidrug-resistant; NCTC, National Culture Type Collec-
tion (Health Protection Agency, Colindale, London, UK).

Table 2
List of medicinal plants used in this study.

Plant name Common name Family

Anemone nemorosa Wood anemone Ranunculaceae
Angelica sinensis Female ginseng Apiaceae
Apium graveolens Dill Apiaceae
Artemisia abrotanum Southernwood Asteraceae
Asclepias tuberosa Butterfly weed Apocynaceae
Boswellia serrata Salai Burseraceae
Catha edulis Khat Celastraceae
Centella asiatica Gotu kola Apiaceae
Cinnamomum aromaticum Cassia cinnamon Lauraceae
Citrus aurantium Bitter orange Rutaceae
Commiphora molmol Myrrh Burseraceae
Daucus carota Wild carrot Apiaceae
Ephedra funereal Death Valley ephedra Ephedraceae
Glycyrrhiza glabra Liquorice Leguminosae
Levisticum officinale Lovage Apiaceae
Melissa officinalis Lemon balm Lamiaceae
Papaver somniferum Opium poppy Papaveraceae
Pimpinella anisum Anise Apiaceae
Pulmonaria officinalis Lungwort Boraginaceae
Thymus vulgaris Thyme Lamiaceae
Tussilago farfara Coltsfoot Asteraceae

2.2. Media and chemicals

Bacteria were grown on Luria–Bertani (LB) agar plates (Oxoid
Ltd., Basingstoke, UK) and in LB broth (Oxoid Ltd.). All antibiotics
and other compounds were obtained from Sigma (Poole, UK).

2.3. Extraction of plants

In total, 21 plants were used in this study (Table 2). All
plants except Catha edulis (purchased locally in London, UK) were
purchased from Proline Botanicals (Essendine, UK). Each plant
(200–400 g) was extracted at 21 ◦C sequentially with 300–600 mL
of chloroform, methanol and water.

2.4. Fractionation of extracts

Following assessment of bioactivity, the chloroform extract of
Levisticum officinale (10 g) was fractionated by vacuum liquid chro-
matography (VLC) on silica gel 60G (Merck Ltd., Lutterworth, UK)
using solvent systems of increasing polarity. Fractions were eluted
with hexane containing increasing 10% or 20% increments of ethyl
acetate (EA) to give fractions A–H (A, 10% EA; B, 20% EA; C, 30% EA;
D, 40% EA; E, 50% EA; F, 60% EA; G, 80% EA; and H, 100% EA). Fraction
I was eluted with 5% methanol in EA, fraction J with 10% methanol
in EA, fraction K with 20% methanol in EA and finally fraction L with
50% methanol in EA.

2.5. Purification of active compounds

Bioassay-directed isolation indicated that the VLC fraction
eluted with 30% EA was active. This was purified by preparative
thin-layer chromatography (Si Gel; Merck) (mobile phase 20% EA
in toluene; double development) yielding falcarindiol (1; 450 mg)
and levistolide A (2; 69 mg) (Fig. 1), which were identified by com-
parison with literature data [24,25].

2.6. Bioassay screening

Screening with ciprofloxacin in the absence or presence of plant
extracts (Table 2), fractions of L. officinale and M. officinalis, and
purified compounds from fractions of the chloroform extract of L.
officinale for synergistic activity was carried out by bioassay essen-
tially as described previously [26,27]. Six rows of 6 wells (total 36
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Fig. 1. Structures of falcarindiol (1) and levistolide A (2).

wells) each of 8-mm diameter were cut out of each agar plate using
an agar cutter (Fisher Scientific, Loughborough, UK). Then, 200 �L of
sterile Iso-SensitestTM broth (Oxoid Ltd.) containing ciprofloxacin
(0.5, 1 and 2 mg/L) was added to three sets of wells. This volume
and concentration gave a zone of inhibition ≥15 mm in diame-
ter. To determine test compound synergism with ciprofloxacin,
200 �L of a solution containing ciprofloxacin (0.5, 1 and 2 mg/L)
and the plant extract (100 mg/L) in broth was added to three sep-
arate wells. The plates were incubated overnight at 37 ◦C and the
diameters of the inhibition zones were measured. Each experiment
contained three technical repeats and was repeated on three sep-
arate days. A zone of inhibition of the antibiotic plus test plant
extract larger than that of the antibiotic alone was taken to suggest
synergy. Positive controls were ciprofloxacin plus l-phenylalanyl-
l-arginyl-�-naphthylamide (PA�N) (100 mg/L) or carbonyl cyanide
m-chlorophenylhydrazone (CCCP) (100 �M), and negative controls
were Iso-Sensitest broth alone and plant extract alone to determine
whether the plant extract had inherent antimicrobial activity.

2.7. Determination of the minimum inhibitory concentration
(MIC) of antibiotics ± synergising extracts, fractions and
compounds

The MICs of ciprofloxacin, tetracycline, chloramphenicol, ery-
thromycin and ethidium bromide (EtBr) in the absence or presence
of plant extracts and fractions (at 100 mg/L) were determined by
the agar doubling dilution method and by the microbroth dilu-
tion method [28,29]. MIC determinations were repeated at least
three times in independent experiments. Antibiotics, compounds
and EPIs were made up and used according to the manufacturer’s
instructions.

2.8. Determination of the fractional inhibitory concentration
index (FICI)

Activity of antibiotics plus the plant extract/fraction/purified
compound was determined using the checkerboard technique [30].
The first antibiotic (ciprofloxacin) of a combination was serially
diluted along the ordinate of a 96-well microtitre tray; the sec-
ond agent (e.g. plant extract) was diluted along the abscissa.
An inoculum equal to a 0.5 McFarland turbidity standard was

prepared from each strain in LB broth. Each well in the microtitre
tray was inoculated with 100 mL of the bacterial suspension (at
5 × 105 colony-forming units/mL) and the plates were incubated
at 37 ◦C for 24 h under aerobic conditions. The resulting checker-
board contained each combination of ciprofloxacin and test agent
with wells that contained the highest concentration of each agent
at opposite corners. The MIC was defined as the lowest concentra-
tion of antibiotic that completely inhibited growth of the organism
as detected with the naked eye [28]. Synergy was defined as a FICI of
≤0.5, no interaction was defined as a FICI of >0.5–4 and antagonism
was defined as a FICI >4 [31].

2.9. Accumulation of Hoechst 33342 ± plant extracts by
Salmonella Typhimurium

Efflux activity of five S. Typhimurium strains [L3, L10, SL1344,
ATCC 15277 (LT2) and ATCC 14028s] was determined by measuring
accumulation of the fluorescent dye Hoechst 33342 (bisbenzimide;
2.5 �M) in the absence or presence of known efflux inhibitors (CCCP
100 �M and PA�N 100 mg/L) and in the absence or presence of
those plant extracts (at 100 mg/L) revealed to have activity in the
bioassay and MIC tests. Measurements were taken at excitation and
emission wavelengths of 350 nm and 460 nm, respectively, over
30 min using a FLUOstar OPTIMA (BMG Labtech, Aylesbury, UK)
as previously described [32]. Differences in accumulation in the
absence of the plant extracts were analysed for statistical signif-
icance using the two-tailed Student’s t-test. P-values ≤0.05 were
considered significant.

2.10. Growth kinetics ± plant extracts

The growth kinetics of L3, L10, SL1344, ATCC 15277 (LT2) and
ATCC 14028s in the absence or presence of plant extracts was deter-
mined by monitoring the optical density at 600 nm every 10 min at
37 ◦C for 24 h using a FLUOstar OPTIMA (BMG Labtech). Levisticum
officinale chloroform extract and M. officinalis methanol extract (at
100 mg/L) were added to the bacterial cultures at mid-logarithmic
growth phase (2 h). Samples were also removed and visualised
microscopically to detect any gross changes to cell morphology, i.e.
filamentation. A two-tailed Student’s t-test was used to compare
the generation times. P-values ≤0.05 were considered significant.

3. Results

3.1. Medicinal plant extracts synergise with ciprofloxacin

Plants were extracted with chloroform, methanol and water
and were screened to identify those that showed synergy with
ciprofloxacin and could be putative EPIs.

Ciprofloxacin was chosen as increased MICs of this agent are
often associated with overproduction of the AcrAB–TolC pump.
The positive control was PA�N at 100 mg/L, which was the lowest
concentration to elicit an effect in this assay. Initial experiments

Table 3
Plant extracts with greatest synergy with ciprofloxacin.

Straina PA�N Lo MeOH Lo CHCl3 Lo Water M MeOH M CHCl3 C CHCl3 Pi CHCl3 Pu CHCl3 Pu MeOH

S. Typhimurium SL1344 S NE NE NE NE NE NE NE NE NE
S. Typhimurium ATCC 15277 (LT2) S S S S S NE S S S S
S. Typhimurium ATCC 14028s S S S S S S S S S S
Human pre-therapy isolate L3 S S S S S S S S S S
Human post-therapy isolate L10 S S S S S S NE S S S

PA�N, l-phenylalanyl-l-arginyl-�-naphthylamide; Lo, Levisticum officinale; M, Melissa officinalis; C, Cinnamomum aromaticum; Pi, Pimpinella anisum; Pu, Pulmonaria officinalis;
MeOH, methanol extraction; CHCl3, chloroform extraction; water, water extraction; S, synergy (zone of inhibition reproducibly larger than that of antibiotic alone); NE, no
effect.

a Details of strains are given in Table 1.
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were performed with Salmonella Typhimurium as a model Gram-
negative bacterium and because a defined isogenic set of mutants
that lack or overproduce the AcrAB–TolC pump was available.
Eighty-four extracts from 21 plants were screened for synergistic
activity with ciprofloxacin against S. Typhimurium SL1344, ATCC
15277 (LT2), ATCC 14028s, L3 and L10. Of these, 12 extracts showed
synergy with ciprofloxacin for these strains, whereas 72 showed
little or no activity.

The most active antibiotic-potentiating extracts were those
from L. officinale (extracted with chloroform, methanol and water),
M. officinalis (chloroform and methanol), Cinnamomum aromaticum
(chloroform), Pimpinella anisum (chloroform) and Pulmonaria offici-
nalis (chloroform and methanol) (Table 3) as well as the chloroform
extracts of Angelica sinensis, Tussilago farfara (methanol) and Com-
miphora molmol (chloroform) (data not shown). Of the extracts
investigated, those from M. officinalis and L. officinale were the most
active against strains that either had wild-type levels of AcrAB–TolC
or that overproduced AcrAB (Table 4). Chloroform and methanol
extracts of L. officinale and M. officinalis (both 100 mg/L) had no
effect on the growth kinetics of the five Salmonella strains tested
(data not shown), and by MIC determination the extract of L. offici-
nale had synergistic activity with ciprofloxacin against most of the
strains (Table 4).

3.2. Plant extracts synergise with several antibiotics

Owing to their promising activity, the MICs of the chloroform
extract of L. officinale and the methanol extract of M. officinalis
(i.e. those extracts that gave the largest zones of inhibition in the
bioassay) were determined in combination with tetracycline, chlor-
amphenicol, erythromycin and EtBr. All extracts showed better
activity in liquid media than in agar, with MIC values one to two
dilutions lower from the microbroth dilution procedure than with
agar (data not shown). No antimicrobial activity was detected at
100 mg/L of either extract; likewise, chloroform and methanol had
no activity at the concentration used. Synergy between the extracts
from M. officinalis and L. officinale with tetracycline, chlorampheni-
col, erythromycin or EtBr was seen for fewer strains than when
the plant extracts were combined with ciprofloxacin. None the
less, EPI-like activity was detected for both extracts combined with
tetracycline, erythromycin and EtBr against wild-type Salmonella
and the strain in which AcrAB was overproduced. The MIC exper-
iments with the chloroform extract of L. officinale indicated that
it had synergistic activity with ciprofloxacin and tetracycline for
the salmonellae and two Klebsiella pneumoniae strains (Table 4). Of
interest, the chloroform extract of L. officinale also had synergistic
activity with ciprofloxacin and EtBr for Salmonella Typhimurium in
which TolC was not produced and with EtBr for S. Typhimurium in
which AcrAB was not produced (Table 4). The M. officinalis extract
had synergistic activity with most antibiotics for the salmonellae
and K. pneumoniae strains (Table 4).

The extracts of the other plants showing synergistic activity with
ciprofloxacin in the bioassay did not reduce the MIC of ciprofloxacin
as much as the extracts from L. officinale or M. officinalis, and when
synergy was observed it was seen for fewer bacterial strains. For
these reasons, no further experiments were performed with these
extracts.

3.3. Activity of fractions derived from the chloroform extract of
Levisticum officinale

As the chloroform extract of L. officinale showed synergistic
activity with more agents and bacteria than that from M. offici-
nalis, it was fractionated as the first step to the identification of
the active component(s). The chloroform extract of L. officinale was
subjected to chromatography and 12 fractions (A–L) were obtained. Ta
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Table 5
Minimum inhibitory concentrations (MICs) of ciprofloxacin (CIP) in the absence and presence of the six most active fractions derived from the plant extract from Levisticum
officinale against a variety of Salmonella and Gram-negative bacteria.

Straina MIC (mg/L)b

CIP CIP + Lo CIP + A CIP + C C alone CIP + F F alone CIP + G CIP + J CIP + K

S. Typhimurium L354 0.03 0.008 0.03 0.03 250 0.03 250 0.03 0.03 0.03
S. Typhimurium L884 0.008 0.008 0.002 0.002 64 0.008 250 0.004 0.008 0.004
S. Typhimurium L110 0.008 0.008 0.002 0.004 128 0.008 250 0.004 0.008 0.004
S. Typhimurium L109 0.015 0.008 0.002 0.002 8 0.008 128 0.004 0.0015 0.004
S. Typhimurium L828 0.03 0.008 0.015 0.03 250 0.03 250 0.03 0.03 0.03
S. Typhimurium L829 0.008 0.004 <0.001 <0.001 8 0.004 128 0.004 0.015 0.004
S. Typhimurium L830 0.008 0.008 <0.001 <0.001 128 0.004 250 0.004 0.008 0.004
S. Typhimurium L831 0.008 0.008 <0.001 <0.001 64 0.004 250 0.004 0.008 0.004
S. Typhimurium L3 0.008 0.002 <0.001 <0.001 250 0.008 250 0.008 0.008 0.008
S. Typhimurium L10 0.06 0.03 0.03 0.12 250 0.12 250 0.03 0.12 0.03
Enterobacter cloacae A1 0.12 0.06 0.12 0.12 250 0.12 250 0.12 0.12 0.12
Serratia marcescens B14 0.06 0.06 0.06 0.06 250 0.06 250 0.06 0.06 0.06
Pseudomonas aeruginosa G1 1 1 1 1 250 1 250 1 1 1
Klebsiella pneumoniae H42 0.06 0.03 0.06 0.015 250 0.015 250 0.015 0.015 0.015
K. pneumoniae H43 0.12 0.06 0.12 0.03 250 0.03 250 0.06 0.03 0.03
Escherichia coli I114 0.06 0.03 0.06 0.06 250 0.06 250 0.06 0.06 0.06
Morganella morganii J29 0.015 0.008 0.015 0.015 250 0.015 250 0.015 0.015 0.015

S. Typhimurium, Salmonella enterica serotype Typhimurium; Lo, chloroform extract of L. officinale; CIP + letter, indicates the fraction of the chloroform extract of L. officinale.
a Details of strains are given in Table 1.
b Bold text indicates synergistic combinations (i.e. MICs for the combination lower than for the antibiotic alone).

MICs of ciprofloxacin and tetracycline in the absence or presence
of each fraction (100 mg/L) were determined. Compared with the
chloroform extract of L. officinale, few of the fractions had the same
synergistic activity with ciprofloxacin. Of interest, fractions A, C, F,
G and K synergised with ciprofloxacin for the Salmonella mutants
in which AcrAB and TolC were not produced, and A, C, G and K also
synergised with ciprofloxacin for the two K. pneumoniae strains.
Fractions A, G and K also had synergistic activity with ciprofloxacin
for wild-type Salmonella and the clinical isolate that overproduced
AcrAB (Table 5). Two fractions (C and F) also had antimicrobial
activity alone for the mutant Salmonella in which a component of
AcrAB–TolC was not produced (Table 5); this was most marked for
fraction C.

3.4. Activity of compounds purified from fraction C of Levisticum
officinale

As fraction C showed synergistic activity in combination with
ciprofloxacin and also antimicrobial activity alone especially
against the strains in which acrB and tolC had been inactivated, this
fraction was analysed to identify the active compounds. Nuclear
magnetic resonance (NMR) revealed that it contained predomi-
nantly the antibacterial fatty acids oleic acid and linoleic acid plus
falcarindiol and levistolide A (Fig. 1). These compounds were fur-
ther purified and the spectral data were in close agreement to those
published [24,25]. The absolute stereochemistry of falcarindiol was

determined using a modified Mosher’s ester method as the 3(S), 8(S)
diastereomer (Fig. 1).

MICs of linoleic acid and falcarindiol were >500 mg/L for the
wild-type Salmonella SL1344 and ATCC 14028s. For the TolC
mutants of these strains the MIC of linoleic acid was 500 mg/L,
and the MIC of falcarindiol was 75 mg/L and 125 mg/L, respec-
tively. When linoleic acid was combined with ciprofloxacin MICs
of 0.008 mg/L and 0.004 mg/L were obtained for the TolC mutants,
and for falcarindiol in combination with ciprofloxacin MIC values
<0.001 mg/L were obtained.

Synergistic activity between ciprofloxacin and the compounds
for the mutants was confirmed in checkerboard assays, with FICI
values of 0.14–0.27 for the combination and the TolC mutants
(Table 6). The FICI for ciprofloxacin in combination with the
methanol-soluble extract from M. officinalis against L3 (pre-therapy
isolate) was lower than that for L10 (that overexpresses acrB). This
suggests that a higher concentration of the putative EPI is required
to inhibit growth of L10 owing to the greater production of AcrB by
L10. No synergy was seen with this combination for the parental
strains, despite it being clearly demonstrated with the extract itself.
These data suggest that an EPI-like molecule(s) was lost during the
separation process or was inactivated during purification.

3.5. Efflux activity of plant extracts

Accumulation of Hoechst 33342 has been used as a marker for
efflux as it is fluorescent and is a substrate of several efflux pumps

Table 6
Fractional inhibitory concentration index (FICI) values of ciprofloxacin (CIP) with plant extracts, fractions and purified molecules for Salmonella enterica serotype Typhimurium.

Strain a FICI b

CIP + Lo CIP + M CIP + FC CIP + FF CIP + Lin CIP + Fal

SL1344 0.94 0.97 0.99 0.97 1.34 0.97
SL1344 tolC::aph 0.27 0.38 0.17 0.26
ATCC 15277 (LT2) 0.46 0.59
ATCC 14028s 0.48 0.41 1.01 0.98 1.09 1.05
ATCC 14028s �tolC 0.32 0.33 0.14 0.14
Human pre-therapy isolate L3 0.32 0.13
Human post-therapy isolate L10 0.31 0.22

Lo, Levisticum officinale chloroform extract; M, Melissa officinalis methanol extract; FC, fraction C from L. officinale; FF, fraction F from L. officinale; Lin, linoleic acid; Fal,
falcarindiol.

a Details of strains are given in Table 1.
b Bold text indicates synergy [31].
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Fig. 2. Accumulation of Hoechst 33342 in the absence or presence of extracts of
Levisticum officinale. White bars, Hoechst 33342 alone; dotted bars, Hoechst 33342
with chloroform (CHCl3) extract of L. officinale; dark grey bars, Hoechst 33342 with
methanol (MeOH) extract of L. officinale. A value of 1 represents accumulation
of Hoechst 33342 in the absence of plant extract; a value >1 indicates increased
accumulation of Hoechst 33342 (i.e. reduced efflux). Error bars indicate standard
deviations.

including AcrAB–TolC [17,32]. An increase in the amount of Hoechst
33342 accumulated in the presence of an EPI such as PA�N indi-
cates inhibition of efflux [17]. To determine whether synergistic
activity displayed by the extracts of L. officinale with various antibi-
otics was due to inhibition of efflux, accumulation of Hoechst 33342
in the presence and absence of 100 mg/L of the chloroform and
methanol extracts of L. officinale was carried out for five strains
of S. Typhimurium [SL1344, ATCC 15277 (LT2), ATCC 14028s, L3
and L10]. For the four antibiotic-susceptible wild-type strains of S.
Typhimurium, both extracts of L. officinale increased the amount
of Hoechst 33342 accumulated (i.e. reduced efflux) by 1.5–2-fold
(Fig. 2). The efflux activity of the strain that overexpressed AcrB
(L10) was also reduced by 1.5-fold.

4. Discussion

Many conventional drugs have arisen from natural products,
including plants. However, few antimicrobial agents have come
from this source, with the vast majority in clinical use derived
from products naturally produced by microorganisms [33]. None
the less, the use of medicinal and herbal plant remedies to treat
infectious diseases is common in many countries [34]. Owing to
the continued clinical pressure for novel approaches to combat
antibiotic-resistant bacterial infections, there is a need to iden-
tify new agents to treat such infections. One approach is to screen
for natural products from plants. Plants have already successfully
yielded compounds with activities suggesting that they inhibit
efflux pumps of Gram-positive bacteria [3,5]. Therefore, in this
study we sought to identify medicinal plants that could provide
compounds for further antimicrobial drug development. In addi-
tion, as there are many clinically licensed antibacterial agents for
the treatment of infections by Gram-negative bacteria, but which
are effluxed by the various pumps possessed by these bacteria,
we sought to screen for activity that suggested efflux inhibition.
One desirable property of a putative EPI is that it should syner-
gise with antibiotics for bacteria with wild-type or overproduction
of AcrAB–TolC but have no effect on a strain in which AcrAB or
TolC are produced. As ciprofloxacin is a substrate of many bacterial
efflux pumps [14], the initial experiments used a simple bioassay

to identify plant extracts that synergised with this agent [27]. This
allowed many plant extracts made under different conditions to be
screened with speed. In a prior study, we sought to identify com-
pounds with EPI-like activity and to use this as an aid to predict the
common structural features of EPIs and so guide the type of plant
from which to make extracts for this study [27]. Of the 84 extracts
from the 21 plants, 2 extracts, an ethanol extract from M. officinalis
(lemon balm) and a chloroform extract of L. officinale (lovage root),
had the greatest activity in terms of antibiotic potentiation with
either the antibiotics ciprofloxacin or tetracycline or the dye EtBr
and these data suggest that these extracts contain an inhibitor of
efflux. The extract from L. officinale had the greatest EPI-like activ-
ity and so this was taken forward and fractionated as an initial step
to identify the compounds with EPI-like activity. It was surprising
to find that none of the 12 fractions of the chloroform extract of
L. officinale had EPI-like activity, as those fractions that displayed
synergy with ciprofloxacin did so in all strains irrespective of the
presence or absence of a functional AcrAB–TolC system. These data
suggest an interaction with other pumps or another mechanism
of synergy. Most interesting was that two fractions (C and F) had
some antimicrobial activity alone against all strains including those
that lacked TolC. This is highly unusual as the majority of plant
extracts display activity only towards Gram-positive bacteria. Frac-
tion C, which had the greatest antimicrobial activity, was further
fractionated to identify the compounds conferring the observed
antimicrobial activity. Of these, falcarindiol (1) had the greatest
antimicrobial activity and a strong additive effect to the activity
of ciprofloxacin. Falcarindiol has previously been shown to pos-
sess antibacterial activity, but for mycobacteria and Gram-positive
bacteria and not Gram-negative bacteria [24,35–37]. It is possible
that the activity in the fraction was potentiated by the co-isolated
fatty acids, and these could have membrane permeabilising activ-
ity. As these are ubiquitous in all organisms, this does not entirely
explain the data or why so few plant extracts are active against
Gram-negative bacteria. Rather, the data suggest that falcarindiol
is a substrate of TolC and this may be why it has not been previ-
ously identified as having antimicrobial activity for Gram-negative
bacteria.

Despite not successfully obtaining the compound(s) that con-
ferred the EPI-like activity in the original plant extract, we postulate
that the putative inhibitor of efflux was either lost or was inac-
tivated during fractionation or that it acts in combination with
another compound in the plant extract from which it was sepa-
rated during the fractionation process. Further work to examine
reconstituting fractions is required to understand whether a syn-
ergistic phenomenon is associated with selected fractions. This will
also allow us to conclude whether a putative EPI is being lost in the
separation process or is unstable.

Gram-negative plant pathogens such as Pseudomonas syringae
can cause enormous damage to crop plants [38], and P.
syringae has been shown to possess a homologue of the tri-
partite resistance–nodulation–cell division (RND) efflux system
MexAB–OprM [39]. This would suggest that plants may not produce
chemicals that are active against efflux pumps of Gram-negative
plant pathogens. However, the current data suggest that plants do
produce molecules with activity against Gram-negative bacteria.
Furthermore, we postulate that these molecules are substrates of
TolC (and homologues thereof) and associated efflux pumps. There-
fore, for plants to withstand infection by these pathogens they need
to produce EPIs for the natural antimicrobial agents to be active. It
is tempting to speculate that falcarindiol is produced alongside a
compound(s) that inhibits efflux.

Lorenzi et al. [40] have recently shown that extracts from plants
can also provide compounds with EPI-like activity or antibacte-
rial activity per se. They also found that an extract of an essential
oil from a Corsican plant, Helichrysum italicum, was able to reduce
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the MIC of chloramphenicol for Enterobacter aerogenes, Acineto-
bacter baumannii and P. aeruginosa. Two fractions of this essential
oil and one compound within this oil, geraniol, synergised with
chloramphenicol both for the wild-type strain of E. aerogenes and
its AcrAB mutant. Another recent study by Adonizio et al. [41]
showed that medicinal plant extracts can attenuate the virulence
of P. aeruginosa when explored in the Caenorhabditis elegans model
system. Although the extracts were from medicinal plants previ-
ously used in herbal medicine, the active compounds were not
identified. The current data taken together with that of Adonizio
et al. [41] and Lorenzi et al. [40] indicate that plants as a source of
new and/or novel antimicrobial compounds with activity for Gram-
negative bacteria are an underexplored resource. Plant extracts
such as those described by ourselves and others provide lead com-
pounds for further exploration and development as antimicrobial
agents, as agents to inhibit efflux or for combination with licensed
antimicrobials.
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Abstract Resistance to antibiotics is a growing problem
worldwide and occurs in part due to the overexpression
of efflux pumps responsible for the removal of anti-
biotics from bacterial cells. The current study examines
complex formation between efflux pump substrates and
escort molecules as a criterion for an in silico screening
method for molecules that are able to potentiate antibi-
otic activities. Initially, the SUPERDRUG database was
queried to select molecules that were similar to known
multidrug resistance (MDR) modulators. Molecular inter-
action fields generated by GRID and the docking module
GLUE were used to calculate the interaction energies
between the selected molecules and the antibiotic
norfloxacin. Ten compounds forming the most stable
complexes with favourable changes to the norfloxacin
molecular properties were tested for their potentiation
ability by efflux pump modulation assays. Encouragingly,
two molecules were proven to act as efflux pump
modulators, and hence provide evidence that complex
formation between a substrate and a drug can be used for
in silico screening for novel escort molecules.

Keywords Multidrug resistance .MDR . Efflux pumps .

Molecular interaction fields . Escort molecules . In silico
screening

Introduction

Multidrug resistance (MDR) to antibiotics is an ever-
increasing problem worldwide and occurs due to a number
of mechanisms: (i) receptor alteration, where the target site
may become altered, resulting in a less efficient interaction
between the binding site and drug; (ii) antibiotic modifica-
tion, where the bacteria may produce novel enzymes that
inactivate or alter the drug; or (iii) the removal of the drug
from the bacterial cell by efflux pumps (the major
mechanism of resistance) [1]. These pumps are
membrane-bound proteins that are found in both eukaryotes
and prokaryotes, and can be either specific or nonspecific.
Efflux pumps that are specific assist the removal of only
one compound or a class of compounds, whereas nonspe-
cific efflux pumps assist the removal of a broad range of
compounds that are structurally unrelated. It is these
nonspecific efflux pumps that lead to MDR.

Bacterial efflux pumps are divided into two major
classes based on their energy source. The first are
primary transporters that obtain their energy for efflux
by hydrolysis of ATP and belong to the ATP-binding
cassette (ABC) superfamily. The second are secondary
transporters that obtain their energy for efflux in a
coupled exchange with H+ (or Na+) ions [1]. These
secondary transporters are then subdivided into various
families based on the size and similarity of their structures:
the major facilitator superfamily (MFS), the small multi-
drug resistance (SMR) family, the resistance nodule cell
division (RND) family, and the multidrug and toxic
compound extrusion (MATE) family.

There are various ways of combating MDR to restore
the antibiotic activity by preventing efflux using a range
of structurally unrelated molecules. These efflux pump
modulators can come from different sources (natural
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products, drugs and synthetic analogues) [2], and their
structural diversity indicates that various mechanisms are
involved in restoring the action of antibiotics. These
mechanisms can be based on affecting the pump function
either by removing the energy source using inhibitors such
as carbonyl cyanide m-chlorophenylhydrazone (CCCP),
by abolishing the membrane potential using inhibitors
such as valinomycin, or by preventing efflux pump
assembly or efflux pump expression. Alternatively, drug
efflux can be prevented by intermolecular interactions that
efflux pump modulators can form, either through the
binding of a molecule to the hydrophobic regions of the
binding site [3], or through the formation of a complex
between a drug and a modulator. The latter involves two
molecules forming a noncovalent complex which is not
recognized by the efflux pump [4, 5]. A modulator of
MDR complexed with a drug could act as an “escort
molecule” to deliver the drug into the bacteria [6].

Small molecule–small molecule interactions may play an
important role in biological processes and few experimental
studies have confirmed interactions between drugs in
solution [7–9]. These interactions can be studied and
predicted computationally using different levels of theory;
however, these methods do not have the capacity for high-
throughput in silico screening where the target is a small
molecule. Previously, we demonstrated the use of GRID
software and its module GLUE to predict the interaction
energies between two small molecules, and reported the
link between interaction energies and efflux pump modu-
lation [4, 6]. Furthermore, we have shown the high
similarity between MDR inhibitors in terms of shape,
lipophilicity and orientation of aromatic moieties [10].

Here, we report the in silico screening process to detect
potential escort molecules that could restore the activity of
an antibiotic, in this case norfloxacin. The similarity,
complex formation, interaction energies and physicochem-
ical properties of complexes between norfloxacin and a
small molecule were considered as criteria in this in silico
screening process to find suitable escort molecules, where
escort molecules may be selected from approved drugs,
natural products or nutrients.

Materials and methods

Examination of drug–drug interactions

The GRID22 package [11] consists of six programs
including a graphical interface called GREATER and a
GRID-based docking program, GLUE. To validate the use
of GLUE as a method for detecting complex formation
where the target was a small molecule, we used three
previously published studies, where the small molecule–

small molecule interactions between drug pairs were
confirmed using experimental methods [7–9]. The experi-
mental evidence and key interactions were given for
complexes of atorvastatin with three antibiotics (ciproflox-
acin, gatifloxacin, and ofloxacin), indomethacin with
lidocaine, and cocaine with a salt of morphine.

Ionization states of studied molecules were predicted
using LigPrep [11] or Avogadro [12]. The molecular
mechanics software Macromodel [13, 14] was used to
perform a 1000-step energy minimization, followed by a
conformational search using the Monte Carlo multiple
minima (MCMM) method and the MMFF94s force field
[15] for each of the molecules in order to obtain the five
most stable representative conformers. These were used as
input files for GLUE [16]. GREATER was used to compute
the molecular interaction fields (MIF) and to obtain the
GRID .kout file required for docking using GLUE. Each of
the conformers was used as the target and its corresponding
drug pair was defined as the ligand. The eight default GRID
probes (H, OH2, DRY, N1, N+, O, O::, O1) were used, and
the box defining the binding site was set to contain whole
molecules as a target. To allow flexibility of the ligand, the
number of rotatable bonds was set to 5 as the maximum
number allowed within GLUE, and the binding energies
were calculated without and with considering electrostatic
interaction contributions. The docking experiments were
repeated by reversing the roles of the ligand and target; i.e.
the molecules that were targets in the first docking
experiment were set as the ligand in the second docking
experiment, and the molecules that were used as the ligands
in the first docking experiment were used as the target in
the second docking experiment in order to allow for ligand
flexibility of both drugs. Vega ZZ [17–20] was used to
visualise and analyse the interactions between the two
drugs when complexed.

In silico screening strategy and docking experiments

To demonstrate the use of the GRID software for in
silico screening, we used the online database of 2,396
already FDA approved and readily available drug
molecules, SUPERDRUG [21]. Initially and to minimize
the computational time required for computing interaction
energies, we screened the database for drug molecules that
contain the moieties of known efflux pump inhibitors
(reserpine, verapamil, epicatechin gallate, epigallocatechin
gallate, biricodar, timcodar, pheophorbide A, 5′-methox-
yhydnocarpin, NNC 20-7052, INF55, INF240, INF271,
INF277 and INF392). The “build your own structure”
feature of the SUPERDRUG database was utilized by
evaluating similarity and Tanimoto coefficients [21]. A set
of drug molecules with the highest similarity were selected
as potential escort molecules for norfloxacin (NOR). The
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ionizable groups of 3D structures of these compounds
downloaded from the SUPERDRUG database were ad-
justed to the correct ionized state at pH 7.4 using
Avogadro [13]. Final conformations were obtained by
VegaZZ using the AM1BCC force field, Gasteiger
charges, and a 3000-step energy minimization using the
AMMP module.

GRID and GREATER were used as described above to
carry out the docking between norfloxacin and selected
drug molecules from the SUPERDRUG database. The
structures of the drugs identified in SUPERDRUG were
used as ligands and subjected to docking protocols using
norfloxacin as the target to compute their binding energies.

Fig. 1a–c The stereoview rep-
resentations of noncovalent
complexes predicted by GLUE:
a atorvastatin–ciprofloxacin
(conformer with the best binding
energy); b atorvastatin–gatiflox-
acin (conformer with the best
binding energy); c atorvastatin–
ofloxacin (conformer with a less
favourable binding energy).
Atorvastatin is depicted in the
darker shade of grey and with
thicker sticks

Table 1 The binding energies of the drug–drug interactions predicted by
GLUE

Drug 1 Drug 2 Binding energy
(kcal/mol)a

Binding energy
(kcal/mol)b

Ciprofloxacin Atorvastatin −20.309 −38.357
Gatifloxacin Atorvastatin −14.42 −32.531
Ofloxacin Atorvastatin −17.336 −39.459
Indomethacin Lidocaine −12.805 −12.742
Morphine Cocaine −8.363 −14.343

a The binding energies as calculated using GLUE without electrostatic
contributions; b the binding energies as calculated using GLUE taking into
account electrostatic contributions
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The results of docking were saved as ligands in
noncovalent complexes with norfloxacin, using VegaZZ
[17–20], and employed for the prediction of various
physicochemical properties of the single molecules as
well as their docked complexes, including their surface
area (SA), polar surface area (PSA), logP, lipole and
virtual logP properties [22, 23]. The lipophilic surface of
each single molecule as well as its docked complex was
also calculated using the “surface management” option,
where the surface chosen was MLP (molecular lipophi-
licity potential), the color of the gradient was set to 6, and
the probe radius was the default value [24]. Ten drugs with
a range of interaction energies, favourable physicochem-
ical properties, and availability for purchase were selected
to biologically evaluate their ability to restore the action of
norfloxacin against a norfloxacin-effluxing strain of
Staphylococcus aureus.

Biological evaluation

Alprenolol hydrochloride, apomorphine hydrochloride
hemihydrate, bergapten, betaxolol hydrochloride, chlor-
promazine hydrochloride, demecolcine, hydroxyzine
dihydrochloride, naproxen, paroxetine hydrochloride,
pridinol methanesulfonate, and norfloxacin were pur-
chased from Sigma and used without further purification.
The assays to test the intrinsic antibacterial activities and
potentiating abilities of these molecules are described
elsewhere [4]. The assays to test the potentiating activity
of these molecules were then repeated as described
previously [4], but the mixtures of norfloxacin and the
test compounds were left to incubate for 24 h at 37 °C to
allow more time for complexation between the two

molecules before the addition of 125 μL of the bacterial
inoculum (5×105 cfu/mL) to wells 1–11.

Results and discussion

A major mechanism of resistance to antibiotics occurs
due to the removal of the drug from the bacterial cell by
efflux pumps. Here, an in silico screening process to find
potential escort molecules was examined by evaluating
the complex formation between norfloxacin and chosen
small molecules, their interaction energies and their
physicochemical properties.

GLUE identifies favourable binding modes between a
target and ligands using all of the options and capabilities
of the GRID force field and proposes several lower energy
poses. The binding energy is expressed by a energy-scoring
function which takes into account the steric-repulsion
contributions, electrostatic contributions, the hydrophobic
contributions and the hydrogen-bonding contributions.
Although GLUE suffers from some limitations in the
prediction of binding energies, we have previously shown
empirically that the ability to restore the activity of
antibiotics and anticancer cytotoxics can be qualitatively
correlated to binding energies between drugs and known
MDR modulators that are lower than −9 kcal mol−1, as
predicted by GLUE [5, 6]. In order to examine the use of
GLUE for the docking experiments for in silico screening,
we have compared the resulting docking complexes to the
experimentally predicted complexes for selected pairs of
drugs (Table 1). Additionally, we have included two
molecules in our study: a known MDR modulator
(GG918) [25] and a non-MDR potentiator (aspartame).

Fig. 2a–b The stereoview rep-
resentations of predicted non-
covalent complexes of a
lidocaine and indomethacin
(indomethacin is shown in a
lighter shade of grey and with
thicker sticks) and b morphine
and cocaine (morphine is
depicted in a darker shade of
grey and with thicker sticks)
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Can a small molecule be used as a docking target?

The dominant interactions reported in the atorvastatin–cipro-
floxacin, atorvastatin–gatifloxacin and atorvastatin–ofloxacin
complexeswere H-bonding between the carboxylic acid group
of atorvastatin and the carboxylic acid group of the fluoroqui-
nolone drugs or the piperazine ring of the fluoroquinolone
drugs [7]. The docking experiments performed using GLUE
predicted complexation with favourable binding energies,
with those that included electrostatic interaction generally
being higher (Table 1). However, upon closer inspection of
the formed complexes, it was found that results obtained by
docking without considering the electrostatic contribution
correlated better with the experimental observations.

The most stable ciprofloxacin–atorvastatin complex,
obtained without taking into account the electrostatic contribu-
tions, exhibited H-bonding interactions between the carboxylic

acid group of atorvastatin and the N–H group of the piperazine
ring of ciprofloxacin, which is in good agreement with that
determined experimentally. For the ofloxacin–atorvastatin and
gatifloxacin–atorvastatin complexes, the conformers with the
highest binding energies (without taking into account electro-
static contributions) did not exhibit the experimentally deter-
mined interactions. However, examining all of the predicted
complexes by GLUE, it is found that the experimentally
determined interactions are observed but in complexes with
less favourable binding energies (Fig. 1).

Umeda et al. suggested that the dominant intermolecular
interaction in the case of the lidocaine–indomethacin
complex occurs between the carboxylic acid group of
indomethacin and the diethyl amino group of lidocaine [9].
The GLUE docking experiments found that the complex
formed would be stable, as it exhibits a favourable binding
energy, with the most dominant interaction between

Fig. 3 The moieties extracted
from known efflux pump inhib-
itors (reserpine, verapamil,
epicatechin gallate,
epigallocatechin gallate,
biricodar, timcodar, pheophorbide
A, 5′-methoxyhydnocarpin, NNC
20-7052, INF55, INF240,
INF271, INF277 and INF392)
that were used to screen for
potential efflux pump
modulator–escort molecules
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lidocaine and indomethacin being π–π stacking. Although
the carboxylic group and amino group are in proximity, the
hydrogen bond is not observed in the complex, which may
be a result of the limitations of GLUE in relation to
carrying out flexible target docking (Fig. 2a).

With respect to the complex formed between cocaine
and morphine, an interaction predicted by DFT calculations
occurred between the morphine cavity defined by the two
rings containing hydroxyl groups and the cocaine COOCH3

[8]. The results from GLUE for docking indicated a weaker
binding energy between cocaine and morphine when
excluding electrostatic contributions, and the strongest
interactions between the two compounds were aromatic
π–π interactions. It can therefore be concluded that weak
interactions are not reproduced when computing small
molecule–small molecule interactions using GLUE (Fig. 2b).
Overall, these computations have shown that interactions
seen experimentally can be predicted using GLUE, and that
the stronger interactions are more accurately predicted.
Despite the observed limitations, it was deemed viable to
use GLUE to carry out in silico screening where the target
was a small molecule, and in this case an antibiotic.

In silico screening and docking experiments

The SUPERDRUG database [21] is an online source that
contains 2,396 3D structures of drug molecules with
108,198 different conformers. This database was used to
search for drugs that are similar in structure to known efflux
pump inhibitors in order to find drugs that might potentially

complex with norfloxacin and therefore act as modulators
in vitro (Fig. 3). Eighty-nine drugs with the highest
percentage similarities (Tanimoto coefficients) with known
efflux pump inhibitors and the moieties of known efflux
pump inhibitors were chosen for further studies (see the
“Electronic supplementary material”, ESM). This set of 89
selected drugs and two control molecules were subjected to
docking studies using GLUE with norfloxacin as a target,
and it was found that the majority of the drug molecules
exhibited favourable interactions with norfloxacin, present-
ing binding energies of ≤−10.0 kcal mol−1 (see the ESM).
As seen earlier, the complex with the lowest most
favourable binding energy is not necessarily the complex
detected experimentally, so the average binding energy as
well as the standard deviation of the GLUE data was also
calculated (see the ESM). Two molecules included as a
positive control (GG918) and a negative control (aspar-
tame) had the highest and lowest average binding energies,
respectively.

To get a better understanding of these docked com-
plexes, VegaZZ was used to assess various physicochemical
properties of the single molecules as well as their docked
complexes. The interaction energy is an important criterion
for the selection of escort molecules [5], but the availability
for purchase in pure form and the toxicities of the drugs
were considered during the selection process, as these
would obviously affect the future use of these drugs as
escort molecules. After applying all of the abovementioned
criteria, we chose ten molecules for further analysis and
biological testing (Table 2).

Table 2 Properties of the ten drugs

Complex
(compound and
NOR)

Tanimoto
coefficient

Most favourable
binding energy (kcal/
mol)a

Average binding
energy (kcal/mol)b

Change of
virtual logP
(%)

Change of PSA
coverage (%)

MIC
(μg/
ml)

Potentiationc

Alprenolol 68.52 −10.237 −8.820 −12.0 −22.8 >512 32 (NC)

Apomorphine 63.27 −15.671 −10.581 −19.5 −3.8 >512 16 (2)

Aspartame* – −6.893 −6.277 −64.6 12.2 >512 32 (NC)

Bergapten 39.60 −13.421 −10.136 0.6 −3.8 >512 32 (NC)

Betaxolol 48.15 −10.734 −8.531 14.9 −35.4 >256 32 (NC)

Chlorpromazine 47.69 −14.819 −12.279 49.4 −31.1 64 8 (4)d

Demecolcine 53.29 −14.184 −10.446 −27.0 −11.0 >256 32 (NC)

GG918* [29] – −15.815 −12.252 64.8 −32.2 >512 4 (8)

Hydroxyzine 50.47 −14.188 −9.601 −25.5 −23.0 >512 32 (NC)

Naproxen 55.77 −12.987 −10.628 64.5 −22.3 >512 32 (NC)

Paroxetine 53.06 −13.881 −11.617 12.2 −18.3 64 32 (NC)

Pridinol 77.08 −12.675 −8.820 71.9 −41.5 >512 32 (NC)

a Binding energies without electrostatic forces
b The average binding energy without taking into account electrostatic contributions
c Decrease in the MIC of norfloxacin (-fold), NC no change
d Potentiation increased twofold upon incubating chlorpromazine with norfloxacin overnight
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The example of the MDR modulator

Three-dimensional structures of the ten chosen drugs
complexed with norfloxacin were visualized using VegaZZ.
It was apparent that aromatic face-to-face interactions were
dominant in most complexes (Fig. 4). In some complexes,
these interactions were further stabilized by intermolecular
hydrogen bonds. Complexes with hydrogen bonding have a
less polar surface exposed to the solvent, as the polar
groups tend to interact inside the complex and are thus
hidden from the surface.

It was previously reported that the physicochemical
properties of an antibiotic change upon complexation,

which in turn might enhance the permeability of a drug-
escort molecule [6]. The change of virtual logP, i.e.
(VlogP(complex) – VlogP(NOR)) / VlogP(NOR), was used as
a measure of the change in lipophilicity of the complex in
comparison to norfloxacin on its own. The VlogP of
norfloxacin was -3.073, which suggested that it is a
hydrophilic antibiotic drug that has a higher affinity for
the aqueous phase. The biggest change was observed for
a known MDR modulator, GG918, which exhibits the
most favourable binding energies and the greatest
increase in VlogP (64.8%), while aspartame made the
complex even more hydrophilic, with VlogP decreasing
(−64.4%).

Fig. 4a–d The stereoview rep-
resentations of noncovalent
complexes of a apomorphine–
norfloxacin, b chlorpromazine–
norfloxacin, and c paroxetine–
norfloxacin, which exhibit
face-to-face aromatic interac-
tions, and d the aspartame–nor-
floxacin complex (norfloxacin is
depicted in a lighter shade of
grey and with thicker sticks)
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It was found that after complexation the change in
VlogP was positive for the majority of the studied
molecules, suggesting that the complexes were less hydro-
philic. Hence, complexes have surfaces that are more
lipophilic (the average increase in lipophilicity was 19%).
Specifically, for chlorpromazine and paroxetine, which
exhibited the most favourable average binding energies of
the ten studied complexes, we observed increases of 61.4%
and 49.4%, respectively. Interestingly, apomorphine
exhibited the third most favourable average binding energy,
and showed a decrease in lipophilicity of 19.5%.

Furthermore, the polarity of the surface decreased upon
complexation, as it was apparent that the percentage of PSA
coverage (PSA/SA×100) decreased by 21.8% on average
after complexation when compared to the %PSA coverage
of norfloxacin (Fig. 5). This indicated a possibility that
complexation between the two molecules would enable the
antibiotic (norfloxacin) to pass through the membrane with
greater ease, as it is well documented in various studies that
there is a promising inverse relationship between the polar
surface area of a drug molecule and its permeability
through the membrane [26, 27].

Evaluation of biological activity

Following in silico screening and analysis of the physicochem-
ical properties, the antibacterial activities and potentiation
abilities of the ten chosen molecules were experimentally
determined to test whether these molecules potentiated the
activity of norfloxacin (Table 2). MIC assays were performed
and it was found that chlorpromazine and paroxetine exhibited
intrinsic antibacterial activity (MIC=64 μg/ml). The modula-
tion activity assays performed established that chlorpromazine
and apomorphine both possessed weak potentiating activity,
as they caused the MIC of norfloxacin to decrease two- and

fourfold, respectively. This was promising, as apomorphine
and chlorpromazine exhibited the most favourable maximum
and average binding energies among of the ten tested
molecules when docked with norfloxacin (Table 2). Interest-
ingly, chlorpromazine potentiated the activity of norfloxacin
twofold when the modulation assay was carried out immedi-
ately after mixing the two compounds, but when the two
compounds were left in solution overnight before the assay
was carried out, the potentiation was fourfold. This has
further confirmed our hypothesis that two molecules can
form a complex and improve the activity of norfloxacin.
However, care needs to be taken when interpreting these
results with regards to complex formation between
norfloxacin and chlorpromazine, as chlorpromazine is
known to change the expression of efflux pumps [28];
nevertheless, an increase of potentiation from twofold to
fourfold after incubation suggests that complex formation
may also play a role in overcoming resistance.

This result agrees well with that computed by GLUE, as
chlorpromazine exhibited the best average binding energy
and favourable changes in physicochemical properties, and
hence would be expected to potentiate the activity of
norfloxacin, although not to the same extent as GG918.
Apomorphine also exhibited a favourable average binding
energy, but the small change in the physicochemical
properties suggests that the complex would not increase
the permeability of norfloxacin, so this may explain the
weaker potentiating activity of the compound compared to
GG918 and chlorpromazine.

Paroxetine, bergapten, naproxen and demecolcine were
found to have favourable average binding energies, but they
did not exhibit any potentiating activity. There are a number
of speculations that can be made to explain this. Paroxetine
has exhibited intrinsic antibacterial activity, and the
modulation assay had to be carried out at a much lower
concentration compared to the apomorphine and chlor-
promazine concentrations. Demecolcine induces a decrease
in VlogP (−27%), as well as a lower change in percentage
PSA coverage when complexed with norfloxacin (11%
decrease) compared to the change induced by chlorprom-
azine (31.1% decrease), thus suggesting that the complex
formed between demecolcine and norfloxacin would not be
able to pass through the membrane as easily, as less polar
surface areas yield higher permeability [19, 20]. Bergapten
and naproxen lack a nitrogen at the centres of their
structures, which is essential for efflux modulation [29].

It was not possible to establish a quantitative correlation
between these calculated binding energy values for the studied
molecules and their levels of potentiation. It has to be noted
that no other interactions were considered in this work, such
as interactions between potential escort molecules and
membranes. Furthermore, we should bear in mind that the
interaction energy and the conformation of a complex depend

Fig. 5 The molecular lipophilicity (MLP) surface of the norfloxacin–
chlorpromazine complex (left) and norfloxacin (right). The size and
position of norfloxacin is the same in both cases. It can be seen that
when complexed, the VlogP changes by 49.4%, indicating an increase
in lipophilicity
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on the medium in which the complex is formed. These
complexes between a drug and an escort molecule may be
formed in water, in a membrane or within a binding site of the
efflux pump, and these different environments may affect the
binding energies. This will be the subject of further study.

This method of performing a similarity search followed by
docking using GLUE was able to identify two new escort
molecules (apomorphine and chlorpromazine), as well as a
number of molecules that are already known to act in synergy
with antibacterial drugs (methdilazine, oxyfedrine and trime-
prazine) [30, 31]. It appears that it is possible to discriminate
molecules that will not have potentiation ability, such as
aspartame. However, this method requires further develop-
ment and refinement of the criteria to qualitatively predict
their ability to restore the activity of an antibiotic.

Conclusions

This study demonstrates that GRID and GLUE can be
used in a qualitative way to predict complex formation
between two small molecules, and as such it has the
potential to be used for in silico screening of modulators
of efflux pumps. A combination of similarity search and
assessment of interaction energies and physicochemical
properties of complexes formed between norfloxacin and
potential escort molecules was utilized to search for
escort molecules that are able to potentiate the activity of
norfloxacin against multidrug-resistant S. aureus. Using
our approach, among the 2396 molecules available in the
SUPERDRUG database, we distinguished three molecules
that have aleady demonstrated the ability to act in synergy
with antibiotics, and discovered two molecules that
modulate the efflux pumps. This study suggests that
complexes exhibiting good binding energies and favour-
able changes to the molecular properties of norfloxacin
should restore the activity of this antibiotic. Although our
predictions are successful to some extent, the method
requires further refinement of the selection criteria. This
study could be expanded by querying other databases of
molecules, and it has the potential to be utilized for the
discovery of escort molecules for other drugs that are
effluxed by multidrug-resistant cells.
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a b s t r a c t

Pescaprein XVIII (1), a type of bacterial efflux pump inhibitor, was obtained from the CHCl3-soluble resin
glycosides of beach morning glory (Ipomoea pes-caprae). The glycosidation sequence for pescaproside C,
the glycosidic acid core of the lipophilic macrolactone 1 containing D-xylose and L-rhamnose, was char-
acterized by means of several NMR techniques and FAB mass spectrometry. Recycling HPLC also yielded
eight non-cytotoxic bacterial resistance modifiers, the two pescapreins XIX (2) and XX (3) as well as the
known murucoidin VI (4), pecapreins II (6) and III (7), and stoloniferins III (5), IX (8) and X (9), all of which
contain simonic acid B as their oligosaccharide core. Compounds 1–9were tested for in vitro antibacterial
and resistance-modifying activity against strains of Staphylococcus aureus possessing multidrug resis-
tance efflux mechanisms. All of the pescapreins potentiated the action of norfloxacin against the NorA
over-expressing strain by 4-fold (8 lg/mL from 32 lg/mL) at a concentration of 25 lg/mL.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The genus Ipomoea (Convolvulaceae) is a widely known source
of complex resin glycosides possessing interesting biological ef-
fects (Pereda-Miranda and Bah, 2003; Pereda-Miranda et al.,
2010). In Mexico, the herbal drug Ipomoea pes-caprae is called
‘‘riñonina” and comes from the Spanish word ‘‘riñón”, which
means kidney and reflects the belief of traditional healers that it
moderates the ‘‘heat” of an infected kidney (Pereda-Miranda
et al., 2005). Worldwide, I. pes-caprae, commonly known as rail-
road vine or beach morning glory, is used as an infusion for urinary
or kidney complaints, hypertension, skin infections caused by
Mycobacterium tuberculosis, and in decoctions to treat functional
digestive disorders, internal pain, colic, lumbago, dysentery, arthri-
tis, rheumatism, and other inflammatory conditions (De Souza
et al., 2000; Pongprayoon et al., 1992).

Previous to this investigation, seven pentasaccharides
(pescapreins I–IV and VII–IX) and two tetrasaccharides (pescap-
reins V and VI) of jalapinolic acid were first reported as a result
of the chemical analysis of an herbal store sample of this crude
drug (Pereda-Miranda et al., 2005; Escobedo-Martínez and
Pereda-Miranda, 2007). A Chinese investigation using wild root
samples collected in the Hainan province yielded eight new

pentasaccharides, pescaprein X–XVII (Tao et al., 2008). Locally,
it is used as an oral decoction to cure rubella as well as to alle-
viate jellyfish-sting pruritus and applied externally to treat pain
and bedsores. The above mentioned investigations have proved
that the presence of congeners among the pescaprein series is
a result of variations in the type of acylating groups at C-2 of
the third saccharide unit (Rha0), and C-2, C-3 and C-4 of the fifth
saccharide (Rha00 0) in the oligosaccharide core (simonic acid B). It
was also reported that this diastereoisomerism at positions C-2
or C-3 could be a consequence of a transesterification via an
ortho-acid ester intermediate in slightly acidic and neutral aque-
ous solution (Tao et al., 2008).

Convolvulaceous oligosaccharides have been shown to exert a
potentiation effect of norfloxacin against the NorA over-expressing
Staphylococcus aureus strain SA-1199B (Chérigo et al., 2008, 2009;
Pereda-Miranda et al., 2006b). They have demonstrated good activ-
ity at low concentrations (10 mM or less) being more active than
reserpine, a known efflux pump inhibitor used as a reference con-
trol. Therefore, they could be further developed to provide more
potent inhibitors of the NorA multidrug efflux pump (Stavri
et al., 2007). Departing from this point, the present work was
undertaken to emphasize the chemical diversity among the pescap-
rein series, which indicates their potential to further explore resis-
tance-modifying activity against S. aureus. A wild plant collection
was used for this investigation because it showed differences in
its resin glycoside composition from that of a commercial sample
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previously analyzed (Escobedo-Martínez and Pereda-Miranda,
2007; Pereda-Miranda et al., 2005). HPLC isolation of nine penta-
saccharides (1–9) from the CHCl3-soluble resin glycoside mixture
is described herein. Several NMR techniques and FABMS were used
to characterize the glycosidation sequence of compound 1, a novel
glycosidic acid from the Convolvulaceae family and trivially named
pescaproside C.

2. Results and discussion

CHCl3-soluble extracts of the crude drug ‘‘riñonina” were
fractionated by column chromatography on silica gel. The major
fractions, rich in low-polarity resin glycosides, were purified by
recycling preparative-scale HPLC (Pereda-Miranda and Hernán-
dez-Carlos, 2002), resulting in the isolation of nine glycolipids
(1–9). These compounds showed similar 1H and 13C NMR spectra
and displayed diagnostic signals common for the pescaprein series
(Escobedo-Martínez and Pereda-Miranda, 2007; Pereda-Miranda
et al., 2005). All compounds displayed the same negative-ion FAB-
MS fragmentation pattern previously described for related resin
glycosides, and the resulting diagnostic peaks were useful to con-
firm the nature of each of their individual pentasaccharide cores
(Escobedo-Martínez and Pereda-Miranda, 2007; Pereda-Miranda
et al., 2005). For example, compound 1 afforded a pseudomolecular
ion [M�H]� at m/z 1235 (C62H107O24) in contrast to the ion at m/z
1249 for its homologue 7 (pescaprein III), indicating a difference of
one methylene group between these compounds which resulted
from the presence of the aldopentose xylose instead of a methyl-
pentose, e.g., fucose (Zhou et al., 2007). This 14 mass unit differ-
ence was also observed for all common fragment peaks produced
by glycosidic cleavage of each sugar moiety at m/z 1005, 823,
531, and 403 in compound 1. This compound exhibited the initial
loss of two esterifying groups at m/z 1151 [M�H�C5H8O]� and
1053 [M�H�C12H22O]� which represented the elimination of one
unit of a-methylbutyric acid and one of dodecanoic acid, respec-
tively (Chérigo et al., 2008; Escobedo-Martínez and Pereda-Miranda,
2007; Pereda-Miranda et al., 2005).

In the new pescapreins XVIII–XX (1–3), COSY, TOCSY, and HSQC
techniques were used to assign the important 1H and 13C chemical
shifts of each sugar unit (Tables 1 and 2). ROESY and HMBC corre-
lations completed the linkage within the pentasaccharide cores
(Duus et al., 2000; Pereda-Miranda et al., 2010). For example, the
carbon signals at dC 102.1, 75.3, 79.3, 71.5 and 67.2 in compound
1 were assigned to C-1, C-2, C-3, C-4, and C-5 of the xylose, respec-
tively (Zhou et al., 2007). The observed interaction between C-5
(CH2, dC 67.2) and its two attached hydrogens (dH 3.65 and 4.30)

was the critical HMQC correlation for the assignment of this aldo-
pentose. The 1H NMR coupling constant for the anomeric proton
H-1 (3J1,2 = 7 Hz) was consistent with the b-configuration for D-xy-
lose in the 4C1 conformation (Pereda-Miranda and Bah, 2003). The
long-range correlation between H-1 (dH 4.89) of this saccharide
and C-11 (dC 79.5) of the lipidic aglycone in the HMBC spectrum
indicated that this unit was the first in the oligosaccharide core.
Additional long-range heteronuclear coupling correlations (3JCH)
were observed between the following proton and carbon signals:
H-1 (dH 6.47) of the second saccharide (Rha) and C-3 (dC 79.3) of
xylose; H-1 (dH 5.68) of the second rhamnose (Rha0) and C-4 (dC
78.2) of the first rhamnose (Rha); H-1 (dH 6.47) of the fourth sac-
charide (Rha00 0) and C-3 (dC 80.3) of second rhamnose (Rha0); and
H-1 (dH 6.47) of the fifth saccharide (Rha00) and C-4 (dC 79.8) of sec-
ond rhamnose (Rha0). The anomeric a configuration in all the L-
rhamnose units was deduced from a 2D 1JCH NMR experiment
(Duus et al., 2000). These coupling constant values (1JCH = 170–
172 Hz) were 10 Hz higher than that registered for D-xylose
(1JCH = 160 Hz). In conclusion, this new oligosaccharide core for 1,
named pescaproside C, consisted of D-xylose as the first monosac-
charide instead of a D-fucose as found in simonic acid B for com-
pounds 2–9 (Escobedo-Martínez and Pereda-Miranda, 2007;
Pereda-Miranda et al., 2005). Its structure was determined to be
(11S)-jalapinolic acid 11-O-a-L-rhamnopyranosyl-(1? 3)-O-[a-L-
rhamnopyranosyl-(1 ? 4)]-O-a-L-rhamnopyranosyl-(1? 4)-O-a-
L-rhamnopyran- osyl-(1? 3)-O-b-D-xylopyranoside.

Three acylation sites were identified at H-3 of Rha, H-2 of Rha0

and H-4 of Rha00 in the 1H NMR spectrum of 1. HMBC studies using
long-range heteronuclear coupling correlation located the acylat-
ing substituents through the observed connectivities between a
specific carbonyl ester group with their vicinal proton resonance
(2JCH), in addition to the pyranose ring proton at the site of the
esterification (3JCH). Lactonization by the aglycone (dC-1 174.9)
was placed at C-3 of the second saccharide (Rha) (dH 5.61). The
methylbutyroyl group (dC-1 176.3) was located at C-4 of Rha00 (dH
5.78); and the additional acyl substituent (n-dodecanoic acid;
dC-1 173.2) exhibited a 3JCH coupling with the H-2 signal of Rha0

(dH 5.84).
The molecular formula calculated from the mass spectra for

pescaprein XIX (2; C62H107O24) and that of pescaprein XX (3;
C64H111O24) indicated that both were diastereosiomers of the
known pescaprein II (6) and pescaprein IV (10), respectively, where
by means of 2D NMR analysis the lactonization position was found
to be at C-2 of the second saccharide unit instead of at C-3
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(Escobedo-Martínez and Pereda-Miranda, 2007; Pereda-Miranda
et al., 2005).

In vitro antibacterial and resistance-modifying activity against
strains of Staphylococcus aureus possessing multidrug resistance ef-
flux mechanisms indicated that the non-cytotoxic pescapreins 1–9
potentiated the action of norfloxacin against the NorA over-
expressing strain. They exerted an effect which increased the
activity of norfloxacin 4-fold (8 lg/mL from 32 lg/mL) at a concen-
tration of 25 lg/mL (Table 3).

3. Concluding remarks

The novel glycosidation sequence of compound 1 is similar to
that of simonic acid B, a commonly found glycosidic acid among
the members of the morning glory family (Convolvulaceae), with
the only difference being the presence of D-xylopyranose as the
first monosaccharide in the oligosaccharide core instead of
D-fucose (Pereda-Miranda et al., 2010). In this family, xylose has
been reported three times: as part of the tetrasaccharides cuscutic
acid B and operculinic acid F from Cuscuta chinensis (Du et al.,
1998) and I. operculata (Noda et al., 1990), respectively, as well
as in the pentasaccharide operculinic acid D from I. operculata
(Ono et al., 1989).

In addition to the results previously reported for other lipophilic
oligosaccharides, e.g., the murucoidins (Chérigo et al., 2008, 2009)
and orizabins (Pereda-Miranda et al., 2006b), the susceptibility of
Staphylococcus aureus to the non-cytotoxic pescapreins (1–9)
seems to correlate to the acylation degree of the oligosaccharide
core. The lipophilic properties would seem to be an important
structural requirement to facilitate cellular uptake to its MDR
pump target. Therefore, this type of amphipathic oligosaccharides
could be further developed to provide more potent inhibitors of
this multidrug efflux pump and facilitate the reintroduction of
ineffective antibiotics into clinical use for the treatment of refrac-
tive infections.

4. Experimental

4.1. General experimental procedures

All melting points were determined on a Fisher–Johns appara-
tus and are uncorrected. Optical rotations were measured with a

Perkin–Elmer model 241 polarimeter. 1H (500 MHz) and 13C
(125.7 MHz) NMR experiments were conducted on a Bruker
DMX-500 instrument. Negative-ion LRFABMS and HRFABMS were
recorded using a matrix of triethanolamine on a JEOL SX-102A
spectrometer. The instrumentation used for HPLC analysis con-
sisted of a Waters (Millipore Corp., Waters Chromatography Divi-
sion, Milford, MA) 600E multisolvent delivery system equipped
with a refractive index detector (Waters 410). GC–MS was per-
formed on a Hewlett–Packard 5890-II instrument coupled to a JEOL
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Table 1
1H (500 MHz) NMR spectroscopic data of compounds 1–3 (pyridine-d5).a

Protonb 1 2 3

fuc-1 4.73 d (7.5) 4.76 d (7.5)
2 4.16 dd (9.5, 7.5) 4.18 dd (9.4, 7.5)
3 4.07 dd (9.5, 2.5) 4.11 dd (9.4, 3.0)
4 3.99 d (2.5) 4.02 d (3.0)
5 3.77 q (6.5) 3.70 q (6.5)
6 1.51 d (6.5) 1.52 d (6.5)
xyl-1 4.89 d (8.0)
2 4.25 dd (9.0, 8.0)
3 4.30 dd (9.0, 8.5)
4 4.12 ddd (10.5, 8.5,

5.5)
5 3.65 t (10.8)

4.30 dd (11.0, 5.5)
rha-1 6.47 d (1.5) 6.16 bs 6.20 d (1.5)
2 5.32 (2.5, 1.5) 6.00 dd (3.0, 1.5) 6.04 dd (3.0, 1.5)
3 5.61 dd (9.5, 2.5) 4.59 dd (9.0, 3.0) 4.61 dd (9.0, 3.0)
4 4.68 dd (9.5, 9.5) 4.31 dd (9.0, 9.0) 4.32 dd (8.5, 8.5)
5 5.07 dq (9.5, 6.0) 4.33–4.36* 4.35–4.41*

6 1.71 d (6.0) 1.65 d (6.0) 1.66 d (6.0)
rha0-1 5.68 d (1.5) 5.48 d (1.5) 5.50 (1.5)
2 5.84 dd (2.5, 1.5) 5.95 dd (3.0, 1.5) 5.99 dd (3.0, 1.5)
3 4.52 dd (9.5, 2.5) 5.01 dd (9.0, 3.0) 5.08 dd (9.0, 3.0)
4 4.23 dd (9.5, 9.5) 4.42–4.45* 4.45–4.50*

5 4.30 dq (9.5, 6.0) 4.21–4.24* 4.31–4.39
6 1.62 d (6.0) 1.61 d (6.0) 1.63 d (6.2)
rha00-1 5.93 bs 5.92 bs 5.97 bs
2 4.63 brs 4.68 brs 4.72 brs
3 4.42 dd (9.5, 3.5) 4.48 dd (9.5, 3.0) 4.53 dd (9.1, 3.5)
4 5.78 dd (9.5, 9.5) 5.78 dd (9.5, 9.5) 5.83 dd (9.6, 9.6)
5 4.36 dq (9.5, 6.0) 4.33–4.36* 4.35–4.41*

6 1.40 d (6.0) 1.38 d (6.0) 1.40 d (6.2)
rha00 0-1 5.58 d (1.5) 5.60 d (2.0) 5.63 d (1.5)
2 4.80 brs 4.81 brs 4.86 brs
3 4.53 dd (9.0, 3.0) 4.42–4.45 4.45–4.50*

4 4.25 dd (9.0, 9.0) 4.21–4.24* 4.31–4.39
5 4.28 dq (9.0, 6.5) 4.29 t (9.5) 4.32 t (9.0)
6 1.72 d (6.0) 1.60 d (6.0) 1.62 d (6.0)
jal-2a 2.26 ddd (15.0, 7.0,

3.0)
2.24 ddd (14.5, 8.0,
4.0)

2.25 ddd (14.0, 7.8,
4.0)

2b 2.95 t (12.0) 2.40 ddd (14.7, 8.5,
3.7)

2.41 ddd (14.5, 8.2,
4.2)

11 3.86 m 3.85 m 3.87 m
16 0.87 t (7.0) 0.87 t (7.5) 0.87 (7.0)
Iba-2 2.63 sept (7.0)
3 1.16 d (7.0)
3́ 1.19 d (7.0)
mba-2 2.50 tq (7.0, 6.5)
2-Me 1.20 d (7.0)
3-Me 0.94 t (7.5)
hexa-2 2.32 t (7.5)
6 0.78 t (7.0)
dodeca-

2
2.38 t (7.5) 2.30 t (7.5) 2.30 t (7.5)

12 0.93 t (7.0) 0.93 t (7.5) 0.93 t (7.3)

a Chemical shifts (d) are in ppm relative to TMS. The spin coupling (J) is given in
parentheses (Hz). Chemical shifts marked with an asterisk (*) indicate overlapped
signals. Spin-coupled patterns are designated as follows: s = singlet, bs = broad
singlet; brs = broad signal, d = doublet, t = triplet, m = multiplet, q = quartet,
sept = septet.

b Abbreviations: fuc = fucose; xyl = xylose; rha = rhamnose; jal = 11-hydroxy-
hexadecanoyl; iba = 2-methylpropanoyl; mba = 2-methylbutanoyl; hexa = hexa-
noyl; deca = decanoyl; dodeca = dodecanoyl.
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SX-102A spectrometer. GC conditions: HP-5MS (5%-phenyl)-meth-
ylpolysiloxane column (30 m � 0.25 mm, film thickness 0.25 lm);
He, linear velocity 30 cm/s; 50 �C isothermal for 3 min, linear gra-
dient to 300 �C at 20 �C/min; final temperature hold, 10 min. MS
conditions: ionization energy, 70 eV; ion source temperature,
280 �C; interface temperature, 300 �C; scan speed, 2 scans s�1;
mass range, 33–880 amu.

4.2. Plant material

The herbal drug ‘‘riñonina” was collected in dunes along an
upper beach in Las Salinas, Chamela Bay, Jalisco, Mexico in October
2005. A small sample (50 g) was archived at the Departamento de
Farmacia, Facultad de Química, UNAM. Macroscopic anatomical

features enable the drug to be identified by one of the authors
(R.P.-M.) as Ipomoea pes-caprae through comparison with a vou-
cher specimen collected at the same location by Dr. Robert Bye
(voucher specimen R. Bye 17707) in November 1989 and deposited
in the Ethnobotanical Collection of the National Herbarium
(MEXU), Instituto de Biología, UNAM.

4.3. Extraction and isolation of compounds 1–9

The whole plant (1 kg) was powdered and extracted exhaus-
tively by maceration at room temperature with CHCl3 to give, after
removal of the solvent, a dark-green syrup (15.8 g). The total ex-
tract was absorbed on silica gel (25 g) and subjected to column
chromatography (CC) over the same normal phase (630 g) with
CHCl3 in hexane (1:1 and 1:0), Me2CO in CHCl3 (1:9, 3:7, and
1:1), Me2CO in MeOH (1:0 and 1:1) and MeOH. The composition
of the 200 fractions obtained (250 mL each) was monitored by
TLC (silica gel 60 F254 aluminum sheets, CHCl3–MeOH, 4:1), and
identical fractions were combined in eight pools of resin glycosides
mixtures (fractions 102–185). These were compared by C18 re-
versed-phase HPLC (Waters column 5 lm, 4.6 � 250 mm) with ref-
erence solutions of the previously isolated resin glycosides from
this species by an isocratic elution of CH3CN-MeOH (9:1) at a
0.7 mL/min flow rate, and a sample injection of 10 lL (1 mg/mL).
The analysis confirmed a higher complexity in the composition of
the less lipophilic fractions 152–165 (pool VII) and 168–185 (pool
VIII) eluted with MeOH and differing from that observed for the
reference solutions (Escobedo-Martínez and Pereda-Miranda,
2007). The preparative HPLC separations were carried out using a
Symmetry C18 column (Waters; 7 lm, 19 � 300 mm), using a flow
rate of 9 mL/min. The elution was isocratic with CH3CN–H2O (4:1)
and a sample injection of 500 lL (fraction concentration: 50 mg/
mL). The crude fraction VII (150 mg) yielded four major peaks with
tR values of 19.11 (peak I, 16.4 mg), 21.89 (peak II, 14.0 mg), 33.85
(peak III, 30.4 mg), and 43.58 min (peak IV, 24.3 mg) which were
collected by the technique of ‘‘heart cutting” and independently
re-injected to be recycled in order to achieve total homogeneity
after twenty consecutive cycles employing an isocratic elution of
CH3CN–MeOH (9:1) with a flow rate of 9 mL/min for all the peaks.
Peak I afforded pure major compound 4 (9.7 mg). Peak II afforded
compound 5 (7.2 mg). Peak III was split into two peaks during
the recycling process to afford pure compounds 1 (14.3 mg) and
6 (12.3 mg). Peak IV yielded compound 7 (22.3 mg). Fraction VIII
(200 mg) was subjected to preparative HPLC on the same C18 col-
umn using an elution with CH3CN–MeOH (3:7). Eluates across
the peaks with tR values of 23.7 (8, 50 mg), 27.5 (2, 10 mg), 32.8
(9, 40 mg), and 36.8 min (3, 4 mg) were collected, independently
re-injected, and recycled by 15 consecutive cycles to achieved total
purification. All known compounds (4–9) were identified by com-
parison of NMR spectroscopic data with published values (Chérigo
et al., 2008; Noda et al., 1994, 1998; Pereda-Miranda et al., 2005).

4.4. Compound characterization

4.4.1. Pescaprein XVIII (1)
White powder; mp 77–79 �C; [a]D �42 (c 0.1 MeOH); for 1H and

13C NMR spectroscopic data, see Tables 1 and 2; negative FABS
m/z 1235 [M�H]�, 1151 [M�H�C5H8O]�, 1053 [M�Y�C12H22O]�,
1005 [1151�C6H10O4]�, 823 [1053�C6H10O4�C5H8O]�, 531[823–
2 � 146 (C6H10O4)]�, 403 [531–128 (C6H10O4�H2O]�, 271
[Jal�H]�; HRFAB–MS m/z: 1235.7155 [M�H]� (calcd for
C62H107O24 requires 1235.7152).

4.4.2. Pescaprein XIX (2)
White powder; mp 121–123 �C; [a]D �32 (c 0.5 MeOH); for 1H

and 13C NMR spectroscopic data, see Tables 1 and 2; negative FABS

Table 2
13C (125 MHz) NMR spectroscopic data of compounds 1–3 (pyridine-d5).a

Carbonb 1 2 3

fuc-1 104.4 104.3
2 80.2 80.2
3 73.3 73.3
4 73.0 73.0
5 70.8 70.8
6 17.4 17.4
xyl-1 102.1
2 75.3
3 79.3
4 71.5
5 67.2
rha-1 100.4 99.1 99.2
2 69.7 73.2 73.2
3 77.8 79.9 79.9
4 78.2 68.4 68.5
5 68.1 70.8 70.5
6 18.2 18.8 18.8
rha0-1 99.2 98.8 98.8
2 73.0 73.9 73.9
3 80.3 79.9 80.0
4 79.8 79.8 79.6
5 67.2 68.6 68.6
6 18.8 18.6 18.6
rha00-1 103.7 103.6 103.6
2 72.7 72.7 72.7
3 70.2 72.6 72.6
4 74.8 74.9 74.8
5 68.3 68.2 68.2
6 17.0 17.9 17.9
rha00 0-1 104.4 104.7 104.6
2 72.7 72.6 72.6
3 72.5 70.2 70.2
4 73.7 73.6 73.6
5 70.8 70.7 70.4
6 19.3 19.0 18.4
jal-1 174.9 173.0 173.1
2 33.7 34.2 34.3
11 79.5 82.4 82.3
16 14.3 14.3 14.3
iba-1 176.3
2 41.5
3 11.8
30 17.0
mba-1 176.3
2 41.6
2-Me 11.8
3-Me 17.0
hexa-1 173.1
2 34.2
6 14.3
dodeca-1 173.0 172.9 173.0
2 34.4 34.5 34.2
12 14.4 14.3 14.3

a Chemical shifts (d) are in ppm relative to TMS.
b Abbreviations: fuc = fucose; xyl = xylose ; rha = rhamnose; jal = 11-hydroxy-

hexadecanoyl; iba = 2-methylpropanoyl; mba = 2-methylbutanoyl; hexa = hexa-
noyl; deca = decanoyl; dodeca = dodecanoyl.
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m/z 1235 [M�H]�, 1165 [M�H�C4H6O]�, 837 [1165�C12H22O�
C6H10O4]�, 673, 545, 417, 271; HRFAB-MS m/z: 1235.7153 [M�H]�

(calcd for C62H107O24 requires 1235.7152).

4.4.3. Pescaprein XX (3)
White powder; mp 120–122 �C; [a]D �60 (c 0.8 MeOH); for 1H

and 13C NMR spectroscopic data, see Tables 1 and 2; negative FABS
m/z 1263 [M�H]�, 1165 [M�H�C6H10O]�, 1081 [M�Y�C12H22O]�,
837 [1165�C12H22O�C6H10O4]�, 673, 545, 417, 271; HRFAB-MS m/
z: 1263.7452 [M�H]� (calcd for C64H111O24 requires 1263.7465).

4.5. Sugar analysis

Compound 1 (8.5 mg) in 4 N HCl (5 mL) was heated at 90 �C for
2 h. The reaction mixture was diluted with H2O (2.5 mL) and ex-
tracted with Et2O (15 mL). The aqueous phase was neutralized
with 1 N KOH, extracted with n-BuOH (20 mL), and concentrated
to give a colorless solid. The residue was dissolved in CH3CN–
H2O and directly analyzed by HPLC: Waters standard column for
carbohydrate analysis (3.9 � 300 mm, 10 lm), using an isocratic
elution of CH3CN–H2O (17:3), a flow rate of 1 mL/min, and a sam-
ple injection of 20 lL (sample concentration: 2 mg/mL). Co-elution
experiments with standard carbohydrate samples allowed the
identification of rhamnose (tR = 6.9 min) and xylose (tR = 8.3 min).
Each of these eluates was individually collected, concentrated,
and dissolved in H2O. Optical activity was recorded after stirring
the solutions for 3 h at room temperature and values were identi-
cal for those registered for commercially available samples:
L-rhamnose [a]D +8 (c 0.1, H2O), control [a]D +7.7 (c 0.1, H2O); D-xy-
lose [a]D +19 (c 0.1, H2O), control [a]D +18.8 (c 0.1, H2O). The
organic phase was analyzed by GC–MS to allow the detection of
two liberated esterifying residues which were identified as: 2-
methylbutyric acid (tR 5.1 min): m/z [M]+ 102 (3), 87 (33), 74
(100), 57 (50), 41 (28), 39 (8); and n-dodecanoic acid (tR
11.0 min): m/z [M]+ 200 (15), 183 (2), 171 (18), 157 (40), 143
(10), 129 (48), 115 (20), 101 (15), 85 (33), 73 (100), 60 (80), 57
(30), 55 (47), 43 (44), 41 (30) by comparison of their retention
times and spectra with those of authentic samples (Chérigo et al.,
2008). Previously described methodology was used for the prepa-
ration and identification of 4-bromophenacyl (2S)-2-methylbuty-
rate: mp 40–42 �C; [a]D +18 (c 1.0, MeOH) from the resin
glycoside mixture pools VII and VIII (20 mg). This transesterifica-

tion procedure has been used to confirm the absolute configuration
for 2-methylbutyric acid (Bah et al., 2007).

4.6. Aglycon identification

A solution of the crude resin glycoside pools VII and VIII (10 mg
each) in 5% KOH–H2O (2.5 mL) was heated until reflux began
(95 �C), this being maintained for 3 h. Each reaction mixture was
acidified to pH 4.0 and extracted with CHCl3 (20 mL). The aqueous
phase was extracted with n-BuOH (20 mL), concentrated to dry-
ness and submitted to the same acid-catalyzed hydrolysis de-
scribed above for the sugar analysis. The organic phase-soluble
product was methylated with CH2N2 to further perform its separa-
tions by HPLC from each of the two resin glycoside fraction as pre-
viously described to yield methyl (11S)-hydroxyhexadecanoate
(jalapinolic acid methyl ester): tR 16.4 min; mp 42–44 �C; [a]D
+7.3 (c 2, CHCl3); 13C NMR: 174.4, 72.0, 51.4, 37.5, 37.4, 34.1,
31.9, 29.6, 29.5, 29.4, 29.2, 29.1, 25.6, 25.3, 24.9, 22.6, 14.1. This
aglycon (1 mg) was derivatized by treatment with Sigma Sil-A
and analyzed by GC–MS analysis, (tR 12.8 min): m/z [M]+ 358
(0.3), 343 (0.5), 311 (10.5), 287 (59.7), 173 (100), 73 (46.3) (Pere-
da-Miranda et al., 2006a).

4.7. Biological assays

4.7.1. Bacterial strains and media
Staphylococcus aureus EMRSA-15 containing the mecA gene was

provided by Dr. Paul Stapleton, The School of Pharmacy, University
of London. Strain XU-212, a methicillin-resistant strain possessing
the TetK tetracycline efflux protein, was provided by Gibbons and
Udo, 2000. SA-1199B, which over-expresses the NorA MDR efflux
protein (Kaatz et al., 1993), was provided by Professor Glenn W.
Kaatz and standard strain S. aureus ATCC 25923 was also used.
All strains were cultured on nutrient agar (Oxoid, Basingstoke,
UK) before determination of MIC values. Cation-adjusted
Mueller–Hinton broth (MHB; Oxoid), containing Ca2+ (20 mg/L)
and Mg2+ (10 mg/L), was used for susceptibility tests.

4.7.2. Susceptibility testing
Minimum inhibitory concentration values (MIC) were

determined at least in duplicate by standard microdilution proce-
dures, as recommended by the National Committee for Clinical

Table 3
Susceptibility of Staphylococcus aureus to pescapreins XVIII–XX (1–3) and known compounds (4–9) and their cytotoxicity.a

Compound ED50 (lg/mL) MIC (lg/mL)

HCT-15 MCF-7 HeLa ATCC 25923 XU-212 EMRSA-15 SA-1199Bb

Nor (�) Nor (+)

1 >20 >20 >20 >512 >512 >512 512 8
2 >20 >20 >20 >256 >256 >256 512 8
3 >20 >20 >20 >256 >256 >256 512 8
4 >20 >20 >20 >512 >512 >512 512 8
5 >20 >20 >20 >512 >512 >512 512 8
6 13.4 19.0 12.3 >512 >512 >512 512 8
7 10.0 >20 19.6 >512 >512 >512 512 8
8 >20 >20 >20 >256 >256 >256 512 8
9 >20 >20 >20 >256 >256 >256 512 8
Tetracycline – – – 0.125 64 0.125 0.25 –
Norfloxacin – – – 0.5 8 0.25 – 32
Reserpine – – – – – – – 8c

Vinblastine 0.003 0.007 0.008 – – – – –

a Abbreviations: HCT-15 = colon carcinoma; MCF-7 = breast carcinoma; HeLa = cervix carcinoma; ATCC 25923 = standard S. aureus strain; EMRSA-15 = epidemic methi-
cillin-resistant S. aureus strain containing the mecA gene; XU-212 = a methicillin-resistant S. aureus strain possessing the TetK tetracycline efflux protein; SA-
1199B = multidrug-resistant S. aureus strain over-expressing the NorA efflux pump.

b Nor (�) = minimum inhibitory concentration (MIC) value determined in the susceptibility testing; Nor (+) = MIC value determined for norfloxacin in the modulation assay
at the concentration of 25 lg/mL of the tested oligosaccharide.

c MIC value for norfloxacin in the modulation assay at the concentration of 20 lg/mL of reserpine which was used as positive control for an efflux pump inhibitor.
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Laboratory Standards guidelines (1999). An inoculum density of
5 � 105 cfu of each of the test strains was prepared in 0.9% saline
by comparison with a McFarland standard. MHB (125 lL) was dis-
pensed into 10 wells of a 96-well microtiter plate (Nunc, 0.3 mL
volume per well). Glycolipids 1–9 were tested at final concentra-
tions ranging from 1 to 512 lg/mL prepared by serial twofold dilu-
tions. All test compounds were dissolved in DMSO before dilution
into MHB for use in MIC determinations. The inoculum (125 lL)
was added into each well and the plate was incubated at 37 �C
for 18 h. For the modulation assay, the pescapreins were tested
at final concentrations of 25 lg/mL. Serial doubling dilutions of
norfloxacin ranging from 1 to 512 lg/mL were added and the
microtitre plates were then interpreted, after inoculum addition
and incubation, in the same manner as MIC determinations as pre-
viously described (Pereda-Miranda et al., 2006b).

4.7.3. Cytotoxicity assay
Colon (HCT-15), cervix (HeLa), and breast carcinoma (MCF-7)

cell lines were maintained in RMPI 1640 (10�) medium supple-
mented with 10% fetal bovine serum. Cell lines were cultured at
37 �C in an atmosphere of 5% CO2 in air (100% humidity). The cells
at log phase of their growth cycle were treated in triplicate with
various concentrations of the test samples (0.16–20 lg/mL) and
incubated for 72 h at 37 �C in a humidified atmosphere of 5%
CO2. The cell concentration was determined by the NCI sulforhoda-
mine method (Skehan et al., 1990). Results were expressed as the
dose that inhibits 50% control growth after the incubation period
(EC50). The values were estimated from a semilog plot of the drug
concentration (lg/mL) against the percentage of viable cells.
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Objectives:We hypothesized that small heterocyclic or nitrogen-containing compounds could act as RND efflux
pump inhibitors (EPIs). To ascertain possible EPIs, we sought to identify compounds that synergized with sub-
strates of RND efflux pumps for wild-type bacteria and those that overexpress an efflux pump, but had no
synergistic activity against strains in which a gene encoding a component of the AcrAB-TolC efflux pump
had been inactivated.

Methods: Twenty-six compounds plus L-phenylalanyl-L-arginyl-b-naphthylamide (PAbN) and carbonyl cyanide
m-chlorophenylhydrazone (CCCP) were screened by bioassay to identify compounds that synergized with cipro-
floxacin for a range of Enterobacteriaceae and Pseudomonas aeruginosa. The MICs of ciprofloxacin, tetracycline,
chloramphenicol, erythromycin and ethidium bromide+synergizing compounds were determined, and the
ability to inhibit the efflux of Hoechst 33342 was measured.

Results: Two compounds, trimethoprim and epinephrine, consistently showed synergy with antibiotics for most
strains. The combinations did not show synergy for Salmonella enterica serovar Typhimurium in which the
AcrAB-TolC efflux pump was inactive. Both compounds inhibited the efflux of Hoechst 33342.

Conclusions: Two compounds, trimethoprim and epinephrine, which are already licensed for use in man, may
warrant further analysis as EPIs. The combination of trimethoprim with another antibiotic is a well-used com-
bination in anti-infective chemotherapy, and so combination with another agent, such as a quinolone, may be
a viable option and further studies are now required.

Keywords: AcrAB-TolC, antibiotic resistance, EPIs

Introduction
The numbers of antibiotic-resistant bacteria have increased in
recent years and such resistance can compromise the efficacy
of antimicrobial therapy.1 Antibiotic-resistant bacteria can be
associated with infections with higher mortality than those
caused by antibiotic-susceptible strains and fluoroquinolone
resistance has been shown to be a particular risk factor for mor-
tality associated with infections by some bacterial species.2

Fluoroquinolones are also the agents most commonly associated
with the selection of constitutive chromosomally mediated mul-
tidrug resistance (MDR), frequently presumed to be conferred by
the overproduction of chromosomally encoded MDR efflux
pumps.3 The RND efflux pump AcrAB-TolC in Enterobacteriaceae
and homologues thereof in other Gram-negative bacteria is the
system most commonly associated with innate and acquired

chromosomally mediated MDR.3 Clinical isolates that overexpress
efflux pumps usually overproduce this pump and there is an
association of MDR mediated by efflux with prior use of fluoroqui-
nolones.4 In the laboratory, in vitro mutants selected after fluoro-
quinolone exposure comprise various phenotypes, of which �30%
are MDR due to enhanced efflux.5

Due to the lack of new antibacterial agents, there is consider-
able interest in restoring the activity of older antimicrobials. One
way to do this is to inhibit the action of MDR efflux pumps that
confer innate resistance to these older agents; this is an area
of active drug development by pharmaceutical companies.6

Efflux pump proteins make attractive targets for drug discovery
programmes as: (i) inhibition confers multidrug susceptibility;
and (ii) a functional RND efflux pump is necessary for mutants
resistant to substrates of the pump to be selected,7–10 and for
pathogens to colonize, persist and cause infection in their
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hosts.3,7–9,11 Agents that inhibit efflux (whether innate or
enhanced) are termed efflux pump inhibitors (EPIs). However,
this is a broad definition that includes agents that: (i) interact
with the efflux pump protein(s); (ii) dissipate the proton-motive
force required for pump activity, e.g. carbonyl cyanide
m-chlorophenylhydrazone (CCCP), as in the case of RND family
efflux pumps; or (iii) inhibit expression of the efflux pump gene,
as has been shown for chlorpromazine and acrB.12 The majority
of studies searching for efflux pump inhibitors do so by in vitro
determination of antimicrobial activity in the presence of the
test compound, and by measuring efflux activity in the presence
and absence of the test compound. Rarely do studies examine
the precise mechanism of action of the presumed EPI. To date,
there is only one agent that has been developed as an EPI for
Gram-negative bacteria: L-phenylalanyl-L-arginyl-b-naphthylamide
(PAbN).10 This agent is routinely used in the laboratory as a screen
to indicate efflux-mediated antibiotic resistance in Gram-negative
bacteria. However, PAbN is not used in the clinical setting due to
toxicity and bioavailability issues.7

Several teams worldwide are searching for molecules whose
actions are suggestive of EPIs. Publications predominantly
focus on the identification of molecules with activity against
Gram-positive bacteria, in particular Staphylococcus aureus.13

More recently, as there is a desperate need for new agents to
treat infections by Gram-negative bacteria, the search for inhibi-
tors of efflux has been widened. However, for Gram-negative
bacteria such as Salmonella enterica serovar Typhimurium,
there are no clinically useful EPIs. Building upon the studies
by Lomovskaya et al.,10 where PAbN was identified as a
Pseudomonas aeruginosa MexB inhibitor, other molecules have
subsequently been identified to have in vitro activity, although
as yet none have been licensed for use. Many of the molecules,
such as D-ornithinyl-D-homophenylalanyl-3-aminoquinoline,
were modified to decrease their in vivo toxicity.14 Data for
other molecules suggest that they are also EPIs, including

1-(1-naphthylmethyl)-piperazine, which has been shown to be
active against Acinetobacter baumannii and Enterobacteria-
ceae.15–17 Others have shown that drugs that are currently
licensed for uses other than as anti-infective agents, have
EPI-like properties; these include selective serotonin reuptake
inhibitors18 and phenothiazines.12

We hypothesized that simple heterocyclic nitrogen-containing
compounds could also act as inhibitors of efflux in Gram-
negative bacteria. Therefore, in a proof-of-principle study, we
screened 26 compounds for EPI-like activity by identifying mol-
ecules that had synergistic activity with ciprofloxacin for wild-
type Salmonella Typhimurium and strains that overexpressed
the AcrAB-TolC efflux pump, but had no activity against
mutants in which AcrA, AcrB or TolC had been inactivated. For
those compounds that synergized with ciprofloxacin, the MICs
of a range of agents+the test compound were determined for
several different Gram-negative bacterial species. Growth kin-
etics and, as a measure of efflux activity, accumulation of
Hoechst 33342 were determined for the most active
compounds.

Materials and methods

Bacterial strains, storage and growth
All bacteria used in this study are listed in Table 1. Construction of
mutants derived from S. enterica serovar Typhimurium (hereafter referred
to as Salmonella Typhimurium) strains SL1344 and 14028s with the acrA,
acrB and tolC genes disrupted has been described previously.19–21

Salmonella Typhimurium L3 is a human pre-therapy isolate and L10 is
a human post-therapy clinical isolate that overexpresses acrAB, both of
which have been previously described.4,22 All bacteria were stored on
ProtectTM beads at 2808C until required. The identification of each
species was confirmed by Gram stain and analytical profile index (API
20E; bioMérieux, Marcy l’Étoile, France).

Table 1. Bacterial strains

Strain Species Description Reference/source

L354 Salmonella Typhimurium SL1344 30
L109 Salmonella Typhimurium SL1344DtolC 21
L785 Salmonella Typhimurium ATCC 15277 (LT2) 31
L828 Salmonella Typhimurium ATCC 14028s ATCCa

L829 Salmonella Typhimurium ATCC 14028s DtolC 32
L830 Salmonella Typhimurium ATCC 14028s DacrB 32
L831 Salmonella Typhimurium ATCC 14028s DacrAB 32
L3 Salmonella Typhimurium human pre-therapy clinical isolate 21
L10 Salmonella Typhimurium human post-therapy MDR clinical isolate, acrAB+++ 21
A1 Enterobacter cloacae NCTC 10005 NCTCb

B14 Serratia marcescens NCTC 2847 NCTCb

G1 Pseudomonas aeruginosa NCTC 10662 NCTCb

H42 Klebsiella pneumoniae NCTC 10896 NCTCb

H43 Klebsiella pneumoniae NCTC 9633 NCTCb

I114 Escherichia coli NCTC 10538 NCTCb

J29 Morganella morganii NCTC 235 NCTCb

aATCC, American Type Culture Collection.
bNCTC, National Collection of Type Cultures (HPA, Colindale, London, UK).
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Media and chemicals
Bacteria were routinely grown on LB agar plates (Oxoid, Basingstoke, UK)
and in LB broth (Oxoid). All antibiotics and compounds were obtained
from Sigma (Poole, UK).

Bioassay screening
Screening with ciprofloxacin+26 test compounds (trimethoprim, cathi-
none, theobromine, norepinephrine, epinephrine, theophylline, caffeine,
quinine, arecoline, atropine, ephedrine, norephedrine, morphine, ergo-
metrine, ergotamine, harmine, harmaline, strychnine, amphetamine,
nicotine, papaverine, emetine, quinidine, pilocarpine, salbutamol and
ajmaline) for synergistic activity was carried out by bioassay, essentially
as described by Lund et al.23 In brief, this consisted of large sterile
square dishes (24×24 cm; Fisher Scientific, Loughborough, Leicester-
shire, UK) containing 250 mL of Iso-Sensitest agar (Oxoid) solidified
for 2 h at 48C. The plates were then air-dried at 508C for 15 min. An
overnight 25 mL culture of Salmonella Typhimurium was diluted
1:10000 to obtain 1.72×105 cfu/mL (determined by 10 successive repli-
cate plate counts) and then 10 mL of the diluted culture was poured
onto the surface of the agar plate. The excess liquid was removed
and the plates left to dry at room temperature for 15 min. Six rows
of 6 wells (total 36 wells), each of 8 mm diameter, were cut out of
each agar plate using an agar cutter (Fisher Scientific) and 200 mL of
sterile Iso-Sensitest broth containing ciprofloxacin (0.5, 1 and 2 mg/L)
was added to three sets of wells respectively. This volume and concen-
trations gave a zone of inhibition of ≥15 cm diameter. To determine
whether the test compound synergized with ciprofloxacin, 200 mL of a
solution containing both ciprofloxacin (0.5, 1 and 2 mg/L respectively)
and the test compound (100 mg/L) or epinephrine and trimethoprim
(10 mg/L) in broth was added to three separate wells. The plates
were incubated overnight at 378C and the diameters of the zones of
growth inhibition were measured. Each experiment contained three
technical repeats and was repeated on three separate days. This
allowed the inherent variability of the method to be established and
statistical analyses of data. A zone of inhibition of the antibiotic plus
test compound larger than that of the antibiotic alone was taken to
suggest synergy. The positive control was ciprofloxacin plus PAbN
(40 mg/L) or CCCP (100 mg/L) and the negative control was Iso-
Sensitest broth alone. Compound alone was measured to determine
whether the test agent had inherent antimicrobial activity.

Determination of MICs of antibiotics+++++synergizing
compounds
The MICs of ciprofloxacin, tetracycline, chloramphenicol, erythromycin
and ethidium bromide+test compounds (10 mg/L) or trimethoprim
and epinephrine (10 mg/L) were determined by the standardized agar
doubling dilution method and by the microbroth dilution method follow-
ing the BSAC recommended protocol.24,25 All MIC determinations were
repeated at least three times in independent experiments. All antibiotics,
compounds and efflux pump inhibitors were made up and used accord-
ing to the manufacturer’s instructions.

Accumulation of Hoechst 33342+++++candidate EPI-like
compounds by Salmonella Typhimurium
The efflux activity of five strains [L3, L10, SL1344, ATCC 15277 (LT2) and
ATCC 14028s] was determined by measuring the accumulation of the
fluorescent dye Hoechst 33342 (bis-benzimide; 2.5 mM)+known EPIs
(100 mg/L CCCP and 40 mg/L PAbN) and+the putative EPIs (epinephrine
and trimethoprim, both at 10 mg/L, and theobromine and norepi-
nephrine, both at 100 mg/L). Measurements were taken at excitation

and emission wavelengths of 350 and 460 nm, respectively, over
30 min using a FLUOstar OPTIMA (BMG Labtech, Aylesbury, UK), as pre-
viously described.8 Differences in the accumulation seen+putative EPI
were analysed for statistical significance using the two-tailed Student’s
t-test. P values ≤0.05 were taken as significant.

Growth kinetics+++++putative EPIs
The growth kinetics of L3, L10, SL1344, ATCC 15277 (LT2) and ATCC
14028s+putative EPIs were determined by monitoring the optical
density at 600 nm every 10 min at 378C for 24 h using a FLUOstar
OPTIMA (BMG Labtech). The putative EPIs (epinephrine and trimethoprim,
both at 10 mg/L, and theobromine and norepinephrine, both at 100 mg/L)
were added to the bacterial cultures at mid-logarithmic growth phase
(2 h). Samples were also removed and visualized microscopically in
order to detect any gross changes to cell morphology, i.e. filamentation.
A two-tailed Student’s t-test was used to compare the generation
times. P values ≤0.05 were taken as significant.

Results

Choice of compounds to investigate for EPI properties

Many EPIs are either nitrogen-containing heterocyclic com-
pounds15,26 or possess amino acid residues, such as in the
case of PAbN.10 Therefore, we selected a range of natural and
synthetic compounds possessing either heterocyclic functional
groups or straight chain amino groups. Some of these com-
pounds, e.g. epinephrine, norepinephrine and cathinone, pos-
sessed a phenylethylamine moiety, which appears to be a
common structural motif in some EPIs.

Identification of compounds that synergized
with ciprofloxacin

Twenty-six compounds (listed in the Materials and methods
section) plus PAbN and CCCP were screened by bioassay to ident-
ify compounds that synergized with ciprofloxacin. In addition to
PAbN and CCCP, 13 compounds showed synergy with ciprofloxa-
cin. Of these, trimethoprim, cathinone, theobromine, norepi-
nephrine and epinephrine had the greatest synergy (Figure 1
and Table 2).

The MICs of trimethoprim for all strains were 16–32 mg/L
and of epinephrine were 32–64 mg/L. The MICs of theobromine
and norepinephrine were .256 mg/L for all strains. Salmonella
Typhimurium ATCC 14028s and SL1344 in which acrA, acrB,
acrAB or tolC were inactivated were hypersusceptible to cipro-
floxacin, tetracycline, erythromycin, ethidium bromide and
chloramphenicol (Table 3 and data not shown). However, the
MICs of epinephrine, norepinephrine, trimethoprim and theobro-
mine were the same for the parental strain and the mutants in
which the efflux pump gene had been inactivated (data not
shown).

When the MICs of ciprofloxacin were determined in combi-
nation with the test compounds (at one-quarter to one-half MIC
or lower), the synergy observed in the bioassays was not always
replicated for all strains (Table 3). Nonetheless, all compounds
identified in the bioassay synergized with all antibiotics and ethi-
dium bromide for at least six strains, including NCTC type strains
of different species (Tables 3–5). The combination that showed
synergy most often was that of trimethoprim with ciprofloxacin.
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The MIC values of ciprofloxacin were reduced by 2–4-fold in the
presence of trimethoprim for the wild-type strains of Salmonella
TyphimuriumandNCTC type strains of Enterobacter cloacae, Serra-
tia marcescens, P. aeruginosa, Klebsiella pneumoniae and Escheri-
chia coli (Table 3). However, no synergy was seen for trimethoprim
with ciprofloxacin for the strains of Salmonella Typhimurium in
which acrA, acrB, acrAB or tolC were inactivated. Theobromine
with ciprofloxacin also showed synergy for eight other bacterial
strains, including wild-type strains of Salmonella Typhimurium
and NCTC type strains of E. cloacae, P. aeruginosa, K. pneumoniae

and E. coli. Except for the mutant in which tolC had been
inactivated, no synergy was seen with this combination, or with
mutants in which acrA, acrB or acrABwere inactivated. Ciprofloxa-
cin and epinephrine was also a synergistic combination for
some strains/species, but increased activity of the combination
versus ciprofloxacin alone was also seen for mutants in which a
gene encoding a component of the AcrAB-TolC pump was
inactivated. However, the combination had no activity against
the parental strains (e.g. L828, Table 3). The combination of
ciprofloxacin and norepinephrine was only synergistic for two
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Figure 1. Structures of five test compounds and theophylline compared with that of PAbN.

Table 2. Compounds from the bioassay screen having the greatest synergy with ciprofloxacin

Ciprofloxacin plus

Strain Description PAbN TMP Cat The Nre Ene Thp Caf

L354 SL1344 S S S S S S S S
L785 ATCC 15277 (LT2 wild) S S S S S S S NE
L828 ATCC 14028s S S S S S S NE S
L3 human pre-therapy clinical isolate S S S S S NE S NE
L10 human post-therapy MDR clinical isolate, acrAB+++ S S S S S S NE NE

S, synergy; NE, no effect; TMP, trimethoprim; Cat, cathinone; The, theobromine; Nre, norepinephrine; Ene, epinephrine; Thp, theophylline; Caf, caffeine.
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strains (one Salmonella Typhimurium and the NCTC type strain of
K. pneumoniae).

Epinephrine, norepinephrine, trimethoprim and
theobromine synergize with other antibiotics

PAbN showed synergy with ciprofloxacin for 10 strains (Table 3).
PAbN also synergized with tetracycline, chloramphenicol and
ethidium bromide for seven to nine strains/species (Tables 4
and 5). However, only for S. marcescens was synergy seen
between PAbN and erythromycin. When the MICs of the four
test compounds in combination with other antibiotics were
determined, it was revealed that the synergy observed with
ciprofloxacin was not always reproduced with the other agents.
For instance, norepinephrine and chloramphenicol, norepi-
nephrine and ethidium bromide, and theobromine with erythro-
mycin were not synergistic combinations. However, as seen with
ciprofloxacin, trimethoprim in combination with any of the other
four agents was synergistic for six to eight strains/species
(Tables 4 and 5). Epinephrine in combination with tetracycline,
chloramphenicol and ethidium bromide was also synergistic for
five to seven strains/species. Theobromine formed a synergistic
combination with tetracycline, chloramphenicol and ethidium
bromide for three to five strains. Norepinephrine combined with
tetracycline or erythromycin showed synergy for three to four
strains. Where synergism was observed, the activity for a particu-
lar antibiotic was similar, irrespective of the synergizing
compound.

Efflux activity of test compounds

Due to the synergistic activity seen for the compounds with
some antibiotics and strains in which AcrAB-TolC was produced,
and the lack of synergy seen for mutants in which components
of this pump were not produced, it was hypothesized that

Table 3. MIC (mg/L) of ciprofloxacin+the four most active compounds
against Gram-negative bacteria

CIP plus

Strain CIP PAbNa Eneb Nrec TMPb Thec

L354 0.06 0.015 0.015 0.06 0.015 0.06
L785 0.03 0.015 0.03 0.03 0.03 0.015
L828 0.03 0.015 0.03 0.008 0.015 0.015
L829 0.008 0.008 0.002 0.008 0.008 0.008
L831 0.008 0.008 0.002 0.008 0.008 0.004
L3 0.008 0.008 0.008 0.008 0.015 0.004
L10 0.06 0.015 0.06 0.06 0.03 0.06
A1 0.12 0.03 0.06 0.12 0.03 0.03
B14 0.06 0.06 0.03 0.06 0.03 0.06
G1 1 0.12 0.5 1 0.5 0.5
H42 0.06 0.03 0.06 0.06 0.06 0.06
H43 0.12 0.03 0.12 0.06 0.06 0.03
I114 0.06 0.03 0.06 0.06 0.03 0.03
J29 0.015 0.008 0.015 0.015 0.015 0.015

CIP, ciprofloxacin; Ene, epinephrine; Nre, norepinephrine; TMP,
trimethoprim; The, theobromine.
Bold text indicates synergistic combinations.
aPAbN at 40 mg/L.
bTMP and Ene at 10 mg/L.
cNre and The at 100 mg/L.

Table 4. MIC (mg/L) of tetracycline and erythromycin+the four most active compounds against Gram-negative bacteria

TET plus ERY plus

Strain TET PAbNa Eneb Nrec TMPb Thec ERY PAbNa Eneb Nrec TMPb Thec

L354 8 4 4 8 4 4 512 512 512 512 512 512
L785 16 16 8 8 8 16 512 512 512 512 256 512
L828 16 8 16 8 8 16 512 512 256 512 256 512
L829 4 4 4 2 4 4 8 8 8 8 8 8
L831 4 4 4 2 4 4 64 64 64 64 64 64
L3 4 2 2 4 2 4 512 512 512 512 256 512
L10 8 2 4 8 4 4 512 512 256 512 256 512
A1 8 4 8 8 8 4 512 128 512 512 512 512
B14 64 64 64 64 64 32 256 64 256 256 256 256
G1 64 8 64 32 64 32 512 512 512 256 512 512
H42 16 8 8 16 8 16 512 512 512 512 256 512
H43 8 8 4 8 4 8 512 512 512 256 256 512
I114 4 2 4 4 4 4 512 512 512 256 512 512
J29 8 4 4 4 4 4 512 512 512 512 512 512

TET, tetracycline; Ene, epinephrine; Nre, norepinephrine; TMP, trimethoprim; The, theobromine; ERY, erythromycin.
Bold text indicates synergistic combinations.
aPAbN at 40 mg/L.
bTMP and Ene at 10 mg/L.
cNre and The at 100 mg/L.
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some compounds could be EPIs that target AcrAB-TolC. Therefore,
the effect of trimethoprim, epinephrine and theobromine upon the
accumulation of Hoechst 33342 was measured for five strains of
Salmonella Typhimurium (SL1344, LT2, ATCC 14028s, L3 and
L10). The growth kinetics of the bacteria were unaffected at the
concentrations of compound tested (10 mg/L trimethoprim and
epinephrine; 100 mg/L theobromine) (data not shown). A com-
pound with EPI-like properties, such as PAbN, inhibits efflux and
so the bacterium is unable to export Hoechst 33342; therefore,
the concentration of Hoechst 33342 accumulated by the bacter-
ium increases. Trimethoprim and epinephrine both significantly
increased the concentration of Hoechst 33342 accumulated
(1.5- and 2–2.5-fold, respectively) (Figures 2 and 3). However,
accumulation of Hoechst 33342 by Salmonella Typhimurium
appeared unaffected by theobromine (data not shown).

Discussion
This proof-of-principle study revealed that combinations of
several agents (including trimethoprim) had synergistic antibac-
terial activity. The compounds were chosen on the basis of being
heterocyclic nitrogen-containing ‘drug-like’ molecules, e.g. the
phenylethylamines epinephrine, norepinephrine and cathinone.
As ciprofloxacin is a substrate of many efflux pumps in different
bacterial species,3 initial experiments focused upon identifying
compounds that displayed synergistic activity with ciprofloxacin
in a simple bioassay. Furthermore, to identify possible EPIs, we
sought to identify compounds that synergized with substrates
of RND efflux pumps for wild-type bacteria and those that over-
express an efflux pump, but had no synergistic activity against
strains in which a gene encoding a component of the AcrAB-TolC
efflux pump had been inactivated.

Three of the agents identified in the bioassay that synergized
with ciprofloxacin, namely epinephrine, norepinephrine and cathi-
none, are members of the phenylethylamine class of natural
product, and all possess this structural motif, as does PAbN. Many
of the EPIs identified to date appear to possess either monocyclic
or bicyclic (e.g. naphthyl) aromatic ringswith side chains possessing
nitrogen atoms, for example D-ornithinyl-D-homophenylalanyl-
3-aminoquinoline14 and 1-(1-naphthylmethyl)-piperazine.15,16

Where synergy was confirmed in the MIC tests and was seen
with a combination of compound plus an antibiotic or ethidium
bromide, it was typically seen for NCTC strains of different
species. This suggests broad synergistic activity rather than
species-specific activity. However, these data require confir-
mation in studies with a larger number of strains of each
species. Two compounds, trimethoprim and epinephrine, consist-
ently showed synergy with antibiotics for most strains. The com-
binations did not show synergy for strains in which the
AcrAB-TolC efflux pump was inactive. These data suggest that
trimethoprim and epinephrine either inhibit expression of the
genes encoding AcrAB-TolC, as found for acrB and chlorproma-
zine,12 or interact with a component of the pump directly, as
for PAbN and MexB. These hypotheses are supported by data
showing that both compounds inhibited the efflux of Hoechst
33342. Whilst trimethoprim and epinephrine appear to be
structurally unrelated, they both possess an aromatic ring linked
througha chain toa basic nitrogen-containingmoiety: a pyrimidine
ring in the case of trimethoprim and a primary amine in the case of
epinephrine (Figure 1). These appear to be common features of
many EPIs, including PAbN, D-ornithinyl-D-homophenylalanyl-
3-aminoquinoline and 1-(1-naphthylmethyl)-piperazine. The pyri-
midine ring of trimethoprim also bears striking structural and
electronic similarity to the A-rings of theobromine and

Table 5. MIC (mg/L) of chloramphenicol and and ethidium bromide+the four most active compounds against Gram-negative bacteria

CHL plus EtBr plus

Strain CHL PAbNa Eneb Nrec TMPb Thec EtBr PAbNa Eneb Nrec TMPb Thec

L354 8 2 8 8 8 8 2048 1024 2048 2048 512 2048
L785 8 2 8 8 8 8 2048 2048 1024 2048 2048 2048
L828 8 2 8 8 8 8 2048 2048 1024 2048 1024 2048
L829 1 1 1 1 1 1 16 16 16 16 16 16
L831 2 2 2 2 2 2 64 16 64 64 64 64
L3 8 8 8 8 4 4 512 512 256 512 512 512
L10 32 8 16 32 16 16 2048 512 2048 2048 1024 2048
A1 4 1 2 4 2 4 2048 2048 2048 2048 2048 1024
B14 4 4 2 4 2 4 2048 2048 2048 2048 2048 1024
G1 64 16 64 64 64 64 2048 256 2048 2048 2048 2048
H42 128 32 64 128 64 64 2048 1024 1024 2048 1024 2048
H43 4 1 2 4 2 2 2048 1024 1024 2048 1024 2048
I114 4 1 4 4 4 4 256 128 256 256 256 256
J29 16 16 16 16 16 16 2048 2048 1024 2048 1024 1024

CHL, chloramphenicol; Ene, epinephrine; Nre, norepinephrine; TMP, trimethoprim; The, theobromine; EtBr, ethidium bromide.
Bold text indicates synergistic combinations.
aPAbN at 40 mg/L.
bTMP and Ene at 10 mg/L.
cNre and The at 100 mg/L.
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theophylline. A recent study by Bohnert et al.27 has shown that the
AcrB multidrug efflux pump protein contains a hydrophobic
phenylalanine-rich binding site. It is possible that aromatic

nitrogen-containing EPIs interact and bind at this site via p–p
interactions between their aromatic rings and those of the phenyl-
alanine residues.
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Figure 3. Fold change in accumulation of Hoechst 33342 (bis-benzimide)+epinephrine (Ene) or trimethoprim (TMP) after 10 min of exposure of
Salmonella Typhimurium strains L3, L10, SL1344, LT2 and ATCC 14028s (Table 1). All compounds were added at time zero. Hoechst 33342
(bis-benzimide) was added after 2 min.
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Figure 2. Accumulation of Hoechst 33342 (bis-benzimide)+epinephrine (Ene; 10 mg/L) or trimethoprim (TMP; 10 mg/L) over 25 min in Salmonella
Typhimurium SL1344. All compounds were added at time zero.
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Two compounds, epinephrine and norepinephrine, had little or
no effect upon the activity of ciprofloxacin for Salmonella Typhi-
murium ATCC 14028s. However, this combination was synergistic
against mutants lacking acrAB or tolC. These data suggest that
these compounds are substrates of the AcrAB-TolC efflux
pump. In the absence of a functional pump, these agents
accumulate within the bacterial cell and have an additive anti-
bacterial effect with ciprofloxacin. Furthermore, this suggests
that these two compounds have intrinsic antibacterial activity
and interact with an intracellular target.

Epinephrine is licensed for the treatment of anaphylactic
shock (type 1 hypersensitivity allergic reactions) and is a com-
ponent of the ‘Epi-pen’ (British National Formulary; BNF). It is
a catecholamine, which is a sympathomimetic monoamine
derived from the amino acids phenylalanine and tyrosine. The
concentration administered intramuscularly is 1 mg/L, but in a
medical emergency 100 mg/L is administered by slow intrave-
nous injection (BNF). Therefore, it is unlikely that a combination
of epinephrine plus an antibiotic would be licensed for use as
an anti-infective.

Trimethoprim is an inhibitor of dihydrofolate reductase. It is
usually administered as a combination antibiotic with another
inhibitor of folic acid biosynthesis, sulfamethoxazole (BNF).
Therefore, the synergistic and EPI-like behaviour of trimethoprim
with other antibiotics is interesting. Synergy of a quinolone with
trimethoprim has been reported previously for Gram-negative
and Gram-positive bacteria, although the mechanism has not
been explored.28,29 The combination of trimethoprim with
another antibiotic, e.g. sulfamethoxazole to give co-trimoxazole,
is a well-used combination in anti-infective chemotherapy and
so combination with another agent, such as a quinolone, may
be a viable option. Although the use of trimethoprim alone has
been associated with the selection of trimethoprim-resistant
bacteria, this was reduced when in combination with
sulfamethoxazole.

In conclusion, we have shown that much simpler
aromatic nitrogen-containing compounds than PAbN and
D-ornithinyl-D-homophenylalanyl-3-aminoquinoline, which are
already licensed for use in man, may warrant further analysis
as EPIs. The simplicity of the phenylethylamine and pyrimidine
moieties will make these compounds an attractive synthetic
target as EPIs.
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Aryldiketo Acids Have Antibacterial Activity Against MDR Staphylococcus
aureus Strains: Structural Insights Based on Similarity and Molecular
Interaction Fields
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Staphylococcus aureus is a major community- and hospital-
acquired pathogen.[1] Reports of resistance to antibiotics, in-
cluding the fluoroquinolone class,[2] have placed a greater em-
phasis on the development of new drugs for the treatment of
both methicillin- (MRSA) and multidrug-resistant (MDR)
S. aureus strains. Recently, mixed quinolonediketo acid deriva-
tives, which are based on the scaffold of fluoroquinolone anti-
biotics, were shown to exert significant anti-HIV-1 potency.[3]

The g-diketo moiety is also found in tetracycline, and is there-
fore potentially important for antibacterial activity. GS-9137 (el-
vitegravir, CAS 697761-98-1), a 4-quinolone-3-carboxylic acid-
based HIV-1 integrase inhibitor is presently in phase III clinical
trials.[4] The similarity between these two scaffolds (Figure 1),

both of which are integrase inhibitors, inspired our study of ar-
yldiketo acids (ADK) as potential antibacterial agents. To the
best of our knowledge, the antibacterial activity of ADK, the
scaffold of an important class of HIV-1 integrase inhibitors,[5]

has not been reported in the literature so far.

4-Phenyl-2,4-dioxobutanoic acids (1–19) were tested for anti-
bacterial activity against clinical isolates of MDR bacterial
strains (Table 1). The synthesis and characterisation of 1–7, 13–
19 was previously reported.[6,7] Characterisation data for 8–12

and 20 are given in the Supporting Information. All com-
pounds (1–10, 12–20) were initially tested for their antibacteri-
al activity against SA-1199B, a strain of S. aureus possessing the
NorA MDR efflux protein that confers resistance to hydrophilic
fluoroquinolones, including norfloxacin.[8] Minimum inhibitory
concentration (MIC) values were also compared with those of
norfloxacin (21),[8] tetracycline, erythromycin and reference flu-
oroquinolone antibiotics, ciprofloxacin (22), levofloxacin (23)
and moxifloxacin (24)[9] (scheme 1S in the Supporting Informa-
tion).

Figure 1. Scaffolds of a) prevailing keto-enol form of ADKs[67] and b) fluoro-
quinolone antibiotics, including substituent numeration.

Table 1. Structures and antibacterial activities of ADKs 1–20 against se-
lected MDR S. aureus strains.

Compd R MIC [mm]
SA-

1199B[a]

IS-
58

XU-
212

RN-
4220

CD-
1281

ATCC-
25923

EMRSA-
15

1 H >2660 – – – – – –
2 4-Me >2480 – – – – – –
3 4-Et >2320 – – – – – –
4 4-iPr >2320 – – – – – –
5 4-tBu 1030 – – – – – –
6 2,5-di-Me >2320 – – – – – –
7 3,4-di-Me >2320 – – – – – –
8 2,4-di-iPr 232 116 464 232 232 232 232
9 2,5-di-iPr 232 232 464 464 464 464 464
10 2,4,6-tri-Et 116 232 232 232 232 232 232
11b 2,4,6-tri-iPr – – – – – – –
12 4-Ph 477 – – – – – –
13 b-naphthyl >2110 – – – – – –
14 3-OH >2460 – – – – – –
15 4-OH >2460 – – – – – –
16 4-MeO >2300 – – – – – –
17 4-NO2 >2160 – – – – – –
18 4-F >2440 – – – – – –
19 4-Cl >2260 – – – – – –
20 4-(1H-

indol-3-yl)
>2220 – – – – – –

Norfloxacin[c] 106 – – – – 6.6 3.3
Tetracycline[c] – 72 288 – 72 – –
Erythromycin[c] – – – 175 – – –

[a] Compounds that exerted an MIC against SA-1199B in concentrations
higher than 400 mm were not screened against other strains. [b] Com-
pound was unstable. [c] The MIC determination for these compounds
was measured only against relevant resistant strains. – Not measured.
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The most promising potency against bacterial strains overex-
pressing efflux pumps was observed for compounds 8–10,
with MIC values comparable to clinically used antibiotics sus-
ceptible to MDR. Compounds 5 and 12 exhibited only moder-
ate potency against SA-1199B and were not subjected to stud-
ies against other strains. The MIC value of the most potent ar-
yldiketo acids (8–10, 12) did not change significantly against
strains overexpressing efflux pumps or for the standard labora-
tory strain (ATCC25923); this indicates that the compounds are
possibly not substrates for these efflux pumps. Compounds 8
and 10 were twice as potent as erythromycin and/or tetra-
cycline against bacteria resistant to those antibiotics.

The whole set (1–20) was also tested for the ability to mod-
ulate the activity of norfloxacin against the norfloxacin-resist-
ant NorA-overexpressing strain SA-1199B. The results are given
in Table 2; only compounds that had any potentiating effect

are given. The presence of several compounds at 25% of their
MIC (max 100 mgmL�1) improved the potency of norfloxacin
(21) by decreasing its MIC value to 53 mm. A further decrease
in the concentrations of 15 and 17 did not affect their modula-
tion ability, while compounds 7, 12 and 20 lost their ability to
modulate norfloxacin activity at a lower concentration.

Six compounds were selected from for evaluation in a cyto-
toxicity assay: compounds 8, 10, 12 with antibacterial activity
(MIC) values lower than 400 mm ; compounds 15, 17 able to po-
tentiate the antibacterial action of 21; indolyl derivative 20. All
tested compounds inhibited 90% of healthy human cell
growth at concentrations higher than their MIC value (Support-
ing Information). A moderate selectivity was observed that
could potentially be improved by appropriate structural modi-
fications on the aryl ring.

A common feature for the activity of the two classes of drug
is the requirement for metal complexation. Inhibition of HIV-1
integrase by aryldiketo acids is mediated by Mg2+ ion com-
plexation to the diketo moiety.[10] We reported the influence of
the phenyl substitution pattern in aryldiketo acids on Mg2+

complexation.[7] In a similar manner, Mg2+ bound to the fluoro-

quinolone carboxylic acid group at position 3 is necessary for
the interaction with prokaryotic gyrase A (GyrA).[11] Notably,
ionisation constants for moieties responsible for Mg2+ binding
in fluoroquinolone antibiotics and aryldiketo acids are similar.
Ionisation constants of 5, 8–10, 12, 15, 17, 19, 21–24 are given
in Table 3. pKa values of 5, 8–10, 15, 17, 19, were experimental-
ly obtained, pKa of 12 was calculated by MoKa, while values of
21–24 were taken from the literature.

Furthermore, structural similarity between 1–20 and norflox-
acin 21 was observed by overlaying the representative confor-
mations of the monoanions of 1–20 generated by OMEGA,[12]

with the representative conformations of 21 in its zwitterionic
form, using ROCS.[13] Visual analysis of the overlays was carried
out,[14] and a qualitative correlation between the overlap of im-
portant pharmacophoric features of 21[15,16] with 1–20, and
their antibacterial potency was observed (overlaid 3D struc-
tures in msv file format are available as Supporting Informa-
tion). Substituents in positions 1, 3, 4 and 7 of the quinolone
core (Figure 1) are a prerequisite for antibacterial activity. The
C(O)CH=C(OH)COO� moiety of 1–20 overlaps well with the
3-carboxylate and 4-carbonyl positions of the norfloxacin core,
which are responsible for binding to cleaved or perturbed
DNA and are critical for antimicrobial activity.

Compounds only exhibited notable antibacterial activity if
there was additional overlap with the other two pharmaco-
phoric points of 21, the R1 ethyl moiety responsible for hydro-
phobic interaction with the major grove of DNA, and R7 pipera-
zinyl moiety that directly interacts with GyrA or topoisomera-
se IV. The ortho-phenyl substituents of compounds 8–10 over-
lap with the important R1 of 21; those compounds possess
MIC values between 116 and 232 mm. As the overlap decreases,
and the R1 position is no longer mimicked, the potency de-
creases as can be seen for 12 and 5, with MIC values of 477
and 1030 mm, respectively. Activity diminishes for the remain-
ing compounds lacking phenyl substituents able to overlay the

Table 2. Antibacterial activity of norfloxacin against norfloxacin-resistant
NorA-overexpressing S. aureus strain SA-1199B in the presence of ADKs at
two different concentrations.

Compd[a] R ADK [mm] MIC [mm]

Norfloxacin – 106
7 3,4-di-Me 454 53

50 106
12 4-Ph 119 53

50 106
15 4-OH 240 53

50 53
17 4-NO2 211 53

50 53
20 4-(1H-indol-3-yl) 430 53

50 106

[a] No improvement in antibacterial activity of norfloxacin was observed
for compounds 1–6, 8–11, 13–14, 16, 18–19.

Table 3. Ionisation constants of 5, 8–10, 12, 15, 17, 19, 21–24.

Compd pKa1 pKa2 pKa3 HA� (%)[c] A2� (%)[c] Ref.

5 2.21�0.03 7.77�0.06 – 72.45 27.55 [6]
8 2.04�0.04 7.29�0.03 – 46.51 53.49 –
9 2.33�0.03 7.13�0.04 – 37.59 62.41 –

10 1.99�0.03 6.72�0.03 – 18.98 81.02 –
12 2.35�0.33a 6.94�0.59a – 28.01 71.99 –
15 2.29�0.05 7.73�0.01 – 70.42 29.58 [6]
17 1.87�0.06 6.63�0.02 – 83.92 16.03 [6]
19 2.09�0.04 7.30�0.03 – 47.17 52.83 [6]

21 – 6.32�0.005 8.56�0.005 Zwitterion [18]
22 – 6.23�0.004 8.58�0.004 Zwitterion [18]
23 – 6.24�0.02 8.26�0.05 Zwitterion [18]
24 – 6.25�0.02 9.29�0.04 Zwitterion [19]

[a] Estimated by MoKa v1.0.9;[20] [b] For compounds 21–24 pKa2 and pKa3

refers to ionisations of carboxyl group at C3 and distal nitrogen of heter-
oalicyclic ring at C7, respectively;[21] [c] % of HA� refers to the estimated
percentage of monoanionic form, % A2� refers to the estimated percent-
age of dianionic form at physiological pH (7.35).
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R1 and R7 positions of 21 (msv files showing overlaid structures
of 21/15 and 21/17 can be found in the Supporting Informa-
tion).

Further SAR analysis was carried out by including factors
other than shape similarity. The protonation states under phys-
iological pH (Table 3) of 5, 8–10, 12, 15, 17, 19, 21–24 were
considered as more accurate representation of pH effects on
conformation. The molecular interaction fields (MIF) of the
active ADKs were compared to those of the fluoroquinolones.
The alignment-free 3D QSAR models developed on the basis
of GRid INdependent Descriptors (GRIND)[17] were built to pro-
vide quantitative representation of pharmacophoric points
that are common for these two classes of compounds. The
best model was obtained with active molecules (5, 8–10, 12,
15, 17, 19) and reference commercial antibiotics (21–24) in
ionised form at physiological pH (7.35). A necessary approxi-
mation was introduced during in silico structure preparation; if
a particular molecule (5, 8–10, 12, 15, 17, 19) under physiolog-
ical pH existed in more than 50% in the A2� form, this mole-
cule was considered to be a dianion. The remaining molecules
in the set were treated as monoanions (HA�). The most favour-
able interaction regions extracted from molecular interaction
fields obtained with N1, DRY and TIP probes (hydrogen bond
donor (HBD), hydrophobic and shape, respectively) were corre-
lated with potency of compounds by partial least square (PLS)
analysis, and a corresponding PLS coefficient plot is shown in
Figure 2. Information about statistics of the model, observed
versus calculated log (1/MIC), and detailed descriptions of moi-
eties associated with variables with a high impact on the
model and association of variables to particular compounds

are given in the Supporting In-
formation. For comparison, a
similar model that included the
same molecules in their neutral
form is also discussed in the
Supporting Information.

A structural similarity between
moieties of the studied aryldike-
to acids (5, 8–10, 12, 15, 17, 19)
and fluoroquinolone antibiotics
(21–24) was observed and all of
those similar regions were posi-
tively correlated with potency.
Similarity between the 4-phenyl-
4-oxo-2-butenoic moiety of the
aryldiketo acids and the quino-
lone core of compounds 21–24
is shown by variables DRY–DRY
24 and 25 (Figure 3a and b).
One node of the variable is posi-
tioned in proximity to the
phenyl rings of both the ADK
and quinolone core (interaction
energy (IE)=�1.76 kcalmol�1),
while the other node is posi-
tioned in proximity to the 4-oxo-
2-butenoic moiety or pyridone

C=C double bonds (IE=�2.08 kcalmol�1).
The spatial arrangement between the carboxyl group and

the ortho-alkyl substituent of aryldiketo acids 8–10 is similar to
the arrangement of the quinolone core 3-carboxyl group and
the alkyl substituent in its position 1 (Figure 3c and d), as de-
picted by the variable TIP–TIP 31.

The similarity between the aroyl moiety (Ar�C(O)�) of the
ADKs and the quinolone moiety of compounds 21–24 is de-
scribed by the variable DRY–N1 22 (Figure 4). For aryldiketo
acids, the N1 node is associated with the aroylketo group,
while the DRY node (IE=�3.03 kcalmol�1) is associated with
the phenyl ring of ADKs. For the fluoroquinolone molecules,
the N1 node (IE=�6.60 kcalmol�1) is associated with the keto
group in position 3, while the DRY node is situated in close
proximity to both the aromatic quinolone core and the alkyl
substituent in position 1.

The distinction between fluoroquinolones 21–24 and the ar-
yldiketo acids is given by the variable N1–TIP 58. The non-zero
value of this variable is found only for the fluoroquinolones
(table 7S in the Supporting Information). ADKs, in both neutral
and ionised forms, with longer or branched ortho-alkyl sub-
stituents on the phenyl ring (8–10), adopted conformations
that matched well with the quinolone core and the 1-, 3-, and
4-substituents of compounds 21–24. Along with the quinolone
7-substituent, these are the most important moieties of of the
fluoroquinolones, responsible for antibacterial activity.

Although the inclusion of the MG+2 probe (Mg2+ ion) did
not improve the ALMOND models, it was found that the most
favourable interaction regions of this probe with both aryldike-
to acids and fluoroquinolones are located in proximity to the

Figure 2. PLS coefficient plot (2 PC) of the ALMOND model show which GRIND variables are correlated to the po-
tency of 5, 8–10, 12, 15, 17, 19 and 21–24, in their ionised forms against SA-1199B. MIF regions around molecules
associated with variables are given in Figures 3 and 4, as well as in panels I and II in the Supporting Information.
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aromatic rings of 1–24. The carboxylate moieties of both aryl-
diketo acids and fluoroquinolones, which bind the Mg2+ ion in
the active sites of their respective target enzymes, have to

some extent less favourable in-
teraction energies. Similarities of
the GRID MG+2 probe isocon-
tour levels on slightly less fa-
vourable (less negative) interac-
tion energies are given in
Figure 5. So far, only one com-
plex of an aryldiketo acid with
the Mg2+ ion has been report-
ed.[22] In this complex, the spatial
arrangement of the diketo acid
C(O)CH=CH(OH)COOH moiety
and the Mg2+ ion is almost iden-
tical to the region around the ar-
yldiketo acids reported here, as
predicted by the GRID Mg+2
probe (see 3D msv and mol2
files in the Supporting Informa-
tion for examples). The observed
regions of MG+2 probe favour-
able interactions will be the sub-
ject of a further study.

The potentiation ability of
compounds 7, 12, 15, 17 and
20, can not be explained by the
possible complex formation be-
tween 21 and ADKs (Supporting
Information).[23] The loss of po-
tentiation with decreased com-
pound concentrations indicates
that competitive binding of aryl-
diketo acids might be responsi-
ble for overcoming the efflux
pumps. The examined aryldiketo
acids probably bind to the efflux
pumps in a similar position to
norfloxacin (21) prior to removal
from the cell, emphasising the
importance of similarities be-
tween norfloxacin (21) and com-
pounds 15 and 17.

The antibiotic activity of aryl-
diketo acids has been reported
here for the first time. Some
compounds have antibiotic ac-
tivity against MDR S. aureus
strains comparable to norfloxa-
cin; furthermore, other com-
pounds have the ability, albeit
weak, to potentiate the activity
of norfloxacin against effluxing
strains. Similarity studies have re-
vealed the importance of the
nature of substituents and their

position on the aryldiketo acid phenyl moiety on the type of
activity (antibacterial/MDR modulation) and their potency. This
class of compounds could be a good platform for designing

Figure 3. Favourable interaction fields with hydrophobic (up) and shape probes (down). Variable DRY–DRY 25 for
a) 9 and b) 22 in their ionised forms at physiological pH. Variable TIP–TIP 31 for c) 10 and d) 21 in their ionised
forms at physiological pH.

Figure 4. Variable DRY-N1 22 for a) 10 and b) 22 in their ionised forms at physiological pH.

Figure 5. MG+2 GRID probe isocontour levels on �22.2, �4.2 kcalmol�1 for 10 and 21, respectively, in their ioni-
sation states at physiological pH (7.35).
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novel therapeutics that are able to act alone or in synergy with
other antibiotics, namely fluoroquinolones. The design, synthe-
sis and evaluation of novel congeners is currently underway.
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a b s t r a c t

As part of an ongoing project to identify oligosaccharides which modulate bacterial multidrug resistance,
the CHCl3-soluble extract from flowers of a Mexican arborescent morning glory, Ipomoea murucoides,
through preparative-scale recycling HPLC, yielded five lipophilic tetrasaccharide inhibitors of Staphylo-
coccus aureus multidrug efflux pumps, murucoidins XII–XVI (1–5). The macrocyclic lactone-type struc-
tures for these linear hetero-tetraglycoside derivatives of jalapinolic acid were established by
spectroscopic methods. These compounds were tested for in vitro antibacterial and resistance modifying
activity against strains of Staphylococcus aureus possessing multidrug resistance efflux mechanisms. Only
murucoidin XIV (3) displayed antimicrobial activity against SA-1199B (MIC 32 lg/ml), a norfloxacin-
resistant strain that over-expresses the NorA MDR efflux pump. The four microbiologically inactive
(MIC > 512 lg/ml) tetrasaccharides increased norfloxacin susceptibility of this strain by 4-fold (8 lg/ml
from 32 lg/ml) at concentrations of 25 lg/ml, while murucoidin XIV (3) exerted the same potentiation
effect at a concentration of 5 lg/ml.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

All Mexican medicinal arborescent members of the genus Ipo-
moea (Convolvulaceae) share two therapeutic properties: the raw
flowers, used antiseptically, are rubbed directly on skin infections,
itching and rashes, and as decoctions, plasters and poultices, and
in some instances the leaves, stem and bark are used for rheuma-
tism, inflammation, andmuscular pain (Chérigo and Pereda-Miran-
da, 2006). ‘‘Cazahuate”, Nahuatl (Aztec language) for ‘‘tree to cure
mange”, is the vernacular name in contemporary Mexican Spanish
for this group of arborescent species belonging to the genus Ipomoea
series Arborescentes, e.g., Ipomoea murucoides Roem. et Schult. In
the 16th century account of Mexican pre-Hispanic herbolaria ‘‘De
la Cruz-Badiano Codex” (Emmart, 1940), the antiseptic properties
for this medicinal plant complex are confirmed in a description of
how Aztec healers used this herbal drug to prevent hair loss.

Murucoidins, a series of related lipophilic pentasaccharides of
jalapinolic acid, were first reported in the chemical analysis of re-
sin glycosides from this crude drug (Chérigo and Pereda-Miranda,
2006). A second investigation followed for the identification of
new resin glycoside inhibitors of bacterial growth and in some in-
stances inhibitors of multidrug efflux to treat infections resulting
from multidrug-resistant S. aureus strains. All tested murucoidins
exerted a potentiation effect of norfloxacin against the NorA
over-expressing strain SA-1199B by increasing the activity 4-fold

(8 lg/ml from 32 lg/ml) at concentrations of 5–25 lg/ml (Chérigo
et al., 2008). This work was undertaken to increase the recognition
of chemical diversity of the target oligosaccharides which modu-
late bacterial multidrug resistance, basically by isolating com-
pounds from a new plant collection of I. murucoides that
displayed variations in its resin glycoside composition.

2. Results and discussions

CHCl3-soluble extracts of a new collection of the crude drug
‘‘Cazahuate” were compared by C18 reversed-phase HPLC with ref-
erence solutions of the previously reported resin glycosides from
this species (Chérigo et al., 2008). This analysis confirmed a higher
complexity in their composition and allowed the detection of the
known pentasaccharides stoloniferin I, pescaprein III, intrapilosin
I, and murucoidins I–V, as well as five new constituents, murucoi-
dins XII–XVI (1–5) which were separated and purified by using a
recycling HPLC technique (Pereda-Miranda and Hernández-Carlos,
2002). Several NMR techniques and FABMSwere used to character-
ize their structures which were found to be macrolactones of the
known operculinic acids C and E, linear hetero-tetraglycosides of
jalapinolic acid, with n-dodecanoic or (2S)-methylbutyric acids
esterifying the C-2 or C-3 positions on the second rhamnose unit
of the oligosaccharide core and (2S)-methylbutyric acid at C-4 on
the third rhamnose moiety.

A small portion of the glycosidicmixturewas saponified to liber-
ate an H2O-soluble mixture of five oligosaccharides of jalapinolic
acid: the major products were identified as operculinic acid A and
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simonic acidsAandBbyHPLC retention timecomparisonwith those
of authentic samples (Chérigoet al., 2008). Twoadditional glycosidic
acids represented minor constituents and were characterized as
operculinic acid C: (11S)-hydroxyhexadecanoate 11-O-a-L-rhamno-
pyranosyl-(1? 4)-O-a-L-rhamnopyranosyl-(1? 4)-O-a-L-rhamno-
pyranosyl-(1? 2)-b-D-fucopyranoside, and operculinic acid E:
(11S)-hydroxyhexadecanoate 11-O-a-L-rhamnopyranosyl-(1? 4)-
O-a-L-rhamnopyranosyl-(1? 4)-O-a-L-rhamnopyranosyl-(1? 2)-
b-D-glucopyranoside, both previously isolated from I. operculata
(Ono et al., 1989). Evidence for the absolute stereochemistry of the
sugars, the configuration of the anomeric linkages as well as the se-
quence of glycosidation was published when their oligosaccharide
cores were first elucidated (Ono et al., 1989, 1990). Sugar analysis
confirmed that allmonosaccharideswere in ther naturally occurring
form as previously described (Chérigo et al., 2008).

Negative-ion FAB mass spectra generated by murucoidins XII
and XIII (1–2) were found to be very similar, with a pseudomolec-
ular [M–H]� ion at m/z 1119, and therefore these constituents rep-

resented diastereoisomeric tetrasaccharides of molecular formula
C57H100O21. Compounds 3 afforded a FAB mass spectrum with the
[M–H]� ion at m/z 1103 (C57H99O20). Careful analysis of the nega-
tive FABMS generated by these tetrasaccharides 1–3 confirmed
the nature of the oligosaccharide core for each glycolipid. The ob-
served difference of 16 mass units in all diagnostic fragments for
3 in relation with 1 and 2 indicated the presence of a 6-deoxy-hex-
ose (fucose) instead of the hexose unit (glucose). The initial loss of
the dodecanoyl group afforded a peak at m/z 937 in 1 and 2 repre-
senting [M–H–C12H22O]�, while the same elimination in 3 afforded
the peak at m/z 921. The subsequent elimination of the methylbu-
tyroyl unit (84 mass units) in 1 and 2 afforded a peak at m/z 853
[937–C5H8O]�, and the peak m/z 837 in 3. The ions produced by
the rupture of each of the glycosidic linkages afforded the series
of peaks at m/z 707, 561, 433 and 271 in 1 and 2 and at m/z 691
[1067–2 � 146 (C6H10O4)–C5H8O]�, 545 [691–146 (C6H10O4)]�,
which indicated that the lactonization was located at the first
rhamnose unit (Rha), 417 [545 + H2O – 146 (C6H10O4)]�, and 271

Table 1
1H (500 MHz) NMR spectroscopic data of compounds 1–5 (pyridine-d5).a

Protonb 1 2 3 4 5

glc-1 4.99 d (8.0) 5.00 d (8.0)
2 4.30* dd (8.0, 8.0) 4.30* dd (8.0, 8.0)
3 4.30* dd (8.0, 8.0) 4.30* dd (8.0, 8.0)
4 4.17 dd (9.0, 9.0) 4.16 dd (9.0, 9.0)
5 3.90* 3.90 ddd (2.0, 5.5, 9.0)
6a 4.38 dd (5.6, 12.0) 4.40* m
6b 4.52 dd (2.8, 12,0) 4.52 dd (3.0, 11.7)

fuc-1 4.79 d (7.5) 4.69 d (7.5) 4.73 d (7.5)
2 4.54dd (7.5, 9.5) 4.14 dd (7.5, 9.5) 4.14 dd (7.5, 9.5)
3 4.19 dd (3.0, 9.5) 4.00 dd (3.0, 9.5) 4.07 dd (3.0, 9.5)
4 3.92* 3.97 m 3.97 brs
5 3.82 dq (1.0, 6.5) 3.72 dq (1.0, 6.5) 3.77 dq (1.0, 6.5)
6 1.52 d (6.5) 1.50 d (6.5) 1.50 d (6.5)

rha-1 6.49 d (1.0) 6.51 d (1.5) 6.39 d (2.0) 5.49 d (2.0) 5.47 d (2.0)
2 5.28 dd (1.0, 3.0) 5.25 dd (1.5, 3.0) 5.25 dd (2.0, 3.0) 5.92 dd (2.0, 3.5) 5.90 dd (2.0, 3.5)
3 5.59 dd (3.0, 9.5) 5.69 dd (3.0, 9.5) 5.66 dd (2.5, 9.5) 4.99 dd (3.5, 9.5) 5.00 dd (3.5, 9.5)
4 4.63 t (9.5) 4.76 t (9.5, 9.5) 4.71 t (9.5) 4.20 t (9.5) 4.22 t (9.5)
5 5.08 dq (6.5, 9.5) 5.16 dq (6.5, 9.5) 5.08 dq (6.0,9.5) 4.45 dq (6.5, 9.5) 4.45 dq (9.5, 6.5)
6 1.75 d (6.5) 1.75 d (6.5) 1.59 d (6.0) 1.64 d (6.5) 1.63 d (6.5)

rha0-1 5.57 d (1.5) 5.91 d (1.5) 5.89 d (1.5) 6.01 d (2.0) 6.16 d (2.0)
2 5.78 dd (1.5, 3.5) 4.71 dd (1.5, 3.0) 4.70 dd (1.5, 3.0) 5.95 dd (2.0, 3.5) 4.87 dd (2.0, 3.0)
3 4.59 dd (3.5, 9.5) 5.72 dd (3.0, 9.5) 5.71 dd (3.0, 9.5) 4.66 dd (3.5, 9.5) 5.74 dd (3.0, 9.5)
4 4.26 t (9.5, 9.5) 4.57 t (9.5, 9.5) 4.56 t (9.5, 9.5) 4.24 t (9.5, 9.5) 4.58 t (9.5, 9.5)
5 4.37 dq (6.0, 9.5) 4.43 dq (6.5, 9.5) 4.40 dq (6.0, 9.5) 4.38 dq (6.5, 9.5) 4.42 dq (6.5, 9.5)
6 1.69 d (6.0) 1.61 d (6.5) 1.58 d (6.0) 1.71 d (6.5) 1.65 d (6.5)

rha00-1 6.16 d (1.5) 5.68 d (1.5) 5.68 d (1.5) 6.13 d (1.5) 5.75 d (1.5)
2 4.77 dd (1.5, 3.0) 4.47 dd (1.5, 3.0) 4.46 dd (1.5, 3.5) 4.81 brs 4.53 brs
3 4.48 dd (3.0, 9.5) 4.40* m 4.38 dd (3.5, 9.5) 4.55 dd (3.0, 9.5) 4.47 dd (3.0, 9.5)
4 5.80 t (9.5) 5.76 t (9.5) 5.75 t (9.5, 9.5) 5.83 t (9.5, 9.5) 5.79 t (9.5, 9.5)
5 4.41 dq (6.0, 9.5) 4.32 dq (6.5, 9.5) 4.30 dq (6.0, 9.5) 4.43 dq (6.5, 9.5) 4.34 dq (6.5, 9.5)
6 1.44 d (6.0) 1.36 d (6.5) 1.35 d (6.0) 1.44 d (6.5) 1.35 d (6.5)

jla-2a 2.24 ddd (3.0, 8.0, 11.7) 2.13 ddd (3.7, 7.8, 11.5) 2.14 ddd (3.5, 7.0, 12.0) 2.22 ddd (3.5, 7.0, 12.0) 2.21 ddd (3.7, 8.0, 11.5)
2b 2.72 ddd (3.0, 8.0, 11.7) 2.25 ddd (3.7, 7.8, 11.5) 2.23 ddd (3.5, 7.0, 12.0) 2.44 ddd (3.5, 7.0, 12.0) 2.35 ddd (3.7, 8.0, 11.5)
11 3.90* 3.96 m 3.92* 3.84 m 3.85 m
16 1.00 t (7.0) 0.99 t (7.0) 0.99 t (7.0) 0.88 t (7.0) 0.88 t (7.5)

mba-2 2.52 tq (7.0, 7.0) 2.48 tq (7.0, 7.0) 2.47 tq (7.0,7.0) 2.40 tq (7.0, 7.0) 2.45* tq (7.0, 7.0)
2-Me 1.22 d (7.0) 1.20 d (7.0) 1.20 d (7.0) 1.21 d (7.0) 1.19 d (7.0)
3-Me 0.95 t (7.5) 0.92 t (7.5) 0.92 t (7.5) 0.94 t (7.5) 0.91 t (7.5)
mba0-2 2.51 tq (7.0, 7.0) 2.45* tq (7.0,7.0)
2-Me 1.08 d (7.0) 1.13 d (7.0)
3-Me 0.85 t (7.5) 0.86 t (7.5)

dodeca-2a 2.27 ddd (7.5, 7.5, 15.0) 2.30 ddd (7.5, 7.5, 15.0) 2.27 ddd (7.0, 7.0, 15.0)
2b 2.35 ddd (7.5, 7.5, 15.0) 2.39 ddd (7.5, 7.5, 15.0) 2.38 ddd (7.0, 7.0, 15.0)
12 0.87 t (7.5) 0.87 t (7.0) 0.88 t (7.5)

a Chemical shifts (d) are in ppm relative to TMS. The spin coupling (J) is given in parentheses (Hz). Chemical shifts marked with an asterisk (*) indicate overlapped signals.
Spin-coupled patterns are designated as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, brs = broad singlet.

b Abbreviations: fuc = fucose; rha = rhamnose; glc = glucose, jal = 11-hydroxyhexadecanoyl; mba = methylbutanoyl, dodeca = dodecanoyl.
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[417–146 (C6H10O4) ]� in 3, as previously reported for related tetra-
saccharides of the tricolorin series (Bah and Pereda-Miranda, 1996).
Therefore, operculinic acid E represented the oligosaccharide core
for compounds 1 and 2 and operculinic acid C for 3. A similar diaste-
reoisomerism was observed for murucoidins XV (4) and XVI (5).
Both compounds were also macrolactone derivatives of operculinic
acid C and displayed in the negative-ion FAB mass spectrum a
pseudomolecular [M–H]� ion at m/z 1005, which allowed for the
calculation of a molecular formula of C50H86O20. The initial elimina-
tion of two methylbutyroyl units produced the peaks at m/z 921
[M–H–C5H8O]- and 837 [921–C5H8O]�. The lactonization was also
located at the first rhamnose unit (Rha) by the observed peak at
m/z 545, as previously reported (Pereda-Miranda et al., 2005) for re-
lated pentasaccharides of themurucoidin (Chérigo and Pereda-Mir-
anda, 2006) and pescaprein series (Pereda-Miranda et al., 2005).
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The 1H NMR spectrum of these compounds showed signals of four
anomeric protons, and when compared with the values previously
reported for operculinic acids C and E (Ono et al., 1989), exhibited
the acylation shifts for H-3 of Rha, H-2 or H-3 of Rha0, and H-4 of
Rha00. HMBC studies using long-range heteronuclear coupling cor-
relation (2,3JCH) provided evidence for the location of each ester
substituent at the oligosaccharide core (Duus et al., 2000; Pere-
da-Miranda and Bah, 2003). Thus, the site of lactonization by the
aglycone for compounds 1–3 (dC-1 174) could be placed at C-3
(dH 5.59–5.69) of the second saccharide (Rha), while for com-
pounds 4 and 5, the lactonization by the aglycone (dC-1 173) was
placed at C-2 (dH 5.90) of the same sugar unit; a methylbutyroyl
group (dC-1 176) was located at C-4 of Rha00 (dH 5.75–5.83) in all
murucoidins; and the additional acyl substituent, dodecanoic acid
(dC-1 173) in compounds 1–3, or methylbutyric acid (dC-1 176) in
compounds 4 and 5, exhibited a 3JCH coupling with either H-2
(dH 5.72 in compound 1 and dH 5.95 in compound 4) or H-3 (dH
5.71–5.74 in compounds 2, 3, and 5) signal of Rha0.
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Table 2
13C (125 MHz) NMR spectroscopic data of compounds 1–5 (pyridine-d5).a

Carbonb 1 2 3 4 5

glc-1 101.4 101.5
2 75.1 75.0
3 79.8 79.8
4 72.0 72.0
5 78.2 78.3
6 62.8 62.8

fuc-1 101.7 104.4 104.2
2 73.1 79.9 80.1
3 76.9 73.5 73.4
4 73.6 72.9 72.9
5 71.2 70.9 70.8
6 17.2 17.4 17.3

rha-1 100.2 100.3 100.3 98.6 98.5
2 69.5 69.6 69.7 73.7 73.9
3 77.9 78.9 78.9 69.9 70.2
4 79.3 76.2 76.1 80.8 80.9
5 67.9 67.6 67.4 68.7 68.7
6 19.2 19.5 19.3 19.3 19.3

rha0-1 100.7 102.6 102.5 100.2 103.3
2 74.3 70.4 70.4 73.9 69.8
3 70.8 75.6 75.5 70.7 75.8
4 80.8 78.4 78.3 80.8 78.1
5 68.5 69.1 69.0 68.6 68.7
6 18.7 18.5 18.5 18.9 18.8

rha00-1 103.7 103.7 103.7 103.8 103.2
2 72.3 72.7 72.6 72.4 72.7
3 70.2 70.1 70.0 70.3 70.1
4 75.1 74.8 74.7 75.2 74.7
5 68.0 68.2 68.1 68.1 68.1
6 17.9 17.9 17.8 18.0 17.8

jal-1 174.9 174.4 174.4 173.1 173.0
2 34.2 34.6 34.6 34.3 34.2
11 79.3 79.8 79.8 82.4 82.4
16 14.6 14.6 14.6 14.3 14.3

mba-1 176.3 176.3 176.3 175.9 176.0
2 41.6 41.5 41.5 41.6 41.5
2-Me 17.0 17.0 17.0 16.7 16.9
3-Me 11.8 11.8 11.7 11.6 11.7

mba’-1 176.4 176.3
2 41.3 41.5
2-Me 17.1 16.8
3-Me 11.8 11.6

dodeca-1 173.2 172.6 172.6
2 34.4 34.5 34.4
12 14.3 14.3 14.3

a Chemical shifts (d) are in ppm relative to TMS.
b Abbreviations: fuc = fucose; rha = rhamnose; glc = glucose, jal = 11-hydroxy-

hexadecanoyl; mba = methylbutanoyl; dodeca = dodecanoyl.
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Only murucoidins XIV (3) displayed antimicrobial activity at the
concentration tested against SA-1199B (MIC 8 lg/ml), a Staphylo-
coccus aureus strain that over-expresses the NorA MDR efflux pump.
All of the murucoidins strongly potentiated the action of norfloxacin
against this NorA over-expressing strain (Gibbons et al., 2003; Olu-
watuyi et al., 2004) in experiments using a sub-inhibitory concen-
tration of these oligosaccharides (Table 3). Compounds 1–5
exerted a potentiation effect which increased the activity of norflox-
acin by 4-fold (8 lg/ml; from 32 lg/ml) at concentrations of 5–
25 lg/ml. These increments in norfloxacin susceptibility were sim-
ilar to those observed for the orizabins, tetrasaccharides from the
resin glycoside mixture of Mexican scammony (Ipomoea orizaben-
sis), and the lipophilic pentasaccharides previously isolated from I.
murucoides (Chérigo et al., 2008; Pereda-Miranda et al., 2006). These
compounds are amphiphilic with very similar logP values and they
could cause non-specific membrane disruption, however if this was
the case, all of these molecules would be active and the norfloxacin
modulating activity could not be observed.

3. Concluding remarks

This is the first report of the presence of tetraglycosidic lactones
of jalapinolic acid in a tree-like morning glory species since the
section Arborescentes is characterized by the presence of pentasac-
charides (Chérigo and Pereda-Miranda, 2006; Bah et al., 2007). The
observed variation in the resin glycoside composition of I. muruco-
ides flowers seems to depend on the geographical distribution of
this species and deserves further studies.

The potential use as therapeutic agents of this class of bacterial
resistance modifiers for new efflux pump inhibitors is under inves-
tigation in view of the fact that by combining these plant non-cyto-
toxic products with commercial antibiotics could facilitate the
reintroduction of ineffective antibiotics into clinical use for the
treatment of refractive infections caused by multidrug-resistant
S. aureus strains.

4. Experimental

4.1. General experimental procedures

All melting points were determined on a Fisher–Johns appara-
tus and are uncorrected. Optical rotations were measured with a
Perkin–Elmer model 241 polarimeter. 1H (500 MHz) and 13C
(125.7 MHz) NMR experiments were conducted on a Bruker

DMX-500 instrument. The NMR techniques were performed in
accordance with previously described methodology (Bah and Pere-
da-Miranda, 1996). Negative-ion low and high-resolution FAB–MS
were recorded using a matrix of triethanolamine on a JEOL SX-
102A spectrometer. The instrumentation used for HPLC analysis
consisted of a Waters (Millipore Corp., Waters Chromatography
Division, Milford, MA) 600 E multisolvent delivery system
equipped with a refractive index detector (Waters 410).

4.2. Plant material

Flowers of I. murucoides were collected at Tepostlán, Morelos,
Mexico, on April 15, 2001. The plant material was identified by
Dr. Robert Bye and one of the authors (R.P.-M.) through compari-
son with an authentic plant sample (RP-05) archived at the
Departamento de Farmacia, Facultad de Química, UNAM (Chérigo
y Pereda-Miranda, 2006). A voucher specimen (Robert Bye
35906) was deposited in the Ethnobotanical Collection of the Na-
tional Herbarium (MEXUE), Instituto de Biología, UNAM.

4.3. Extraction and isolation of compounds 1–5

The whole plant material (500 g) was powdered and extracted
exhaustively by maceration at room temperature with CHCl3 to af-
ford, after removal of the solvent, a dark brown syrup (35.8 g). The
crude extract was subjected to column chromatography over silica
gel (500 g) using gradients of CH2Cl2 in hexane (1:1 and 1:0),
Me2CO in CH2Cl2 (1:9 and 3:7), and MeOH in Me2CO–CH2Cl2
(0.5:2.5:7, 1:2:7, 2:1:7). A total of 250 fractions (200 ml each) were
collected, examined by TLC and combined in eight fractions. Frac-
tion IV (eluates 122–126; MeOH–Me2CO–CH2Cl2, 1:2:7) and frac-
tion V (eluates 127–132; MeOH–Me2CO–CH2Cl2, 2:1:7) were
combined to give a pool containing a mixture of resin glycosides
(18 g) which was subjected to fractionation by open column chro-
matography over reversed-phase C18 (150 g) eluted with MeOH.
This process provided 40 secondary fractions (25 ml each). The
subfraction 14–18 yielded a mixture of lipophilic resin glycosides
(9.6 g) which were analyzed by reversed-phase HPLC using an iso-
cratic elution with CH3CN–MeOH (9:1). For their resolution, a
Waters Symmetry C18 column (300 � 19 mm), a flow rate of
9 ml/min, and a refractive index detector were used. Peaks with
tR values of 7.0 (28 mg, peak I), 7.8 (18.6 mg, peak II), 12.6 min
(26 mg, peak III), 13.4 (16.5 mg, peak IV), 14.0 min (25.8 mg, peak
V), 16.5 (18 mg, peak VI), 19.5 min (20 mg, peak VII), 22.0

Table 3
Susceptibility of Staphylococcus aureus to murucoidins XII–XVI (1–5) and their cytotoxicity.a

Compound ED50 (lg/ml) MIC (lg/ml)

KB Hep-2 HeLa ATCC 25923 XU�212 EMRSA�15 SA�1199Bb

Nor (�) Nor (+)

1 17.1 >20 >20 >512 >512 >512 512 8
2 >20 >20 >20 >512 >512 >512 512 8
3 13.6 3.6 16.0 >512 >512 >512 32 8c

4 19.0 16.4 15.5 >512 >512 >512 512 8
5 14.1 >20 15.9 >512 >512 >512 512 8
Tetracycline � � � 0.125 64 0.125 0.0.25 �
Norfloxacin � � � 0.5 8 0.25 � 32
Reserpine � � � � � � � 8d

Vinblastine 0.003 0.007 0.008 � � � � �

a Abbreviations: KB = nasopharyngeal carcinoma; Hep-2 = laryngeal carcinoma; HeLa = cervix carcinoma; ATCC 25923 = standard S. aureus strain; EMRSA-15 = epidemic
methicillin-resistant S. aureus strain containing the mecA gene; XU-212 = a methicillin-resistant S. aureus strain possessing the TetK tetracycline efflux protein; SA-
1199B = multidrug-resistant S. aureus strain over-expressing the NorA efflux pump.

b Nor (�) = minimum inhibitory concentration (MIC) value determined in the susceptibility testing; Nor (+) = MIC value determined for norfloxacin in the modulation assay
at the concentration of 25 lg/ml of the tested oligosaccharide.

c MIC value for norfloxacin in the modulation assay at the concentration of 5 lg/ml of the tested oligosaccharide.
d MIC value for norfloxacin in the modulation assay at the concentration of 20 lg/ml of reserpine which was used as positive control for an efflux pump inhibitor.
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(21.3 mg, peak VIII), 23.0 min (29 mg, peak IX), 24.9 (35.6 mg, peak
X), and 30.5 (60 mg, peak XI) were collected by the technique of
heart cutting and independently re-injected in the apparatus oper-
ating in the recycle mode to achieve total homogeneity after 15
consecutive cycles. An isocratic elution with CH3CN–MeOH (7:3)
was used for those peak with tR values higher to 15 min. These
techniques afforded pure murucoidin XIII (2, 15 mg) from peak
III, murucoidin XII (1, 14 mg) from peak V, murucoidin XIV (3,
6 mg) from peak VII, and murucoidin XVI (5, 12 mg) from peak
IX. Peak XI afforded murucoidin IV (28 mg) and murucoidin XV
(4, 16 mg). Co-elution experiments with reference solutions of pre-
viously reported resin glycosides allowed the detection of the fol-
lowing compounds: murucoidin V from peak I (13.5 mg),
stoloniferin I (10.2 mg) from peak II, murucoidin I (8.4 mg) from
peak IV, pescaprein III (7.3 mg) from peak VI, murucoidin II
(9.1 mg) from peak VIII, and murucoidin III (15 mg) from peak X.
All known compounds were identified by comparison of NMR data
with published values (Bah et al., 2007; Chérigo y Pereda-Miranda,
2006; Pereda-Miranda et al., 2005).

4.4. Compound characterization

4.4.1. Murucoidin XII (1)
White powder; mp 100�104 �C; [a]D�78� (c 0.2, MeOH); 1H

and 13C NMR, see Tables 1 and 2; negative FABMS m/z 1119 [M–
H]�, 937 [M–H–C12H22O]�, 853 [937–C5H8O]�, 707 [853–
C6H10O4]�, 561, 433, 271; HRFABMS m/z 1119.6676 [M–H]� (calcd
for C57H99O21 requires 1119.6679).

4.4.2. Murucoidin XIII (2)
White powder; mp 96–98 �C; [a]D�67� (c 0.1, MeOH); 1H and

13C NMR, see Tables 1 and 2; negative FABMS m/z 1119 [M–H]�,
937 [M–H–C12H22O]�, 853 [937–C5H8O]�, 707 [853–C6H10O4]�,
561 [707–C6H10O4]�, 433 [561–128]�, 271; HRFABMS m/z
1119.6674 [M–H]� (calcd for C57H99O21 requires 1119.6679).

4.4.3. Murucoidin XIV (3)
White powder; mp 125–127 �C; [a]D�60� (c 0.47, MeOH); 1H

and 13C NMR, see Tables 1 and 2; negative FABMS m/z 1103 [M–
H]�, 921 [M–H–C12H22O]�, 837 [921–C5H8O]�, 691 [837–
C6H10O4]�, 545 [691–C6H10O4]�, 417, 271; HRFABMS m/z
1103.6724 [M–H]� (calcd for C57H99O20 requires 1103.6729).

4.4.4. Murucoidin XV (4)
White powder; mp 108–111 �C; [a]D�66� (c 0.60, MeOH); 1H

and 13C NMR, see Tables 1 and 2; negative FABMS m/z 1005 [M–
H]�, 921 [M–H–C5H8O]�, 837 [921–C5H8O]�, 775 [921–146
C6H10O4]�, 691 [775–C5H8O]�, 545 [691–C6H10O4–C5H8O]�, 417,
271; HRFABMS m/z 1005.5630 [M–H]� (calcd for C50H85O20 re-
quires 1005.5634).

4.4.5. Murucoidin XVI (5)
White powder; mp 125–127 �C; [a]D�29� (c 0.35, MeOH); 1H

and 13C NMR, see Tables 1 and 2; negative FABMS m/z 1005 [M–
H]�, 921 [M–H–C5H8O]�, 691 [921–C5H8O–C6H10O4]�, 545 [691–
C6H10O4]�, 417, 271; HRFABMS m/z 1005.5629 [M–H]� (calcd for
C50H85O20 requires 1005.5634).

4.5. Alkaline hydrolysis of resin glycoside mixture

A solution of the crude resin glycoside mixture (100 mg) in 5%
KOH–H2O (5 ml) was heated at 95 �C for 4 h. The reaction mixture
was acidified to pH 4.0 and extracted with CHCl3 (30 ml). The or-
ganic layer was washed with H2O, dried over anhydrous Na2SO4,
and evaporated under reduced pressure. The aqueous phase was
extracted with n-BuOH (20 ml) and concentrated to dryness. The

residue extracted (42 mg) from the aqueous phase was methylated
with CH2N2 to further perform the separation by HPLC of the
methyl ester derivatives, using a Waters lBondapak NH2 column
(7.8 � 300 mm), an isocratic elution with CH3CN–H2O (5:1), a flow
rate of 3 ml/min, and a sample injection of 500 ll (20 mg/ml). This
procedure yielded operculinic acid C methyl ester (6.4 mg,
tR = 5.8 min), operculinic acid E methyl ester (8.6 mg,
tR = 10.9 min), simonic acid A methyl ester (4.3 mg, tR = 14.0 min),
operculinic acid A methyl ester (8.6 mg, tR = 20.9 min), and simonic
acid B methyl ester (14.7 mg, tR = 28.2 min), which were identified
by comparison of their physical constants and NMR data with pub-
lished value (Ono et al., 1989, 1990).

The residue from the organic phase was analyzed by GC–MS to
allow the detection of the major liberated esterifying residues
which were identified as 2-methyl propanoic, 2-methyl butanoic,
and n-dodecanoic acids by comparison of their retention times
and spectra with those of authentic samples as previously de-
scribed (Bah et al., 2007; Chérigo et al., 2008). Previously described
procedures were used for the preparation and identification of 4-
bromophenacyl (2S)-2-methylbutyrate from the resin glycoside
mixture: mp 40–42 �C; [a]D + 18 (c 1.0, MeOH) (Pereda-Miranda
and Hernández-Carlos, 2002).

4.6. Biological assays

4.6.1. Bacterial strains and media
Staphylococcus aureus EMRSA-15 containing the mecA gene was

provided by Dr. Paul Stapleton, The School of Pharmacy, University
of London. Strain XU-212, a methicillin-resistant strain possessing
the TetK tetracycline efflux protein, was provided by Dr. E. Udo
(Gibbons and Udo, 2000). SA-1199B, which over-expresses the
NorA MDR efflux protein (Kaatz et al., 1993), and S. aureus ATCC
25923 were also used. All strains were cultured on nutrient agar
(Oxoid, Basingstoke, UK) before determination of MIC values. Cat-
ion-adjusted Mueller–Hinton broth (MHB; Oxoid) containing 20
and 10 mg/l of Ca2+ and Mg2+, respectively was used for suscepti-
bility tests.

4.6.2. Susceptibility testing
Minimum inhibitory concentration values (MIC) were deter-

mined at least in duplicate by standard microdilution procedures.
An inoculum density of 5 � 105 cfu of each of the test strains was
prepared in 0.9% saline by comparison with a McFarland standard.
MHB (125 ll) was dispensed into 10 wells of a 96-well microtiter
plate (Nunc, 0.3 ml volume per well). All test compounds were dis-
solved in DMSO before dilution into MHB for use in MIC determi-
nations. The highest concentration of DMSO remaining after
dilution (3.125% v/v) caused no inhibition of bacterial growth.
Then, glycolipids 1–5 or appropriate antibiotic (125 ll) were dis-
pensed into well 1 and serially diluted across the plate (512–
1 lg/ml), leaving well 11 empty for the growth control. The final
volume was dispensed into well 12, which being free of inoculum
served as the sterile control. The inoculum (125 ll) was added into
wells 1–11 and the plate was incubated at 36 �C for 18 h. The MIC
was defined as the lowest concentration which yielded no visible
growth. Tetracycline and norfloxacin from Sigma (Poole, UK) were
also tested as positive drug controls. A methanolic solution (5 mg/
ml) of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliium bro-
mide (MTT; Lancaster) was used to detect bacterial growth by a
color change from yellow to dark blue. For the modulation assay,
the murucoidins were tested at final concentrations of 25 or
5 lg/ml. Serial doubling dilutions of norfloxacin ranging from 1
to 512 lg/ml were added and the microtitre plates were then
interpreted, after inoculum addition and incubation, in the same
manner as MIC determinations. The activity of reserpine at a con-
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centration of 20 lg/ml was also tested as an efflux pump inhibitor
for comparison purposes. All samples were tested in duplicate.

4.6.3. Cytotoxicity assay
Nasopharyngeal (KB), cervix (HeLa), and laryngeal carcinoma

(Hep-2) cell lines were maintained in RMPI 1640 (10�) medium
supplemented with 10% fetal bovine serum. Cell lines were cul-
tured at 37 �C in an atmosphere of 5% CO2 in air (100% humidity).
The cells at log phase of their growth cycle were treated in tripli-
cate with various concentrations of the test samples (0.16–20 lg/
ml) and incubated for 72 h at 37 �C in a humidified atmosphere
of 5% CO2. The cell concentration was determined by the NCI sulfo-
rhodamine method (Skehan et al., 1990) Results were expressed as
the dose that inhibits 50% control growth after the incubation per-
iod (EC50). The values were estimated from a semilog plot of the
drug concentration (lg/ml) against the percentage of viable cells.
Vinblastine was included as a positive drug control.
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A reinvestigation of the CHCl3-soluble extract from flowers of the Mexican medicinal arborescent morning glory, Ipomoea
murucoides, through preparative-scale recycling HPLC, yielded six new pentasaccharides, murucoidins VI-XI (1-6),
as well as the known pescaprein III (7), stoloniferin I (8), and murucoidins I-V (9-13). Their structures were characterized
through the interpretation of their NMR spectroscopic and FABMS data. Compounds 1-6 were found to be macrolactones
of three known glycosidic acids identified as simonic acids A and B, and operculinic acid A, with different fatty acids
esterifying the same positions, C-2 on the second rhamnose unit and C-4 on the third rhamnose moiety. The lactonization
site of the aglycone was placed at C-2 or C-3 of the second saccharide unit. The esterifying residues were composed
of two short-chain fatty acids, 2-methylpropanoic and (2S)-methylbutyric acids, and two long-chain fatty acids,
n-dodecanoic (lauric) acid and the new (8R)-(-)-8-hydroxydodecanoic acid. For the latter residue, its absolute configuration
was determined by analysis of its Mosher ester derivatives. All members of the murucoidin series exerted a potentiation
effect of norfloxacin against the NorA overexpressing Staphylococcus aureus strain SA-1199B by increasing the activity
4-fold (8 µg/mL from 32 µg/mL) at concentrations of 5-25 µg/mL. Stoloniferin I (8) enhanced norfloxacin activity
8-fold when incorporated at a concentration of 5 µg/mL. Therefore, this type of amphipathic oligosaccharide could be
developed further to provide more potent inhibitors of this multidrug efflux pump.

In the New World flora there are 13 tree-like morning glory
species in the genus Ipomoea series Arborescentes, most of them
are confined to Mexico and nearby Central America.1 These species
have long been of medicinal and economical interest to the native
people, who coexist with them in the same ecosystem. In central
Mexico, six species collectively called “cazahuate”2 are a conspicu-
ous floristic element of the seasonal dry tropical forest. They have
been used since Prehispanic times3 and share several morphological
features, e.g., trees with large white flowers and funnel-shaped
corollas, and the same therapeutic application to treat itching, rashes,
and other infections by rubbing the raw flowers directly on the skin.
Traditional healers continue to use decoctions of this medicinal plant
complex4–6 considered to be of “cold-nature”7 to reduce excessive
body heat8 and relieve uncomfortable “water and cold” symptoms
believed to be produced by abrupt climatic changes resulting in
diseases considered to be “hot”, e.g., rheumatism, inflammation,
and ear pain.

This paper presents the results of a second investigation based
on the chemical analysis of the resin glycoside mixture obtained
from the flowers of Ipomoea murucoides Roem. et Schult. Six new
acylated pentasaccharides of jalapinolic acid, murucoidins VI-XI
(1-6), as well as the known pescaprein III (7), stoloniferin I (8),
and murucoidins I-V (9-13) were separated and purified by a
recycling HPLC technique, and their structures were characterized
through the interpretation of NMR spectroscopic and FABMS data.
The antimicrobial potential of these complex macrocyclic lactones
was evaluated against a panel of Staphylococcus aureus strains
overexpressing specific efflux pumps as a starting point for the

development of new bacterial inhibitors to treat infections resulting
from multidrug-resistant S. aureus strains.9,10

Results and Discussion

A small portion of the resin glycoside fractions, obtained from the
CHCl3-soluble extract, was submitted to saponification and yielded a
water-soluble solid product that was resolved by HPLC into three
glycosidic derivatives of jalapinolic acid and an organic solvent-soluble
oily acidic fraction. The glycosidic acids were identified as simonic
acid A, (11S)-jalapinolic acid 11-O-R-L-rhamnopyranosyl-(1f3)-
O-[R-L-rhamnopyranosyl-(1f4)]-O-R-L-rhamnopyranosyl-(1f4)-
O-R-L-rhamnopyranosyl-(1f2)-�-D-glucopyranoside,11 simonic acid
B, (11S)-jalapinolic acid 11-O-R-L-rhamnopyranosyl-(1f3)-
O-[R-L-rhamnopyranosyl-(1f4)]-O-R-L-rhamnopyranosyl-(1f4)-
O-R-L-rhamnopyranosyl-(1f2)-�-D-fucopyranoside,5,11 and oper-
culinic acid A, (11S)-jalapinolic acid 11-O-�-D-glucopyranosyl-
(1f3)-O-[R-L-rhamnopyranosyl-(1f4)]-O-R-L-rhamnopyranosyl-
(1f4)-O-R-L-rhamnopyranosyl-(1f2)-�-D-fucopyranoside,5,12previously
obtained from Ipomoea batatas,11 I. stolonifera,13 I. operculata,14

I. leptophylla,15 I. murucoides,5 and I. intrapilosa.16

The major liberated fatty acids were identified as 2-methylpro-
panoic (iba), 2-methylbutanoic (mba), and n-dodecanoic acids by
GC-MS comparison of their spectra and retention times with those
of authentic samples.5,17 The new (8R)-(-)-8-hydroxydodecanoic
acid (14) was also liberated as one of the hydrolyzed products
recovered from the organic-soluble fraction obtained from the
saponification of murucoidin X (5).

Individual constituents of the remaining portion of these resin
glycoside fractions were separated and purified by a recycling HPLC
technique,18 using a semipreparative reversed-phase column. These
procedures led to the isolation and structural characterization of
six new compounds, for which the names murucoidins VI-XI
(1-6) have been proposed. All compounds displayed the same
fragmentation pattern produced by glycosidic cleavage in their
negative-ion FABMS, as previously described for the pescaprein19

and murucoidin5 series. Common fragment peaks reported for the
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resin glycosides20,21 were observed in all mass spectra, confirming
the branched pentasaccharide core, and the resulting diagnostic
peaks also indicated the nature of the esterifying moieties. For
example, murucoidin X (5) gave a pseudomolecular [M - H]- ion
at m/z 1265, indicating a molecular formula of C63H110O25. The
ions at m/z 1181 [M - H - C5H8O]- and 1067 [M - H -
C12H22O2]- suggested the presence of a methylbutyric acid and a
monohydroxydodecanoic acid as esterifying residues. The subse-
quent losses produced by glycosidic cleavage of each sugar moiety
afforded peaks at m/z 691 [1067 - 2 × 146 (C6H10O4) - C5H8O]-,
545 [691 - 146 (C6H10O4)]-, which indicated that the lactonization
was located at the first rhamnose unit (Rha), 417 [545 + H2O -
146 (C6H10O4)]-, and 271 - [417 - 146 (C6H10O4)]-.

Common features in both 1H and 13C NMR spectra of all six
new compounds (1-6) were noted (Tables 1 and 2). All 1H NMR
spectra showed significantly downfield shifted signals for the proton
on C-2 or C-3 of the first rhamnose unit (rha) and on H-2 and H-3
of the second and third rhamnose units (rha′ and rha′′ ), suggesting
esterification at these positions. The multiplets with splitting patterns
as ddd centered at δ 2.80 and 2.25 showed cross-peaks in their
COSY and TOCSY spectra, revealing the macrocyclic lactone-type
structure for all the murucoidins because these signals correspond
to the nonequivalent diastereotopic protons of the CH2-2 of the
aglycone (11S-hydroxyhexadecanoic acid, jal) when forming a
ring.20,21 The following spectroscopic features were observed: (a)
the carbonyl resonance of the lactone functionality (δ 173-174)
was assigned by the 2J coupling with each of the methylene protons
on the adjacent C-2 position of jalapinolic acid in all compounds
1-6; (b) the lactonization site at C-3 (δC 77) of the second
saccharide (rha) was established by the observed 3J coupling
between this carbonyl carbon and its downfield shifted geminal
proton (δ 5.6) in murucoidins VI (1) and IX-XI (4-6); for
compounds 2 and 3, the lactonization at C-2 (δC 70) was identified
by the 3JC-H coupling and corroborated by the significant downfield
shift for its geminal proton (δ 5.0) in comparison with the same
resonance in the rest of the compounds with the Rha C-3
macrocyclic ring closure; (c) all murucoidins showed signals for
one short-chain fatty acid residue esterifying position C-4 at Rha′′
(δC 73); H-2 of these moieties was used as a diagnostic resonance
centered at δ 2.4-2.5 (1H, tq) for the methylbutanoyl group (mba)
in murucoidins VI (1), VIII (3), X (5), and XI (6) and at δ 2.5-2.6
(1H, septet) for the methylpropanoyl group (iba) in murucoidins
VII (2) and IX (4); (d) the C-2 methylene equivalent protons were
observed as a triplet signal at δ 2.4 for the long-chain fatty acid
esterifying residues in 1, 5, and 6. In all cases it was possible by
HMBC analysis21,22 to establish the links between a specific
carbonyl ester group with their corresponding vicinal proton
resonance (2JCH) and the pyranose ring proton at the site of
esterification (3JCH). For example, the 8-hydroxydodecanoyl residue
in murucoidin X (5) was identified through the observed 2JCH

coupling between the carbonyl resonance at δ 172.9 with the triplet-
like signal for the vicinal methylene protons (δ 2.3, 2H) and its
location at C-2 of Rha′ by the 3JCH coupling with the signal at δ
5.8. Therefore, the remaining esterified position (C-4 Rha′′ δH 4.2;
δC 73) represented the location of the additional ester linkage for
the methylbutanoyl group.

From the TOCSY experiment,22 edited 1H NMR subspectra for
each individual monosaccharide moiety were obtained for all
oligosaccharides and permitted the assignment of their resonances
(Table 1). Homonuclear spin decoupling experiments were carried
out to verify coupling constants. The anomeric configuration in each
sugar unit was deduced from 2D 1JCH NMR experiments. For
D-sugars in the 4C1 conformation, the R-anomeric configuration (�-
equatorial C-H bond) has a 1JCH value of 170 Hz, which is 10 Hz
higher than that for the �-anomer (R-axial C-H bond; ca. 160
Hz).22 From the anomeric signals in the 13C NMR spectra of the
glycosidic acids (i.e., simonic acids A and B and operculinic acid

C), 1JCH values for fucose (159 Hz) and glucose (164 Hz) supported
the �-anomeric configuration. The R-configuration was deduced for
the rhamnose units (1JCH ) 170-172 Hz).20 All monosaccharides
were in their naturally occurring form (D-glucose, D-fucose, and
L-rhamnose), as confirmed by optical rotation measurements of the
acid-liberated individual monosaccharides.

The structure of the new acylating acid residue obtained from
the saponification of murucoidin X (5) was further supported by
its chemical transformations to its silylated methyl ester derivative
(16).17 Its mass spectrum indicated that the hydroxyl group was
attached at the C-8 position in a fatty acid chain of 12 carbons
since the R-cleavage23 on either side of the trimethylsiloxyl group
gave the diagnostic ions at m/z 245 [C9H16O3TMS]+ and 159
[C5H10OTMS]+. In compound 5, the presence of the C-8 hydroxyl
group in the aglycone was also recognized by the downfield shift
(R-effect ca. +41 ppm)24 on C-8 (δC 75) and the �-effects on C-7
and C-9 (δC 38), which resulted in shifts to higher frequency (∆δ
) +8 ppm)24 in comparison with the same resonances in the
n-dodecanoic acid (δC 29-30).25 To determine the stereochemistry
at the C-8 position, compound 15 was converted to the Mosher
esters 17 and 18 with (S)- and (R)-R-methoxy-R-trifluorometh-
ylphenylacetyl (MTPA) chloride, and their 1H NMR spectra were
recorded.26 The chemical shift difference (∆δ ) δS - δR) between
corresponding Me-12 protons was positive (∆δ ) +0.059 ppm),
allowing the confirmation of a C-8 R absolute configuration through
the application of the configurational model proposed by Kakisawa
and associates (Scheme 1).27 This result is consistent with the
previously reported chemical shift differences (∆δ ) +0.057 ppm)
at the terminal methyl signals that are separated by as much as
four methylene groups from the asymmetric carbon.28 It is also in
accordance with the observation that synthetic monohydroxylated
fatty acids with a dextrorotatory optical activity have an S absolute
configuration and their levoisomers have the opposite, R configu-
ration.29 The acylating 8-(R)-hydroxydodecanoic acid of murucoidin
X (5) represents the first levorotatory monohydroxylated aglycone
in the Convolvulaceae family.

Only murucoidins I (9), VI (1), and VII (2) displayed antimi-
crobial activity at the concentration tested against SA-1199B (MIC
32 µg/mL), a Staphylococcus aureus strain that overexpresses the
NorA MDR efflux pump. This may be explained by a loss in
“fitness” of this strain due to overexpression of this MDR pump
when compared to the other strains. All of the murucoidins strongly
potentiated the action of norfloxacin against this NorA overex-
pressing strain30 in experiments using a subinhibitory concentration
of these oligosaccharides (Table 3). They exerted a potentiation
effect, which increased the activity of norfloxacin by 4-fold (8 µg/
mL from 32 µg/mL) at concentrations of 5-25 µg/mL; stoloniferin
I (8) enhanced norfloxacin activity 8-fold when incorporated at a
concentration of 5 µg/mL. These strong potentiation effects were
similar to those previously observed for the amphipathic orizabins,9

which are tetrasaccharides from the Mexican scammony (Ipomoea
orizabensis). An ethidium efflux inhibition assay utilizing SA-
1199B31 demonstrated that compound 8 had modest inhibitory
activity (Figure 1) in comparison with the strong activity previously
reported for orizabin IX, which was more efficacious than reser-
pine.9 This decrease in activity could be due to solubility issues,
since the murucoidins are extremely nonpolar and at higher
concentrations the broth solution became cloudy as a result of test
compound precipitation. Compound 11 had no efflux inhibitory
activity; the basis for its profound effect on the norfloxacin MIC
in the modulation assay currently is unknown and deserves further
attention.

The amphipathic properties of these compounds resulting from
the acylation of some of the free hydroxyl groups of the oligosac-
charide core and the lipophilic alkyl chains of their aglycones would
seem to be important in facilitating cellular uptake to its MDR pump
target. To verify this hypothesis, the modulatory activity of two
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tetrasaccharides, tricolorins A and E (SA-1199B, MIC 8 µg/mL),
and their peracetylated derivatives (SA-1199B, MIC >256 µg/mL)T
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Table 2. 13C NMR Data of Compounds 1-6 (125 MHz)a

carbonb 1 2 3 4 5 6

glc-1 101.4 104.5 104.6
2 75.3 82.0 82.0
3 79.8 76.5 76.5
4 72.1 71.9 71.9
5 79.8 77.9 78.0
6 62.8 62.8 62.8
fuc-1 101.6 101.6 101.5
2 73.4 73.4 73.5
3 76.7 76.7 76.5
4 73.6 73.6 73.5
5 71.3 71.3 71.2
6 17.2 17.2 17.2
rha-1 100.3 98.8 98.8 100.3 100.3 100.1
2 69.7 73.7 73.7 69.8 69.8 69.9
3 77.8 69.9 70.0 77.9 77.8 77.9
4 78.1 79.8 79.8 77.4 78.0 76.5
5 68.0 68.7 68.5 67.9 67.9 68.0
6 19.4 19.3 19.4 19.2 19.2 19.2
rha′-1 99.2 99.3 99.1 99.1 99.2 99.3
2 72.9 73.0 73.1 72.8 73.0 72.3
3 80.0 79.8 79.8 79.8 80.2 80.2
4 79.8 80.1 80.1 79.4 79.2 78.6
5 68.3 68.2 68.2 68.4 68.3 67.9
6 18.7 18.8 18.8 18.8 18.8 18.7
rha′′ -1 103.7 103.8 103.8 103.9 103.7 103.4
2 72.6 72.7 72.8 72.6 72.6 72.3
3 70.2 70.2 70.2 70.2 70.2 70.2
4 74.8 74.9 74.8 74.8 74.8 75.2
5 68.1 68.5 68.7 68.2 68.2 68.1
6 17.9 17.8 17.9 17.9 17.9 18.0
rha′′′ -1 104.3 104.9 104.9 104.4 104.3
2 72.6 72.5 72.5 72.6 72.7
3 72.5 72.5 72.5 72.6 72.5
4 73.7 73.5 73.5 73.6 73.7
5 70.8 68.7 68.7 70.7 70.8
6 18.7 18.6 18.6 18.8 18.8
glc-1 104.8
2 75.2
3 78.5
4 70.7
5 79.5
6 62.5
jal-1 174.9 173.4 173.3 174.8 174.9 174.6
2 33.7 34.3 34.3 33.8 33.7 34.1
11 79.4 82.8 82.8 79.4 79.3 79.5
16 14.4 14.5 14.3 14.4 14.4 14.4
mba-1 176.3 175.5 175.5 176.3 176.3 176.3
2 41.6 41.5 41.5 41.6 41.6 41.5
2-Me 17.0 16.1 16.8 17.0 17.0 16.9
3-Me 11.8 11.8 11.7 11.8 11.8 11.7
mba′-1 176.3
2 41.5
2-Me 17.0
3-Me 11.7
iba-1 176.9 176.0
2 34.5 34.2
3 19.3 19.1
3′ 19.1 19.1
dodeca-1 172.9 173.5
2 34.4 34.5
12 14.3 14.3
8-hydroxydodeca-1 172.9
2 34.4
7 38.4
8 75.2
9 38.3
12 14.3

a Data in C5D5. Chemical shifts (δ) are in ppm relative to TMS.
b Abbreviations: fuc ) fucose; rha ) rhamnose; glc ) glucose; jal )
11-hydroxyhexadecanoyl; mba ) methylbutanoyl; iba )
methylpropanoyl; dodeca ) dodecanoyl; 8-hydroxydodeca )
8-hydroxydodecanoyl.
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was tested in order to compare their effects with those obtained
for the orizabin9 and murucoidin series. The antimicrobial tricolorins
and their peracetylated derivatives exhibited no modulatory activity
at the subinhibitory concentration of 2 µg/mL for the natural
products and 25 µg/mL for the derivatives. The loss of activity for
the highly acylated compounds is a comparable situation to the
inactivity recorded for the polar analogue9 since the cellular uptake
is not facilitated, probably in this case, by the formation of complex
aggregates or micelles that could induced membrane perturbation,
provoking an imbalance in the maintenance of cellular homeosta-
sis.32 Surprisingly, the antimicrobial tricolorins A and B did not
display a potentiation effect in combination with norfloxacin. It
seems possible that compounds that are nonpolar will not interact
with the membrane efflux pumps and those that are too polar are
poorly membrane soluble. Therefore, convolvulaceous plants may
elaborate an array of amphipathic mixtures of glycolipids to confer
selective advantages against microbial infections through a com-
bination of several mechanisms of action; for example, the tricolorin

series are cytotoxic, while the murucoidin series exert their action
through inhibition of multidrug resistance pumps (Table 3), as
previously reported for the structurally related acylated disaccharides
found in the leaf exudates of Geranium species (Geraniaceae).33

The most important result from the standpoint of the murucoidins’
potential use as therapeutic agents is that by combining these plant
noncytotoxic products with commercial antibiotics, which are
substrates for these MDR pumps, the treatment of refractive
infections caused by effluxing staphylococci could be alleviated.
The use of bacterial resistance modifiers such as this type of
complex oligosaccharides as prototypes for new efflux pump
inhibitors could facilitate the reintroduction of therapeutically
ineffective antibiotics into clinical use (e.g., ciprofloxacin) and might
even contribute to the suppression of the emergence of new
multidrug-resistant bacterial strains, which are a major cause of
clinical infections.10,34 Extracts that have been standardized on these
mixtures of glycosides (e.g., orizabins) would also find utility in
the development of antiseptic creams to replace or be used in

Scheme 1a

a Key: (a) KOH, (b) CH2N2, (c) TMSiCl, pyridine, 70 °C, 15 min, (d) (R)-MTPACl or (S)-MTPACl, DMAP, pyridine, 70 °C, 5 h. *∆δ ) δ(17) - δ(18).

Table 3. Susceptibility of Staphylococcus aureus to Selected Convolvulaceous Oligosaccharides and their Cytotoxicitya

ED50 (µg/mL) MIC (µg/mL)

SA-1199Bb

compound KB Hep-2 HeLa ATCC 25923 XU-212 EMRSA-15 Nor (-) Nor (+)

1 >20 >20 >20 >512 512 256 32 8c

2 >20 >20 >20 >512 512 256 32 8c

3 17.9 14.2 16.4 >512 >512 >512 >512 8
4 >20 10.2 12.4 >512 >512 >512 >512 8
5 15.8 >20 >20 >512 >512 >512 >512 8
6 12.1 >20 >20 >512 >512 >512 >512 32
7 15.7 4.7 >20 >512 >512 >512 >512 32
8 >20 >20 >20 >512 256 512 64 8c

9 >20 >20 >20 >512 512 256 32 8c

10 >20 >20 16.0 >512 >512 >512 >512 8
11 15.4 10.7 >20 >512 >512 >512 >512 8
12 15.0 4.0 >20 >512 >512 >512 >512 8
13 >20 >20 13.2 >512 256 128 64 8c

orizabin IX >20 >20 5.2 >512 >512 256 512 <2d

tricolorin A 1.0 1.6 4.7 16 8 4 8 32e

tricolorin E 10.6 >20 1.0 16 8 8 8 32e

tetracycline 0.125 64 0.125 0.25
norfloxacin 0.5 8 0.25 32
reserpine 8f

vinblastine 0.003 0.007 0.008
a Abbreviations: KB ) nasopharyngeal carcinoma; Hep-2 ) laryngeal carcinoma; HeLa ) cervix carcinoma; ATCC 25923 ) standard S. aureus

strain; XU-212 ) a methicillin-resistant S. aureus strain possessing the TetK tetracycline efflux protein; EMRSA-15 ) epidemic methicillin-resistant S.
aureus strain containing the mecA gene; SA-1199B ) multidrug-resistant S. aureus strain overexpressing the NorA efflux pump. b Nor (-) ) minimum
inhibitory concentration (MIC) value determined in the susceptibility testing; Nor (+) ) MIC value determined for norfloxacin in the modulation assay
at the concentration of 25 µg/mL of the tested oligosaccharide. c MIC value for norfloxacin in the modulation assay at the concentration of 5 µg/mL of
the tested oligosaccharide. d MIC value for norfloxacin in the modulation assay at the concentration of 1 µg/mL of the tested oligosaccharide. e MIC
value for norfloxacin in the modulation assay at the subinhibitory concentration of 2 µg/mL of the tested oligosaccharide. f MIC value for norfloxacin in
the modulation assay at the concentration of 20 µg/mL of reserpine, which was used as positive control for an efflux pump inhibitor.
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combination with mupirocin and fusidic acid, which have wide
usage in containment of S. aureus and its methicillin-resistant
variants in the clinical setting.

Experimental Section

General Experimental Procedures. Melting points were determined
on a Fisher-Johns apparatus and are uncorrected. Optical rotations were
measured with a Perkin-Elmer 241 polarimeter. 1H (500 MHz) and
13C (125 MHz) NMR experiments were conducted on a Bruker DMX-
500 instrument. The NMR techniques were performed according to a
previously described methodology.18,21 Negative-ion LRFABMS and
HRFABMS were recorded using a matrix of triethanolamine on a JEOL
SX-102A spectrometer. The instrumentation used for HPLC analysis
consisted of a Waters 600 E multisolvent delivery system equipped
with a Waters 410 differential refractometer detector (Waters Corpora-
tion, Milford, MA). Control of the equipment, data acquisition,
processing, and management of the chromatographic information were
performed by the Empower 2 software program (Waters). GC-MS was
performed on a Hewlett-Packard 5890-II instrument coupled to a JEOL
SX-102A spectrometer. GC conditions: HP-5MS (5%-phenyl)-meth-
ylpolysiloxane column (30 m × 0.25 mm, film thickness 0.25 µm);
He, linear velocity 30 cm/s; 50 °C isothermal for 3 min, linear
temperature gradient to 300 at 20 °C/min; final temperature hold, 10
min. MS conditions: ionization energy, 70 eV; ion source temperature,
280 °C; interface temperature, 300 °C; scan speed, 2 scans s-1; mass
range, 33-880 amu.

Plant Material. Flowers of Ipomoea murucoides were collected at
the campus of the Universidad Autónoma del Estado de Morelos,
Cuernavaca, Morelos, Mexico, on December 12, 2004. The voucher
specimens were archived at the Departamento de Farmacia, Facultad
de Quı́mica, UNAM. Macroscopic anatomical features enabled the
collected material to be identified by one of the authors (R.P.-M.)
through comparison with a voucher specimen deposited at the HUMO
herbarium collection (voucher no. 1520).

Extraction and Isolation. The whole plant material (425 g) was
powdered and extracted exhaustively by maceration at room temperature
with CHCl3 to afford, after removal of the solvent, a dark brown syrup
(39 g). The crude mixture of resin glycosides was obtained after
fractionation of this extract by open column chromatography over silica
gel eluted with a gradient of MeOH in CHCl3. A total of 220 fractions
(250 mL each) were collected and combined to give a pool containing
a mixture of resin glycosides, which was subjected to fractionation by
open column chromatography over reversed-phase C18 (330 g) eluted
with MeOH to eliminate waxes and pigmented residues. This process
provided 30 secondary fractions (30 mL each). Subfractions 19-25
were combined to yield a mixture of lipophilic pentasaccharides (20
g), which were analyzed by reversed-phase C18 HPLC using an isocratic
elution with CH3CN-MeOH (9:1). For their resolution, a Symmetry
C18 column (Waters; 7 µm, 19 × 300 mm), a flow rate of 9 mL/min,
and a differential refractometer detector were used. This analysis
allowed the comparison with reference solutions of the previously
reported resin glycosides,5,19 confirming the detection of the following

compounds: murucoidin V (13, tR 6.9 min), stoloniferin I (8, tR 7.3
min), murucoidin I (9, tR 13.0 min), pescaprein III (7, tR 16.3 min),
murucoidin II (10, tR 21.9 min), murucoidin III (11, tR 24.6 min), and
murucoidin IV (12, tR 30.3 min). The eluates across the peaks with tR

values of 7.9 min (peak I), 9.6 min (peak II), 14.3 min (peak III), 17.9
min (peak IV), 18.4 min (peak V), and 22.4 min (peak VI) were
collected by the technique of heart cutting and independently reinjected
in the apparatus operating in the recycle mode18,35 to achieve total
homogeneity after 15 consecutive cycles. These techniques afforded
pure compounds 5 (29 mg) from peak II, 1 (3 mg) from peak III, 2
(3.1 mg) from peak IV, 6 (4.2 mg) from peak V, and 3 (3.0 mg) from
peak VI. An isocratic elution with CH3CN-H2O (7:3) was used for
the resolution of peak I from a complex mixture of related minor
oligosaccharide to afford pure major compound 4 (tR ) 24.4 min, 3.2
mg).

Murucoidin VI (1): white powder; mp 143-145 °C; [R]D -38 (c
0.1, MeOH); 1H and 13C NMR, see Tables 1 and 2; negative FABMS
m/z 1265 [M - H]-, 1181 [M - H - C5H8O]-, 1083 [M - H -
C12H22O]-, 853 [1083 - C6H10O4 (methylpentose) - C5H8O]-, 561
[853 - 2 × 146 (C6H10O4)]-, 433 [561 - 128]-, 271 [Jal - H]-;
HRFABMS m/z 1265.7256 [M - H]- (calcd for C63H109O25 requires
1265.7258).

Murucoidin VII (2): white powder; mp 141-143 °C; [R]D -39 (c
0.11, MeOH); 1H and 13C NMR, see Tables 1 and 2; negative FABMS
m/z 1153 [M - H]-, 1083 [M - H - C4H6O]-, 937 [1083 -
C6H10O4]-, 791 [937 - C6H10O4]-, 561, 433, 271; HRFABMS m/z
1153.6000 [M - H]- (calcd for C55H93O25 requires 1153.6006).

Murucoidin VIII (3): white powder; mp 150-152 °C; [R]D -20
(c 0.09, MeOH); 1H and 13C NMR, see Tables 1 and 2; negative
FABMS m/z 1167 [M - H]-, 1083 [M - H - C5H8O]-, 937 [1083 -
C6H10O4]-, 853 [937 - C5H8O]-, 561, 433, 271; HRFABMS m/z
1167.6159 [M - H]- (calcd for C56H95O25 requires 1167.6162).

Murucoidin IX (4): white powder; mp 156-158 °C; [R]D -74 (c
0.07, MeOH); 1H and 13C NMR, see Tables 1 and 2; negative FABMS
m/z 1137 [M - H]-, 1053 [M - H - C5H8O]-, 991 [M - H -
C6H10O4]-, 921 [991 - C4H6O]-, 837 [921 - C5H8O]-, 545 [837 - 2
× 146 (C6H10O4)]-, 417 [545 - 128]-, 271 [Jal - H]-; HRFABMS
m/z 1137.6051 [M - H]- (calcd for C55H93O24 requires 1137.6057).

Murucoidin X (5): white powder; mp 128-130 °C; [R]D -53 (c
0.15, MeOH); 1H and 13C NMR, see Tables 1 and 2; negative FABMS
m/z 1265 [M - H]-, 1181 [M - H - C5H8O]-, 1067 [M - H -
C12H22O2]-, 691 [1067 - 2 × 146 (C6H10O4) - C5H8O]-, 545 [691 -
146 (C6H10O4)]-, 417, 271; HRFABMS m/z 1265.7254 [M - H]- (calcd
for C63H109O25 requires 1265.7258).

Murucoidin XI (6): white powder; mp 156-158 °C; [R]D -50 (c
0.32, MeOH); 1H and 13C NMR, see Tables 1 and 2; negative FABMS
m/z 1265 [M - H]-, 1181 [M - H - C5H8O]-, 1083 [M - H -
C12H22O]-, 921 [1083 - 162 (C6H10O5) - C5H8O]-, 545 [921 - 2 ×
146 (C6H10O4) - C5H8O]-, 417, 271; HRFABMS m/z 1265.7253 [M
- H]- (calcd for C63H109O25 requires 1265.7258).

Alkaline Hydrolysis of Resin Glycoside Mixture. A solution of
the crude resin glycoside mixture (100 mg) in 5% KOH-H2O (5 mL)
was refluxed at 95 °C for 3 h. The reaction mixture was acidified to
pH 4.0 and extracted with CHCl3 (30 mL). The organic layer was
washed with H2O, dried over anhydrous Na2SO4, and evaporated under
reduced pressure. The aqueous phase was extracted with n-BuOH (20
mL) and concentrated to dryness. The residue from the organic phase
was directly analyzed by GC-MS to allow the detection of three peaks.
MS for the minor constituents with <5% of total chromatogram
integration were not recorded. The major constituents were identified
as 2-methylpropanoic acid (tR 4.12 min), m/z [M]+ 88 (10), 73 (27),
60 (3), 55 (5), 45 (7), 43 (100), 41 (40), 39 (10), 29 (6), 27 (24);
2-methylbutanoic acid (tR 7.2 min), m/z [M]+ 102 (3), 87 (33), 74 (100),
57 (50), 41 (28), 39 (8); and n-dodecanoic acid (tR 17.8 min), m/z [M]+

200 (15), 183 (2), 171 (18), 157 (40), 143 (10), 129 (48), 115 (20),
101 (15), 85 (33), 73 (100), 60 (80), 57 (30), 55 (47), 43 (44), 41 (30).
Previously reported procedures18 were used for the preparation and
identification of 4-bromophenacyl (2S)-2-methylbutyrate from the resin
glycoside fraction: mp 41-42 °C; [R]D +18.2 (c 1.0, MeOH).

The residue extracted (35 mg) from the aqueous phase was subjected
to preparative HPLC on a Waters µBondapak NH2 column (7.8 × 300
mm; 10 µm). The elution was isocratic with CH3CN-H2O (4:1), using
a flow rate of 4 mL/min and a sample injection of 500 µL (35 mg/
mL). This procedure yielded simonic acid A (6.3 mg, tR ) 4.8 min),
operculinic acid C (8.2 mg, tR ) 10.9 min), and simonic acid B (17.0

Figure 1. Ethidium efflux inhibition assay against SA-1199B strain
cells. The horizontal line indicates 50% efflux inhibition.
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mg, tR ) 17.0 min), which were identified by comparison of their
physical constants and NMR data with published values.

Sugar Analysis. A solution of fractions IV and V (15 mg) in 4 N
HCl (10 mL) was heated at 90 °C for 2 h. The reaction mixture was
diluted with H2O (5 mL) and extracted with Et2O (30 mL). The aqueous
phase was neutralized with 1 N KOH, extracted with n-BuOH (30 mL),
and concentrated to give a colorless solid (5.7 mg). The residue was
dissolved in CH3CN-H2O and directly analyzed by HPLC: Waters
standard column for carbohydrate analysis (µBondapak NH2; 3.9 ×
300 mm, 10 µm), using an isocratic elution of CH3CN-H2O (17:3), a
flow rate of 1 mL/min, and a sample injection of 20 µL (sample
concentration: 5 mg/mL). Co-elution experiments with standard
carbohydrate samples allowed the identification of rhamnose (tR ) 5.9
min), fucose (tR ) 7.7 min), and glucose (tR ) 10.1 min). Each of
these eluates was individually collected, concentrated, and dissolved
in H2O. Optical activity was recorded after stirring the solutions for
2 h at room temperature: L-rhamnose [R]598 +8, [R]578 +8, [R]546 +9,
[R]436 +15, [R]365 +21 (c 0.1, H2O); D-fucose [R]598 +81, [R]578 +83,
[R]546 +94, [R]436 +155, [R]365 +236 (c 0.1, H2O); D-glucose [R]598

+50, [R]578 +51, [R]546 +57, [R]436 +97, [R]365 +150 (c 0.1, H2O).

Alkaline Hydrolisis of Murucoidin X (5). Approximately 22 mg
of 5 was dissolved in 1 mL of MeOH and 5% KOH-H2O (4 mL).
The solution was refluxed at 95 °C for 2 h. The reaction mixture was
acidified to pH 4.0 and extracted three times with 5 mL of Et2O. The
organic layer was washed with H2O, dried over anhydrous Na2SO4,
and evaporated under reduced pressure. A small aliquot was directly
analyzed by GC-MS with two peaks detected. These were 2-methyl-
butyric acid (tR 8.0 min) and 8-hydroxydodecanoic acid (14, tR 25.0
min): m/z [M - OH - H2O]+ 181 (8), 115 (13), 97 (17), 87 (19), 83
(8), 73 (84), 69 (15), 60 (100), 57 (40), 55 (35), 45 (15), 43 (27), 41
(30). The remaining ether extract was reacted with excess diazomethane,
concentrated, and analyzed by normal-phase HPLC; for the resolution
of this reaction mixture, a normal-phase column (19 × 150 mm, 10
µm), an isocratic elution with hexane-EtOAc (4:1), a flow rate of 2
mL/min, and a differential refractometer were used. The eluates across
the peaks with tR value of 6 min (2-methylbutyric acid methyl ester,
[R]D +10 (c 0.1, CHCl3)) and 12.5 min (8-hydroxydodecanoic acid
methyl ester (15)) were collected and concentrated to dryness.
Compound 15 was dissolved in 0.25 mL of pyridine-d5 and divided
into two portions. An aliquot was derivatized with Sigma Sil-A for 15
min at 70 °C. GC-MS analysis gave one peak (16, tR 5.1 min): 274 [M
- 28]+ (1.2), 271 [M - 31]+ (2.3), 255 (7), 245 (29), 216 (10), 159
(65), 141 (26), 103 (18), 95 (37), 75 (40), 73 (100). Half of the second
aliquot was treated with 4-(dimethylamino)pyridine (3 mg, previously
heated at 70 °C for 3 h) and dry pyridine-d5 (0.75 mL) in NMR tubes.25

(R)-(+)-R-Methoxy-R-trifluoromethylphenylacetyl (MTPA) chloride
was added (20 µL). The reaction was allowed to stand at 70-75 °C
for 5 h under an atmosphere of N2. NMR spectra were then recorded
at 500 MHz by acquiring the reaction mixture. Further purification was
performed as follows. The mixture was transferred from the NMR tubes
into a vial. Saturated aqueous NaHCO3 and Et2O were added to the
mixture and stirred vigorously for 5 min. Water (5 mL) was added
and the mixture was extracted with CHCl3. The organic phases were
washed with 0.5 N HCl, dried with anhydrous Na2SO4, and concen-
trated. The crude residue was purified by normal-phase HPLC using
an isocratic elution with hexane-EtOAc (7:3) and a flow rate of 3
mL/min to give the (S)-MTPA ester (17, tR 7.5 min). NMR spectra in
CDCl3 were recorded after purification. Treatment of the remaining
compound 15 with (S)-(-)-MTPA chloride as described above yielded
the (R)-MTPA ester (18, tR 6.9 min).

The aqueous phase from the saponification of compound 5 was
extracted with n-BuOH (5 mL) and concentrated to give a colorless
solid (5 mg). The residue was methylated with CH2N2, and the physical
and spectroscopic constants (1H and 13C NMR) registered for the product
were identical in all aspects to those previously reported11 for simonic

Chart 1

Chart 2
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acid B methyl ester: white powder; mp 113-115 °C; [R]D -82.5 (c
1.0, MeOH); HRFABMS m/z 1015.5322 [M - H]- (calcd for C47H83O23

requires 1015.5325).
(8R)-(-)-8-Hydroxydodecanoic Acid Methyl Ester (15): oil; [R]598

-15.6, [R]578 -16.3, [R]546 -16.8, [R]436 -18.8, [R]365 -20 (c 0.1,
CHCl3); 1H NMR (400 MHz, CDCl3) δH 3.67 (3H, s, OMe), 3.59 (1H,
m, H-8), 2.34 (2H, t, J ) 7.5 Hz, H-2), 1.64 (2H, m, H-3), 1.46-1.07
(14H, m, H2-4-H2-7, and H2-9-H2-11), 0.90 (3H, t, J ) 7.2, H-12);
HRESIMS m/z 229.1805 (calcd for C13H25 O3, 229.1803).

Bacterial Strains and Media. Staphylococcus aureus EMRSA-15
containing the mecA gene was provided by Dr. Paul Stapleton, The
School of Pharmacy, University of London. Strain XU-212, a methi-
cillin-resistant strain possessing the TetK tetracycline efflux protein,
was provided by Dr. E. Udo.36 SA-1199B, which overexpresses the
NorA MDR efflux protein,37 and S. aureus ATCC 25923 were also
used. All strains were cultured on nutrient agar (Oxoid, Basingstoke,
UK) before determination of MIC values. Cation-adjusted Mueller-
Hinton broth (MHB; Oxoid) containing 20 and 10 mg/L of Ca2+ and
Mg2+, respectively, was used for susceptibility tests.

Susceptibility Testing. Minimum inhibitory concentration values
(MIC) were determined at least in duplicate by standard microdilution
procedures, as recommended by the National Committee for Clinical
Laboratory Standards guidelines.38 An inoculum density of 5 × 105

cfu of each of the test strains was prepared in 0.9% saline by comparison
with a McFarland standard. MHB (125 µL) was dispensed into 10 wells
of a 96-well microtiter plate (Nunc, 0.3 mL volume per well).
Glycolipids 1-13 were tested at final concentrations ranging from 1
to 512 µg/mL prepared by serial 2-fold dilutions. All test compounds
were dissolved in DMSO before dilution into MHB for use in MIC
determinations. The highest concentration of DMSO remaining after
dilution (3.125% v/v) caused no inhibition of bacterial growth. The MIC
was defined as the lowest concentration that yielded no visible growth.
Tetracycline and norfloxacin from Sigma (Poole, UK) were also tested
as positive drug controls. For the modulation assay, the murucoidins
were tested at final concentrations of 25 or 5 µg/mL, and the glycolipids
orizabin IX and tricolorins A and E at 2 µg/mL. Serial doubling
dilutions of norfloxacin in the range 1-512 µg/mL were added, and
the microtiter plates were then interpreted in the same manner as MIC
determinations. The activity of reserpine at a concentration of 20 µg/
mL was also tested as an efflux pump inhibitor for comparison purposes.
All samples were tested in duplicate.

Ethidium Efflux Assay. SA-1199B, which overexpresses NorA, was
loaded with EtBr as previously described, and the effect of varying
concentrations of compounds 8 and 11 on EtBr efflux efficiency was
determinedtogenerateadose-responseprofileforeacholigosaccharide.37,39

The effect of reserpine was also determined as a positive control. Assays
were performed in duplicate, and mean results were expressed as the
percentage reduction of total efflux observed for SA-1199B in
the absence of inhibitors. This was calculated as follows: [(efflux in
the absence of inhibitor - efflux in the presence of inhibitor)/efflux
in the absence of inhibitor] × 100.

Cytotoxicity Assay. Nasopharyngeal (KB), cervix (HeLa), and
laryngeal carcinoma (Hep-2) cell lines were maintained in RMPI 1640
(10×) medium supplemented with 10% fetal bovine serum. Cell lines
were cultured at 37 °C in an atmosphere of 5% CO2 in air (100%
humidity). The cells at log phase of their growth cycle were treated in
triplicate with various concentrations of the test samples (0.16-20 µg/
mL) and incubated for 72 h at 37 °C in a humidified atmosphere of
5% CO2. The cell concentration was determined by the NCI sulfor-
hodamine method.40 Results were expressed as the dose that inhibits
50% control growth after the incubation period (ED50). The values were
estimated from a semilog plot of the drug concentration (µg/mL) against
the percentage of viable cells. Vinblastine was included as a positive
drug control.
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Background: One-third of the world’s population is infected with the dormant tuberculosis bacillus,
and there have been no new antimycobacterial compounds with new modes of action for over 30
years. Extensively drug-resistant tuberculosis is resistant to first- and second-line drugs, which can
have severe side effects, and requires the breakthrough of new antituberculotics and resistance-
modifying agents. Efflux pumps can cause multidrug resistance and have recently evoked much inter-
est as promising new targets in antimicrobial therapy.

Objectives: The study was performed to set up an ethidium bromide (EtBr) efflux assay in
Mycobacterium smegmatis mc2155 for testing plant natural compounds as mycobacterial efflux pump
inhibitors (EPIs).

Methods: After determining the MICs of the putative EPIs, they were tested for synergistic effects with
EtBr prior to the efflux assay.

Results: We established an EtBr efflux assay in M. smegmatis mc2155. The isoflavone biochanin A
exhibited efflux pump inhibiting activity comparable to that of verapamil. The flavone luteolin and the
stilbene resveratrol were less active.

Conclusions: A new assay was established to observe the EtBr efflux in M. smegmatis and was
applied to evaluate plant phenolic compounds. Our results highlighted that the isoflavonoid biochanin
A exhibited better EPI activities than other flavonoids in mycobacteria.

Keywords: isoflavonoids, biochanin A, efflux pumps, mycobacteria

Introduction

Mycobacterial infections including Mycobacterium tuberculosis
as well as fast-growing strains are increasing globally. The
additional prevalence of multidrug-resistant (MDR) strains and
extensively drug-resistant tuberculosis1 stimulates an urgent
need for the development of new drugs for the treatment of
mycobacterial infections. The mycobacterial cell wall barrier
and active multidrug efflux pumps are involved in intrinsic and
acquired resistance of these pathogens to many commonly used
antibiotics.2 Efflux pumps can be specific for a class of anti-
biotics or responsible for MDR.3 They are attractive antibacterial
targets, and the co-administration of an efflux pump inhibitor
(EPI) with an antibiotic has progressed to human clinical trials.4

Effective bacterial EPIs should decrease the intrinsic resistance

of bacteria to antibiotics, reverse acquired resistance and reduce
the frequency of emergence of resistant mutant strains.5

According to Stavri et al.,6 there have been no natural EPIs for
mycobacteria identified so far.

Every class of the five existing families of efflux pumps is
present in M. tuberculosis.2 Reserpine is an inhibitor of
ATP-dependent pumps, verapamil inhibits P-glycoprotein and
bacterial efflux pumps in general,2 and chlorpromazine affects
potassium flux across the membrane in Staphylococcus aureus
and the yeast Saccharomyces cerevisiae.7 A feature of all of
these compounds is their ability to inhibit potassium transport
processes.8 These inhibitors were used as reference substances
to evaluate the extent of possible efflux inhibition in
Mycobacterium smegmatis mc2155, which expresses many puta-
tive efflux pumps.9 In this paper, we present for the first time
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plant natural products with inhibiting effects on ethidium
bromide (EtBr) efflux of M. smegmatis mc2155.

Materials and methods

Chemicals

EtBr (Sigma-Aldrich, Steinheim, Germany) was dissolved in
water. Isoniazid (Sigma-Aldrich) and carbonyl cyanide

m-chlorophenylhydrazone (CCCP; Fluka/Sigma-Aldrich) were dis-
solved in DMSO (Merck Darmstadt, Germany). The following test
compounds were dissolved in DMSO: Biochanin A, daidzein and
formononetin (Fluka, Sigma-Aldrich). Baicalin 95%, baicalein 98%,
resveratrol, chlorpromazine hydrochloride, verapamil hydrochloride

98% and reserpine were purchased from Sigma-Aldrich. Luteolin
was acquired from Carl RothKG, Karlsruhe, Germany.

Bacterial strains and growth conditions

M. smegmatis mc2155 ATCC 700084 (LGC Promochem,
Teddington, Middlesex, UK) was used throughout the study.
Bacterial cells were grown on Columbia Blood Agar (CBA; Oxoid,

Basingstoke, England, UK) supplemented with 7% defibrinated
horse blood (Oxoid) at 378C under aerobic conditions for 2–3 days
prior to assays. MIC and modulation assays were performed in
cation-adjusted Mueller–Hinton Broth (MHB; Oxoid).

DifcoTM Middlebrook 7H9 Broth (Becton, Dickinson and

Company, Le Pont de Claix, France) supplemented with 10% BBLTM

Middlebrook OADC Enrichment (Becton, Dickinson and Company,
Shannon, Ireland) and 0.05% Tween 80 (for molecular biology,
Sigma-Aldrich) or 0.4% DifcoTM Glycerol (Becton, Dickinson and
Company, Sparks, MI, USA) was used for efflux experiments.

MIC assay and modulation assay

MICs were determined as described previously.10 Briefly, a standard
MIC determination of serially diluted test compounds in Ca2þ- and
Mg2þ-adjusted MHB using bacterial inocula with a density of 5 �
105 cfu/mL was conducted. Plates were incubated at 378C for 72 h.

Isoniazid was used as a positive control.
Test compounds were further screened for their synergistic

effects with EtBr prior to efflux assays. Compounds were dissolved
in DMSO and diluted in MHB at subinhibitory concentrations. The
concentration of the modulators remained the same throughout the

experiment, whereas the antibiotics were serially diluted for MIC
determination with and without modulator, respectively. A ‘modu-
lation factor’ (MF) was used to express the modulating effects of
compounds on MIC (EtBr).

MF ¼ MIC (antibiotic)=MIC (antibioticþ modulatorÞ

The fractional inhibitory concentration index (FICI)11 expressed

the effect of the combination of antibacterial agents:

FICI ¼ FIC (A)þ FIC (B)

FIC (A) ¼ MIC (A in the presence of B)=MIC (A alone)

FIC (B) ¼ MIC (B in the presence of A)=MIC (B alone)

Synergism, FICI � 0.5; antagonism, FICI � 4.0; and no inter-
action, FICI . 0.5–4.0.

EtBr efflux assay

This assay was adapted for M. smegmatis mc2155 following a

method by Kaatz et al.12 for inhibitors of the proton motive force
driven multidrug pump NorA in S. aureus.

M. smegmatis mc2155 was cultivated on CBA under aerobic con-
ditions at 378C for 2–3 days, which was then used for inoculating

an overnight culture13 in Tween 80-containing Middlebrook 7H9
broth. This culture was incubated overnight at 378C, 160 rpm in
sterile 50 mL centrifugal tubes and diluted 1:100 in the same
medium. Large-scale cultures were grown to mid-exponential phase
(OD600 � 0.8–1.0) at 378C, 80 rpm for 16–24 h.

Cells were loaded with 100 mM of the proton conductor CCCP
and 5 mM EtBr and further incubated for 1 h at 378C. The inoculum
was adjusted to OD600 = 0.40 (0.39–0.41) with EtBr- and
CCCP-containing Middlebrook 7H9 (with OADC and Tween 80),
4 mL aliquots were spun down with 5000 g for 10 min at 208C and

the pellets were put on ice immediately. Cell pellets were resus-
pended in 2 mL of glycerol-containing Middlebrook 7H9. EtBr
efflux from the cells was monitored at room temperature with a
spectrofluorimeter (Perkin Elmer LS50B Luminescence
Spectrometer) under constant stirring. The excitation and emission

wavelengths used were 530 nm (slit width = 5.0 nm) and 600 nm
(slit width = 10.0 nm), respectively, and readings were taken every
minute for 10 min. The loss of fluorescence indicated efflux activity.
The low background fluorescence of the medium was subtracted

from sample and control measurements. Controls without the test
compounds were carried out at the beginning and end of the assay,
showing that the bacteria did not loose EtBr while stored on ice.
Each concentration of the test compounds and the controls was
measured at least in duplicate (active compounds at least in tripli-

cate). Mean results were expressed as the percentage reduction of
total efflux, which was observed for test strains in the absence of
inhibitors for 10 min. Fluorescence levels of all controls and
samples had to be within a coefficient of variation of maximal 20%.

Table 1. MICs and modulation factors of compounds for

M. smegmatis mc2155

Compound

MIC

(mg/L)

Concentration as

modulator (mg/L)

Modulation

factor (EtBr)

Baicalein 64 32 2

Baicalin 256 32 1

Biochanin A 256 10 4–8

32 16–32

Daidzein .256 64 1

Formononetin 256 64 1

Genistein 256 32 2

Luteolin 32 8 2

16 2

Myricetin 32 16 1

Resveratrol 64 16 2

Chlorpromazine 64 8 1

16 2

Reserpine .128 20 2

40 4

Verapamil .256 20 1–2

40 2

MIC of isoniazid = 2 mg/L and MIC of EtBr = 16 mg/L.
Modulation factor =MIC (EtBr)/MIC (EtBr + modulator); n = 4–8.
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Results

Minimum inhibitory concentrations

The majority of the compounds exhibited weak antimycobacter-
ial activities (Table 1).

Modulating activities

All compounds were further tested for modulating activities of
EtBr at subinhibitory concentrations. Biochanin A was shown to
be the best modulator and could decrease the MIC of EtBr 4- to
8-fold at 10 mg/L and 16- to 32-fold at 32 mg/L. The FICI
between biochanin A and EtBr showed synergism (FICI = 0.25).11

With the exception of baicalin, formononetin, daidzein and
myricetin, all tested compounds could modulate the MIC of
EtBr at least to a small extent.

EtBr efflux inhibition experiments

We validated the EtBr efflux assay using reserpine, which
demonstrated efflux inhibition of 91.31+ 9.36% at 160 mM.
Each known EPI tested showed efflux inhibition in M. smegmatis
mc2155 cells. From all compounds tested, only biochanin
A achieved inhibition levels comparable to the standard EPI
controls. Luteolin and resveratrol were much less active and
myricetin was inactive (Figure 1).

Discussion

The modulation assay with EtBr as an antibiotic seems to be an
appropriate pre-screening for flavonoids as EPIs. Therefore,
compounds that are able to decrease the MIC of EtBr (MIC =
16 mg/L) in M. smegmatis mc2155 should be further tested in
the efflux assay. This can be illustrated by comparison of bio-
chanin A, luteolin and myricetin, which show decreasing modu-
lation factors as well as decreasing efflux-inhibiting activities.

The modulation assay also appears to be suitable for
bioassay-guided isolation for mycobacterial EPIs, for example
from crude plant extracts. As we did not utilize an overexpres-
sing strain, this might explain the quite high concentrations of
EPIs to achieve efflux inhibition.

Luteolin exhibited the same antimycobacterial activity as
myricetin, but stronger synergism with EtBr. This showed that
the hydroxy group at C-3 as well as the number of hydroxyl
groups in ring B of flavones influenced EtBr-modulating but not
antimycobacterial activity.

The free hydroxyl group in ring B of daidzein slightly
increased the modulating activity when compared with formono-
netin with a para-methoxy group in ring B. In contrast, the
para-methoxy group of biochanin A strongly enhanced the mod-
ulating activity when compared with its parent compound genis-
tein. Comparison of biochanin A and formononetin illustrated
the relevance of a hydroxy group at C-5 for EtBr-modulating
and efflux-inhibiting activities of isoflavones. Comparing baica-
lin and its aglycone baicalein showed that glycosylation of the
hydroxy group at C-7 of flavones reduced antimycobacterial as
well as modulating activities, respectively.

Biochanin A showed comparable efflux inhibitory effects to
the reference EPIs. The isoflavone biochanin A and its metab-
olite genistein are potentiators of the antibacterial activities of
norfloxacin and berberine in wild-type S. aureus,14 and the
authors assumed an inhibiting effect on MDR pumps. Biochanin
A might also reverse MDR by inhibiting the P-glycoprotein
function in human breast cancer cells and was shown to increase
[3H]daunomycin accumulation much more than the positive
control verapamil.15 Combining our results with those of pre-
vious literature, biochanin A can override efflux mediated resist-
ance in mammalian as well as bacterial cells.

The experiments of this study were performed on a
fast-growing mycobacterial strain, and we emphasize that con-
clusions on the effects on M. tuberculosis should be drawn with
care. However, the results obtained with the isoflavonoid bio-
chanin A should stimulate investigations of this class of com-
pounds as inhibitors of mycobacterial efflux pumps.
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Abstract

In the course of a project to identify plant natural products which modulate the susceptibility of different strains of fast-growing mycobacteria to

the first-line antituberculotic isoniazid (INH), several flavonoids without significant antimycobacterial activities at the tested concentrations were

screened for their ability to decrease the minimum inhibitory concentrations (MICs) of INH. Flavonoids with different substitution patterns,

namely epicatechin, isorhamnetin, kaempferol, luteolin, myricetin, quercetin, rutin and taxifolin were tested to examine structure–activity

relationships (SARs) of these compounds. Different mycobacterial strains, i.e. Mycobacterium smegmatis (ATCC 14468), M. smegmatis mc2155

(ATCC 700084),M. smegmatismc22700,M. phlei (ATCC 11758) andM. fortuitum (ATCC 6841) were used. The strongest synergistic effects were

observed inM. smegmatismc2155 followed byM. phlei, whereas the tendency of INH potentiation by certain flavonoids remained the same within

each strain. Myricetin was the most efficient intensifier of INH susceptibility in all tested strains causing a decrease of theMIC of INH up to 64-fold

at 16 mg/ml, followed by quercetin. Structure–activity relationships of flavonoids as intensifiers of INH susceptibility in mycobacteria indicate that

they overlap with SARs for their radical-scavenging properties, however the potentiation of INH activity cannot only be explained by their radical-

scavenging activity alone.

# 2008 Phytochemical Society of Europe. Published by Elsevier B.V. All rights reserved.

Keywords: Mycobacteria; Isoniazid susceptibility; Resistance modulation; Flavonoids; Myricetin

1. Introduction

Infections associated with mycobacteria including Myco-

bacterium tuberculosis are increasing worldwide and the

additional prevalence of multidrug-resistant (MDR) strains

requires the development of new drugs for the therapy of

mycobacterial infections. One third of the world’s population is

infected with the dormant tuberculosis (TB) bacillus (Cantrell

et al., 2001; Eddleston and Pierini, 1999; Smith et al., 2004). TB

can usually be treated with a regime of the four first-line anti-

TB drugs isoniazid (INH), rifampicin (RIF), pyrazinamide

(PZA) and ethambutol (EMB) (Blumberg et al., 2003). In case

of misuse, MDR strains are likely to develop. Most drug-

resistant clinical isolates of the tubercle bacillus are resistant to

isoniazid (Marrakchi et al., 2000). The treatment of MDR-TB

takes more time with second-line drugs (cycloserine, ethiona-

mide/prothionamide, streptomycin, amikacin/kanamycin,

capreomycin, p-aminosalicylic acid, and fluoroquinolones),

which are more expensive and also have more side-effects

(WHO, 2007). Extensively drug-resistant tuberculosis (XDR-

TB) is resistant to first- and second-line drugs and is usually a

result of misuse, mismanagement or non-patient compliance

due to side-effects (WHO, 2007). The INH resistance

mechanisms of mycobacteria are very complex (Viveiros

et al., 2002). Fifty to 60% of the strains have individual

mutations of genes encoding a catalase-peroxidase (katG), an

enzyme of the mycolic acid pathway (inhA), and a b-ketoacyl-

acyl carrier protein synthetase (kasA). INH resistance has

furthermore been related to INH neutralization by the over-

production of arylamine N-acetyltransferase, by limitation of

NAD+-binding proteins, and by the overexpression of anti-

oxidant enzymes that compensate for the loss of function of the

KatG protein (Hillas et al., 2000; Viveiros et al., 2002; Zhao

et al., 2006). In 20% of all INH-resistant strains there still

remain mechanisms that are different to those mentioned above

(Viveiros et al., 2002). Recent research has given evidence that

resistance to INH can also be mediated by energy-dependent

efflux pumps (Choudhuri et al., 1999; De Rossi et al., 2006;

Pasca et al., 2005) and that the induction of high level resistance

to INH may be due to the activation or induction of an efflux
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pump mechanism (Colangeli et al., 2005; Gumbo et al., 2007;

Viveiros et al., 2002).

In an ongoing project to identify new antimycobacterial

compounds from plants, we screened flavonoids, which in

combination with INH, decreased the minimum inhibitory

concentrations (MICs) of INH against different mycobacterial

strains. At present, a lot of research concerning compounds that

reduce the risk of development of resistance to chemother-

apeutic agents in anti-cancer and antimicrobial therapy is going

on. Roufogalis et al. (2007) describe the flavonoid methylvi-

texin as an inhibitor of resistance mediated by a cell transporter

protein and in particular P-glycoprotein and/or the breast

cancer resistance protein. In earlier investigations, catechin has

been described to potentiate the action of streptomycin against

the tubercle bacillus in mice and decreases the incidence of

pulmonary tuberculosis fourfold (Martin et al., 1949),

indicating the potential of flavonoids as resistance modifying

compounds. In a recent study by Brown et al. (2007) the

antimycobacterial activity of the flavonoids butein and

isoliquiritigenin could be related to their inhibitory effect on

fatty acid and mycolic acid biosynthesis.

In this paper we present the INH modulating activities of

(�)-epicatechin, isorhamnetin, kaempferol, luteolin, myricetin,

quercetin, rutin and taxifolin in M. smegmatis, M. smegmatis

mc2155, M. smegmatis mc22700, M. fortuitum and M. phlei

which could be co-administered with anti-TB chemotherapy to

prevent or overcome resistance to INH (Fig. 1).

2. Results and discussion

All investigated flavonoids were screened for antimyco-

bacterial activities prior to modulation assays (Fig. 2). Each

tested compound caused at least a twofold decrease of theMICs

of INH at subinhibitory concentrations. MICs and modulation

factors are summarized in Tables 1 and 2.

Only three of the tested flavonoids, i.e. myricetin, quercetin

and luteolin showed moderate antimycobacterial activities with

MIC values ranging from 32 to 64 mg/ml. (�)-Epicatechin as

well as rutin exhibited weak activities from 128 to 256 mg/ml

against M. fortuitum.

Fig. 1. Modulation of INH susceptibility by various concentrations of flavonols

with different B-ring substitution patterns in M. smegmatis mc2155.

Fig. 2. Structures of the investigated compounds.
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The SARs for these flavonoids as modulators of isoniazid

activity indicate that they overlap SARs for their radical-

scavenging properties. Their radical-scavenging activity is

enhanced by the number of hydroxy groups, a 2,3-double bond

in conjugation with a 4-oxo group and an orthodiphenolic

structure, especially as a pyrogallol group in ring B as seen in

myricetin (Pietta, 2000). Glycosylation (blocking the 3-OH in

C-ring) and the lack of OH or presence of a methoxy in B-ring

decrease the radical-scavenging effect (Sroka, 2005). The

catechol group in ring B is the major structure for radical-

scavenging capacity of flavonoids. It has better electron-

donating properties and is a radical target, whereas the 2,3-

double bond conjugated with the 4-oxo group is responsible

for electron delocalization (Pietta, 2000). Nevertheless their

modulating activities cannot only be explained by these

moieties. According to these criteria decreasing activities

should be found in the following order: myrice-

tin > quercetin > rutin/luteolin/taxifolin > (�)-epicate-

chin > isorhamnetin/kaempferol. This order fits only for the

most active flavonoids myricetin and quercetin as well as for the

weakest compound kaempferol.

For comparison we conducted our modulation screening of

INH activity against different mycobacterial strains. Most

modulators showed the strongest INH potentiation against M.

smegmatis mc2155, a strain which expresses different efflux

pumps. Comparison of modulation results between this strain

and M. smegmatis (ATCC 14468) could indicate efflux

inhibition. M. smegmatis mc22700 overexpresses the fatty

acid synthase gene (fas 1) fromM. tuberculosis (Zimhony et al.,

2004). Antimycobacterial screening against this strain and M.

smegmatis (ATCC 14468) could reveal if a compound inhibits

FAS-I, a target of the activated antituberculotic pyrazinamide

(Zimhony et al., 2000; Zimhony et al., 2004). Remarkably,

M. tuberculosis has both types of fatty acid synthase systems

found in nature: FAS-I is usually found in eukaryotes other than

plants, and FAS-II is found in bacteria and plants (Duncan,

2004).

Luteolin showed an approximately eightfold reduced MIC

against M. smegmatis mc22700 compared to other M.

smegmatis strains. This indicates that luteolin could be a

potential inhibitor of FAS-I. As luteolin-7-glucoside turned out

to be the first plasmodial FAS-II inhibiting natural product

targeting the malarial FabI enzyme (Kirmizibekmez et al.,

2004), we further tested luteolin-7-glucoside and luteolin-5-

glucoside, respectively. Both compounds were inactive, which

clearly demonstrates that the 5-hydroxy as well as the 7-

hydroxy group are essential for the antimycobacterial activity

of luteolin. However, they moderately decreased the MIC of

INH twofold in M. smegmatis mc22700.

Myricetin with a 2,3-double bond and three hydroxyl groups

in ring B was by far the most active compound concerning

modulating activity, however it also exhibited moderate

Table 1

Minimum inhibitory concentrations (MIC values, mg/ml) of flavonoids

Compound Strains

M. smegmatis mc2155 M. smegmatis (ATCC 14468) M. smegmatis mc22700 M. fortuitum M. phlei

(�)-Epicatechin >128 >128 >128 >128 >128

Isorhamnetin >256 >128 >128 >128 >256

Kaempferol >256 >128 >128 >128 256

Luteolin 128–256 >128 16–32 32 64–128

Myricetin 32 64 64 >128 64

Quercetin >256 128 64 >256 >256

Rutin >128 >128 >128 128 >128

Taxifolin >128 >128 >128 >128 >128

INH 2 (1–)2 2(–4) 1(–2) 4

EMB 2 0.5 1 4 0.5

RIF 32 64 32 8 0.5

Table 2

Modulation factors and reference concentrations of flavonoids against different strains of mycobacteria (nt, not tested)

Compound [C] (mg/ml) Strains

M. smegmatis mc2155 M. smegmatis (ATCC 14468) M. smegmatis mc22700 M. fortuitum M. phlei

(�)-Epicatechin 32 16 4 4 4 8

Isorhamnetin 32 8 1–2 2 2 4

Kaempferol 32 2 2 1 2 2

Luteolin 32 4 2 nt nt 32

8 nt nt 2 2 4–8

Myricetin 16 64 8 8 8 16

Quercetin 16 16–32 2 8 4 8–16

Rutin 32 2 4 2 2 4

Taxifolin 32 4 4 2 2 1
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antimycobacterial activity (MIC = 32 mg/ml). In combination

it exhibited a synergistic and not additive antibiotic effect with

INH with a fractional inhibitory concentration index (FICI) of

0.2. Myricetin was the most active INH modulator and could

decrease the MIC of INH 16-fold at a concentration of 8 mg/ml

and 64-fold at a concentration of 16 mg/ml, respectively in M.

smegmatis mc2155. Myricetin did not decrease the MIC values

of other antibiotics such as ethambutol, rifampicin, strepto-

mycin, ciprofloxacin or tetracycline. This further supports the

synergistic activity and specificity for INH potentiation.

Quercetin turned out to be the second active compound

lacking one hydroxy group in ring B compared to myricetin. A

comparison between quercetin and luteolin indicated that the 3-

hydroxy group enhances both antimycobacterial and potentia-

tion activities, respectively. Kaempferol was the least active

compound and highlighted the importance of the presence of

adjacent hydroxy groups in ring B for potentiation activity of

flavonoids when compared to quercetin or luteolin. This SAR

was also supported by the stronger activity of quercetin

compared to isorhamnetin. Correlations between the structures

of kaempferol and taxifolin showed that the number of

hydroxyl groups in ring B (catechol groups) and the 3-hydroxyl

seemed to be more important for potentiation activity than the

2,3-double bond.

Flavonoids are known inhibitors of multidrug resistance

proteins (MRP) with efflux activity (Bobrowska-Hagerstrand

et al., 2003). Myricetin can override in vitro cellular MRP1-

and MRP2-mediated vincristine resistance (van Zanden et al.,

2005). We therefore assume that our tested flavonoids could

also inhibit mycobacterial efflux pumps and that the mode of

action of INH potentiation is not only mediated by their anti-

oxidant activity. INH is a prodrug and susceptible to oxidative

reactions catalyzed by KatG resulting in an IN-NAD (INH-

nicotinamide adenine dinucleotide) adduct molecule (Zhao

et al., 2006). The IN-NAD adductmolecule is a strong inhibitor

of InhA, a key enzyme involved in the biosynthesis of mycolic

acids for the mycobacterial cell wall. Low concentrations of

H2O2 are necessary so that KatG can efficiently catalyze the

INH activation. It is possible that the flavonoids additionally

keep the H2O2 level low (Zhao et al., 2006). Another

hypothesis is that the antioxidants remove a natural substrate

of KatG and therefore provide more peroxidase activity with

INH (Magliozzo, 2007, pers. commun.). Nevertheless flavo-

noids seem to be potential adjuvants in anti-TB therapy.

Further in vivo studies are necessary to assess if they can

facilitate the lowering of INH dosages in chemotherapy,

therefore reduce toxic side-effects, lead to better patient

compliance and also prevent or overcome acquired resistance

to INH.

3. Experimental section

3.1. General experimental procedures

Flavonoids were purchased from Carl Roth KG Karlsruhe,

Germany. Purities were checked by TLC or HPLC. Isoniazid,

ethambutol, rifampicin, streptomycin sulfate and tetracyclin

were supplied by Sigma–Aldrich Chemie Gmbh, Steinheim,

Germany. Ciprofloxacin was obtained from Bayer HealthCare,

Leverkusen, Germany.

3.2. Bacterial strains

Bacteria were obtained from the American Type Culture

Collection: M. smegmatis (ATCC 14468), M. smegmatis

mc2155 (ATCC 700084), M. fortuitum (ATCC 6841) and M.

phlei (ATCC 11758). The M. smegmatis mc22700 strain

overexpresses the fatty acid synthase gene (fas 1) from M.

tuberculosis (Zimhony et al., 2004) and was a generous gift

from Dr. Oren Zimhony, Infectious Diseases Unit, Kaplan

Medical Center, Hebrew University and Hadassah Medical

School, Jerusalem. All strains were cultured on Columbia

Blood Agar (Oxoid Ltd., Basingstoke, Hampshire, England)

supplemented with 7% defibrinated horse blood (Oxoid)

under aerobic conditions and incubated for 72 h at 37 8C
prior to MIC determinations or modulation assays, respec-

tively.

3.3. Minimum inhibitory concentration

An in vitro assay was used to exclude antimycobacterial

activity of the flavonoids or to choose subinhibitory

concentrations for the modulation assay. Compounds and

standard antibiotics were dissolved in DMSO and serially

diluted (twofold) with cation adjusted Mueller Hinton Broth

(MHB, Oxoid) to particular concentrations in a 96-well

microtiter plate (Iwaki, Microplate 96-well/flat bottom,

0.35 ml well capacity). Bacterial inoculum (density of

5 � 105 cfu/ml after dilution of an inoculum adjusted to

Mac Farland turbidity standard 0.5) was added to the wells

and the plate was incubated at 37 8C for 72 h. The MIC was

recorded as the lowest concentration at which no growth was

observed after the addition of 20 ml of a 5 mg/ml methanolic

solution of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo-

lium bromide (MTT; Sigma) and incubation for 30 min. A

blue colouration indicated bacterial growth, whereas wells

without bacterial growth stayed yellow. DMSO and INH

controls were included in all assays. The highest final DMSO

concentrations were 62.5 ml DMSO/ml in MIC determina-

tions and 72.9 ml/ml in modulation assays, respectively. For

modulation assays, flavonoids were dissolved in DMSO and

diluted into MHB at different subinhibitory concentrations.

These media were then used for the minimum inhibitory

concentration assay to screen for synergistic effects with

INH. Results were obtained from experiments carried out in

at least duplicate.

The extent of MIC modulation was expressed by the

modulation factor (MF):

MF ¼ MIC ðantibioticÞ
MIC ðantibioticþmodulatorÞ

Amodulation factor of 16 indicated a 16-fold reduction of MIC

in the presence of a modulator in a certain concentration.
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The fractional inhibitory concentration index expressed the

effect of the combination of antibacterial agents:

FICI ¼ FICðAÞ þ FICðBÞ;

FICðAÞ ¼ MICðA in the presence of BÞ
MICðA aloneÞ ;

FICðBÞ ¼ MICðB in the presence of AÞ
MICðB aloneÞ

Synergism: FICI � 0.5, antagonism: FICI � 2, additive effects:

FICI = 0.5–1.0, indifferent effects: FIC >1 to <2 (European

Committee for Antimicrobial Susceptibility Testing

(EUCAST) of the European Society of Clinical Microbiology

and Infectious Diseases (ESCMID), 2000).

Acknowledgement

The Austrian Academy of Sciences is thanked for the award

of a studentship to D. Lechner (Doc-Fforte 22076).

References

Blumberg, H.M., Burman, W.J., Chaisson, R.E., Daley, C.L., Etkind, S.C.,

Friedman, L.N., Fujiwara, P., Grzemska, M., Hopewell, P.C., Iseman, M.D.,

Jasmer, R.M., Koppaka, V., Menzies, R.I., O’Brien, R.J., Reves, R.R.,

Reichman, L.B., Simone, P.M., Starke, J.R., Vernon, A.A., 2003. American

Thoracic Society/Centers for Disease Control and Prevention/Infectious

Diseases Society of America: Treatment of tuberculosis. Am. J. Respir. Crit.

Care Med. 167, 603–662.

Bobrowska-Hagerstrand, M., Wrobel, A., Mrowczynska, L., Soderstrom, T.,

Shirataki, Y., Motohashi, N., Molnar, J., Michalak, K., Hagerstrand, H.,

2003. Flavonoids as inhibitors of MRP1-like efflux activity in human ery-

throcytes. A structure–activity relationship study. Oncol. Res. 13, 463–469.

Brown, A.K., Papaemmanouil, A., Bhowruth, V., Bhatt, A., Dover, L.G., Besra,

G.S., 2007. Flavonoid inhibitors as novel antimycobacterial agents targeting

Rv0636, a putative dehydratase enzyme involved in Mycobacterium tuber-

culosis fatty acid synthase II. Microbiology 153, 3314–3322.

Cantrell, C.L., Franzblau, S.G., Fischer, N.H., 2001. Antimycobacterial plant

terpenoids. Planta Med. 67, 685–694.

Choudhuri, B.S., Sen, S., Chakrabarti, P., 1999. Isoniazid accumulation in

Mycobacterium smegmatis is modulated by proton motive force-driven and

ATP-dependent extrusion systems. Biochem. Biophys. Res. Commun. 256,

682–684.

Colangeli, R., Helb, D., Sridharan, S., Sun, J., Varma-Basil, M., Hazbon, M.H.,

Harbacheuski, R., Megjugorac, N.J., Jacobs Jr., W.R., Holzenburg, A.,

Sacchettini, J.C., Alland, D., 2005. The Mycobacterium tuberculosis iniA

gene is essential for activity of an efflux pump that confers drug tolerance to

both isoniazid and ethambutol. Mol. Microbiol. 55, 1829–1840.

De Rossi, E., Ainsa, J.A., Riccardi, G., 2006. Role of mycobacterial efflux

transporters in drug resistance: An unresolved question. FEMS Microbiol.

Rev. 30, 36–52.

Duncan, K., 2004. Identification and validation of novel drug targets in

tuberculosis. Curr. Pharm. Des. 10, 3185–3194.

Eddleston, M., Pierini, S., 1999. Oxford Handbook of Tropical Medicine.

Oxford University Press.

European Committee for Antimicrobial Susceptibility Testing (EUCAST) of

the European Society of Clinical Microbiology and Infectious Diseases

(ESCMID), 2000. Terminology relating to methods for the determination of

susceptibility of bacteria to antimicrobial agents. Clin. Microbiol. Infect. 6,

503–508.

Gumbo, T., Louie, A., Liu, W., Ambrose Paul, G., Bhavnani Sujata, M., Brown,

D., Drusano, G.L., 2007. Isoniazid’s bactericidal activity ceases because of

the emergence of resistance, not depletion ofMycobacterium tuberculosis in

the log phase of growth. J. Infect. Dis. 195, 194–201.

Hillas, P.J., Del Alba, F.S., Oyarzabal, J., Wilks, A., De Montellano, P.R.O.,

2000. The AhpC and AhpD antioxidant defense system of Mycobacterium

tuberculosis. J. Biol. Chem. 275, 18801–18809.

Kirmizibekmez, H., Calis, I., Perozzo, R., Brun, R., Doenmez, A.A., Linden, A.,

Rueedi, P., Tasdemir, D., 2004. Inhibiting activities of the secondary

metabolites of Phlomis brunneogaleata against parasitic Protozoa and

plasmodial enoyl-ACP reductase, a crucial enzyme in fatty acid biosynth-

esis. Planta Med. 70, 711–717.

Marrakchi, H., Laneelle, G., Quemard, A., 2000. InhA, a target of the anti-

tuberculous drug isoniazid, is involved in a mycobacterial fatty acid

elongation system, FAS-II. Microbiology 146, 289–296.

Martin, G.J., Carley Jr., J., Moss, J.N., 1949. Agylcone flavonoids in experi-

mental chemotherapy. Exp. Med. Surg. 7, 391–393.

Pasca, M.R., Guglierame, P., De Rossi, E., Zara, F., Riccardi, G., 2005. mmpL7

gene of Mycobacterium tuberculosis is responsible for isoniazid efflux in

Mycobacterium smegmatis. Antimicrob. Agents Chemother. 49, 4775–

4777.

Pietta, P.-G., 2000. Flavonoids as antioxidants. J. Nat. Prod. 63, 1035–1042.

Roufogalis, B., Marks, D., Duke, R., 2007. A method of treatment with

flavonoids for overcoming acquired or inherent resistance to chemother-

apeutic compounds. PCT Int. Appl. 57.

Smith, C.V., Sharma, V., Sacchettini, J.C., 2004. TB drug discovery: Addres-

sing issues of persistence and resistance. Tuberculosis 84, 45–

55.

Sroka, Z., 2005. Antioxidative and antiradical properties of plant phenolics. Z.

Naturforsch. C: J. Biosci. 60, 833–843.

van Zanden, J.J., de Mul, A., Wortelboer, H.M., Usta, M., van Bladeren, P.J.,

Rietjens, I.M.C.M., Cnubben, N.H.P., 2005. Reversal of in vitro cellular

MRP1 and MRP2 mediated vincristine resistance by the flavonoid myr-

icetin. Biochem. Pharmacol. 69, 1657–1665.

Viveiros, M., Portugal, I., Bettencourt, R., Victor, T.C., Jordaan, A.M., Leandro,

C., Ordway, W., Amaral, L., 2002. Isoniazid-induced transient high-level

resistance in Mycobacterium tuberculosis. Antimicrob. Agents Chemother.

46, 2804–2810.

WHO. (2007). XDR-TB Extensively drug-resistant tuberculosis. URL in

August 2007, http://www.who.int/tb/xdr/en/index.html.

Zhao, X., Yu, H., Yu, S., Wang, F., Sacchettini, J.C., Magliozzo, R.S., 2006.

Hydrogen peroxide-mediated isoniazid activation catalyzed by Mycobac-

terium tuberculosis catalase-peroxidase (KatG) and its S315T mutant.

Biochemistry 45, 4131–4140.

Zimhony, O., Cox, J.S., Welch, J.T., Vilcheze, C., Jacobs Jr., W.R., 2000.

Pyrazinamide inhibits the eukaryotic-like fatty acid synthetase I (FASI) of

Mycobacterium tuberculosis. Nat. Med. 6, 1043–1047.

Zimhony, O., Vilcheze, C., Jacobs Jr., W.R., 2004. Characterization of Myco-

bacterium smegmatis expressing theMycobacterium tuberculosis fatty acid

synthase I (fas1) gene. J. Bacteriol. 186, 4051–4055.

D. Lechner et al. / Phytochemistry Letters 1 (2008) 71–75 75

118

http://www.who.int/tb/xdr/en/index.html


ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Dec. 2007, p. 4480–4483 Vol. 51, No. 12
0066-4804/07/$08.00�0 doi:10.1128/AAC.00216-07
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

The Phenolic Diterpene Totarol Inhibits Multidrug Efflux Pump
Activity in Staphylococcus aureus�

Eileen C. J. Smith,1 Glenn W. Kaatz,2,3 Susan M. Seo,3 Neale Wareham,4
Elizabeth M. Williamson,5 and Simon Gibbons1*

Centre for Pharmacognosy and Phytotherapy, The School of Pharmacy, University of London, 29-39 Brunswick Square,
London WC1N 1AX, United Kingdom1; The John D. Dingell Department of Veteran’s Affairs Medical Centre2 and

Department of Internal Medicine, Division of Infectious Diseases, School of Medicine, Wayne State University,3

Detroit, Michigan 48201; Stiefel International R&D, Whitebrook Park, 68 Lower Cookham Road,
Maidenhead, Berkshire SL6 8XY, United Kingdom4; and Department of Pharmacy,

University of Reading, Whiteknights, Reading, Berks RG6 6AJ, United Kingdom5

Received 13 February 2007/Returned for modification 23 March 2007/Accepted 24 July 2007

The phenolic diterpene totarol had good antimicrobial activity against effluxing strains of Staphylococcus
aureus. Subinhibitory concentrations reduced the MICs of selected antibiotics, suggesting that it may also be
an efflux pump inhibitor (EPI). A totarol-resistant mutant that overexpressed norA was created to separate
antimicrobial from efflux inhibitory activity. Totarol reduced ethidium efflux from this strain by 50% at 15 �M
(1/4� MIC), and combination studies revealed marked reductions in ethidium MICs. These data suggest that
totarol is a NorA EPI as well as an antistaphylococcal antimicrobial agent.

Efflux is a common resistance mechanism employed by bac-
teria. Multidrug resistance (MDR) pumps can confer resis-
tance to bile, hormones, and other substances produced by the
host and may play a role in host colonization (24). The NorA
MDR pump of Staphylococcus aureus effluxes a broad spec-
trum of compounds, including fluoroquinolones, quaternary
ammonium compounds, ethidium bromide, rhodamine, and
acridines (17). In addition to MDR pumps, there are those that
are specific for a particular class of antibiotics; an example is
TetK, which is also found in S. aureus and effluxes only tetra-
cyclines.

There is significant interest in plant compounds which may
inhibit bacterial efflux pumps. An example is the plant alkaloid
reserpine, which inhibits both TetK and NorA (7, 21) but
unfortunately is toxic at the concentrations required for this
activity (17). An effective efflux pump inhibitor (EPI) could
have significant benefits, including restoration of antibiotic
sensitivity in a resistant strain (13) and a reduction in the dose
of antibiotic required, possibly reducing adverse drug effects. It
has also been demonstrated that use of an EPI with an anti-
biotic delays the emergence of resistance to that antibiotic
(16). A new EPI lead compound (MP-601,205), which is in
phase I clinical trials, has recently been described (15). A
hybrid molecule of the synthetic MDR pump inhibitor INF55

(17) and the natural product berberine was effective in vivo in
curing an enterococcal infection in a Caenorhabditis elegans
nematode infection model (2). Therefore, the prospects for
producing EPIs which could be used clinically are encouraging.

Conifer oleoresin, secreted as a defense mechanism against

predators, has long been valued for its antiseptic properties. In
this study, the phenolic diterpene totarol (Fig. 1) was isolated
from the immature cones of Chamaecyparis nootkatensis. Here
we demonstrate that totarol has both antibacterial and EPI
activity against S. aureus, providing further evidence that ef-
fective EPI lead compounds can be isolated from plants.

Unless stated otherwise, all reagents were obtained from
Sigma-Aldrich Company Ltd., Dorset, United Kingdom.
Cation-adjusted Mueller-Hinton broth was obtained from
Oxoid and was adjusted to contain 20 mg/liter Ca2� and 10
mg/liter Mg2�.

The strains of S. aureus used are listed in Table 1. Strains
overexpressing various efflux-related resistance mechanisms
were employed and will be referred to as “effluxing strains,”
including strains XU212 (tetK), RN4220 (msrA), and
SA-1199B (norA). SA-K1758 is a derivative of S. aureus NCTC
8325-4 having the norA gene deleted and replaced with an erm
cassette (25). To help separate antimicrobial from efflux inhib-
itory activity, a totarol-resistant mutant of SA-K1758 (SA-
K3090) was produced by employing gradient plates. The norA
gene and promoter were amplified from SA-1199B and cloned
into pCU1, producing pK364 (1). This plasmid was transduced
into SA-K3090 using phage 85, resulting in SA-K3092 (6).

Totarol was isolated from the immature cones of Chamae-
cyparis nootkatensis (Bedgebury Pinetum, Goudhurst, Kent),
and a voucher specimen was placed in the herbarium at the
School of Pharmacy (voucher specimen no. ECJS/008). Soxhlet
extraction on 500 g of cones was carried out using 3.5 liters of
solvents of increasing polarity: hexane, chloroform, acetone,
and methanol. Vacuum-liquid chromatography was performed
on 2 g of the chloroform extract using Merck Silica Gel 60
(VWR, Leicestershire United Kingdom), commencing elution
with 100% chloroform with a gradient of 10% increments to
100% ethyl acetate. The solvent was then changed to ethyl
acetate-acetone (50:50), followed by 100% acetone and finish-
ing with acetone-methanol (50:50). Fraction 3 (852 mg) was

* Corresponding author. Mailing address: Centre for Pharmacog-
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subjected to preparative reverse-phase high-pressure liquid
chromatography using an XTerra MS C18 column (300 mm by
19 mm by 10 �m) (Waters, Hertfordshire, United Kingdom).
Samples (65 mg) were eluted with acetonitrile-H2O (70:30) for
30 min, and the acetonitrile concentration was then increased
in a gradient up to 100% over 5 min and held for 2 min. Four
high-pressure liquid chromatography runs yielded 39.0 mg to-
tarol.

Gas chromatography-mass spectrometry (GC-MS) analysis
was carried out using an Agilent 6890 GC coupled to an Agi-
lent 5973 mass selective detector. An HP-5ms capillary column
of 30 m in length with a diameter of 250 �m was used with a
nonpolar stationary phase of 5% phenylmethylsiloxane and a
film thickness of 0.25 �m. Samples were introduced into the
system using split injection with a split ratio of between 5:1 and
10:1 and an injector temperature of 250°C. Helium was used as
the carrier gas at an average linear velocity of 50 cm/s. The
initial oven temperature was 50°C, and the temperature was
increased after 5 min at a rate of 5°C to a maximum of 300°C.
The MS was run in EI mode. One-dimensional (1D) and 2D
nuclear magnetic resonance (NMR) spectra were recorded on
a Bruker Avance 500-MHz spectrometer and processed using
XWin NMR 3.5 software. Samples were dissolved in deuter-
ated chloroform, which was also used as the internal solvent
standard. Extensive 1D and 2D NMR experiments and GC-MS
facilitated the structure elucidation of the isolated diterpene
(Fig. 1), and the spectral data were in close agreement with the
literature values for totarol (23).

MIC and modulation assays were performed using a broth
dilution technique as described previously (29). Totarol was
assayed at half the MIC in modulation assays, and reserpine
was used as a control. Checkerboard combination studies using
ethidium bromide (EtBr) and totarol were performed as de-
scribed previously (4). Totarol concentrations included in com-

bination experiments were �1/4 of its respective MIC. Increas-
ing concentrations of totarol and reserpine were assayed for
their ability to inhibit EtBr efflux from SA-K3092 using meth-
ods exactly as previously described (12).

Totarol exhibited good antibacterial activity, having an MIC
of 2 �g/ml against S. aureus ATCC 25923 and effluxing strains.
EtBr MICs for NCTC 8325-4, SA-K1758 (norA null), SA-
K3090, and SA-K3092 (plasmid-based norA overexpresser)
were 6.25, 0.63, 0.63, and 100 �g/ml, respectively, demonstrat-
ing the marked increase in EtBr MIC associated with norA
overexpression. The totarol MICs for these strains were 2.5,
1.25, 16, and 16 �g/ml, respectively, indicating that totarol is
not a substrate for NorA.

At half the MIC, the modulatory activity of totarol against
effluxing strains was comparable to that seen for reserpine
(Table 2). Of particular note was the observation of a totarol-
mediated eightfold reduction in the MIC of erythromycin
against strain RN4220, which expresses the macrolide-specific
MsrA pump, whereas reserpine had no activity as a modulator
against this strain. No inhibitors of the MsrA pump have so far
been reported; however, some caution must be exercised in
defining totarol as an inhibitor of MsrA, as it has been sug-
gested that the MsrA protein may not be an efflux pump (26).

Isobolograms illustrating the effect of totarol on EtBr MICs
of test strains are presented in Fig. 2. The effect of totarol on
strains overexpressing NorA (SA-1199B and K3092) is evident
and is consistent with an inhibitory effect on NorA function.

The activity of totarol against effluxing strains of S. aureus
suggested that it may be an EPI. To test this possibility, a
dose-response efflux inhibition assay was performed using SA-
K3092 (Fig. 3). The concentration at which totarol inhibited
EtBr efflux by 50% (IC50) (15 �M or 4.29 �g/ml) was approx-
imately one-fourth of the MIC for this strain. Reserpine is a
more efficient inhibitor of EtBr efflux in this test system, having
an IC50 of 8 �M.

This is the first report of antibacterial and modulatory ac-

FIG. 1. Structure of totarol.

TABLE 1. Study strains

Strain Relevant characteristic(s) Reference(s)

ATCC 25923 Control strain 7
XU212 Clinical isolate, has TetK efflux pump, erythromycin resistant 7
RN4220 (msrA) Transformed with pSK265 into which the gene for the MsrA efflux protein has been cloned 26
SA-1199 Clinical isolate, methicillin susceptible 10
SA-1199B NorA-overproducing derivative of SA-1199, also has A116E GrlA substitution 10, 11
NCTC 8325-4 Commonly used laboratory strain
SA-K1758 norA deletion mutant of NCTC 8325-4 25
SA-K3090 SA-K1758, resistant to totarol This study
SA-K3092 SA-K3090(pK364) This study
EMRSA-15 Clinical isolate, methicillin and erythromycin resistant 27

TABLE 2. Results of modulation assays for totarol and reserpine

Test compound
(concn, �g/ml)

MIC (�g/ml) of indicated drug for indicated strain with/
without test compound (fold inhibition)

Tetracycline,
XU212 (TetK)

Norfloxacin,
SA1199B (NorA)

Erythromycin,
RN4220 (MsrA)

Totarol (1) 128/32 (4) 32/8 (4) 128/16 (8)
Reserpine (20) 128/32 (4) 32/4 (8) 128/128 (0)
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tivities for totarol against effluxing strains of S. aureus. Efflux
inhibition results using a mutant with an elevated totarol MIC
indicated successful separation of antibacterial and modula-
tory activities. An IC50 for EtBr efflux at one-quarter of the
MIC indicated that the antibacterial activity of totarol is not
likely to be contributing to its activity as a modulator and that
it does function as a weak EPI. Totarol’s activity as a modu-
lator has also been reported against mycobacteria. Mossa et al.
(19) found the compound was active against several species
(MIC, 2.5 �g/ml) and that at half of the MIC it caused an
eightfold potentiation of isoniazid activity.

The antibacterial activity of totarol and its activity as a po-
tentiator of methicillin activity against methicillin-resistant S.
aureus (MRSA) have previously been reported (14, 20, 22).
Various reductions in the MIC of methicillin against MRSA
strains have been reported when used with totarol at half of the
MIC. At least an 8-fold reduction in MIC, from �32 to 4
�g/ml, was noted by one group (22), but others observed a
16-fold reduction in MIC against one MRSA strain but only a
2-fold reduction against a different strain (20). For compari-
son, in this study we assayed totarol against the clinical isolate
EMRSA-15 and found a 50-fold potentiation of oxacillin ac-
tivity (data not shown). Nicolson et al. (22) studied the expres-
sion levels of PBP2�, and concluded that potentiation of meth-
icillin activity by totarol is by interference with the synthesis of
this MRSA-specific PBP. Obviously this would not be the
mode of action in non-MRSA effluxing strains. The presence
of other efflux pumps for which totarol may be a substrate is
one possible reason for the difference in activity.

The mode of antibacterial action of totarol is not known.
Several possibilities have been suggested, including inhibition
of bacterial respiratory transport (8), but others have found
that totarol inhibits growth of anaerobic bacteria (28). Another
possibility is disruption of membrane phospholipids, leading to
loss of membrane integrity (18). Increased leakage of protons
through the mitochondrial membrane was observed by one
group, although at a higher totarol concentration than re-
quired for antibacterial activity (5). Most recently, inhibition of
bacterial cytokinesis by targeting the FtsZ protein, which forms
the Z ring, was reported (9). In some instances it has been

found that the presence of a modulator can have a negative
effect on antibiotic activity (29, 30). It is possible that the
modulator may interact with the antibiotic substrate, perhaps
leading to reduced bioavailability of the drug (31).

Totarol reduces NorA-mediated EtBr efflux, but the mech-
anism(s) of this effect is not known. Whether totarol acts di-
rectly, i.e., by binding to the pump, or indirectly, perhaps by
binding the pump substrate or affecting the assembly, confor-
mation, or even the translation of the pump, remains to be
determined.

There is a potentially useful separation between the antibac-
terial activity of totarol and its cytotoxicity. Clarkson et al. (3)
reported antiplasmodial activity for totarol against a chloro-
quine-resistant strain of Plasmodium falciparum at an IC50 of
4.29 �M, which was 40-fold less than its cytotoxic activity
against CHO cells. A recent report suggested differential in-
hibitory effects on mammalian and bacterial cell proliferation,
with only weak inhibition of HeLa cell proliferation in the
presence of totarol (9). The activity of totarol as an antibacte-
rial, modulator and EPI seen in this study, together with results
from others, suggests that totarol would be a good lead candi-
date for further development in the search for effective drugs
against resistant S. aureus.

We thank Stiefel International R&D Ltd. for the award of a stu-
dentship and postdoctoral funding to E. C. J. Smith and The Engi-
neering and Physical Sciences Research Council for a multiproject
equipment grant (no. GR/R47646/01).

We thank Bedgebury Pinetum, Goudhurst, Kent, United Kingdom,
for the supply of conifer material.

REFERENCES

1. Augustin, J., R. Rosenstein, B. Weiland, U. Schneider, N. Schell, G. Engelke,
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The rapid spread of bacteria expressing multidrug resistance (MDR) has necessitated the discovery of
new antibacterials and resistance-modifying agents. Since the initial discovery of bacterial efflux pumps
in the 1980s, many have been characterized in community- and hospital-acquired Gram-positive and
Gram-negative pathogens, such as Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli
and, more recently, in mycobacteria. Efflux pumps are able to extrude structurally diverse compounds,
including antibiotics used in a clinical setting; the latter are rendered therapeutically ineffective.
Antibiotic resistance can develop rapidly through changes in the expression of efflux pumps, including
changes to some antibiotics considered to be drugs of last resort. It is therefore imperative that new
antibiotics, resistance-modifying agents and, more specifically, efflux pump inhibitors (EPIs) are
characterized. The use of bacterial resistance modifiers such as EPIs could facilitate the re-introduction
of therapeutically ineffective antibiotics back into clinical use such as ciprofloxacin and might
even suppress the emergence of MDR strains. Here we review the literature on bacterial EPIs derived
from natural sources, primarily those from plants. The resistance-modifying activities of many new
chemical classes of EPIs warrant further studies to assess their potential as leads for clinical
development.

Keywords: MDR, MRSA, Staphylococcus aureus, NorA, efflux, Mycobacterium, Pseudomonas, Escherichia,
modulators

Introduction

Staphylococcus aureus is an important community- and major
hospital-acquired pathogen.1,2 This organism is cause for
considerable concern due to its ability to acquire resistance
towards the newest antibacterial drugs currently on the market. In
the UK, the number of death certificates citing methicillin-
resistant S. aureus (MRSA) trebled from 398 in 1998 to 1168 in
2004.3 These figures are believed to be a conservative estimate of
the actual number of deaths as a result of MRSA. Similar data are
available for many developed countries. Fluoroquinolones were
thought to be useful anti-staphylococcal agents, but resistance
quickly emerged.4–6 Resistance to vancomycin, once thought of
as the drug of last resort for the treatment of MRSA, has now
been described in a strain in the USA.7,8 MRSA resistant to
linezolid, an anti-staphylococcal oxazolidinone have already been
reported.9 This leaves the streptogramin mixture quinupristin/
dalfopristin and the cyclic lipopeptide daptomycin as the drugs for
the treatment of methicillin-susceptible S. aureus (MSSA) and
MRSA, although resistance has been reported to these drugs as
well. Should widespread resistance to these agents emerge,
substances that can increase susceptibility to currently licensed
agents would be a very attractive option.

Gram-negative bacteria and mycobacteria both possess thick
outer membranes that are highly hydrophobic, providing these
organisms with a permeability barrier10 especially towards
hydrophilic compounds such as macrolide antibiotics like
erythromycin.11 This in part explains the greater resistance
observed by Gram-negative bacteria as opposed to Gram-
positive organisms. Various mechanisms provide bacteria with
resistance to antibiotics; these include target-site modification and
antibiotic inactivation. Resistance to macrolides,12 vancomycin,13

b-lactams,14,15 fluoroquinolones16 and aminoglycosides17 has
been achieved by target-site alteration, while antibiotic inactiva-
tion mechanisms have accounted for resistance towards b-
lactams,18 aminoglycosides19 and chloramphenicol.20 These
mechanisms are important to bacteria to provide resistance, but
do so to only a single class of compound. To become multidrug
resistant a bacterium must acquire multiple mechanisms, and
whilst many species have done so the spectra of resistances vary.
Many efflux pumps are encoded chromosomally and their
presence enhances resistance mediated by these individual mecha-
nisms. Problems also now exist with the prevalence of human
pathogenic bacteria overexpressing pumps and conferring multi-
drug resistance (MDR). A single pump can provide bacteria with
resistance to a wide array of chemically and structurally diverse
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compounds. The problems of resistant Gram-positive and Gram-
negative bacteria highlight the urgent need for new drugs with
new modes of action and/or combination therapy to treat
infections caused by resistant human pathogens such as S. aureus,
Pseudomonas aeruginosa and Mycobacterium tuberculosis.

Here we review the literature concerning bacterial resistance
modulators from natural sources and will highlight plants with
the potential of discovering new bacterial efflux pump inhibitors
(EPIs). The majority of EPIs discussed are putative inhibitors
of efflux pumps of the highly problematic human pathogen
S. aureus. This review also explores the problems posed by
Gram-negative bacteria and mycobacteria possessing efflux
mechanisms as a mechanism of resistance towards clinically
relevant drugs and how EPIs may be one way of tackling this
mechanism of resistance.

Bacterial efflux families

The phenomenon of microbial multidrug efflux was first reported
by Ball et al.21 and McMurry et al.22 for the efflux of tetracycline
in Escherichia coli. This resistance was transferable between
strains and was encoded by tet (tetracycline) determinants, which
were encoded either on plasmids or transposons.23,24 Since this
initial discovery, further efflux systems have been identified in
Gram-positive and Gram-negative bacteria and, more recently, in
mycobacteria. Bacterial efflux transporters can be divided into
five main families primarily based on amino acid sequence
homology.25 These are the major facilitator (MF) superfamily,
the resistance-nodulation-division (RND) family, the small MDR
(SMR) family, the ATP binding cassette (ABC) family and the
multiple antibiotic and toxin extrusion (MATE) family. The first
three families achieve the energy required to extrude a drug out
of the cell via the proton motive force in a proton-drug antiport
system, whilst the MATE family is driven by the exchange of
either proton or sodium ions. In contrast, the ABC family couples
drug extrusion with the hydrolysis of ATP.25 Efflux of drugs
from Gram-positive bacteria is mediated by a single cytoplasmic
membrane-located transporter of the MF, SMR or ABC
families.25 The efflux pumps in Gram-negative bacteria are more
complex due to the presence of an outer membrane; they form a
tripartite protein channel, which requires a protein that traverses
the periplasm known as the membrane fusion protein (MFP) and
an outer membrane efflux protein (OEP) along with the cyto-
plasmic membrane-located transporter. It is not uncommon for an
organism to code for more than one efflux pump, which may
either be expressed constitutively or induced in direct response to
the presence of a substrate. P. aeruginosa constitutively expresses
the MexAB-OprM multidrug efflux pump, which is the main
member of the RND family in this organism.26 However,
P. aeruginosa also have the MexXY-OprM pump, which is indu-
cible in the presence of any of its substrates, such as amino-
glycosides.27 Multidrug efflux pumps therefore contribute to the
intrinsic resistance of P. aeruginosa.26

Bacterial efflux pumps offer potential targets to combat
problematic infectious diseases such as those caused by MRSA,
E. coli and P. aeruginosa. In Gram-positive organisms, the
pumps studied in greatest detail include the NorA, Tet(K) and
Msr(A) transporters.28 In Gram-negative bacteria, studies have
focused on the tripartite AcrAB-TolC and MexAB-OprM efflux
pumps of E. coli and P. aeruginosa, respectively,28 and also the

FloR efflux pump of Salmonella enterica serovar Typhimurium.29

The Tap and DrrAB efflux proteins of mycobacteria, including
M. tuberculosis, can extrude a range of chemically diverse
compounds.25,28

A genetic approach to determine the consequences of
inhibiting the efflux pumps of P. aeruginosa was undertaken
by Lomovskaya et al.;30 inhibition significantly decreased MICs
for both antibiotic-susceptible and -resistant bacteria, reversed
acquired resistance, and resulted in a decreased frequency of
emergence of P. aeruginosa mutants highly resistant to fluoro-
quinolones. It is therefore imperative to identify agents that can
block efflux and, in so doing, extend the life of existing
antibacterial drugs. Currently there are no EPIs on the market
that can be used in combination with a drug that is a pump
substrate to recover its clinical utility. However, the concept of
using a compound that inhibits resistance together with a
conventional antibiotic is well proven and co-amoxiclav is an
important example.31

Screening for EPIs

It has been known for many years that some antibiotics exert
synergy when used together and the chequerboard assay32 has
been used to identify such agents. Variations of this method have
been applied to identify potential inhibitors of efflux pumps.

The modulation assay is a quick and easy method to identify
potential EPIs in Gram-positive and Gram-negative bacteria. An
initial study of the antibacterial activity of an extract or crude
fractions is necessary to guard against false-positive results. A
concentration, normally 4-fold lower than the MIC, is chosen
when performing a potentiation assay. The modulation assay33,34

requires a sub-inhibitory concentration of a crude fraction or pure
compound to be dissolved in dimethylsulphoxide (DMSO) and
diluted in Mueller–Hinton broth. Serial doubling dilutions of a
drug known to be a substrate for an efflux transporter, such as
norfloxacin for the NorA protein, is added and microtitre plates
are then interpreted in the same manner as MIC determinations.
All samples are tested in duplicate.

The chequerboard assay identifies synergic combinations of
antimicrobial agents and has been used to screen for potential
EPIs. Serial 2-fold dilutions of a pump substrate, such as
norfloxacin or berberine for the NorA pump, as well as 2-fold
dilutions of a fraction or test compound will result in microtitre
wells with a different combination of pump substrate and fraction
or test compound concentration.35,36

The berberine uptake assay37 has also been used in bioassay-
guided isolation of MDR inhibitors. Crude extracts and fractions
are tested in the presence and absence of a sub-inhibitory
concentration of this antibacterial alkaloid. Bacterial growth in the
absence of berberine and no growth in its presence can be taken as
an indicator of the presence of an MDR inhibitor in the extract.38

This is an important screening tool enabling many fractions to be
tested quickly and easily.

The ethidium bromide efflux inhibition assay39,40 is a more
detailed study of the potentiation activity of a test compound.
Ethidium bromide is a substrate for a number of MDR efflux
pumps. The activity of putative inhibitors can be measured
fluorometrically due to the retention of fluorescence over time if
efflux is reduced. Similar efflux assays can be performed with
acriflavine or pyronin Y.40
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Accumulation studies have been used to identify potential
EPIs. Various substrates that have been used in accumulation
studies include ethidium bromide,26,39 norfloxacin,41,42 berber-
ine37,43 and novobiocin.44 Assays can be performed in a number
of ways to determine the effect of a potential efflux inhibitor on a
bacterial strain possessing an efflux pump. One method is the
incorporation of an efflux inhibitor midway through a time-course
assay in order to detect a difference in fluorescence. Another
method is to run two separate time-course assays, one in the
absence and one in the presence of an inhibitor to determine any
effect a test compound may have as a potential inhibitor. An
increase in drug accumulation only in the presence of an inhibitor
indicates that the inhibitor is a blocker of an efflux mechanism.45

EPIs from plant sources

Work on staphylococcal efflux pumps has really only advanced
in the past 2 years, with the identification of MDR transporters
in addition to NorA. All data prior to this time on staphylococci
and EPIs are either genetic or microbiological with little or no
biochemistry. S. aureus has multiple transporters encoded by
its genome, some of which are now known to transport
antimicrobials, and there is poor evidence that the EPIs described
to date interact solely with the NorA protein; reversal of
resistance in NorA overexpressing strains is indicative but not
conclusive; so, too, is the absence of activity versus strains

lacking NorA. Overexpression, disruption or deletion of one
pump can affect the expression of other MDR transporters.46 A
microbiological assay and even an efflux assay only gives the
total phenotype, which is the sum of all transporter activity
present in the bacterial cell at that time. Only crystal structure data
of the purified protein and the inhibitor co-crystallized can really
provide detailed information about binding. Experiments with
pure protein are those that provide conclusive evidence.

The antihypertensive plant alkaloid reserpine (1) (Figure 1)
was first isolated from the roots of Rauwolfia vomitoria Afz.47 Its
EPI activity was originally demonstrated against the Bmr efflux
pump, which mediates tetracycline efflux in Bacillus subtilis.48

Klyachko et al.49 demonstrated that reserpine interacts directly
with the Bmr protein at amino acids phenylalanine-143, valine-
286 and phenylalanine-306, which form a reserpine-binding site.
Reserpine also potentiated the activity of tetracycline (a 4-fold
reduction in MIC) in two clinical isolates of MRSA, IS-58 and
XU212, which possessed the Tet(K) efflux protein.50 Reserpine
also reversed NorA-conferred MDR,51 and Kaatz and Seo52

showed that it enhanced the activity of norfloxacin against
S. aureus. NorA is one of the major MDR transporters in S. aureus
and causes a significant decrease in susceptibility towards
fluoroquinolones. In a study carried out by Schmitz et al.,53 the
MICs of the fluoroquinolones ciprofloxacin, moxifloxacin and
sparfloxacin in the presence of reserpine were lowered by as much
as 4-fold in 48, 21 and 11 of 102 S. aureus isolates tested,
respectively. Fluoroquinolone resistance in Streptococcus
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pneumoniae has also been negated in the presence of reser-
pine.54,55 In 1999 Gill et al.56 identified PmrA, which has 43%
amino acid similarity with NorA. Subsequent reduction of
norfloxacin MIC against a norfloxacin-resistant construct (R6N)
in the presence of reserpine led the authors to interpret that
reserpine inhibited the PmrA protein. However, this interaction has
not been conclusively proven. Fluoroquinolone accumulation
studies using strain R6N as compared with R6 (wild-type) resulted
in a decrease in the accumulation of these drugs.57 However, the
addition of reserpine at a concentration used in potentiation assays
failed to increase fluoroquinolone accumulation suggesting that
this compound interactswith another protein other than PmrA.57An
ABC transporter associated with ciprofloxacin resistance has
recently been identified by Marrer et al.58 and subsequent deletion
of this transporter resulted in these S. pneumoniae strains being
conferred multidrug susceptible.59

A number of MDR pump inhibitors against the human
pathogen S. aureus have been described by the Lewis group.
Berberine (2), isolated from Berberis fremontii, is an alkaloid
with only weak antibacterial activity (MIC = 256 mg/L) against
a wild-type strain of S. aureus.60 However, the isolation of the
flavonolignan 50-methoxyhydnocarpin-D (50-MHC-D) (3) and a
synergistic study between these two compounds led to a 16-fold
increase in the antibacterial activity of berberine (MIC =
16 mg/L).60 50-MHC-D also had a synergistic effect with several
other NorA substrates, including norfloxacin.

The isolation of the porphyrin pheophorbide a (4) from
Berberis species and a further flavonolignan, silybin (5)
(Figure 2) a diastereomeric mixture of 5a and 5b, from Milk
thistle (Silybum marianum)38,61 also demonstrated synergistic
activity against S. aureus.

There have also been a number of methoxylated flavones62

and isoflavones63 described as putative inhibitors of the MDR
pump NorA in the presence of subinhibitory concentrations of
berberine and the fluoroquinolone norfloxacin. The flavones

chrysosplenol-D (6) (MIC = 25 mg/L with 30 mg/L berberine)
and chrysoplenetin (7) (MIC = 6.25 mg/L with 30 mg/L
berberine), isolated from Artemisia annua (Asteraceae), were
shown previously to potentiate the activity of the antimalarial
artemisinin against Plasmodium falciparum.64 Both 6 and 7 are
weakly antibacterial against S. aureus and this is not an uncom-
mon feature for a potentiator to also exert a direct antibacterial
effect. Care must be taken when interpreting results to ensure
that activity is solely due to potentiation and not by direct
inhibition. It is likely that these compounds act against a MDR
efflux pump, to which artemisinin is a substrate, in P. falciparum,
in a similar manner as in S. aureus. The active isoflavones
from Lupinus argenteus, genistein (8), orobol (9) and biochanin A
(10) also reduced the MIC of berberine (16-fold) and norfloxacin
(4-fold).

A study of popular horticultural taxa such as Geranium has
led to the isolation of putative inhibitors of S. aureus NorA,
these included the polyacylated neohesperidosides (11 and 12)
(Figure 3) from G. caespitosum.65 The pentaester, 12, increased
the activity of berberine, ciprofloxacin, norfloxacin and rhein, an
antibacterial component of rhubarb.

An investigation of Dalea versicolor (Fabaceae) ‘mountain
delight’ resulted in the isolation of phenolic metabolites that
enhanced the activity of berberine, erythromycin and tetracycline
against S. aureus.66 The chalcone (13) enhanced the activity such
that the MICs were comparable to those for a mutant lacking
NorA, suggesting that this agent is an inhibitor of NorA. This
compound, along with the stilbene (14), also increased the activity
of these antibiotics against Bacillus cereus with activity being the
greatest in combination with berberine. This alkaloid is a substrate
for the NorA efflux pump and a genomic comparison has revealed
the presence of a Bmr homologue in this species, which is a
homologue of NorA. Together with the activity data recorded
against S. aureus, it is suggested that agent 13 is a putative EPI of
the NorA efflux pump.
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A new arylbenzofuran aldehyde (spinosan A) (15), a known
pterocarpan (16) and isoflavone (17) (Figure 4) were isolated
from another Dalea species, the ‘smoke tree’, Dalea spinosa,
which exerted a potentiation activity in the presence of
berberine.35 All three compounds enhanced berberine activity
against the wild-type strain of S. aureus, lowering the MIC 4- to
8-fold. These compounds also caused an increased activity of
berberine against an isogenic NorA mutant lowering the MIC
2- to 15-fold, but none was active against the NorA over-
expressing mutant. It is likely that agents 15–17 cause inhibition
of an efflux pump other than NorA.

A phytochemical investigation of Mexican Morning Glory
species67 led to the isolation of three oligosaccharides exerting a
potentiation effect of norfloxacin against the NorA overexpres-
sing S. aureus strain SA-1199B. The amphipathic orizabin
XIX (18) (Figure 5) increased the activity of norfloxacin 4-fold

(8 mg/L from 32 mg/L) at a concentration of 25 mg/L. Whilst
orizabin IX (19) enhanced norfloxacin activity 16-fold
when incorporated at a concentration of 1 mg/L. The ethidium
efflux inhibition assay utilizing SA-1199B demonstrated that
orizabin IX and another orizabin, orizabin XV (20), were nearly
equipotent. The authors have not taken the possibility of
quenching into account. It has recently been demonstrated that
high intracellular concentrations of ethidium bromide result in a
decrease in fluorescence due to self-quenching.68 These oligo-
saccharides showed good activity at low concentrations (10 mM or
less) being more active than reserpine and they could be further
developed to provide more potent inhibitors of this multidrug
efflux pump. The acylation of some of the free hydroxyl groups
of the oligosaccharide and the lipophilic alkyl chain would
seem to be important in facilitating cellular uptake to its MDR
pump target.
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The catechin gallates are another group of phenolic metabolites
that have provided interest, initially by Hamilton-Miller’s group,
due to their ability to reverse methicillin resistance in MRSA.69–71

Modulation assays of epicatechin gallate (21) and epigallocate-
chin gallate (22) in 96-well microtitre plates showed these
compounds reduced the MIC of norfloxacin 4-fold against SA-
1199B at a concentration of 20 mg/L.72 As both compounds
possess moderate antibacterial activity against this strain, the
ethidium efflux inhibition assay was performed to verify this
activity. The authors have not taken the possibility of quenching
into account. Both compounds were found to weakly inhibit the
NorA efflux pump, with epicatechin gallate 21 being slightly
more potent. Interestingly, both compounds were reported to
enhance efflux at low concentrations (Figure 6) resulting in the
authors hypothesizing the presence of two binding sites on the
NorA transporter, one with a high affinity for catechins and
another with a low affinity.72 Low concentrations of catechins
would result in the high-affinity binding sites being occupied
preferentially and therefore enhancing efflux. However, an
increased concentration of catechins would result in the low-
affinity sites being bound as well resulting in the reversal of efflux
enhancement to one of a mild efflux inhibitor. Further work to
study the low concentration of catechins could help to understand
how these pumps are controlled. Another hypothesis for these data
could be that catechins interact with another pump. Epigalloca-
techin gallate has also been shown to enhance tetracycline activity
in Tet(K) resistant staphylococci.73 At a concentration of 30 mg/L
epigallocatechin gallate caused a 4- and 8-fold increase in
the activity of tetracycline in Staphylococcus epidermidis and

S. aureus, respectively. A tetracycline uptake and release study
was performed on resistant and susceptible S. epidermidis with
and without pre-treatment with 22 (50 mg/L) over a 15 min time-
course. The tetracycline release curve was steeper in the resistant
strain, without 22, than that of the susceptible strain, indicating
greater efflux of the resistant strain.73 The curves were shallower
when strains were pre-treated with 22 indicating a greater
retention of tetracycline within the cells.73 Roccaro et al.73 then

O

O

HO

OH

OH

OH

OH

O
OH

OH

OH22

O

O

HO

OH

OH

OH

O
OH

OH

OH21

O
O

OR1O
HO

OR2

O

OH O

O

R3O

H3C

O O

OH
HO

O

O

H

CH3

CH3
CH3

H3C

Et CO

H

CH3

HO CO HO CO

tga = mba =

18 R1 = mba, R2 = nla-(+), R3 = mba, R4 = H

19 R1 = tga, R2 = mba, R3 = H, R4 = nla-(–)

20 R1 = tga, R2 = nla-(+), R3 = mba, R4 = H

CH3

HO
R4O

H3C

COH

H
H H

Hnla-(+) =

H3C

nla-(–) =
H3C

Figure 5. Chemical structures of compounds 18–22.

100

80

Pe
rc

en
t i

nh
ib

iti
on

 o
f 

et
hi

di
um

 e
ff

lu
x

60

40

20

0

–20

100

80

60

40

20

0

–20

1008060

Concentration (µM)

40200

Figure 6. Inhibition of ethidium efflux by catechin gallates. Reserpine was

included for comparative purposes. Filled circles, reserpine; filled triangles,

epicatechin gallate (21); filled diamonds, epigallocatechin gallate (22).

1252

Review

128



performed the same experiments with protoplasts of S. epidermi-
dis cells to confirm that 22 acts against Tet(K) rather than binding
to peptidoglycan. The results obtained with protoplasts were not
affected under these circumstances, indicating that peptidoglycan
did not affect the uptake and release of tetracycline. The
tetracycline-susceptible isolates of these species showed an 8-
fold reduction in the MIC of tetracycline, so whilst epigalloca-
techin gallate appears to be an inhibitor of the Tet(K) pump, it
may also cause inhibition of an as yet undefined efflux
mechanism.

The abietane diterpenes carnosic acid (23) and carnosol (24)
(Figure 7), isolated from the popular herb Rosemary (Rosmarinus
officinalis), were identified as potentiators of tetracycline and
erythromycin against S. aureus strains possessing the Tet(K) and
Msr(A) efflux pumps, respectively.34 Both 23 and 24 enhanced
tetracycline activity against S. aureus XU212, possessing the
Tet(K) efflux protein, at a concentration of 10 mg/L. Carnosic
acid also enhanced the activity of erythromycin, causing an 8-fold
reduction in MIC (32 mg/L from 256 mg/L) against the
erythromycin-resistant strain RN4220 which expresses the
Msr(A) efflux protein. An ethidium efflux inhibition assay
incorporating carnosic acid against strain SA-1199B identified
this compound as a moderately active potentiator of norfloxacin
against the NorA pump with an IC50 of 50 mM (16.6 mg/L),
equivalent to approximately one quarter of the MIC for the strain.
The authors did not take the possibility of quenching into account.

As part of a project to identify natural plant products with
modulation activity, an extract of Lycopus europaeus (Lamiaceae)
was investigated. L. europaeus is also commonly known as
Gipsywort in Britain and the lipophilic extract caused a
potentiation of tetracycline and erythromycin against strains
IS-58 and RN4220 of S. aureus possessing multidrug efflux
pumps Tet(K) and Msr(A), respectively.33 Bioassay-guided
isolation of the hexane extract led to the isolation of six
metabolites that included four isopimarane diterpenes (25–28)
(Figure 7) and two oxidized geranylgeranyl diterpenes (29 and
30). Various chromatographic techniques were used to isolate

these compounds and the activity of each fraction was tracked by
modulation assay until the active components were purified. None
of these compounds was active at 512 mg/L. However, when
incorporated into the Mueller–Hinton broth at a concentration of
10 mg/L each of these compounds reduced the MIC of
tetracycline and erythromycin 2-fold against S. aureus IS-58
[Tet(K)] and S. aureus RN4220 [Msr(A)]. Interestingly, there
were no differences in activities of these diterpenes, despite the
structural differences between the isopimarane and geranylger-
anyl groups. None of the compounds was able to enhance
norfloxacin activity against S. aureus 1199B that overexpresses
NorA. A common feature of these six compounds is that they are
highly lipophilic, suggesting that this is a key factor for an
inhibitor of MDR efflux pumps of Gram-positive bacteria.

Baicalein (31) (Figure 8), a trihydroxy flavone isolated from
the leaves of the commonly used herb thyme (Thymus vulgaris),
was identified as possessing a strong synergic activity when used
in conjunction with tetracycline or the b-lactam antibiotics
oxacillin, cefmetazole and ampicillin against MRSA.74 Baicalein
is weakly antibacterial (MIC = 100 mg/L) but at 25 mg/L, it
reduced the MIC of tetracycline from 4 to 0.12 mg/L against the
MRSA clinical isolate OM481. This compound reduced the MIC
of tetracycline against another MRSA isolate, OM584, this time
by a factor of four. Expression of an S. aureus-derived tet(K) gene
into an E. coli host led to a 16-fold increase in MIC, but in the
presence of baicalein this was again reduced 4-fold. There was
also a decrease in MIC detected in the E. coli strain not expressing
the Tet(K) efflux protein. MRSA OM481 did not possess the
Tet(K) protein indicating that baicalein (31) may inhibit another
MDR pump in these MRSA isolates or have more than one
mechanism of action, such as interfering with the integrity of the
cell wall.

A biological evaluation of grapefruit oil, which can be isolated
from the species Citrus paradisi, has highlighted some of the
components as potential modulators of efflux pumps in MRSA
strains. Fractionation of the grapefruit oil led to the characteriza-
tion of a coumarin derivative (32), a bergamottin epoxide
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derivative (33) and a coumarin epoxide derivative (34) (Figure 8)
able to enhance the activity of ethidium bromide and norflox-
acin.75 Both 32 and 34 caused a 2-fold reduction in MIC of
ethidium bromide whilst 33 caused a 6-fold reduction. 33 and 34
also caused a 20-fold reduction in the MIC of norfloxacin against
MRSA strains but not against MSSA strains. Kristiansen et al.76

have suggested that MRSA strains may be more susceptible than
MSSA to chlorpromazine, which inhibits multidrug efflux pump
activity. Whilst MICs of oxacillin were lowered in the presence of
chlorpromazine complete resistance reversal was not achieved.
However, these data indicate that efflux may play a role in
providing MRSA strains with resistance to antibiotics such as the
penicillins. This view is supported by recent work performed on
12 MRSA strains that showed an up-regulation of efflux genes
including norA, erm(A) and erm(B).77

Bioassay-guided fractionation of an extract of Jatropha
elliptica (Euphorbiaceae) led to the isolation of the
penta-substituted pyridine, 2,6-dimethyl-4-phenyl-pyridine-3,5-
dicarboxylic acid diethyl ester (35),78 which is not antibacterial

but does augment ciprofloxacin and norfloxacin activity against
S. aureus SA-1199B. The coumarin lignan propacine (36) also
showed moderate activity as a modulator in combination with
ciprofloxacin against this strain. The activity of this compound
is proposed by Marquez et al.78 to be due to the lignan portion of
the molecule based on the flavonolignan work published by Guz
et al.79 Work on plants belonging to the family Euphorbiaceae has
resulted in the isolation of inhibitors of the mammalian MDR
transporter P-glycoprotein, including a jatrophane diterpene that
caused a 2-fold greater inhibition of daunomycin efflux, with
respect to cyclosporin A, at a concentration of 5 mM.80–82 So it is
unsurprising that activity towards bacterial efflux mechanisms is
also being reported.

Piperine (37) (Figure 8), a major plant alkaloid within the
family Piperaceae including black pepper (Piper nigrum) and long
pepper (Piper longum), has recently been reported to enhance the
accumulation of ciprofloxacin by S. aureus with similar results
being obtained when reserpine is substituted.83 At concentrations
of 12.5 and 25 mg/L, 37 caused a 2-fold reduction of the MIC
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Figure 8. Chemical structures of compounds 31–37.
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of ciprofloxacin. This plant alkaloid was also able to reduce the
MIC of ciprofloxacin against MRSA strain 15187 from >16 to
8 mg/L. A ciprofloxacin-resistant mutant strain of S. aureus
also exhibiting an increased MIC against ethidium bromide was
rendered susceptible by the addition of piperine. Reserpine
exerted a similar effect at an equal concentration. Both of these
compounds are substrates for NorA and therefore it is plausible
that piperine acts as an inhibitor of this transporter.

In an evaluation of Kuwaiti plants for bacterial resistance-
modifying activity, the extracts of Prosopis juliflora (Mimosa-
ceae) were studied. This species is known to produce piperidine
alkaloids such as julifloridine, juliflorine and juliprosine with
some possessing a direct antibacterial activity.84 The methanol
extract was identified to possess resistance-modifying activity
by causing a reduction in MIC of norfloxacin against S. aureus
1199B. Extensive bioassay-guided fractionation led to the
isolation of the active constituent, 38 (Figure 9), and accurate
mass determination indicated a molecular formula of
C40H72N3O2. This compound possesses both lipophilic and

hydrophilic properties.85 The large size and lipophilicity of this
piperidine alkaloid is a common feature of many known active
potentiators against Gram-positive bacteria. From the HMBC
spectra, 38 has a pyridine ring attached to a four-membered ring
system that should be highly strained and unstable.85 Mass
spectrometry also indicated the presence of two piperidine rings,
one with 13 methylenes attached to it and the other with 8
methylenes attached. The two alkylated piperidine ring systems
and the 6:4 heterocyclic ring system provided the correct
molecular formula. However, there is ambiguity as to the
placement of the alkyl chains and only single crystal X-ray
structural analysis will provide a definitive answer. The presence
of four-membered rings possessing a quaternary nitrogen is
very rare both in nature and as synthetic compounds and those
described from the literature are brominated on the four-
membered ring system.86 38 exhibited good potentiation activity
against S. aureus SA-1199B (NorA), by inhibiting ethidium efflux
with an IC50 of 7 mM. This is slightly better than reserpine
(IC50 = 10 mM) but not as active as the synthetic compound
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GG918.87 The authors did not take the possibility of quenching
into account. 38 also exerted an antibacterial activity against a
panel of MDR MRSA strains with MIC values of 4 mg/L.

Salicylic acid (39), a simple phenolic present in many plant
species, has recently been shown to induce a reduction of both
the antibiotic ciprofloxacin and MDR substrate ethidium bromide
for S. aureus.88 This is the reverse of what would be expected for
a putative EPI. This has been demonstrated by accumulation
studies of ciprofloxacin and ethidium bromide in the presence and
absence of this agent. An ethidium efflux assay in the presence of
salicylic acid also resulted in an increase in efflux of the MDR
substrate ethidium as compared with the assay performed in its
absence. Inactivation of NorA did not alter the ability of salicylate
to induce increased ciprofloxacin and ethidium resistance. This
indicates that NorA is not essential for salicylate-induced MDR
for S. aureus.88

Microbial-derived EPIs

EPIs derived from microbial sources have been relatively scarce
to date. The ability of microorganisms to produce antimicrobial
compounds as part of their ‘chemical arsenal’ needs to be
combated by susceptible microbes through the evolution of drug
resistance. MDR pumps are an example, with an ability to extrude
a number of chemically diverse antibiotics with the expression of
just a single efflux mechanism. It would therefore seem logical
that, as is the case with plants,60 microorganisms would evolve to
produce a second compound that could nullify the effect of MDR
pumps in a competing microorganism resulting in the accumula-
tion of the antimicrobial compound to a level that would be static
or cidal.

Screening of microbial fermentations has resulted in the
characterization of two new natural product EPIs.89 The MDR
inhibitors were isolated from Streptomyces MF-EA-371-NS1,
which is a new strain closely related to Streptomyces vellosus.89

EA-371a (40) and EA-371d (41) (Figure 9) both inhibited the
MDR pump MexAB-OprM of P. aeruginosa PAM1032, which
overexpresses this pump. At a concentration of 0.625 mg/L both
compounds caused a 4-fold reduction in the MIC of levofloxacin.
An 8-fold reduction of this fluoroquinolone was effected at 1.25
and 2.5 mg/L of EA-371d and EA-371a, respectively. These
compounds were not active against the triple pump deletion strain
PAM1626.

Plant extracts exhibiting potentiating activity

The identification of plants able to inhibit efflux pumps is
important as they provide a potential for lead optimization and
future use with an existing antibacterial rendered ineffective due
to MDR pumps in both Gram-positive and Gram-negative
bacteria.

Berberis aetnensis, an endemic plant on the volcano Mount
Etna,90 has been shown to exert a synergistic interaction in
combination with ciprofloxacin. The modulation activity was
located in the chloroform extract, which was fractioned further
into yellow and green subfractions, obtained from the leaves of
this plant. These lowered the MIC of ciprofloxacin for strains of
S. aureus, E. coli and P. aeruginosa. Analytical thin-layer
chromatography of the chloroform extract with an authentic
sample of pheophorbide a indicated the presence of this

compound.90 The results were similar to those obtained when
ciprofloxacin was added to commercial pheophorbide a at a
concentration of 0.5 mg/L. The authors also hypothesized on the
presence of 50-MHC-D, which was isolated previously from
Berberis species.38 However, it is plausible that 50-MHC-D was
not present, but rather that an additional metabolite may provide
a similar synergistic activity. It is also possible that there
were further compounds in this leaf extract that possessed a
potentiating activity when combined with a drug such as
ciprofloxacin. An interesting finding was that the weaker dilutions
(23.3 and 45 mg/L) of the chloroform extracts exhibited a far
greater activity than the more concentrated extracts (233 and
450 mg/L). There is the possibility that the putative EPI or EPIs
in this leaf extract actually binding to a high-affinity binding site
of an efflux pump causing greater inhibition only at low
concentration, but at a higher leaf extract concentration would
result in low-affinity binding sites being occupied therefore
causing a reduction in activity. Strains of S. aureus, E. coli and
P. aeruginosa were 33-fold more susceptible to ciprofloxacin
at these lower concentrations. It is possible that at high
concentration the efflux inhibitors may form complexes with
ciprofloxacin reducing the bioavailability of the fluoroquinolone
causing a reduction in MIC.91,92 At lower extract concentrations
there would be a greater concentration of ciprofloxacin and
efflux inhibitor in the free state to exert their activities. A control
to assess the possible interference caused by the solvent used
to dissolve the plant extracts in the potentiation assaywas not stated.

Extracts of Mezoneuron benthamianum (Caesalpinaceae) and
Securinega virosa (Euphorbiaceae) exerted a potentiation activity
against fluoroquinolone-, tetracycline- and erythromycin-resistant
strains of S. aureus. The ethanol extract of M. benthamianum and
chloroform extract of S. virosa reduced the MIC of norfloxacin
against S. aureus 1199B by a factor of 4.93 The petroleum spirit
extract of M. benthamianum also caused inhibition of the same
strain but to a lesser degree and also caused a 2-fold reduction in
MIC of tetracycline (64 mg/L from 128 mg/L) against S. aureus
XU212, containing the Tet(K) transporter.

The methanolic extract of Punica granatum (pomegranate)
caused an increase in ethidium bromide uptake in S. aureus
RN-7044, containing the pWBG32 plasmid encoding for an
ethidium bromide efflux mechanism.94 This extract exhibited
synergic interactions with chloramphenicol, gentamicin, ampicil-
lin, tetracycline and oxacillin against most of the 30 MRSA and
MSSA clinical isolates tested.94 The effect of methanol alone to
assess possible interference in the potentiation assay was not
stated by the authors.

Extracts of Commiphora molmol, Centella asiatica, Daucus
carota, Citrus aurantium and Glycyrrhiza glabra showed good
activity against three strains of S. enterica serovar Typhimurium
that overexpress the AcrAB-TolC efflux protein (L. J. V. Piddock
and S. Gibbons, unpublished data). This is the main efflux
transporter located in the Enterobacteriaceae and is a homologue
of the MexAB-OprM transporter, with the capability of extruding
many structurally diverse chemicals including tetracyclines,
fluoroquinolones and chloramphenicol. Some enhancing activity
by the extracts was also detected with the wild-type strains, but
not for those that lacked components of the AcrAB-TolC efflux
pump when tested with nalidixic acid, chloramphenicol or
tetracycline. However, significant reductions were recorded with
each plant extract in combination with any of the three drugs
tested against strains overexpressing AcrAB-TolC. The reduction
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in MIC of these drugs ranged from 4-fold up to 32-fold. No
enhancing activity was demonstrated by the extracting solvent
alone. These extracts are of interest as they represent an efflux
transporter that is difficult to inhibit due to the greater resistance
afforded to the Gram-negative cells due to the presence of the
outer membrane.

Conclusions

MDR due to the expression of efflux pumps is an increasing
clinical problem, rendering many antibiotics redundant. Novel
antibiotics with new modes of action are urgently required to
suppress the rise of MDR bacteria. An alternative approach would
be to identify molecules that can interfere with the process of
efflux. Currently there are no EPI/antimicrobial drug combina-
tions on the market, although research into identifying potential
EPIs is ongoing both in academic institutions as well as the
pharmaceutical industry.79,95 Success has already been achieved
in mammalian cells with resistance modifying agents of
P-glycoprotein, one of the major MDR mechanisms in cancer
cells.96 Identifying EPIs from natural sources is still in its infancy
and the number of research groups seeking inhibitors is small. No
natural products have been taken up for further development as
much of the data acquired for putative EPIs are only preliminary,
resulting from potentiation assays and accumulation and efflux
studies. Biochemical studies to provide conclusive evidence of an
EPI/protein interaction are required as well as toxicity and small
in vivo studies to ascertain the pharmacokinetic and toxicity data
for potential EPIs. Reserpine is an example of a natural product
that has not been further developed; it is neurotoxic at
concentrations required to inhibit the efflux pump NorA of
S. aureus.97 The cost and time required to identify potential EPIs
is another problem.40 However, the chemical diversity that plants
and microorganisms provide, as well as their requirement to
biosynthesize such compounds to combat competitors for
nutrients, should make the search for EPIs from such sources an
attractive option.

This review has highlighted a number of bacterial EPIs derived
from natural sources, primarily from plants. The activities of some
of these compounds are appreciable and warrant further study as
possible candidates for lead optimization. It is our belief that
plants should be further exploited for their potential to produce
compounds capable of blocking the mechanism of efflux. There is
an ecological rationale for the production of natural products that
modify bacterial resistance. It has been speculated that plants have
evolved compounds which evade MDR mechanisms and that
plant antimicrobials might be developed into broad-spectrum
antibiotics in combination with inhibitors of MDR.37

Some of the compounds described exerted both an antibacterial
and potentiating activity. An important issue when identifying a
potential EPI is to ensure that the activity being displayed is due
to the interference of efflux rather than any other antibacterial
activity.

Resistance-modifying compounds active against Gram-
positive bacteria tend to be large, lipophilic molecules. To our
knowledge, there have been no natural EPIs with enhancing
activities for mycobacteria. This can partly be attributed to the
fact that the characterization of efflux pumps of this genus
has been reported more recently than for Gram-positive or
Gram-negative bacteria. There is an urgent need to identify new

anti-tuberculosis (TB) compounds due to the high incidence
levels of MDR-TB cases. MDR pumps can extrude both first-
and second-line drugs such as isoniazid, ethambutol, fluoro-
quinolones and aminoglycosides.98 EPIs could increase the
lifespan of these drugs, especially as there have been no new
antimycobacterial compounds with new modes of action for over
30 years.

The vast majority of EPIs described so far are active against
Gram-positive bacteria, particularly S. aureus. It is perhaps
the Gram-negative species of Pseudomonas, Escherichia and
Acinetobacter that will be the most problematic bacteria to treat in
the future. These organisms have an intrinsic resistance afforded
to them by their thick, lipophilic outer membrane. This view has
been strengthened by the dearth of MDR inhibitors described
against Gram-negative bacteria in this paper.
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Abstract—As part of an ongoing project to identify plant natural products as efflux pump inhibitors (EPIs), bioassay-guided frac-
tionation of the methanolic extract of Mirabilis jalapa Linn. (Nyctaginaceae) led to the isolation of an active polyphenolic amide:
N-trans-feruloyl 4 0-O-methyldopamine. This compound showed moderate activity as an EPI against multidrug-resistant (MDR)
Staphylococcus aureus overexpressing the multidrug efflux transporter NorA, causing an 8-fold reduction of norfloxacin MIC at
292 lM (100 lg/mL). This prompted us to synthesize derivatives in order to provide structure–activity relationships and to access
more potent inhibitors. Among the synthetic compounds, some were more active than the natural compound and N-trans-3,4-O-
dimethylcaffeoyl tryptamine showed potentiation of norfloxacin in MDR S. aureus comparable to that of the standard reserpine.
� 2007 Elsevier Ltd. All rights reserved.

In recent years bacterial resistance to antibiotics has be-
come a serious problem of public health that concerns
almost all antibacterial agents. Among the mechanisms
involved (target modification, enzymatic inactivation
or reduction of accumulation within the cell), active ef-
flux has received particular attention since it has been
recognised as one of the most important causes of intrin-
sic antibiotic resistance in bacteria.1

One species is particularly resistant to treatment, nota-
bly Staphylococcus aureus. This pathogen has evolved
from the MRSA phenotype (methicillin-resistant
S. aureus) to the VRSA phenotype (vancomycin-resis-
tant S. aureus), whereas vancomycin was the drug of
last-resort for treatment of MRSA.2 Resistance has also
been reported for newer agents such as linezolid and
daptomycin.3,4

Of particular concern is the presence of multidrug resis-
tance (MDR) efflux pumps that extrude a wide range of
structurally unrelated compounds. The NorA protein of
S. aureus is a drug/proton antiporter belonging to the
major facilitator family (MFS) of transporters and is
responsible for the efflux of substances such as norflox-
acin, ciprofloxacin, ethidium bromide and acriflavin.5,6

It has been recognised as one of the major efflux pumps
protecting S. aureus from antibiotics.7

One of the strategies employed to overcome bacterial
resistance is the use of EPIs that could restore antibiotic
activity in resistant strains. This approach is promising
as it would be a way to improve the efficacy and/or ex-
tend the clinical utility of existing antibiotics.8 The com-
bination of a resistance inhibitor with an antibiotic has
already proven its efficacy with the clavulanic acid/
amoxicillin association. Furthermore, this combination
can reduce the in vitro frequency of emergence of resis-
tant mutant strains.9 At present this combination thera-
py is taken into account by a number of pharmaceutical
companies and several strategies are being developed by
different groups.10

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.12.059

Keywords: EPI; Staphylococcus aureus; N-Hydroxycinnamic acid der-

ivatives; Mirabilis jalapa.
* Corresponding author. Tel.: +33 4 76 51 86 88; fax: +33 4 76 63 71

65; e-mail: sergemichalet@yahoo.fr

Bioorganic & Medicinal Chemistry Letters 17 (2007) 1755–1758

137

mailto:sergemichalet@yahoo.fr


Plants use antimicrobials to protect themselves from
environmental stresses, but unlike fungi or bacteria
activities are often weak and with a narrow spectrum.
This poses the interesting question of how plants react
towards increasing antimicrobial resistance. Some
authors postulate that plants use an anti-MDR strategy
to potentiate their antimicrobials.11 This is the case for
the alkaloid berberine which has a weak antimicrobial
activity that is significantly enhanced by 5 0-meth-
oxyhydnocarpin (5 0-MHC), a flavonolignan produced
by the same Berberis species.12 5 0-MHC does not have
any antibacterial activity on its own but potentiates
the activity of berberine by inhibiting its efflux. A num-
ber of inhibitors produced by plants as secondary
metabolites and belonging to many chemical classes
have been identified but few are potent and have a broad
spectrum of action.13 This includes the alkaloid reser-
pine which is used as a standard but cannot be used in
therapy because of its toxicity. Searching for inhibitors
from natural sources is therefore an attractive strategy
to access a greater range of active compounds.

In this context, previous screening of ornamental and
exotic plants showed activity associated with extracts
of Mirabilis jalapa Linn. (Nyctaginaceae) in reversing
fluoroquinolone resistance in S. aureus overexpressing
the NorA MDR efflux pump (SA-1199B strain).14

This plant is used in folk medicine as an anti-infec-
tive.15,16 Bioassay-guided fractionation of the metha-
nolic extract from leaves and stems of M. jalapa led
to the isolation of an active phenolic compound,
namely N-trans-feruloyl 4 0-O-methyldopamine, which
has already been reported in the plant kingdom.17

This compound caused an 8-fold reduction of norflox-
acin MIC when tested at 100 lg/mL (292 lM). Synthe-
sis of derivatives was then undertaken as this small
molecule was a good starting point for structure–ac-
tivity relationships (SARs), and could be a good can-
didate for combination therapy.

We chose couplings between cinnamic acid derivatives
and amines that occur in nature, as our project was to
identify active compounds from natural sources. Sev-
eral structure–activity relationship criteria were exam-
ined: substitution on the aromatic ring on each part,
methoxy or hydroxyl substitution influence, double
bond influence, aromatic ring nature on the amine
part (we chose here to test tryptamine combinations
as indolic compounds are known to be good inhibi-
tors).18 We chose N-trans-3,4-O-dimethylcaffeoyl dopa-
mine as lead compound as it showed the same activity
as the natural compound, and its asymetrical substitu-
tion allowed us to have a better understanding of the
influence of each substituant (i.e., hydroxyl or meth-
oxy) on each part of the molecule. Each time, one
part of the lead compound was conserved and the
other part was varied in order to provide structure–ac-
tivity relationships that could lead to further optimisa-
tion. Compounds were obtained by coupling of a
cinnamic acid (or dihydrocinnamic acid in the case
of compound 8) derivative with the corresponding
amine in DMF in the presence of triethylamine and
BOP (benzotriazol-1-yloxy-tris-(dimethylamino)-phos-

phonium hexafluorophosphate) as a coupling agent
(Scheme 1).19 Nine compounds were synthesized and
their related activities are presented in Table 1.20

MICs of the modulators were determined when good
potentiation was observed; a good resistance reverser
should actually not show any antibacterial effect at
the tested concentrations.

Interpretation of the results led us to draw several
conclusions:

• For the cinnamic part: an hydroxyl substitution on
the aromaticring appears to be better than methoxy
or unsubstituted (compound 2 versus compounds 1
and 6); the double bond is essential for activity.

• For the amine part: trisubstitution on the aromatic
ring led to a decrease in activity but antibacterial
activity was observed (compound 5); methoxy substi-
tution gave better results than hydroxyl substitution
(compound 3 vs compound 1) which, in turn, were
better than no substitution (compound 1 vs com-
pound 7); tryptamine combinations showed the best
results (compound 9).

Among the 9 compounds tested, compound 9 showed
potentiation of norfloxacin comparable to that of the
reference alkaloid reserpine. In order to confirm the
inhibitory mechanism, we performed an efflux inhibition
assay using ethidium bromide (EtBr), a good substrate
of NorA, whose efflux can be measured by loss of fluo-
rescence within the cell (Fig. 1).21,22

Based on estimation of IC50, compound 9 was approxi-
mately 2-fold less active than reserpine at inhibiting
EtBr efflux (Fig. 1). However, this difference disap-
peared at a concentration of 30 lM for each compound.

Structure–activity relationships (SARs) showed that bet-
ter activities were obtained when the phenyl ring on the
cinnamic portion was substituted with 2 hydroxyls.
According to this result, we would expect N-trans-caf-
feoyl tryptamine (dihydroxylated equivalent of com-
pound 9) to be more active than compound 9. It
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Scheme 1. Reagents and condition: (a) BOP, Et3N, DMF, 20 h.

Compound 8 was prepared with 3,4-dimethoxy-dihydrocinnamic acid.
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would also be interesting to evaluate whether this type
of compound would be a good EPI in Gram-negative
bacteria or in other models.

In summary, we have demonstrated that N-cinna-
moylphenalkylamides are a class of EPIs that could be

used to potentiate the bactericidal effect of antibiotics
such as norfloxacin in multidrug-resistant pathogenic
bacteria such as S. aureus. The ease of synthesis and
the small size of these compounds make them potential
candidates for SARs as EPIs in multidrug efflux
systems.

Table 1. Potentiation of norfloxacin MIC on SA-1199B strain cells by synthetic compounds

Compound Formula [Concentration]/fold reduction of norfloxacin MIC

1 (lead) MeO

O

N
H

MeO

OH

OH

[292 lM]/8

[146 lM]/4

2 HO

O

N
H

HO

OH

OH

[317 lM]/8

[63 lM]/4

MICP 406 lM

3 MeO

O

N
H

MeO

OMe

OMe

[162 lM]/8

[54 lM]/2

4
MeO

O

N
H

MeO

OH

OH

OMe

[268 lM]/4

5 MeO

O

N
H

MeO

OH

OH

OH

[56 lM]/0

MIC = 356 lM

6

O

N
H

OH

OH

[353 lM]/16

[70 lM]/4

MIC > 452 lM

7
MeO

O

N
H

MeO

[322 lM]/4

8 MeO

O

N
H

MeO

OH

OH

[290 lM]/0

9
MeO

O

N
H

MeO

NH

[286 lM]/16

[57 lM]/8

[29 lM]/4

MIC > 366 lM
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Abstract The ineffectiveness of antibiotics against bacte-
ria can be caused by multidrug resistance (MDR) or by an
outer membrane, which restricts the penetration of amphi-
pathic compounds into Gram-negative bacteria. Remarkable
activities of plant antimicrobials in the presence of MDR
modulators have been observed against a series of MDR and
Gram-negative bacteria (Tegos et al., Antimicrob Agents Che-
mother 46:3133, 2002). Assuming that modulators of MDR
might form complexes with substrates of efflux pumps Zloh
et al., Biogr Med Chem Lett 14:881, 2004), we have evaluated
interaction energies between antimicrobials and MDR modu-
lators reported in Tegos et al. (Antimicrob Agents Chemother
46:3133, 2002). In this paper, we can confirm that modula-
tion activity against the efflux pump NorA in Staphylococ-
cus aureus correlates with the interaction energies between
MDR modulator INF271 and antibacterials. Additionally, the
change of log P of complexes might be responsible for over-
coming the membrane impermeability in Gram-negative bac-
teria and increasing the antibacterial activity in the presence
of the modulator MC207110. This suggests that interactions
between small molecules may play an important role in over-
coming biological barriers in bacteria.

Keywords Multidrug resistance · MDR · Antibiotic activity ·
MDR modulators · Intermolecular interactions · GRID

1 Introduction

Plants produce compounds that can be effective antimicro-
bials if they find their way into the cell of the pathogen [3].
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Production of multidrug resistance (MDR) inhibitors by the
plant would be one way to ensure delivery of the antimicro-
bial compound.

Gram-negative bacteria have an effective permeability
barrier, comprised of the outer membrane, which restricts the
penetration of amphipathic compounds. Additionally these
bacteria possess multidrug resistance pumps (MDRs), which
extrude toxins across this barrier. There is a direct assump-
tion that the apparent ineffectiveness of plant antimicrobials
is largely due to the permeability barrier. This hypothesis
was tested in a study by Tegos and co-workers by evaluating
a combination of MDR mutants and MDR inhibitors [1].

Several important results that have greatly raised our
interest were observed in [1]. It was shown that the mod-
ulators INF271 and MC207110 significantly potentiated the
actions of most antimicrobials in the panel against Bacillus
megaterium and Staphylococcus aureus. The plant antimicro-
bials resveratrol and coumestrol showed little direct activity,
and the MDR inhibitors caused little potentiation of activity
by these antimicrobials. Gossypol presented an interesting
anomaly: the activity of this plant antimicrobial decreased by
approximately tenfold in the presence of INF271 in the mutant
type, and a fourfold decrease in activity was observed in the
MDR norA strain. Rhein, plumbagin, resveratrol, gossypol,
coumestrol, pyrithione and berberine – all showed similar
patterns of activity against Gram-negative species. All were
relatively ineffective against most species in the panel, but
the activity of each compound was strongly potentiated by
MDR inhibitors against several of the species. This suggests
that a high level of activity of an antimicrobial against a given
species was achieved in the presence of modulators of MDRs
responsible for efflux of the tested compound.

It is believed that MDR inhibitors often reverse multidrug
resistance by competing for the transport system responsible
for MDR, but overall the mechanism of MDR inhibition is
not well understood. The relationships between drug struc-
ture and MDR, and inhibitor structure and MDR inhibition
are still obscure, except for the molecule lipophilicity. MDR
inhibitors may bind directly to the efflux protein, however,
we have proposed that these inhibitors could also function
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as ‘chaperones‘ by binding therapeutics outside the cell [2],
increasing their lipophilicity (a key feature of all known MDR
inhibitors) and therefore facilitating their entry into the cell.
Furthermore, we have proposed that inhibitors of MDR have
affinity for substrates of efflux transporters, and that they
may form complexes. The experimental evidence has shown
that indole-3-carbinol may have an affinity for substrates of
P-glycoprotein (P-gp) and bind them to form a complex that
may facilitate entry of the drug [4].The small molecule–small
molecules interactions could play a key role in this large
inhibitor–antibiotic complex formation and overcome bio-
logical barriers. Such a complex would effectively be a ‘Tro-
jan horse’ that would not be recognised as a substrate by the
pump mechanism. This complex may then dissociate to allow
the inhibitor to bind to the pump causing inhibition of efflux
and release of drug to its target.

We have used molecular modelling methods to rationalise
results of the study by Tegos et al. Antimicrobials modelled
were asarinin, esculetin, bisnorargemonine, 13-hydroxylupa-
nine, coumestrol, rhein, plumbagin, pyrithione, resveratrol,
gossypol, and berberine (Scheme 1). Bisnorargemonine and
13-hydroxylupanine were not discussed in detail, since they
do not possess antibacterial activity. The interaction between
antimicrobials and well-characterised MDR inhibitors INF271
and MC207110 (Scheme 2) was predicted by the Glue dock-
ing module of Grid22 [5]. Molecular properties of complexes
with most favourable interaction energies were evaluated us-
ing VegaZZ software [6, 7]. The possibility of complex for-
mation, correlation of antibacterial activity with interaction
energies and increase of octanol/water partition coefficient,
(log P) of antibacterial-MDR inhibitor complex might pro-
vide a new insight into the mechanism of MDR modulation.

2 Computational methods

2.1 Model building and conformational analysis
of antibacterials and MDR inhibitors

The initial structures of INF271, MC207110 and a series of
antibacterials were sketched using ChemDraw Ultra 7.0.1,
converted into three-dimensional (3D) models and saved as
mol2 files by Chem3D Ultra 7.0.0 [8]. These structures were
imported into Macromodel [9], atom and bond types were ad-
justed and minimised with the MMFFs force field parameters
[10]. The generalised Born/surface area continuum (GB/SA)
solvent model for H2O [11] implemented in MacroModel
was used to simulate an aqueous environment, with a con-
stant dielectric function (ε = 1). An extended non-bonded
cutoff (van der Waals: 8 Å; electrostatics: 20 Å) was used.

Using the optimised structures, a systematic conforma-
tional search on each molecule was performed. Monte Carlo
conformational analysis (500 steps) was used for all com-
pounds. The energy cutoff was set to � E = 10 kJ/mol above
the lowest energy conformation. The ensembles of gener-
ated structures were clustered using the program Xcluster.
All structure sets were analysed using the cluster analysis
program Xcluster [12].

2.2 Prediction of interaction energies between antibacterials
and MDR inhibitors

Representative structures of inhibitors and drugs were used
as input files for GRID 22 software [5]. The whole molecule
was considered during calculations and all GRID parameters
were kept at their default values. Glue, the GRID-docking
programme, was used to find possible interactions for an anti-
bacterial molecule with an inhibitor molecule as a target. All
interactions were examined by using GROUP probes imple-
mented in the Glue software representing relevant functional
groups of drug molecules. Reported interaction energies by
Glue 1.0 software were used as a criteria for evaluating the
probability of MDR modulation. Complexes between anti-
bacterials and modulators that exhibited the most favourable
interaction energies were saved as mol2 files and imported
into MacroModel. The complexes were further optimised us-
ing MMFFs force field.

The MINTA calculations of free energy [13] of single
molecules and complexes were used to predict relative bind-
ing energies of different antibacterials to a given modulator
by using a thermodynamic cycle.

2.3 Calculation of molecular properties

Molecular lipophilicity potential (MLP) is a structure–
property descriptor that visualises the lipophilic properties
of the molecule on its 3D surface and was calculated by pro-
jecting the Broto–Moreau lipophilicity atomic constants on
the molecular surface [14]. The virtual log P, Broto log P and
lipole, of all single molecules and complexes were evaluated
by Vega ZZ software [6, 7]. Vega ZZ software was used to
produce figures.

The correlations between different calculated values and
activities were examined by the Gretl software package [15].

3 Results and discussion

The antibacterial activity of a series of plant antimicrobi-
als was measured in the absence and in the presence of two
different MDR inhibitors [1]. The aim of this study was to
find a rationale for interesting observations found in [1]. It
was shown previously that modulators of efflux pump activity
may have an affinity for antibacterial and anticancer drugs [2].
Here, we have hypothesised that small molecules could inter-
act between themselves and produce complexes to overcome
biological barriers such cell efflux pumps and the membranes
of Gram-negative bacteria.

The possible complex formation between modulators and
antibacterials was examined by molecular modelling. The
initial structures of antibacterial and modulator molecules
were imported and optimised using Macromodel [9] and
MMFFs forcefield [10]. At least five different conformations
of each molecule were obtained by a Monte Carlo confor-
mational search and Xcluster analysis [12]. The interaction
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Scheme 1

between molecules was investigated using Grid 22 [5] and its
docking module Glue 1.0. Both modulators were set as tar-
gets with five different conformations for each and binding
affinity was tested for several different conformations of anti-
bacterial molecules with rotational freedom for three bonds
in ligands.

The complexes with most favourable interaction energies
were selected for further analysis: calculation of change of
free energy during complexation by Minta [13] and log P cal-
culation by Vega ZZ [6, 7]. Generally, a good agreement was
observed between interaction energies calculated by Grid and
Minta, so potentiation of the drug activity was correlated with
interaction energy determined by Grid.

To compare the effects of MDR modulators on activ-
ity, the potentiation was calculated by dividing the minimum
inhibitory concentration (MIC) of the antibiotic in the pres-
ence of a modulator by the value of the MIC where the anti-
bacterial was acting on its own. The increase of activity in
the presence of a modulator would give a value larger than 1,
while decrease of activity would result in potentiation being
lower than 1. If the value of potentiation is 1, a change in
activity was not detected.

3.1 Modulation of MDR efflux pump activity
in Gram-positive bacterial strains

In the first instance, the correlation between interaction ener-
gies and levels of potentiation were examined for two strains
of Gram-positive bacteria S. aureus, without and with
overexpression of the NorA MDR efflux pump. The interac-

Scheme 2

tion energies calculated by Grid and Minta, levels of potenti-
ation, change of log P and the levels of potentiation for each
of the molecules in the presence of the INF271 modulator are
shown in Table 1. Interaction energies between INF271 and
all molecules are negative and indicate favourable interac-
tions and therefore suggest that complexes might be formed
in an aqueous solution.

3.1.1 Potentiation of antibacterial activity against S. aureus
in the absence of the efflux pump NorA

Most antimicrobials had significantly higher activity (higher
level of potentiation) in the presence of INF271 against S.
aureus [1]. This is unexpected, since the S. aureus isolate
lacks overexpression of the NorA MDR efflux pump and
the MDR inhibitor should not have any effect on antibacte-
rial activity. It was proposed that action of other unidentified
MDRs [16] could be inhibited and is therefore highly likely
to be responsible for this potentiation. Although, the presence
of such MDR pumps cannot be overlooked, we are propos-
ing that the formation of an antibacterial-inhibitor complex
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234 M. Zloh and S. Gibbons

could increase antibacterial drug uptake though increasing
the lipophilicity.

Drug lipophilicity can be correlated to its permeation in
biological systems [17]. Log P is the one of the principal
parameters to evaluate lipophilicity of chemical compounds
and is used as a standard property in determination of po-
tential drug molecules in Lipinski’s “rule of 5” [18]. Log P
coefficients are correlated to passive permeation in biomem-
branes only when hydrogen-bonding and electrostatic effects
are not rate-limiting [19]. MLP calculations can evaluate
relationship between conformation and lipophilicity by pro-
jecting the Broto–Moreau lipophilicity atomic constants on
the molecular surface [14]. Therefore, the MLP calculations
were performed on single molecules as well as on all the
structures of complexes predicted by Glue.

As shown in Table 1, the change of log P is at least 70% as
a result of complex formation. Maps of electrostatic poten-
tials for rhein and the rhein–INF271 complex are shown in
Fig. 1, suggesting how the lipophilicity is increased through
complex formation. The possible complex formation might
change the lipophilicity of a complex and its log P, conse-
quently it could change the permeability into the cell, there-
fore overcoming the biological barriers such as MDR pumps
or bacterial membranes.

A similar conclusion can be drawn from the potentia-
tion of the antibacterial activity against S. aureus in the pres-
ence of the MC207110 inhibitor (Table 2). The potentiation
is observed for the molecules whose � log P was above 70%,
with the exception of berberine and asarinin, whose log P on
their own were high (above 4.3).

3.1.2 Potentiation of antibacterial activity against S. aureus
overexpressing NorA

Strains of S. aureus that overexpress the NorA efflux pump
present an additional biological barrier for antibacterial mol-
ecules. We have derived an empirical rule that could be used
to predict the potentiation of the antibacterial activity in the
presence of an MDR inhibitor, the potentiation will be ob-
served if the interaction energy between a modulator and
the drug (antibacterial) predicted by Grid and is greater than
9−kcal/mol and smaller than 18 kcal/mol [2]. Although, the
rule was an attempt to present a complex picture in a sim-
plified manner, in the set of nine examined molecules in the
presence of INF271 the behaviour of six were correctly pre-
dicted. The berberine–INF271 pair exhibited a potentiation
of 3.32 and the complex had the greatest stabilisation energy
of −14.61 kcal/mol (Fig. 2.)

The potentiation for coumestrol, plumbagin and pyrithi-
one was not correctly predicted. The prediction of potenti-
ation of pyrithione has failed due to the small interaction
energy; however, pyrithione is a small molecule and conse-
quently the calculated interaction energies would be propor-
tionally smaller. At the present time, we cannot explain the
false prediction of potentiation of activity of plumbagin and
coumestrol. Ta
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Table 2 Potentiation of antibacterial activities of complexes between antibacterials and MC207110 modulator against Gram-positive bacteria in
correlation with interaction energies, molecular properties and change of molecular properties compared to single molecule

Molecule Log P � Log P Egrid (kcal/mol) �� GJ(kcal/mol) �� Gc (kJ/mol) � H(kJ/mol) Potentiation
S. aureusa S. aureus NorAa

Resveratrol 3.16 316 −11.58 −24.54 −5.86 −23.84 1.00 1.00
Gossypol 5.93 14.68 −13.68 −47.97 −11.46 −51.45 1.00 1.00
Coumestrol 4.48 20.38 −12.25 −18.25 −4.36 −23.17 1.00 1.00
Rhein 1.25 155.85 −9.32 −38.02 −9.09 −47.35 2.00 6.45
Plumbagin 1.78 74.34 −8.37 −26.42 −6.32 −27.57 2.52 1.00
Pyrithione 1.22 164.64 −7.54 −12.86 −3.08 −20.16 3.88 2.00
Berberine 5.13 17.37 −16.60 −37.27 −8.91 −44.43 8.00 2.01
Esculetin 2.38 46.88 −6.51 −34.49 −8.24 −34.92 1.00 1.00
Asarinin 5.07 17.59 −11.48 −31.78 −7.60 −25.54 2.00 2.00

The � log P is defined as a percent change of log P of a complex compared to values of antibacterial on its own by the Broto method implemented
in Vega ZZ [6, 7]. Egrid is the interaction energy calculated by Grid [5], �� G values were estimated by Minta [13] and � H was calculated by
Macromodel [9] and MMFFs force filed [10] The potentiation was calculated by dividing the MIC of the antibacterial in the presence of the MDR
inhibitor by the MIC of the antibacterial on its own – results taken from [1]
aS. aureus without and with overexpression of the NorA MDR efflux pump, respectively

Fig. 1 Structures of rhein (a) and rhein–INF271 complex (b)and their maps of elestrostatic potentials (c and d, respectively). Complex was
determined using Grid software [5] and structures were optimised using Macromodel [9] and MMFFs force field [10]

A similar combination of interaction energies and log P
changes could be used to explain the potentiation of antibac-
terial activity in the presence of the MC207110 modulator
(Table 2). For example, berberine and rhein complexes had
their interaction energies higher than −9 kcal/mol and their
activities were potentiated. However, molecules that had inter-
action energies higher than −9 kcal/mol and their activities
were not potentiated by the presence of MC207110 did not
have a significant increase of the log P after complex for-
mation to increase uptake. Observed correlations between
potentiation and � log P was 0.6478, while the correlation
with interaction energy Egrid was only 0.1083.

Figure 2 presents maps of electrostatic potentials for res-
veratrol and plumabgin, suggesting that the shape of the com-
plex might play a role in MDR modulation. Therefore, we
believe that by using a combination of better-defined rules,
that include interaction energies, log P and shape of a com-
plex, it would be possible to predict the potentiation for an
antibacterial drug–MDR modulator pair.

3.1.3 Unusual behaviour of gossypol

The presence of INF271 did not potentiate the activity of gos-
sypol, and it decreased by approximately tenfold in the wild

145



236 M. Zloh and S. Gibbons

Fig. 2 Structures of resveratrol–MC207110 (a) and plumabgin– MC207110 (b) complexes andcorresponding maps of elestrostatic potentials (c
and d, respectively). Complexes were determined using Grid software [5] and structures were optimised using Macromodel [9] and MMFFs force
field [10]

Fig. 3 Structure and map of elestrostatic potentials of gossypol and INF271 complex. Complex was determined using Grid software [5] and
structure was optimised using Macromodel [9] and MMFFs force field [10]

type, and fourfold in the NorA strain of S. aureus [1]. Similar
behaviour was reported with abietic acid and the MDR mod-
ulator reserpine [20]. NMR and molecular modelling stud-
ies have indicated that a highly interacting complex between
reserpine and abietic acid was formed that could decrease
activity due to poor availability of abietic acid to act on the
drug target. Interestingly, the interaction energy between gos-

sypol and INF271 was −18.17 kcal/mol, indicating that the
complex formed between these two molecules (Fig. 3) could
be stable and not disassociate at the target site, thus decreas-
ing the activity of the antibiotic in the presence of INF271. In
a similar fashion, α-tocopherol has a higher energy of inter-
action with MDR inhibitors than substrates (−19.06 kcal/mol
with GG918) [2] and it has been shown to reverse the effects
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Table 3 Potentiation of antibacterial activities of complexes between antibacterials and MC207110 modulator against Gram- negative bacteria
in correlation with interaction energies, molecular properties and change of molecular properties compared to the single molecule

MC207110 � log P Lipole Egrid (kcal/mol) Potentiation
EC EC tolC PAO1 PA mexAB SEST PS XC AT ER ECA SM

Resveratrol 31.6 4.35 −11.58 4.00 255.10 16.00 16.00 127.88 16.00 32.01 4.00 8.00 128.21 8.00
Gossypol 14.7 2.93 −13.68 4.00 16.01 4.00 2.00 4.00 1.00 16.01 2.00 31.95 2.00 3.99
Coumestrol 20.4 2.72 −12.25 8.00 1.00 2.00 8.00 8.00 2.00 2.00 4.00 1.00 16.01 2.00
Rhein 155.8 1.73 −9.32 80.00 8.00 2.00 4.00 5.00 51.20 80.00 2.00 16.00 16.00 10.24
Plumbagin 74.3 2.98 −8.37 20.00 2.56 16.00 16.00 10.00 5.13 64.10 8.01 10.00 16.03 8.33
Pyrithione 164.6 1.96 −7.54 12.50 25.00 6.40 6.45 3.23 1.56 3.13 12.50 6.25 12.50 12.80
Berberine 17.4 4.05 −16.60 4.00 1.00 2.00 1.00 4.00 4.00 2.00 2.00 2.00 4.00 222.22
Esculetin 46.9 3.61 −6.51 4.00 4.00 2.00 2.00 4.00 4.00 4.00 2.00 4.00 4.00 4.00
Asarinin 17.6 3.81 −11.48 4.00 4.00 2.00 1.00 4.00 4.00 4.00 2.00 4.00 4.00 4.00

The log P and lipole were calculated by the Broto method implemented in Vega ZZ [6, 7], � values are given as percent change
compared to values of antibacterial on its own. Egrid is the interaction energy calculated by Grid [5], and � H was calculated by Macro-
model [9] and MMFFs force filed [10] MIC values are reported activities of antibacterials without MDR inhibitor and potentiation was cal-
culated by dividing the MIC of the antibacterial in the presence of MDR inhibitor by the MIC of antibacterial on its own – results taken
from [1] EC Escherichia coli K-12; EctolC E. coli tolC mutant PA01 Pseudomonas aeruginosa PA767; PAmexAB P. aeruginosa K119;
SEST Salmonella enterica serovar Typhimurium; PS P. syringae pv. maculicola ES4326 ; XC Xanthomonas campestris XCC528; ; AT Agrobac-
terium tumefaciens GV3101 ER Erwinia rhapontici Er1 ; ECA Erwinia carotovora ATCC 358; SM Sinorhizobium meliloti Rm1021

Table 4 Potentiation of antibacterial activities of complexes between antibacterials and INF271 modulator against Gram-negative bacteria in
correlation with interaction energies, molecular properties and change of molecular properties compared to a single molecule

INF271 � log P Lipole Egrid(kcal/mol) Potentiation
EC EC tolC PAO1 PA mexAB SEST PS XC AT ER ECA SM

Resveratrol 156.9 2.17 −10.81 2.00 255.10 4.00 2.00 2.00 2.00 2.00 4.00 4.00 4.00 2.00
Gossypol 72.8 1.61 −18.17 1.00 2.00 2.00 1.00 1.00 1.00 2.00 2.00 4.00 2.00 3.99
Coumestrol 101.1 2.10 −12.35 2.00 0.06 2.00 2.00 2.00 2.00 1.00 2.00 1.00 4.00 4.00
Rhein 773.1 1.89 −12.07 5.00 2.00 2.00 1.00 5.00 25.60 40.00 2.00 2.00 2.00 4.00
Plumbagin 368.8 2.25 −10.14 2.00 1.00 2.00 2.00 2.00 2.56 2.08 2.00 5.12 4.01 2.08
Pyrithione 816.7 1.98 −7.02 2.00 2.00 3.20 2.00 1.00 1.00 1.56 3.13 1.00 2.00 2.00
Berberine 86.2 0.56 −14.61 2.00 2.00 2.00 1.00 2.00 2.00 2.00 2.00 2.00 4.00 2.00
Esculetin 232.5 1.50 −7.21 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Asarinin 87.3 1.55 −14.85 2.00 2.00 2.00 1.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

The log P and lipole were calculated by the Broto method implemented in Vega ZZ [6, 7], � values are given as percent change compared to
values of antibacterial on its own. Egrid is the interaction energy calculated by Grid [5], and � H was calculated by Macromodel [9] and MMFFs
force filed [10] MIC values are reported activities of antibacterials without MDR inhibitor and potentiation was calculated by dividing the MIC
of the antibacterial in the presence of MDR inhibitor by the MIC of antibacterial on its own – results taken from [1]
EC E. coli K-12; EctolC E. coli tolC mutant; PA01 - P. aeruginosa PA767; PAmexAB Pseudomonas aeruginosa K119; SEST Salmonella enterica
serovar Typhimurium; PS P. syringae pv. maculicola ES4326 XC X. campestris XCC528; AT A. tumefaciens GV3101 ER Erwinia rhapontici Er1;
ECA Erwinia carotovora ATCC 358; SM Sinorhizobium meliloti Rm1021

of MDR inhibitors [20]. This supports the hypothesis of the
importance of small molecule–small molecule interactions
role in overcoming MDR.

3.2 Modulation of antibacterial activity in Gram-negative
bacterial strains in the presence of MDR modulators

The potentiation of activity of antibacterials in the presence
of MDR inhibitors MC207110 and INF271 are shown in
Tables 3 and 4, respectively. In Gram-negative bacteria, the
situation is more complex, due to the presence of an addi-
tional outer membrane and efflux pumps in some of the bac-
terial strains. As shown in the previous sections, there is the
possibility of complex formation between drugs and inhib-
itors that could affect the uptake of a drug. However, the
same cutoff point of −9 kcal/mol for the interaction energy
determined by Grid cannot applied, since the potentiation
was observed even if the interaction energy was as low as
−6 kcal/mol.

The increase of the lipophilicity and log P could be used to
explain the potentiation of antibacterial activity in the pres-
ence of MDR modulators from different structural classes.
A high correlation was observed between the % increase of
log P and potentiation, for example the correlation coefficient
between these two variables was 0.69 in the case of Esche-
richia coli K-12, while the correlation coefficient between
potentiation and interaction energy was only 0.27. However,
the opposite correlations were observed for Sinorhizobium
meliloti Rm1021, the correlation coefficient between inter-
action energy and potentiation was high (0.66), while the
correlation coefficient between potentiation and % increase
of log P was only −0.23.

Similar correlations were observed for the potentiation
of drug action in the presence of the INF271 modulator. The
potentiation of drug action against Xanthomonas campestris
XCC528 (X. campestris) in the presence of INF271 was in
good correlation with the % increase of log P (0.59) and a
small correlation with interaction energy (−0.13). In the case
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of P. aeruginosa K1119 (P. aeruginosa mexAB) the correla-
tion coefficient between the energy of interaction and potenti-
ation was 0.766 with no correlation with % increase of log P.

Although these observations provide general support to
the hypothesis, more precise and specific rules for predicting
the potentiation of the drug action in the presence of a mod-
ulator could be derived from more extensive studies carried
out for each strain of Gram-negative bacteria.

4 Conclusion

Complex formation between antibacterial drugs and MDR
modulators was predicted by molecular modelling. It was
shown that the potentiation of the antibacterial activity could
be correlated to interaction energies between complexes
and/or log P of formed complexes. The unusual decrease in
antibacterial activity of gossypol in the presence of INF271
modulator, could be explained by complex formation with
strong interactions, thus preventing drug action.

The Grid and Glue software could be used to predict the
antibacterial activity potentiation for a drug–inhibitor pair
and could find use as a quick screen for new MDR modula-
tors of efflux activity of S. aureus overexpressing NorA.

More comprehensive models that include interaction ener-
gies and log P predictions could be developed to evaluate
different MDR modulators and their ability to potentiate drug
activity against Gram-negative bacteria.

It is possible that small molecule–small molecule interac-
tions could play an important role in overcoming biological
barriers in drug delivery.
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INTRODUCTION

Mezoneuron benthamianum Baill. (Caesalpinaceae),
Securinega virosa Roxb. &Wlld. (Euphorbiaceae) and
Microglossa pyrifolia Lam. (Asteraceae) are plants
found mostly in secondary forest in Ghana and find use
in the treatment of infections and wounds (Irvine, 1961;
Abbiw, 1990; Burkill, 1994). In most cases a paste is
made from the plant materials, mixed with vehicles such
as shea butter or palm kernel oil and this is then ap-
plied topically to the affected areas. Infusions made
from palm-wine (an alcoholic beverage), the local gin
or decoctions may also be drunk.

Plants have been found to be useful in accelerating
wound healing, a complex process involving the inter-
play of many biochemical and cellular mediators.
Microbial infections, especially due to Staphylococcus,

Streptococcus and Pseudomonas species, and the pres-
ence of oxygen free radicals, are known impediments
to wound healing (Hollinworth, 1997). Any agent cap-
able of eliminating or reducing the number of micro-
organisms present in a wound, as well as reducing
the levels of ROS, may facilitate the wound healing
process.

The ever increasing resistance of human pathogens
to current antimicrobial agents is a serious medical
problem resulting in the need for novel antibiotic
prototypes (Kinghorn, 1999). Methicillin-resistant
Staphylococcus aureus (MRSA) is one of the most prob-
lematic bacteria to treat in patients and to eradicate
from hospitals. In the UK alone, there have been incre-
ments in the number of death certificates citing MRSA,
with 47 citations in 1993 rising to 398 in 1998 (Crowcroft
and Catchpole, 2002). Multidrug resistance (MDR)
pumps of MRSA protect the cells from antibiotics
such as fluoroquinolones, tetracycline and a number
of amphipathic cations. Certain natural products,
for example reserpine, have been found to be able to
block these efflux pumps (Gibbons, 2004) and thereby
reduce the MIC of norfloxacin and other antibiotics.

Antimicrobial, Resistance-Modifying Effects,
Antioxidant and Free Radical Scavenging
Activities of Mezoneuron benthamianum
Baill., Securinega virosa Roxb. &Wlld. and
Microglossa pyrifolia Lam.

R. A. Dickson1, P. J. Houghton1*, P. J. Hylands1 and S. Gibbons2
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Mezoneuron benthamianum, Securinega virosa and Microglossa pyrifolia are used in folk medicine in Ghana
for the treatment of dermal infections and wounds. Petroleum spirit, chloroform and ethanol extracts of the
plants were tested for antimicrobial activity against a battery of organisms using the agar well diffusion
technique and a serial dilution microassay. The resistance modifying activities of these extracts on standard
antibiotics against Staphylococcus aureus possessing efflux mechanisms of resistance have also been assessed.
A 4-fold potentiation of the activity of norfloxacin was observed for ethanol and chloroform extracts of M.
benthamianum and S. virosa, respectively, whilst the petroleum spirit extract resulted in a 2-fold potentiation
with minimum inhibitory concentration (MIC) values in the range 8–16 µµµµµg/mL. Ethanol extracts of all three
species, the petroleum spirit extract of M. benthamianum and the chloroform extracts of M. benthamianum
and S. virosa, showed interesting antimicrobial activities. Antioxidant and free radical scavenging activities
using DPPH spectrophotometric and TBA lipid peroxidation assays were also conducted. Of the five extracts
that showed antioxidant activities, the petroleum spirit and chloroform extracts of M. benthamianum rated
most highly by displaying strong free radical scavenging activity with IC50 values of 15.33 and 19.72 µµµµµg/mL,
respectively. Lipid peroxidation inhibition provided by the same two extracts also produced the lowest IC50

values for all the extracts tested, of 23.15 and 30.36 µµµµµg/mL. These findings therefore give some support to
the ethnopharmacological use of the plants in the treatment of various skin diseases and wounds, as well as
demonstrating the potential of some of the plants as sources of compounds possessing the ability to modulate
bacterial multidrug resistance. Copyright © 2006 John Wiley & Sons, Ltd.

Keywords: Mezoneuron benthamianum; Securinega virosa; Microglossa pyrifolia; antimicrobial; MDR; efflux; resistance modifying
effects; antioxidant effects.
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Such compounds could restore the efficacy of antibiotics
against which resistance has arisen. Reserpine, how-
ever, has been found to be toxic in humans at an effec-
tive concentration so non-toxic alternatives are needed.
The extracts under investigation were therefore tested
for their antibiotic modulatory activities.

Although there are no previous antimicrobial reports
on the roots of any of the species examined, studies on
the leaves of M. benthamianum have resulted in the
isolation of gallic acid and gallic derivatives that pos-
sess antibacterial activity (Cordell and Binutu, 2000).
The antibacterial activities of securinine and viroallo-
securnine, both of which are alkaloids from the leaves
of S. virosa, have also been reported (Saito et al., 1964;
Mensah et al., 1988). Additionally, some acetylenic
glycosides possessing antibacterial activity have been
isolated from the leaves of M. pyrifolia (Rucker et al.,
1992). There are, however, no reports on the anti-
oxidant properties of these plants. This study sought
to examine the in vitro antimicrobial and antioxidant
activities of different crude preparations of the root
bark of these species, with the objective of investigating
the validity of their traditional uses. The studies also
sought to examine whether or not these plants could
serve as a source of plant-derived natural products
that modulate bacterial multidrug resistance (MDR) in
effluxing strains of S. aureus.

MATERIALS AND METHODS

Plant materials. The root bark of M. benthamianum,
S. virosa and M. pyrifolia, with voucher specimen
numbers RADMB11, RADSV22 and RADMP44
respectively, were collected from the Amansie West
district and Akwapim Mampong in the Eastern and
Ashanti regions of Ghana. The plants were authentic-
ated by Dr Blagogee a taxonomist, at the Centre for
Scientific Research into Plant Medicine (CSRPM),
Mampong Akwapim, Ghana, where voucher specimens
have been deposited. DPPH, bovine brain extract and
all other substances used were obtained from Sigma-
Aldrich Co. Ltd.

Extraction of plant materials. The root bark of M.
benthamianum, S. virosa and M. pyrifolia were washed
with water, chopped into smaller pieces, air dried at
room temperature for 1 week and then oven dried
at 45 °C for 5 h, coarsely powdered and extracted
with petroleum spirit, chloroform, ethanol and water
(500 mL) respectively for 24 h each in a Soxhlet appar-
atus. The yields are given in Table 1.

Antimicrobial activity. The antimicrobial activities of
the different extracts from the three plants were deter-
mined using the agar well diffusion and micro dilution
assay procedures as outlined by Vanden Berghe and
Vlietinck (1991) and Eloff (1998), respectively.

Agar well diffusion technique. Crude extracts were pre-
pared at concentrations of 5 mg/mL using 2% aqueous
DMSO with slight heating on a water bath, sonicated
and filter sterilized using a 0.25 µm Millipore filter. Wells
of 7 mm diameter were made in 20 mL nutrient agar
(Oxoid) seeded with 20 µL of a suspension of test

Table 1. Percentage yield of various solvents

Plant species Solvent Yield (%)

Mezoneuron benthamianum Petroleum spirit 1.5
Chloroform 1.1
Ethanol 4.3
Water 5.33

Securinega virosa Petroleum spirit 1.0
Chloroform 3.1
Ethanol 3.6
Water 4.1

Microglossa pyrifolia Petroleum spirit 2.1
Chloroform 3.4
Ethanol 5.9
Water 7.0

organisms containing 105 CFU/mL under aseptic condi-
tions. 100 µL of extracts were fed into wells, allowed to
diffuse for 1 h and then incubated at 37 °C for 24 h,
after which time they were examined for zones of inhibi-
tion. All experiments were carried out in triplicate.

Determination of minimum inhibitory concentration
(MIC). Stock solutions of all extracts were prepared by
dissolving 4 mg of the extract in 80 µL DMSO. The
mixture of DMSO and the extract was sonicated to
ensure thorough mixing. Sterile water was added to
make the volume up to 2 mL in a sterile bottle. This
was then sonicated to ensure complete mixing. The
stock mixture was passed through a pyrogenic filter to
sterilize the solution and serially diluted to arrive at
concentrations between 1000 µg/mL and 7.8 µg/mL. The
inocula of microorganisms were prepared from broth
cultures and serial dilutions made to achieve a suspen-
sion of approximately 105 CFU/mL. For every experi-
ment, a sterility check (2% DMSO and medium),
negative control (2% DMSO, medium and inoculum)
and positive control (2% DMSO, medium, inoculum
and water-soluble antibiotic) were included. In general,
the 96-well plates were prepared by dispensing into
each well 100 µL each of an appropriate medium, test
extracts and 20 µL of the inoculum. A double strength
nutrient broth and Sabouraud’s dextrose agar media
were employed for the bacterial and fungal assays,
respectively. The contents of each well were mixed
thoroughly with a multi-channel pipette and the micro-
titre plates incubated at temperatures and for periods
of time appropriate to the organism under study. For
the bacteria, the growth of the microorganisms was
determined by adding 20 µL of a 5% solution of
tetrazolium salt (MTT) and incubating for a further 10
minutes. Clear wells indicated inhibition of the growth
of organism, whilst dark coloured wells indicated
absence of inhibition. 200 µg/mL of miconazole and
tetracycline served as positive controls for antifungal
and antibacterial activity respectively. Yeasts were
incubated at 30 °C and bacteria at 37 °C respectively
for 24 h and the dermatophytes were maintained at
26 °C for 2 weeks. After the specified times the plates
were examined for growth. The fungi were examined
in daylight and MTT used for the bacteria. The MIC of
the preparations was the lowest concentration in the
medium that completely inhibited the visible growth.
All experiments were performed in triplicate.
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Modulation assay. The modulation assay was performed
using 10 µg/mL doses of the extracts, well below the
concentration shown to inhibit growth (minimum
inhibitory concentrations in the range 64–128 µg/mL).
The assay was directed towards finding the modulating
effect of these extracts when combined with the stand-
ard antibiotics, norfloxacin, tetracycline and erythro-
mycin, in 96-well plates on multi-drug resistant strains
of Staphylococcus aureus which were resistant to these
antibiotics via efflux mechanisms. 125 µL of a 10 µg/
mL solution of the crude extracts were prepared using
Mueller-Hinton broth and were placed in wells of the
first three rows of the 96-well plates. Wells in rows 4
and 5 were filled with 125 µL of broth containing 10 µg/
mL of reserpine, a control drug with modulation act-
ivity, which served as a positive control. Wells in the
remaining rows as well as rows 1–5 were then filled
with norfloxacin of different concentrations ranging
from 512 µg/mL to 1 µg/mL. 125 µL of an overnight
culture of bacteria containing approximately 105 CFU/
mL were added to each well, except the wells of
column 12 (sterile control). The plates were incubated
at 37 °C for 24 h after which 20 µL of MTT (thiazole
blue tetrazolium salt) solution was added to each well
and the plate incubated for a further 30 min. Inhibition
of bacterial growth was visible as a clear well, whilst
the presence of growth was detected by the presence of
a dark blue colouration in the well resulting from the
formation of a complex between the dehydrogenase
enzyme in the live bacteria and the tetrazolium salt.
Modulation assays were compared with MIC assays
for antibiotics and modulation was observed where a
potentiation of antibiotic activity (a lowering of MIC)
occurred. All experiments were performed in triplicate
under aseptic conditions.

Microorganisms used. The following bacterial and
fungal strains obtained from the UK National Culture
Collection and School of Pharmacy, University of Lon-
don were used in the bioassay: Micrococcus flavus [M.f]
(NCTC 7743), Bacillus subtillis [B.s] (NCTC 10073),
Staphylococcus aureus [S.a] (NCTC4163), multidrug-
resistant S. aureus SA-1199B (over-expressing the NorA
MDR transporter ), tetracycline-resistant S. aureus XU
212 (TetK expresser), erythromycin-resistant S. aureus
RN 4220 (expresser of the MsrA, macrolide pump),
Streptococcus faecalis [S.f] (NCTC 775), Salmonella
abony [S.ab] (NCIMB6017), Pseudomonas aeruginosa
[P.a] (NCIMB 10421), Escherichia coli [E.c] (NCTC
9002), Klebsiella aerogenes [Ka] (NCTC 5055), Candida
albicans [C.a] (NCPF 3179), Saccharomyces cerevisiae
[S.c] (NCTC 080178), Trichophyton interdigitale
[T.i] (NCPF 654) and Microsporum gypseum [M.g]
(NCPF261)

Antioxidant activity. 20 µL of 100 µg/mL extracts
were monitored initially for antioxidant activity on TLC
(solvent system: petroleum spirit, ethyl acetate 4:1)
using 0.2% of the stable free radical 2,2-diphenyl-1-
picrylhydrazyl (DPPH) in methanol, and antioxidant
compounds in the extracts gave clear zones against a
purple background (Cuendet et al., 1997).

Scavenging activity on DPPH radical. The free radical
scavenging activity of the extracts was measured by the
2,2-diphenyl-1-picrylhydrazyl (DPPH) method described

by Brand-Williams et al. (1995). Briefly, a 0.1 mM solu-
tion of DPPH in ethanol was prepared and 1.0 mL of
this solution was added to 0.5 mL of the samples in
different concentrations. After 20 min, the absorbance
was measured at 525 nm. The DPPH radical scaveng-
ing activity was calculated according to the follow-
ing equation. DPPH solution alone served as control
(A0).

DPPH• scavenging activity (%) = [(A0 − A1)/A0 ] × 100

where A0 is the absorbance of the control and A1 is the
absorbance in the presence of the test substance.

Antioxidant activity against the formation of lipid
peroxide. The lipid peroxidation assay was performed
to determine the inhibition of Fe2+/ascorbate-induced
lipid peroxidation (LPO) on bovine brain liposomes by
each of the active extracts (Galvez et al., 2005).

RESULTS AND DISCUSSION

The chloroform extract of S. virosa was the most active
extract showing activity against 13 test organisms
including some dermatophytes with MIC values rang-
ing from 15.6 µg/mL to over 1000 µg/mL The highest
diameter of zone of inhibition (22 mm) observed for
the agar well diffusion method, was given by this ex-
tract against M. flavus (Tables 2 and 3). The ethanol
extract of this plant showed some activity although
the inhibition zone was smaller. The petroleum spirit,
chloroform and ethanol extracts of M. benthamianum
produced good MIC values of between 31.2 and 1000 µg/
mL for both gram-positive and gram-negative bacteria
and some dermatophytes (Table 3). Of the three ex-
tracts of M. pyrifolia, only the ethanol extract showed
antimicrobial effects which were poor to moderate with
MIC values no less than 500 µg/mL.

The petroleum spirit, chloroform and ethanol extracts
of M. benthamianum and S. virosa exhibited modula-
tion effects when combined with standard antibiotics
against resistant strains of S. aureus (Table 4). For
example, the ethanol extract of M. benthamianum
and the chloroform extract of S. virosa produced a
4-fold potentiation of norfloxacin activity against the
norfloxacin-resistant strain of S. aureus possessing the
efflux pump NorA. This is the major characterized drug
pump in this pathogen and this result compares well
with the MDR inhibitor reserpine, particularly given
that the extract is chemically complex and the concen-
tration of the extract in the broth was only 10 µg/mL
compared with 20 µg/mL for reserpine. It is likely that
purification of this extract will lead to a more potent
modulator than reserpine and this work is currently
underway. The petroleum spirit extract of M. bentham-
ianum showed a 2-fold potentiation in this respect. This
extract also produced good potentiation effects on the
tetracycline MIC by a 2-fold reduction of tetracycline
concentration needed to inhibit growth of the strain
possessing the TetK efflux mechanism. All the extracts
were inactive against erythromycin resistant S. aureus
which possesses the MsrA macrolide transporter. This
mechanism is also unaffected by reserpine although
GG-918, an inhibitor of the mammalian MDR protein
p-glycoprotein, has recently been reported to modulate
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Table 2. Antimicrobial effect (zone of inhibition in mm) of crude extracts

Extract

Test organism MBP MBC MBE SVC SVE MPE

Staphylococcus aureus 14 14 15 13 13 12
Bacillus subtilis 16 13 19 17 9 0
Micrococcus flavus 15 12 18 19 19 13
Streptococcus feacali 13 0 10 11 11 13
Escherichia coli 0 0 0 0 0 0
Pseudomonas aeruginosa 12 0 15 12 12 12
Salmonella abony 0 0 0 0 0 0
Klebsiella aerogenes 0 0 0 0 0 0
Candida albicans 0 0 0 0 0 0
Saccharomyces cerevisae 0 0 0 0 0 0

MBP, MBC, MBE, petroleum spirit, chloroform and ethanol extracts of M. benthamianum.
SVC, SVE and MPE, chloroform, ethanol extracts of S. virosa and M. pyrifolia.
Concentration of extracts, 5 mg/mL; – , no inhibition observed; All tests were done in triplicate;
Tetracyline and miconazole served as positive controls for antibacterial and antifungal assays
respectively.

Table 3. Mean minimum inhibitory concentration (MIC; µµµµµg/mL) of different extracts on various microorganisms, n ===== 3

Extract

Test organism MBP MBC MBE SVC SVE MPE Tetracycline Miconazole

Bacteria
Staphylococcus aureus 125 250 125 125 500 >1000 2.5 NT
MDR-SA-1199B 64 128 64 64 0 0 NT NT
Bacillus subtilis 125 250 62.5 250 500 500 5 NT
Micrococcus flavus 250 500 31.2 250 500 >1000 1 NT
Streptococcus feacali >1000 0 500 500 1000 1000 5 NT
Escherichia coli 0 0 0 500 0 0 10 NT
Pseudomonas aeruginosa 1000 0 500 >1000 >1000 0 20 NT
Salmonella abony 0 0 0 15.6 0 0 2.5 NT
Klebsiella aerogenes 0 0 0 250 0 0 5 NT

Yeast/Fungi
Candida albicans 0 0 0 1000 0 0 NT 10
Saccharomyces cerevisae 0 0 0 >1000 0 0 NT 10
Trichophyton interdigitale 0 0 125 125 0 0 NT 20
Microsporum floccosum 0 0 125 250 0 0 NT 20

MBP, MBC, MBE, petroleum spirit, chloroform and ethanol extracts of M. benthamianum.
SVC, SVE and MPE, chloroform, ethanol extracts of S. virosa and M. pyrifolia.
MDR-SA-1199B possesses the NorA MDR transporter, – no inhibition observed; NT, not tested; All tests were done in triplicate.
Tetracycline and miconazole served as positive controls for antibacterial and antifungal assays, respectively.

different extracts, the traditional use of lipophilic
preparations of these species is supported. Further
isolation of the various compounds responsible for
these activities is underway in our laboratories.
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erythromycin activity against this strain (Gibbons et al.,
2003).

Five of the extracts demonstrated antioxidant and
free radical scavenging activities. The petroleum spirit
and chloroform extracts of M. benthamianum demon-
strated the highest antioxidant properties with IC50 val-
ues of 15.33 µg/mL and 19.72 µg/mL for free radical
scavenging activity and 23.15 and 30.36 µg/mL respect-
ively for inhibition of lipid peroxidation of bovine brain
extract liposomes (Table 5). On the basis of the anti-
microbial, resistance modifying, antioxidant and free
radical scavenging effects that have been observed for
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Twenty-two convolvulaceous oligosaccharides selected from the tricolorin (1-7), scammonin (8, 9), and orizabin
(10-22) series were evaluated for activity against a panel ofStaphylococcus aureusstrains possessing or lacking specific
efflux pumps. The minimum inhibitory concentrations (MIC values) for most of the amphipatic compounds ranged
from 4 to 32µg/mL against XU-212 (possessing the TetK multidrug efflux pump) and SA-1199B (overexpressing the
NorA multidrug efflux pump), compared with 64 and 0.25µg/mL, respectively, for tetracycline. This activity was
shown to be bactericidal. Two microbiologically inactive members of the orizabin series (10, 20) increased norfloxacin
susceptibility of strain SA-1199B. At low concentrations, compound10was a more potent inhibitor of multidrug pump-
mediated EtBr efflux than reserpine. The wide range of antimicrobial activity displayed by these compounds is an
example of synergy between related components occurring in the same medicinal crude drug extract, i.e., microbiologically
inactive components disabling a resistance mechanism, potentiating the antibiotic properties of the active substances.
These results provide an insight into the antimicrobial potential of these complex macrocyclic lactones and open the
possibility of using these compounds as starting points for the development of potent inhibitors ofS. aureusmultidrug
efflux pumps.

There are few available antibiotics that can be used to treat life-
threatening infections caused by methicillin-resistantStaphylococcus
aureus(MRSA) strains.1,2 Unfortunately, resistance to the main
antibiotic used in its treatment, the glycopeptide vancomycin, has
become more frequent3 and is cause for considerable concern in
hospitals and in community life. While the newest oxazolidinone
and streptogramin-type antibiotics have been heralded as a solution
to therapeutic difficulties associated with MRSA infections, resis-
tance to linezolid (an oxazolidinone) has been reported for
vancomycin-resistantEnterococcus faecium.4 Staphylococcal re-
sistance to this antibiotic5 and to other recently developed agents
has also emerged.6 Clearly, there is an urgent need to identify new
compounds that display a broad spectrum of antibiotic activity and
develop these leads into new drugs to treat multidrug-resistant
(MDR) and methicillin-resistant variants ofS. aureus. This would
alleviate the present situation where few back-up leads are available
to complement glycopeptides, oxazolidones, or daptomycin.7

Facing this need, we have evaluated the inhibitory activity of a
series of oligosaccharides8,9 from the convolvulaceous resin gly-
cosides on fourS. aureusstrains as well as the effect of the
interaction of two inactive natural products when tested combined
with norfloxacin on an MDR strain that effluxes this antibiotic.
Previously, tricolorins A-E (1-5) have displayed antimicrobial
properties with MIC values in the range 1-40 µg/mL against a
standardS. aureusstrain (ATCC 6538) and towardMycobacterium
tuberculosis(MIC 16-32µg/mL),10 suggesting the potential of this
class of natural bioactive polyacylated oligosaccharides11 as new
antibacterial agents. The current investigation also acknowledges
the growing interest in plants historically used in medical treatments
as a possible source of antimicrobial agents.12

The MIC of all tested compounds was determined against two
effluxing strains (SA-1199B and XU-212), an epidemic methicillin-
resistant strain (EMRSA-15), and a standardS. aureusstrain (ATCC
25923), and the data are presented in Table 1. All the amphipathic
tetrasaccharides from the tricolorin series (1-5) exhibited an
inhibitory activity againstS. aureusATCC 25923, with MIC values

⊥ Dedicated to Dr. Norman R. Farnsworth of the University of Illinois
at Chicago for his pioneering work on bioactive natural products.
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of 16-32µg/mL, and toward the effluxing strains with MIC values
of 4-32 µg/mL. Not surprisingly, the polar compounds tricolorins
F (6) and J (7) exhibited no antibacterial activity at the concentra-
tions employed. This correlation between lipophilicity and anti-
bacterial activity where the more lipophilic compounds are sig-
nificantly more active than their polar analogues has been found
in other natural products.10,13 Where growth inhibition by tested
compounds was noted, an aliquot of the culture was plated out on
nutrient agar and incubated for 24 h. No growth was detected for

any of the active compounds, indicating a bactericidal mode of
action.

The size of the lactone ring was not crucial for antibacterial
activity because the potency of the larger macrocyclic structure of
the orizabin series was similar to that of the tricolorin series. It
would be interesting to evaluate a higher number of related
compounds so as to elaborate conclusions related to the influence
of the degree, type, and position of acylation on the activity of
these oligosaccharides. However, the following observations can
be drawn from our results: (a) the more highly acylated compounds
had no direct effect againstS. aureus(MIC > 512 µg/mL), as
indicated by the displayed inactivity of peracetylated derivatives
of tricolorin A (1), scammonin I (8), and orizabin XI (12); (b) the
activity againstS. aureusproduced by the diesters (2-5, 8) was
similar to that of tricolorin A (1); (c) the monoester compound9
(scammonin II) was inactive and did not show a potentiation of
activity in combination with a subinhibitory dose of the antibiotic
norfloxacin; (d) the substitution of (2S,3S)-nilic acid (nla) by its
enantiomer (2R,3R) in the orizabin series (11-22), as the esterifying
moiety at position C-2 of the inner rhamnose unit, causes, in most
of the cases, a 4-fold reduction in the inhibition, e.g., orizabin XII
(13) versus orizabin XIII (14); this effect could be a consequence
of a slight difference in the conformations adopted by the
macrocyclic structure in each of the diasteroisomeric pairs, modify-
ing their interactions with the microorganism target membranes;
(e) the interchange of the other esterifying residues, i.e., tiglic (tga),
methylbutyric (mba), and isobutyric (iba) acids, at the remaining

Table 1. Susceptibility ofStaphylococcus aureusto Selected Convolvulaceous Oligosaccharides

MIC (µg/mL)

code compound ATCC 25923 XU-212 SA-1199B EMRSA-15

1 tricolorin A 16 8 8 4
2 tricolorin B 32 16 16 16
3 tricolorin C 32 16 32 32
4 tricolorin D 16 32 32 32
5 tricolorin E 16 8 8 8
6 tricolorin F >512 >512 >512 >512
7 tricolorin J >256 >256 >256 >256
8 scammonin I 32 128 32 32
9 scammonin II 256 512 512 128
10 orizabin IX >512 >512 512 256
11 orizabin X 16 32 4 4
12 orizabin XI 16 32 4 4
13 orizabin XII >512 >512 256 512
14 orizabin XIII 8 32 4 8
15 orizabin XIV 16 64 8 8
16 orizabin XV 128 512 32 16
17 orizabin XVI 8 128 16 8
18 orizabin XVII 8 32 4 8
19 orizabin XVIII 32 64 64 64
20 orizabin XIX 128 512 512 256
21 orizabin XX 64 >512 8 32
22 orizabin XXI 8 64 8 16
tetracycline 0.08 64 0.25 0.15
norfloxacin 2 16 32 0.5
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esterifying positions on the oligosaccharide core does not produce
any major effect in the inhibitory activity.

The amphipatic orizabins IX (10) and XIX (20) displayed a
strong synergistic effect in combination with norfloxacin. Alone,
these compounds had no antimicrobial activity at the concentration
tested (MIC> 256µg/mL), but they strongly potentiated the action
of norfloxacin in experiments using a subinhibitory concentration
of these oligosaccharides. Orizabin XIX (20) at 25µg/mL reversed
norfloxacin resistance 4-fold (8 versus 32µg/mL) for SA-1199B,
while orizabin IX (10) at 1µg/mL completely inhibited SA-1199B
growth in the presence of 2µg/mL of norfloxacin.

Ethidium bromide (EtBr) is a substrate for many multidrug efflux
pumps, including NorA ofS. aureus. The efficiency of any pump
for which EtBr is a substrate can be assessed fluorometrically by
the loss of fluorescence over time from cells loaded with EtBr.14

Orizabins IX (10) and XV (16) were nearly equipotent with respect
to the inhibition of EtBr efflux by SA-1199B, with a slight
advantage observed for compound16 (Figure 1). At lower
concentrations (less than 10µM) both test compounds were more
efficacious than reserpine. However, at 10µM or higher their effects
reached a plateau and became inferior to that of reserpine. This
falloff in activity was due to solubility issues, since above 30µM
the broth solution became cloudy as a result of test compound
precipitation. These data suggest that both compounds hold promise
as leads in the search for more potent inhibitors ofS. aureus
multidrug efflux pumps.

From the standpoint of their potential use as therapeutic agents,
the most important result is that these convolvulaceous oligosac-
charides exert their action through inhibition of the multidrug
resistance pumps, as previously reported for the structurally related
acylated disaccharides found in the leaf exudates ofGeranium
species (Geraniaceae).15 Therefore, combining these plant products
with antibiotics that are substrates for these MDR pumps (e.g.,
orizabin IX (10)/ciprofloxacin) could improve the treatment of
refractive infections caused by effluxing staphylococci.

The cross activity displayed between members of the tricolorin
and orizabin series could represent an example of synergy16 between
related components in medicinal crude drug extracts, with micro-
biologically inactive compounds disabling a resistance mechanism
(e.g., compounds10, 16, and 20), therefore potentiating the
antimicrobial activity of the antibiotic substances.17 Our results
suggest that convolvulaceous plants may elaborate an array of
amphipatic oligosaccharides, many of which have evolved to confer
selective advantage against microbial attack to plants.18 This
evolutionary process may have potential in the discovery of new
antibacterial leads.

Experimental Section

Bacterial Strains and Media. Staphyloccocus aureusEMRSA-15
containing themecAgene was provided by Dr. Paul Stapleton, The
School of Pharmacy, University of London. Strain XU-212, a methi-
cillin-resistant strain possessing the TetK tetracycline efflux protein,
was provided by E. Udo.19 SA-1199B, which overexpresses the NorA
MDR efflux protein,20 andS. aureusATCC 25923 were also used. All
strains were cultured on nutrient agar (Oxoid, Basingstoke, UK) before
determination of MIC values. Cation-adjusted Mueller-Hinton broth
(MHB; Oxoid) containing 20 and 10 mg/L of Ca2+ and Mg2+ was used
for susceptibility tests.

Antibiotics and Chemicals. Tetracycline and norfloxacin were
obtained from Sigma (Poole, UK). Individual glycolipids from the
CHCl3 extracts ofIpomoea tricolorCav. andI. orizabensis(Pelletan)
Ledebour ex Steudel were purified as previously described.8,9 Gly-
colipids1-22were isolated from their respective crude resin mixtures
by preparative recycling HPLC using a Waters 600 E multisolvent
delivery system equipped with a Waters 410 differential refractometer
detector (Waters, Milford, MA). For purification of the tricolorins
(1-7), elution was isocratic (CH3CN-H2O, 4:1; flow rate) 3.5 mL/
min) on a reversed-phase C18 column (20× 250 mm; 15µm; ISCO)
and a sample injection of 500µL (100 mg/mL). To perform the
separations of compounds8-22, an HPLC system equipped with an
NH2 column (19× 150 mm; 10µm, µBondapak, Waters) was used,
and elution was also conducted isocratically (CH3CN-H2O, 95:5; flow
rate) 4 mL/min).

Susceptibility Testing. Minimum inhibitory concentration values
(MIC) were determined at least in duplicate by standard microdilution
procedures, as recommended by the National Committee for Clinical
Laboratory Standards guidelines.21 An inoculum density of 5× 105

cfu of each of the test strains was prepared in 0.9% saline by comparison
with a MacFarland standard. MHB (125µL) was dispensed into 10
wells of a 96-well microtiter plate (Nunc, 0.3 mL volume per well).
Glycolipids 1-22 were tested at final concentrations ranging from 1
to 512µg/mL prepared by serial 2-fold dilutions. All test compounds
were dissolved in DMSO before dilution into MHB for use in MIC
determinations. The highest concentration of DMSO remaining after
dilution (3.125% v/v) caused no inhibition of bacterial growth. The
MIC was defined as the lowest concentration that yielded no visible
growth.

Figure 1. Ethidium efflux inhibition assay from SA-1199B strain
cells: (b) reserpine; (1) compound10; (0) compound16. The
horizontal line indicates 50% efflux inhibition.
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Ethidium Efflux Assay. SA-1199B, which overexpresses NorA, was
loaded with EtBr as previously described, and the effect of varying
concentrations of compounds10 and16 on EtBr efflux efficiency was
determined to generate a dose-response profile for each oligosaccha-
ride.20,22 The effect of reserpine was also determined for comparative
purposes. Assays were performed in duplicate, and mean results were
expressed as the percentage reduction of total efflux observed for SA-
1199B in the absence of inhibitors.
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ABSTRACT: In a continuing project to characterize natural compounds with activity as modulators of MDR in

Staphyloccocus aureus, Osha essential oil and extracts were evaluated. The aim of this work was to identify the active

components as MDR modulators in the oil from the roots of Ligusticum porteri Coulter & Rose (Apiaceae). This essential

oil was obtained by steam distillation or by solvent extraction and analysed by gas chromatography–mass spectro-

metry. Forty-two components were identified. Sabinyl acetate (1) (56.6%), (Z)-ligustilide (2) (12.9%) and sabinol (3) (3.3%)

were the major components of water-distilled essential oil, while (Z)-ligustilide (2) (39.1%), sabinyl acetate (1) (34.6%)

and 4-terpinyl acetate (4) (3.1%) were the major components of the dichloromethane extract. At a concentration of

100 µµµµµg/ml, the oil from hydrodistillation caused a two-fold potentiation, and the oil from solvent extraction caused a

four-fold potentiation of the activity of the fluoroquinolone antibiotic norfloxacin against a norfloxacin-resistant strain

possessing the NorA MDR efflux transporter, the major chromosomal drug pump in this pathogen. Copyright © 2005

John Wiley & Sons, Ltd.

KEY WORDS: Ligusticum porteri; Apiaceae; essential oil; chemical composition; Staphylococcus aureus; MDR modulation

Introduction

The development and use of antibiotics for the chemo-
therapy of bacterial infections was one of the most
remarkable accomplishments in medicine of the last
century. Multidrug-resistant (MDR) organisms such as
methicillin-resistant Staphylococcus aureus (MRSA) are
becoming common causes of infections in the acute
and long-term care units in hospitals. Consequently, there
is a clear and urgent need to discover and develop new
effective and non-toxic drugs that are able to reverse
MDR. In a continuing project to characterize natural
products with activity as modulators of MDR in
Staphyloccocus aureus,1 Ligusticum porteri Coulter &
Rose (Apiceae) (Osha) essential oil was evaluated.

The genus Ligusticum includes 60 species with world-
wide distribution in many non-coastal western states
in the USA. Osha is a perennial herb which grows
throughout much of the Rocky Mountains, from northern
Wyoming to Chihuahua, Mexico.2 Osha is widely em-
ployed in traditional medicine in south-western USA and
in northern Mexico as a treatment for cough, sore throat
and stomach ache. Powdered roots are used in order to
prevent infections.3

Apiaceae essential oils have been shown to contain
monoterpenes, sesquiterpenes and phenylpropanoids, and
some genera include ligustilides.4 Numerous studies have
been published on the chemical composition of organic
extracts or essential oil in the genus Ligusticum, but
only a few have reported on their biological activities.
The present report is the first account of the chemical
composition and biological activity of L. porteri (Osha)
oil. The composition of volatile fractions obtained
with two different procedures were studied, using gas
chromatography–mass spectrometry (GC–MS) analysis.
The modulation activity of Osha oil and its major com-
ponents were evaluated using a strain of Staphylococcus

aureus possessing the Nor(A) MDR efflux pump.

* Correspondence to: M.-G. Dijoux-Franca, Laboratoire de Pharmacognosie,
Département de Pharmacochimie Moléculaire (DPM), UMR 5063 CNRS-
UJF, Domaine de La Merci, 38706 La Tronche Cedex, France.
E-mail: Marie-Genevieve.Dijoux@ujf-grenoble.fr
Contract/grant sponsor: Institut de Recherche Pierre Fabre, France.
Contract/grant sponsor: Institut Klorane, France.
Contract/grant sponsor: Région Rhône-Alpes, France.

158



672 P. CÉGIÉLA-CARLIOZ ET AL.

Copyright © 2005 John Wiley & Sons, Ltd. Flavour Fragr. J. 2005; 20: 671–675

Experimental

Plant Material

Powdered dry roots of L. porteri were purchased in April
2002 from Proline Botanicals Ltd. A voucher specimen
was deposited at the University of London School of
Pharmacy (Batch No. SG-PC 2002-1).

General Experimental Procedures

Analysis by GC–MS was carried out using the same con-
ditions as previously described by Brun et al.6 on a non-
polar DB1 column (Macherey–Nagel) (25 m × 0.20 mm
i.d., 0.25 µm film thickness). 1H-NMR (400 MHz) and
13C-NMR (100 MHz) spectra were recorded in CDCl3 on
a Bruker Avance 400 spectrometer at 22 °C. Chemical
shift values (δ) are reported in parts per million (ppm)
relative to tetramethylsilane (TMS δ = 0) as internal
standard and coupling constants (J values) are given in
Hz. EI Mass spectra were recorded on a R210C instrument
coupled with a computer IPC (P2A) MSCAN WALLIS.
TLC was carried out on 60 F254 mm (Macherey–Nagel)
pre-coated plates and spots were visualized by spraying
with sulphuric acid (40% in MeOH) followed by heating.

Preparation and Fractionation of Extracts

Powdered dry roots (50 g) were submitted to steam dis-
tillation for 3 h, according to the standard procedures for
hydrodistillation described in the Pharmacopée Française

(10th edn).5 This extraction yielded 1.5 ml pale yellow
essential oil (4.5% dry weight).

A 100 g sample of the dry ground L. porteri roots
were successively extracted twice with dichloromethane,
acetone and MeOH at room temperature for 1 h, in a
sonicator. Following filtration, the solvent was removed
under reduced pressure and the CH2Cl2 extract (85.2 g)
[C0], the Me2CO extract (7.6 g) [A0] and the MeOH
extract (19.3 g) [M0], respectively were obtained.

Isolation of sabinyl acetate (1)

Initially, an aliquot of the CH2Cl2 extract (C0, 2 g) was
applied to silica gel column chromatography (Silicagel 60
Macherey–Nagel), which was eluted with a toluene–
EtOAc gradient; the eluates were collected as fractions
C1-1 to C1-12. Compound 1 (382 mg; C1-1) was
obtained with 100% toluene.

Isolation of the (Z)-ligustilide (2)

Next, the MeOH extract (M0; 19 g) was partitioned with
H2O:CH2Cl2 (50:50). The CH2Cl2 extract (M1-1, 1 g)

was obtained. Then, M1-1 was applied to a Sephadex
LH-20 cc (column chromatography) and eluted with
CH2Cl2:MeOH (70:30) to yield 13 fractions (M2-1 to
M2-13). M2-1 (368 mg) was submitted to a MPLC on
a diol (Lichroprep®, Merck) column chromatograph and
eluted with a cyclohexane–CH2Cl2–MeOH gradient to
yield 26 fractions (M3-1 to M3-26). The M3-1 fraction
(53 mg) was obtained in 100% cyclohexane. Finally,
M3-1 was applied to a silica gel column chromatograph
(Silicagel 60 Macherey-Nagel), which was eluted with a
cyclohexane–CH2Cl2–MeOH gradient and 21 fractions
were collected (M4-1 to M4-21). Compound 2 (M4-10,
8 mg) was eluted with cyclohexane:CH2Cl2 (80:20).

Sabinyl acetate (1)

Pale yellow oil; visible by quenching at 254 nm. EI–MS
(relative intensity %) m/z: 194 [M]+ (5), 154 (4), 134
(22), 119 (38), 109 (11), 92 (100), 91 (84), 32 (10). 1H-
NMR (CDCl3): 0.75 (dd, 4.5Hz, 2.1Hz, 1H, H-4a), 0.77
(dd, 4.5Hz, 2.1Hz, 1H, H-4b), 0.84 (d, 6.9Hz, 3H, H-9),
0.90 (d, 6.8Hz, 3H, H-10), 1.45 (sept, 6.8Hz, 1H, H-8),
1.97 (s, 3H, H-2′), 2.02 (t, 3Hz, 1H, H-3), 2.13 (dd,
7.7Hz, 2.1Hz, 1H, H-6a), 2.17 (dd, 7.7Hz, 2.1Hz, 1H,
H-6b), 5.03 (s, 1H, H-7a), 5.06 (s, 1H, H-7b), 5.41
(d, 7.6Hz, 1H, H-1). 13C-NMR (CDCl3): 18.6 (C-4), 19.5
(C-9), 19.6 (C-10), 21.4 (C-2′), 29.3 (C-6), 32.3 (C-3),
35.6 (C-8), 36.9 (C-5), 76.1 (C-1), 100.6 (C-7), 152.2
(C-2), 170.2 (C-1′).

(Z)-ligustilide (2)

Yellow oil; white coloration under UV light at 366 nm.
EI–MS (70 eV, relative intensity %) m/z: 190 [M]+ (20),
161 (55), 148 (71), 134 (17), 105 (77), 91 (28), 77 (62),
55 (100). 1H- and 13C-NMR spectra were assigned by
comparison with the literature data.7

Bacterial Strains

Multidrug-resistant Staphylococcus aureus strain SA-
1199B (fluoroquinolone-resistant) was provided by
Professor Glenn W. Kaatz (Wayne State University)
and was cultured on nutrient agar (Oxoid) and incubated
for 24 h at 37 °C prior to determination of MIC.

MIC

Mueller–Hinton Broth (MHB) (Oxoid) was adjusted
to contain 20 mg/L and 10 mg/L of Ca2+ and Mg2+

respectively. This was achieved by dissolving 83.7 mg
MgCl2.6H2O and 73.4 mg CaCl2.2H2O in 11 MHB. An
inoculum density of 5 × 105 cfu of the test organism was
prepared in normal saline (9 g/l) by comparison with a
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MacFarland standard. MHB (125 µl) was dispensed into
10 wells of a 96-well microtitre plate (Nunc, 0.3 ml/well).
A stock solution of norfloxacin (8.192 mg/ml) was pre-
pared by dissolving the antibiotic in DMSO (Sigma) and
diluting in MHB to give a final DMSO concentration
of 0.625%. A DMSO control was included in all assays.
125 µl test solution (2048 µg/ml) was serially diluted
(two-fold) into each of the wells. 125 µl inoculum was
then added to each of the wells, resulting in a test com-
pound range of 512 to 1 µg/ml. The plate was then incub-
ated at 37 °C for 18 h and the MIC was recorded as the
lowest concentration at which no growth was observed.
Norfloxacin and reserpine were obtained from Sigma
Chemical Co. For the modulation of resistance experi-
ment, reserpine was incorporated into the MHB to give a
concentration of 20 µg/ml; test samples were incorpor-
ated into the MHB to give a concentration of 100 µg/ml
or 50 µg/ml for (Z)-ligustilide 2, which also demonstrated
antibacterial activity. In the case of the modulation assay,
1, 2 and reserpine were dissolved in DMSO and diluted
into MHB to give final concentrations of 100, 50 and
20 µg/ml, respectively. This medium was then used in
the MIC assay.

Results

Volatile compounds obtained by hydrodistillation and
solvent extraction of the powdered roots were investig-
ated by GC–MS. Overall, 42 components were ident-
ified from their retention indices8,9 and mass spectral
data.8,10,12,13

The results are listed in Table 1 with percentage com-
position. This analysis showed that there were fewer
compounds in the solvent extract compared to the essen-
tial oil (30 compounds vs. 41, respectively). Furthermore,
the content of the major compounds varied. The essential
oil and solvent extract were dominated by terpenes
(73.4% and 46.5%, respectively) and by phthalides
(14.4% and 41.1%, respectively). Sabinol 3 was not
present in the solvent extract. Sabinyl acetate 1 (56.6%),

(Z)-ligustilide 2 (12.9%) and sabinol 3 (3.3%) (Figure 1)
were the major components of the essential oil from
hydrodistillation, while (Z )-ligustilide 2 (39.1%), sabinyl
acetate 1 (34.6%) and 4-terpinyl acetate 4 (3.1%) were
the major components of the dichloromethane extract.

A 13C-NMR spectrum of the oil was recorded in order
to check the identification of the major components. The
major peaks could be assigned to sabinyl acetate 1.

Additionally, Osha essential oil and the solvent
extract were evaluated for bacterial resistance modifying
activity against a strain of multidrug-resistant (MDR)
Staphylococcus aureus (Table 2). At a non-bacteriostatic
concentration (100 µg/ml), the oil caused a two-fold
potentiation and the solvent extract caused a four-fold
potentiation of the activity of the fluoroquinolone anti-
biotic norfloxacin against a norfloxacin-resistant strain
of S. aureus. This strain was resistant due to the presence
of the norfloxacin effluxing MDR transporter NorA, the
major characterized chromosomal drug pump in this
species.14 The oil and the solvent extract significantly re-
stored the bacterial sensitivity to the antibiotic. The MIC
of norfloxacin decreased from 32 µg/ml (when tested
alone) to 16 µg/ml and 8 µg/ml when co-administrated
with essential oil and organic extract, respectively. These
activities compare favourably with reserpine (at concen-
tration, c = 10 µg/ml), which caused a four-fold reduction
in norfloxacin MIC against the same strain (Table 2).

Although the activities of these extracts seem
moderate, it should be realized that both essential oil and
solvent extract have a complex composition. The pure
isolated compounds are likely to be more active than the
crude essential oil or extract.

The major pure compounds of the essential oil and
the dichloromethane extract were also tested for their
potentiation of norfloxacin activity against S. aureus

SA-1199B (Table 2). With 1, a two-fold reduction of
norfloxacin MIC against this strain (at 100 µg/ml) was
observed. Compound 2 showed weak growth inhibition
activity at 128 µg/ml and a two-fold reduction in the
MIC of norfloxacin against SA-1199B (at 50 µg/ml).
Sabinyl acetate 1 and (Z)-ligustilide 2 therefore exhibit

Figure 1. Major compounds of the essential oil from hydrodistillation and from the dichloromethane extract of
Ligusticum porteri
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Table 1. Chemical composition of essential oil and dichloromethane extract from
roots of Ligusticum porteri

Compounds Retention Essential Dichloromethane
indices oil (%) extract (%)

α-Thujene 926 0.05
α-Pinene 942 0.1
Sabinene 973 0.4 0.1
β-Pinene 978 0.3
Myrcene 997 0.1
α-Phellandrene 1003 0.3 0.1
α-Terpinene 1017 0.2
p-Cymene 1018 0.9 0.2
β-Phellandrene 1026 0.4
Limonene 1027 0.1 1.8
γ-Terpinene 1056 0.3 0.2
cis-Thujone 1103 0.03
1,3,8-Menthatriene 1112 0.1
α-Phellandrene-1,2-epoxide 1115 1.9 0.6
Sabinol (3)* 1132 3.3
Pentylbenzene 1161 2.1 1.5
Terpinen-4-ol 1170 0.8 0.1
α-Terpineol 1181 0.1
Thymyl methylether 1228 0.05 0.4
Carvacryl methylether 1254 0.9 0.4
Isothujyl acetate 1273 0.2 0.1
trans-Pinocarveyl acetate 1273 0.1
Bornyl acetate 1284 1.8 0.9
Sabinyl acetate (1)* 1287 56.6 34.6
4-Vinylguaiacol 1299 0.4
4-Terpinyl acetate (4) 1338 0.1 3.1
α-Terpinyl acetate 1348 1.3 0.8
o-Methyleugenol 1389 1.1 0.5
2,5-Dimethoxy-p-cymene 1407 0.3 0.2
α-Barbatene 1413 0.3 0.4
β-Funebrene 1423 0.1 0.1
Widdrene 1441 0.2 0.3
β-Barbatene 1444 1.3 1.5
Myristicin 1498 0.8 0.6
(–)-Kessane 1500 0.6 0.4
Liguloxide 1505 0.5 0.4
α-Chamigrene 1507 0.1
Elemicin 1531 0.5 0.4
(Z)-3-Butylidenephthalide 1637 0.8 0.8
α-Eudesmol 1658 0.2 0.1
(Z)-Ligustilide (2) 1698 12.9 39.1
(E)-Ligustilide 1749 0.2 0.8

Identified compounds 88.1 96.2

* Undetermined isomer.

Table 2. Minimum inhibitory concentrations (MICs) and potentiation of norfloxacin
activity against Staphylococcus aureus SA-1199B (NorA)

Extract or pure Antibacterial MDR reversal
compound activity

Concentration Norfloxacin MICMIC (µg/ml)
(µg/ml) (µg/ml)

Essential oil >512 100 16
Dichloromethane extract 512 100 8
(Z)-Ligustilide (2) 128 50 16
Sabinyl acetate (3) >512 100 16
Norfloxacin 32 32 32
Reserpine — 20 2

161



STAPHYLOCOCCUS AUREUS MDR MODULATION BY LIGUSTICUM PORTERI OIL 675

Copyright © 2005 John Wiley & Sons, Ltd. Flavour Fragr. J. 2005; 20: 671–675

moderate potentiation of the activity of the norfloxacin
against a norfloxacin-effluxing strain of S. aureus com-
pared to the effect of reserpine.15

Discussion

This study showed the presence of numerous compounds
that have not been described previously in L. porteri. A
number of publications have described important factors
that influence the composition of the oil throughout the
process of extraction (hydrodistillation, hydrodiffusion,
solvent extraction or supercritical fluid extraction).8,16

This report is another example of the influence of the
extraction procedure.

Neither the essential oil nor the CH2Cl2 extract ex-
hibited a bacteriostatic activity against the MDR S. aureus

strain, while they both restored the sensitivity of this
strain to norfloxacin. As the organic extract was the
more efficient modulator (MICnorfloxacin = 8 µg/ml), it
was supposed that the main component of this extract
would be responsible for the activity. Sabinyl acetate
and (Z)-ligustilide were therefore tested but revealed
moderate activity (MICnorfloxacin = 16 µg/ml). These results
suggest that separately the pure components are less
active than the complex mixture. This indicated that
the activity could be related to either the associated
compounds, in a synergistic mode of action, or to the
mixture itself.

Even if the resistance-modifying activities of (Z)-
ligustilide and sabinyl acetate are moderate, these com-
pounds are present in high concentration in Osha and
are amenable to semi-synthetic modification, which could
give rise to useful structure–activity information. These
components add to our knowledge of natural compounds
as bacterial MDR modulators.

Finally, (Z)-ligustilide has also been shown to have
weak antiviral properties17 and activity against Gram-
negative bacteria and yeast microorganisms. This is the
first report of its anti-bacterial activity against an MDR
strain of S. aureus possessing a multidrug efflux-mediated
mechanism of resistance.
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Inhibitors of multidrug resistance (MDR) have affinity
for MDR substrates
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Abstract—Multidrug-resistance (MDR) occurs in many bacterial species and tumour cells. MDR functions by membrane proteins
which export drugs from cells, resulting in a low ineffective concentration of the drug. We have shown by molecular modelling
that inhibitors of MDR have affinity for substrates of MDR transporters. This affinity may facilitate drug entry into cells and
a large inhibitor–drug complex may be a poorer substrate for the MDR mechanism. This complex would effectively ‘cloak’ the drug
rendering it unavailable for efflux.
# 2003 Elsevier Ltd. All rights reserved.

Multidrug-resistance (MDR) occurs in many bacteria,
fungi and tumour cells1 and this phenomenon is
responsible for exporting drugs from cells, resulting in a
low ineffective concentration of the drug.2 A common
feature of MDR mechanisms is their ability to recognise
many structurally unrelated substrates3 and remove
them from the cell, and inhibitors of these transport
processes are thought to act by directly binding to
hydrophobic regions of MDR proteins causing inhibi-
tion of xenobiotic removal.4 A number of these
transporters have been characterised for mammalian
cells including p-glycoprotein (p-gp)2 and multidrug
resistance related protein (MRP),5 both of which confer
resistance to cytotoxic agents. In Gram-positive and
Gram-negative bacteria, MDR pumps such as NorA6

(Staphylococcus aureus) and MexAB-OprM7 (Pseudo-
monas aeruginosa) export a wide array of antiseptics and
antibiotics including fluoroquinolones.

It is not known exactly how inhibitors of MDR trans-
porters function but there are a few proposed mechan-
isms of action: direct binding of inhibitor to one or

more binding sites on the protein therefore blocking
transport as either competitive or non-competitive
inhibitors,2 depletion of pump energy by inhibiting
binding of ATP and modifying protein conformation by
an inhibitor interaction with the cell membrane.8 There
is indirect evidence by Ahmed et al.,9 that reserpine does
bind to a hydrophobic region of the Bmr MDR trans-
porter of Bacillus subtilis causing inhibition of efflux.

It seemed possible to us that inhibitors of MDR may
have an affinity for substrates and bind them to form a
complex which may facilitate entry of the drug into the
cell and also importantly from the perspective of MDR
inhibition, this complex may not be recognised by the
transporter. In the cell this complex could then
dissociate to release inhibitor and drug. To investigate
our hypothesis, we conducted a series of molecular
modelling experiments to study the affinity that inhibi-
tors of MDR phenomena have with MDR substrates.

The modelling work presented here was performed
using ChemOffice 2002,10 GRID 20,11 Molden,12 and
Viewer Lite 5.013 software packages. In order to model
the MDR inhibitors, antibiotics and anticancer drugs,
molecular mechanical and semi-empirical theory were
used. The structures of each molecule were initially
drawn by ChemDraw. Each 2D structure was converted
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into 3D structure by Chem3D, followed by molecular
mechanics minimization using MM2 force field. MM2
parameters used here are from the full MM2 Parameter
Set including p-systems, as provided by N. L. Allinger
and implemented in Chem3D.10

The resulting structures were further subjected to
altered simulated annealing protocol consisting of 4 ps
molecular dynamics at 300 K to explore conformational
space. Five visibly different structures (not necessarily
lowest energy conformations) for each molecule were
chosen from the trajectory and subjected to 2 ps mole-
cular dynamics at 100 K. The last structure in the
trajectory was minimized using MM2 energy
minimization and further optimized using MOPAC
2000 and the AM1 method. MM2 and Mopac 2000
were implemented in the Chem3D software. Semi-
empirical AM1 geometries of MDR inhibitors and
drugs were used as input files for GRID 20 software.
The whole molecule was considered during calculations
and all GRID parameters were kept at their default
values. Inhibitor molecules were chosen to be target
molecules during calculations, since those were
generally larger than drug molecules. All interactions
were examined by using GROUP probes implemented
in GRID software representing relevant functional
groups of drug molecules. All reported interaction
energies were predicted using GRID20 software.

This study was conducted on inhibitors of p-glyco-
protein mediated MDR and between cytotoxic drugs
which are substrates of this mechanism (Table 1).
Additionally, inhibitors of bacterial MDR in combin-
ation with fluoroquinolone antibiotics, some of which
are substrates for the bacterial MDR efflux systems
NorA and MexAB–OprM, were also studied (Table 1).
We have examined pairs of MDR inhibitor–drug
(substrate) which have experimental data showing that
the inhibitor restores activity of the drug.14�24

For inhibitors which showed reversal of MDR, the
energy of interaction of the drug with corresponding
inhibitor was calculated by GRID 20 software as nega-
tive and greater than �10 kcal/mol, which indicated
that it was highly likely that these pairs have the ability
to form a complex. Table 1 shows the energy of inter-
action for a wide range of MDR inhibitor–drug com-
plexes and to highlight these findings, below we discuss
selected examples from the anticancer and antibacterial
fields of MDR.

Specifically, the anticancer drugs doxorubicin and vin-
blastine were shown to bind to reserpine (Fig. 1a and b)
at the same moiety of the reserpine molecule, notably
the A, B and C-rings, although the mode of binding of
these two drugs to reserpine is different. In the case of
doxorubicin, an interaction was observed between its
aromatic rings and those of the inhibitor, whilst in the
case of the vinblastine–reserpine complex, the aromatic
region of reserpine fitted into the curvature of the vin-
blastine molecule (Fig. 1b) being perpendicular to the
aromatic rings of vinblastine. In both cases the energy
of interactions are comparable.

For the inhibitor GG918, four combinations with the
cytotoxic drugs doxorubicin, topotecan, mitoxantrone
and vinblastine were studied. For all of these complexes,
the cytotoxic drug bound to the middle portion of
GG918, which links the acridone and isoquinoline
moieties, and the interaction appears to be non-specific,
with topotecan (Fig. 1c) having the highest energy of
interaction (Table 1). Drug–inhibitor complex pairs
represented here have the highest energy of interaction
and it must be noted that a range of other complex
conformations were detected. Although the position of
the drug with respect to inhibitor is different, most sig-
nificantly, the same part of the inhibitor is involved in
all complexes, even with different drugs.

This non-specificity of interaction possibly enables the
MDR inhibitor to recognise and bind a wide array of
structurally unrelated drugs and to restore their efficacy.

a-Tocopherol, which has been shown to reverse the
effects of MDR inhibitors,16 has a higher energy of
interaction with MDR inhibitors than substrates
(�19.06 kcal/mol with GG918). Furthermore, it binds
to the same portion of the inhibitor as the substrates
(Fig. 1d) suggesting that it may function by
preferentially binding to the inhibitor and therefore
preventing the formation of an inhibitor–drug complex.

Four inhibitors of bacterial MDR were chosen with
fluoroquinolones as efflux substrates. Two of these,
reserpine and GG918 have been shown to be inhibitors
of Gram-positive MDR transporters such as the S.
aureus NorA system.17 The last two, MC-002,595 and
MC-207,110 are inhibitors of the MexAB–OprM
and AcrAB–TolC MDR efflux mechanisms found in
Gram-negative species.18

Figure 1. Highest interaction energy complexes between MDR inhibi-
tors and ligand molecules (ligand molecules are represented in green):
(a) binding between A, B and C rings of reserpine and doxorubicin,
indicating p–p stacking between aromatic moieties of the two mole-
cules; (b) reserpine and vinblastine interaction depicting the aromatic
region of reserpine fitting into the curvature of the vinblastine mole-
cule. The A, B and C rings of reserpine are perpendicular to the
aromatic rings of vinblastine; (c) GG918 and topotecan complex; (d)
GG918 and a-tocopherol complex depicting the position of the ligand
molecule binding strongly to the binding site for substrates.
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In all cases of the reserpine–fluoroquinolone anti-
microbial agent complexes, the binding site is the same
for that as the anticancer drugs, being binding to the
first three rings of the reserpine structure as demon-
strated in Figure 2a for the norfloxacin–reserpine

complex. Again all energies of interaction were
comparable, although modes of binding were not the
same. For GG918, the binding site of the fluor-
oquinolones to the inhibitor is also the same region as
that for the anticancer drugs as represented in Figure 2b

Table 1. Interaction energies between different drugs and MDR inhibitors calculated by GRID 20 software in correlation with the reported MDR

inhibition

Drug MDR Inhibitor Inhibition Interaction energy (kcal/mol)

Doxorubicin Reserpine 2.9a,14 �12.01
Vinblastine Reserpine 8.0a,14 �11.63
Mitoxantrone GG918 1.2–1850b,15 �13.02
Topotecan GG918 1.0–23b,15 �16.15
Doxorubicin GG918 �58% reductionc,16 �13.42
Vinblastine GG918 �95% reductionc,16 �15.89
a-Tocopherol GG918 Reversal of MDR inhibition16 �19.06
Norfloxacin Reserpine 4d,17 �13.29
Ciprofloxacin Reserpine 8d,17 �12.94
Levofloxacin Reserpine 2d,17 �13.32
Moxifloxacin Reserpine 2d,17 �12.95
Norfloxacin GG918 8d,17 �13.57
Ciprofloxacin GG918 8d,17 �13.94
Levofloxacin GG918 2d,17 �15.24
Moxifloxacin GG918 0d,17 �14.58
NPN MC-002,595 2.3e,18 �12.97
Levofloxacin MC-207,110 2–64f,18 �13.75
Vincristine JTV-519 3.7g,19 �15.05
Taxol JTV-519 24.8g,19 �13.18
Etoposide (VP-16) JTV-519 2.6g,19 �13.18
Doxorubicin JTV-519 2.7g,19 �15.59
Actinomycin D JTV-519 3g,19 �12.15
STI571 JTV-519 3.1g,19 �13.10
Taxol VX-710 Successful in clinical trial20 �10.64
Daunorubicin XR-9576 IC50=38.18 nM21 �14.98
Vincristine Sinensetin 72.28h,22 �10.1
Doxorubicin Indomethacin 0.251/NAi,23 �18.60
Doxorubicin Sulindac 0.368/0.449i,23 �15.23
Doxorubicin Tolmetin 0.357/0.467i,23 �13.05
Vincristine Indomethacin 0.301/NAi,23 �16.66
Vincristine Sulindac 0.462/0.241i,23 �16.10
Vincristine Tolmetin NA/0.593i,23 �15.73
Etoposide Indomethacin 0.916/0.534i,23 �15.50
Etoposide Sulindac 0.681/0.463i,23 �15.02
Etoposide Tolmetin NA/0.745i,23 �12.58
Taxol Indomethacin 2.234/1.227i,23 �12.90
Taxol Sulindac 1.539/1.233i,23 �12.43
Taxol Tolmetin 1.349/NAi,23 �9.18
Doxorubicin Tetrandrine 5.4–20.4 j,23 �12.89
Doxorubicin Verapamil �33% reductionc,16 �12.73
Vinblastine Verapamil �88% reductionc,16 �12.53
a-Tocopherol Verapamil Reversal of inhibition16 �15.39
Doxorubicin Clofazimine �40% reductionc,16 �23.70
Vinblastine Clofazimine �94% reductionc,16 �20.25
a-Tocopherol Clofazimine Reversal of inhibition16 �29.55
Doxorubicin B669 �31% reductionc,16 �20.59
Vinblastine B669 �95% reductionc,16 �17.94
a-Tocopherol B669 Reversal of inhibition16 �20.80
Doxorubicin a-Tocopherol 0% reductionc,16 �13.64
Vinblastine a-Tocopherol 0% reductionc,16 �14.24
Norfloxacin Agent from Lycopus europeus No inhibitory activity25 �8.51

aFold increase, IC50 for drug alone/IC50 for drug in the presence of inhibitor.
bDMF, dose modifying factor defines as the IC50 for the chemotherapy drug without GG918 divide by IC50 with GG918.
c Approximate percentage for the level of inhibition of cell growth in the presence of cytotoxic drug in the presence and absence of inhibitor using
H69/LX4 cells. This was calculated using the percentage growth value of inhibitor+drug divided by the value for drug.

dFold reduction in minimum inhibitory concentration (MIC) of antibiotic in the presence of inhibitor.
e Fold reduction in fluorescence in presence of inhibitor (128 mg/mL) compared to absence of inhibitor.
f Ratio between the MIC without efflux pump inhibitor (EPI) and the MIC in the presence of a potentiating concentration of EPI.
gRelative resistance determined by dividing the IC50 values of drugs with or without the inhibitors by that without the reversing agents.
hChemosensitizing index IC50 (vincristine)/IC50 (vincristine+inhibitor).
i Combination index (CI) values, a quantitative measure of drug interaction in terms of an additive (CI=1), synergistic (CI<1) or antagonistic
(CI>1) effect. Values quoted for two different cell lines (A549/DLKP). NA is not available.

j Fold-reversal, ratio of the IC50 for doxorubicin alone versus the IC50 for doxorubicin in the presence of the modulating agent.
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for the GG918-norfloxacin complex, and energies of
interactions are given in Table 1. Interestingly, a
recently isolated plant natural product from Lycopus
europaeus,25 which did not modulate the activity of
norfloxacin and therefore is not an inhibitor of NorA in
S. aureus, showed a low energy of interaction with
norfloxacin (�8.51 kcal/mol). Whilst this compound
possesses similar lipophilic properties to reserpine, it is a
non-aromatic highly chiral non-planar compound,
which may account for its low predicted interaction
with aromatic planar achiral norfloxacin. This would
again support the importance of complex formation
between MDR inhibitor and drug for reversal of MDR.

The inhibitors of the MexAB–OprM and AcrAB–TolC
MDR transporters, MC-207,110 and MC-002,595, have
a similar binding site for all fluoroquinolones
investigated, being the quinoline portion of the mole-
cule. In Fig 2c and d, complexes between MC-207,110
and levofloxacin, and MC-002,595 and NPN (N-phen-
ylnaphthylamine, a fluorescent substrate for the
AcrAB–TolC mechanism), are shown. Interaction
energies are within the range of 1 kcal/mol for both
substrate–inhibitor complexes investigated. Again, as in
the previous case, each inhibitor bound the substrate at
the same site on the inhibitor but with a different
portion of each substrate.

Interestingly, the Gram-positive bacterial MDR inhibi-
tors reserpine and GG918 do not inhibit Gram-negative
pumps such as MexAB–OprM and this has been
explained as being presumably due to differences in cell
wall architecture. Looking at the structures of MC-
002,595 and MC-207,110, both inhibitors possess
lipophilic regions which are probably important for
complex formation and transport into the membrane,

and hydrophilic moieties (which are lacking in reserpine
and GG918) such as the two primary amine groups.
These may be important in facilitating transport of
the complex across the hydrophilic domain of the
periplasmic space, which is present between the two
membranes of Gram-negative bacteria.

At the present time, we cannot correlate the predicted
energy of interaction with inhibitory potential due to
the fact that the experimental efflux/modulation results
come from different in vivo and in vitro studies, and the
levels of MDR inhibition were not reported explicitly or
were reported using different criteria. We propose three
empirical correlations:

1. A low predicted interaction energy (<�9 kcal/
mol) results in absence of MDR inhibition.

2. Optimal predicted interaction energy for MDR
inhibition is generally greater than �10 kcal/mol.
The exception is combinations of taxol and
inhibitors (sulindac, tolmetin and indomethacin)
where interaction energies were between �9 and
�13 kcal/mol, but MDR inhibition was not
detected in the experimental studies.23 However,
these interaction energies are lower than inter-
action energies between other drugs and the same
set of MDR inhibitors in that study.23

3. A high interaction energy between non-drug
molecule and inhibitor molecule results in
reversal of MDR inhibition.

Our results lead to the conclusion that it is highly likely
that inhibitors of MDR have affinity for substrates of
efflux transporters, and that they may form complexes
which could have a number of roles in the mechanism of
MDR inhibition. These complexes may facilitate entry
of drugs into the cell and secondly the drug in such a
complex may be hidden from MDR transporters. The
structural moieties which are present in many MDR
inhibitors have been described26 and some of these,
notably quinoline and benzyl moieties are found in the
drug-binding sites of MDR inhibitors in this study for
example GG918 and MC-002,595.

This study may change the perception of MDR
inhibition and open further research to find compounds
which have good drug-binding capabilities and readily
form complexes whilst retaining features which enhance
membrane permeability and imperviousness to efflux.
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Abstract

As part of an ongoing project to identify plant natural products which modulate bacterial multidrug resistance (MDR), bioassay-

guided isolation of an extract of Lycopus europaeus yielded two new isopimarane diterpenes, namely methyl-1a-acetoxy-7a
14a-dihydroxy-8,15-isopimaradien-18-oate (1) and methyl-1a,14a-diacetoxy-7a-hydroxy-8,15-isopimaradien-18-oate (2). The
structures were established by spectroscopic methods. These compounds and several known diterpenes were tested for in vitro

antibacterial and resistance modifying activity against strains of Staphylococcus aureus possessing the Tet(K), Msr(A), and Nor(A)
multidrug resistance efflux mechanisms. At 512 mg/ml none of the compounds displayed any antibacterial activity but individually
in combination with tetracycline and erythromycin, a two-fold potentiation of the activities of these antibiotics was observed

against two strains of S. aureus that were highly resistant to these agents due to the presence of the multidrug efflux mechanisms
Tet(K) (tetracycline resistance) and Msr(A) (macrolide resistance).
# 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Lamiaceae; Lycopus europaeus; Staphylococcus aureus; Multidrug resistance; MDR; Modulation; Isopimarane diterpenes

1. Introduction

Methicillin-resistant Staphylococcus aureus (MRSA)
is one of the major causes of nosocomial infections and
until recently, all strains of MRSA were susceptible to
the glycopeptides, such as vancomycin; however, inter-
mediate resistance to this antibiotic has been reported
(Sieradzki et al., 1999). Whilst new anti-staphylococcal
agents such as linezolid offer some respite, resistance to
this agent has been reported in vancomycin-resistant
Enterococcus faecium (Gonzales et al., 2001) and it is
likely that this pattern will emerge in the staphylococci.
MRSA strains produce a series of multidrug resistance
(MDR) efflux pumps such as Tet(K), Msr(A), Nor(A)
and Qac(A) which confer resistance to a wide range of
structurally unrelated antibiotics and antiseptics (Mar-
shall and Piddock, 1997). These MDR pumps are part
of an array of cytoplasmic membrane transport systems

involved primarily in the uptake of essential nutrients,
the excretion of toxic compounds and the maintenance
of cellular homeostasis (Paulsen et al., 1996).
In a continuing project to identify plant natural pro-

ducts that modify bacterial resistance in MRSA, we
screened an extract from Lycopus europaeus L. (Lamia-
ceae), which in combination with either tetracycline or
erythromycin reduced the minimum inhibitory con-
centrations (MICs) of these antibiotics against two
strains of S. aureus possessing multidrug efflux pumps.
L. europaeus, commonly known as Gipsywort in Brit-
ain, is a native perennial of river and canal banks (Phi-
lips, 1977) and is known to have anti-thyreotropic and
anti-gonadotropic activities, which are attributed to
phenolic compounds (Bucar and Kartnig, 1995). Pre-
vious phytochemical studies on the constituents of this
species have focused on isopimarane type diterpenoids
(Jeremic et al., 1985) and straight chain aliphatic pre-
cursors of cyclic diterpenes (Hussein and Rodriguez,
2000).
This paper deals with the isolation and structure elu-

cidation of two new and four known compounds and
their bacterial resistance modifying activity.
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2. Results and discussion

By VLC and reverse phase preparative HPLC com-
pound (1) was isolated as a colourless crystalline solid.
Accurate FAB-MS indicated a molecular formula of
C23H34O6 and characteristic signals in the 1H NMR
spectrum for one acetyl group (dH 2.08, s) and one
methoxyl substituent (dH 3.71, s) suggested that (1) was
a diterpene. Further signals in the 1H and 13C spectra

(Table 1) for three tertiary methyl singlets [dH 1.02 (3H-
17), 1.24 (3H-19) and 1.05 (3H-20)], an olefin (dH 6.00,
H-15, dd, J=18.5, 10.6 Hz), an exocyclic methylene (dH
5.10 and 5.15, 2H) and two additional olefinic carbons
(dC 130.2, C-8, 142.3, C-9; Table 1) were typical of iso-
pimarane diterpenes which have been previously isolated
from this species (Hussein et al., 1999; Hussein and
Rodriguez, 2000).
HMBC (Table 2) and COSY spectra were acquired to

identify long-range 1H–13C and 1H–1H connectivities
respectively. In the HMBC spectrum, methyl H-19
exhibited a 2J correlation to C-4 and 3J correlations to
C-3, C-5 and to the carbonyl carbon of C-18 (dC 178.1).
The methoxyl protons at dH 3.71 also showed a 3J
correlation to the C-18 carbonyl, indicating the presence
of a methyl ester at C-18, which is a common feature of
Lycopus diterpenes (Hussein et al., 1999). The proton
attached to C-5 (dH 2.84, 1H, dd, J=13.2, 1.8 Hz)
showed a COSY correlation to H2-6 (dH 1.45, 1.83, 2H,
m) which further correlated to an oxymethine proton
(H-7, 4.16, br d, J=3.5 Hz) which in the HMBC spec-
trum, showed correlations to two olefinic carbons (C-8
and C-9). This C-9 carbon was correlated with the C-20
methyl, which exhibited additional correlations to C-10
(2J), C-5 and C-1 (3J). A proton attached to the carbon
at C-1 was deshielded with respect to H-7 (dH 4.90, t,
J=3.0 Hz) and exhibited a 3J correlation to a carbonyl
carbon of the acetate group indicating that the acetate
group should be placed at C-1. Further signals in the
HMBC, COSY and DEPT-135 spectra of 1 showed
correlations from H-1 to C-3 (CH2) and H-1 to a
methylene of C-2 indicating the presence of methylene
groups at C-2 and C-3 and completing the A and B
rings of the diterpene nucleus.
Methyl-17 displayed a correlation to a quaternary

carbon (C-13, 2J) and 3J correlations to a methylene

Table 1
1H (400MHz) and 13C NMR (100 MHz) spectral data for 1 and 2 in

CDCl3

Position 1 2

1H (J in Hz) 13C 1H (J in Hz) 13C

1 4.90 t (3.0) 72.9 4.84 t (2.8) 72.8

2 1.88 m 21.7 1.85 m 21.7

3 1.45 m 30.0 1.37 m 29.9

4 46.5 46.5

5 2.84 dd (13.2, 1.8) 35.0 2.80 dd (12.8, 1.6) 34.8

6 1.45, 1.83 m 29.6 1.37, 1.65 m 29.5

7 4.16 br d (3.5) 68.2 3.87 br s 66.8

8 130.2 128.4

9 142.3 144.6

10 42.0 42.3

11 1.82, 1.95 m 20.0 1.82, 1.95 m 20.1

12 1.45, 1.72 m 30.7 1.46, 1.66 m 31.4

13 39.9 39.3

14 3.87 br s 78.3 5.31 s 79.0

15 6.00 dd (18.5, 10.6) 142.2 5.90 dd (18.0, 11.2) 141.5

16 5.10 dd (10.6, 1.2) 114.6 4.98 dd (11.2, 0.8)

5.15 dd (18.5, 1.2) 4.99 dd (18.0, 0.8) 113.8

17 1.02 s 23.2 0.89 s 23.4

18 178.1 178.1

19 1.24 s 16.6 1.17 s 16.6

20 1.05 s 18.8 0.99 s 18.8

OAc 2.08 s 21.3,

170.7

2.02, 2.00 s 21.3, 21.3,

171.1, 170.7

OMe 3.71 s 52.2 3.64 s 52.2

OH 3.00 br s, 3.16 br s 2.11 br s

Table 2

Long-range 1H-13C connectivities detected in HMBC experiments for 1 and 2

Position 1 Correlated C-atom 2 Correlated C-atom

HMBC (H!C) HMBC (H!C)

2J 3J 2J 3J

1 C-10 C-3, C-5, C¼O C-3, C-5

2 C-1 C-4

3

5 C-4, C-10 C-3, C-7, C-9, C-18, C-19, C-20 C-4, C-10 C-3, C-7, C-9, C-18, C-19, C-20

6 C-7 C-10 C-7 C-4, C-10

7 C-8 C-5, C-9

11 C-9, C-12 C-8, C-13 C-8, C-10

12 C-11, C-13 C-15, C-17 C-13 C-9, C-14, C-15, C-17

14 C-8, C-13 C-9/C-15, C-17 C-8, C-13 C-9, C-12, C-15, C-17, C¼O

15 C-13 C-12, C-14, C-17 C-13 C-14, C-17

16 C-15 C-13 C-15 C-13

17 C-13 C-12, C-14, C-15 C-13 C-12, C-14, C-15

19 C-4 C-3, C-5, C-18 C-4 C-3, C-5, C-18

20 C-10 C-1, C-5, C-9 C-10 C-1, C-5, C-9

OAc C¼O C¼O

OMe C-18 C-18

84 S. Gibbons et al. / Phytochemistry 62 (2003) 83–87

172



(C-12), an oxygenated methine carbon of C-14 (dC=78.3)
and to an olefinic carbon (C-15, 142.2) whose attached
proton coupled to the exocyclic methylene group in the
COSY spectrum. Couplings between C-12 methylene
and the allylic C-11 methylene in the COSY spectrum
and 2J and 3J correlations between H2-11 and C-9 and
C-8 in the HMBC spectrum completed the isopimarane
skeleton. From the molecular formula and the 1H and
13C chemical shifts of C-7 and C-14, hydroxyl groups
must be placed at these positions. This was supported
by the presence of two broad singlets (d 3.00, 3.16)
which are attributed to hydroxyl protons.
The relative stereochemistry of (1) was established by

inspection of 1H and NOESY spectra. The magnitude
of the observed coupling constants for H-1 (J=3.0 Hz)
and H-7 (J=3.2 Hz) indicated an equatorial (�) orien-
tation for these protons and therefore that the acetate
and hydroxyl groups at these positions be axial (�). In
the NOESY spectrum a through-space interaction
between H-7 and H-14 indicated that they were on the
same face of the molecule (Fig. 1) and that the hydroxyl
group at C-14 should also be axial (�). This was sup-
ported by a NOESY correlation between the proton at
H-14 and methyl-17 indicating that they are on the same
face and are both �. This is in agreement with the
stereochemistry of related compounds isolated from this
plant (Hussein et al., 1999). Compound (1) is therefore
assigned as methyl-1a-acetoxy-7a,14a-dihydroxy-8,15-
isopimaradien-18-oate.
By accurate FAB-MS, compound (2) solved for a

molecular formula of C25H36O7 and signals in the 1H
and 13C NMR spectra were almost identical to those of
(1) (Table 1) but with the presence of an additional
acetate group. With respect to compound (1), H-14 (dH
5.31) was downfield shifted by 1.44 ppm indicating that
esterification by the acetate had taken place at this
position. This was corroborated by examination of the
HMBC spectrum, which showed a correlation between
H-14 and the carbonyl group of the acetate. Full
HMBC analysis again led to the placement of acetate at
C-1, and hydroxyl at C-7 of the isopimarane nucleus. The
stereochemistry of (2) was identical to that of (1) with H-1
displaying a small coupling to H2-2 (dH 4.84, J=2.8 Hz),
implying an equatorial (�) orientation for H-1. H-7 was
a broad singlet and did not display any discernable
coupling to H2-6. As with compound (1), a NOESY
experiment again showed correlations between H-7 and
H-14 and between H-14 and methyl-17 indicating that

compound (2) is methyl-1a,14a-diacetoxy-7a-hydroxy-
8,15-isopimaradien-18-oate.
Four additional compounds (3–6) were also isolated

from the hexane extract and were identical to those iso-
lated previously from L. europaeus on comparison of
their 1H and 13C data with that published (Hussein et
al., 1999; Hussein and Rodriguez, 2000). Compound 6

has previously been isolated from Geigeria species and
data is in close agreement with that published (Bohl-
mann et al., 1982).

Compounds 1–6 showed no antibacterial activity at
512 mg/ml against any of the MDR strains of S. aureus.
When each of the diterpenes were incorporated into the
growth medium at low concentration (10 mg/ml), a two
fold reduction in the MICs of tetracycline and erythro-
mycin was observed against two strains which possessed
the tetracycline Tet(K) and macrolide Msr(A) MDR
efflux transporters respectively (Table 3). Surprisingly,
there were no differences in activities of these diterpenes,
despite the obvious structural differences between the
groups 1–4 and 5 and 6. These compounds modulated
the activities of the antibiotics by halving the con-
centration of antibiotic needed to inhibit the growth of
the drug resistant bacteria. Interestingly, no resistance

Fig. 1. Selected NOE connectivities for compound 1.

Table 3

MICs of test strains in the absence and presence of 1–6a and reserpine

Strain (MDR

efflux protein)

Tetracycline Erythromycin Norfloxacinb

IS-58 (TetK) 128, 64, 32c – –

RN4220 (MsrA) – 256, 128, 256 –

SA-1199B (NorA) – – 32, 32, 2

a 10 mg/ml. All MICs were determined in duplicate.
b MICs in the absence and presence of 1–6 are expressed in mg/ml.
c Figures in bold denoteMICs in the presence of reserpine at 20 mg/ml.
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modifying activity was observed against a strain pos-
sessing the Nor(A) efflux system, the major MDR
transporter in S. aureus. The MDR inhibitor reserpine
(Beck et al., 1988) caused a four-fold reduction in the
MIC of tetracycline against the tetracycline-resistant
strain and an eight-fold reduction in the MIC of nor-
floxacin against the fluoroquinolone (Nor(A)) resistant
strain. Reserpine did not however affect the MIC of
erythromycin against the erythromycin-resistant
(Msr(A) producing) strain.
Previously discovered modulators of MDR in S. aur-

eus have been described for strains possessing the
Nor(A) efflux mechanism. These compounds are from
many structural classes, including natural products such
as flavonolignans, flavones and porphyrins (Stermitz et
al., 2000a, b) and synthetic naphthylamides (Markham
et al., 1999). A common feature of all of these resistance
modifying agents is however, a high degree of lipophili-
city which is also apparent in compounds 1–6. This
property is presumably important for interaction with
the efflux proteins which are membrane bound. Further
work is underway to find more potent and broad spec-
trum alternatives to counter the wide array of multidrug
efflux mechanisms produced by S. aureus.

3. Experimental section

3.1. General experimental procedures

Melting points were determined on a Gallenkamp
apparatus. Optical rotations were measured on a Bel-
lingham and Stanley ADP 200 polarimeter. UV spectra
were recorded on a Perkin-Elmer UV/vis spectro-
photometer and IR spectra were recorded on a Nicolet
360 FT-IR spectrophotometer. 1H NMR (400 MHz)
and 13C NMR (100 MHz) spectra were recorded in
CDCl3 on Bruker DRX, AVANCE and AMX 400
spectrometers. Chemical shift values (d) are reported in
parts per million (ppm) relative to tetramethylsilane
(TMS d=0) as internal standard and coupling constants
(J values) are given in Hertz. 1H–1H COSY, HMBC and
HSQC experiments were recorded with gradient
enhancements using sine shaped gradient pulses. FAB
Mass spectra were recorded on a VG ZAB-SE instru-
ment. Vacuum liquid chromatography on Merck Si gel
60 PF254+366 and preparative HPLC using Waters Delta
600 were used for fractionation and isolation. TLC was
carried out on Kieselgel 60 F254 (Merck) pre-coated
plates and spots were visualized by spraying with
Vanillin-Sulphuric acid followed by heating.

3.2. Plant material

Plant material used in this study was collected in
September 2000 from Wilstone, Hertfordshire, UK on

the verge of the Aylesbury arm of the Grand Union
Canal and a voucher specimen SG01/09/2000 has been
deposited at the Centre for Pharmacognosy and Phyto-
therapy at the University of London School of Pharmacy.

3.3. Extraction and isolation

Air-dried and powdered herb (450 g) was exhaustively
extracted in a Soxhlet apparatus with a series of
solvents (3 l) in order of increasing polarity (hexane,
chloroform, ethyl acetate, acetone and methanol).
Extracts were dried under vacuum in a rotary evaporator.
Vacuum liquid chromatography (VLC) was carried
out on the hexane extract (23.6 g) with silica gel
using a step gradient system with 10% increments
from 100% hexane to 100% EtOAc and finally 10%
methanol in EtOAc yielding 12 fractions. Preparative
reverse phase HPLC (on two coupled 40 � 100 mm
6 mm Nova-Pak HR C18 columns) using a gradient
system from 100% water to 100% acetonitrile over 30
min was carried out on VLC fractions 8 (862.1 mg) and
10 (272.4 mg) yielding compounds 1 (57.2 mg) and 2

(11.4 mg) respectively.

3.4. Bacterial strains

S. aureus RN4220 containing plasmid pUL5054,
which carries the gene encoding the MsrA macrolide
efflux protein, was provided by J. Cove (Ross et al.,
1989). Strain IS-58, which possesses the TetK tetra-
cycline efflux protein, was provided by E. Udo (Gibbons
and Udo, 2000). SA-1199B, which overexpresses the
norA gene encoding the NorA MDR efflux protein was
provided by G. Kaatz (Kaatz et al., 1993). All strains
were cultured on nutrient agar (Oxoid) and incubated
for 24 h at 37 �C prior to MIC determination.

3.5. Minimum inhibitory concentration (MIC)

Tetracycline, norfloxacin, and erythromycin were
obtained from Sigma Chemical Co. Mueller-Hinton
broth (MHB; Oxoid) was adjusted to contain 20 and 10
mg/l of Ca2+ and Mg2+, respectively. An inoculum
density of 5 � 105 cfu of each of the test organisms was
prepared in normal saline (9 g/l) by comparison with a
MacFarland standard. MHB (125 ml) was dispensed
into 10 wells of a 96-well microtitre plate (Nunc, 0.3 ml
volume per well). Tetracycline and erythromycin were
dissolved in MHB to give stock solutions. A stock
solution of norfloxacin was prepared by dissolving the
antibiotic in DMSO (Sigma) and dilution in MHB to
give a final concentration of 0.625%. A DMSO control
was included in all assays.
Antibiotics were serially diluted into each of the wells

followed by the addition of the appropriate bacterial
inoculum. The plate was incubated at 37 �C for 18 h
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and the MIC recorded as the lowest concentration at
which no growth was observed. This was facilitated by
the addition of 20 ml of a 5 mg/ml methanolic solution of
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide (MTT; Sigma) to each of the wells and incubation
for 20 min. A blue colouration indicated bacterial growth.
In the case of the modulation assay, diterpenes and

reserpine were dissolved in DMSO and diluted into
MHB to give final concentrations of 10 and 20 mg/ml,
respectively. This medium was then used in the mini-
mum inhibitory concentration assay.

3.6. Methyl-1�-acetoxy-7�,14�-dihydroxy-8,15-
isopimaradien-18-oate (1)

Colourless crystals; mp 150–153 �C; [a]25D +0.08
(CHCl3; c 0.12); UV lmax (MeOH) nm (log "): 217
(2.22); IR �max (thin film) cm�1: 2950,1723, 1645, 1434,
1372, 1241, 1028, 754; 1H NMR and 13C NMR
(CDCl3): see Table 1; HRFAB-MS (m/z): 429.2268
[M+Na]+ (calcd. for C23H34O6Na, 429.2253).

3.7. Methyl-1�,14�-diacetoxy-7�-hydroxy-8,15-
isopimaradien-18-oate (2)

Pale yellow oil; [a]25D�0.01 (CHCl3; c 0.8); UV lmax

(MeOH) nm (log "): 215 (2.16); IR �max (thin film)
cm�1: 3409, 2931, 1723, 1641, 1433, 1372, 1234; 1145,
1028, 965, 751; 1H NMR and 13C NMR (CDCl3): see
Table 1; HRFAB-MS (m/z): 581.1538 [M+Cs]+ (calcd.
for C25H36O7Cs, 581.1515).
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Abstract: The molecular similarity of multidrug resistance (MDR) inhibitors was evaluated 
using the point centred atom charge approach in an attempt to find some common features 
of structurally unrelated inhibitors. A series of inhibitors of bacterial MDR were studied and 
there is a high similarity between these in terms of their shape, presence and orientation of 
aromatic ring moieties. A comparison of the lipophilic properties of these molecules has 
also been conducted suggesting that this factor is important in MDR inhibition. 

Keywords: MDR, multidrug resistance, inhibitor, molecular similarity, SAR, ab initio. 

 

Introduction 

MDR or multidrug resistance is responsible for many forms of resistance in bacteria, fungi and 
human tumours [1]. This resistance functions by the presence of membrane bound efflux pumps, 
which actively export therapeutics from the cell resulting in a low intracellular ineffective 
concentration of the drug [2]. These pumps recognize a wide variety of structurally unrelated 
compounds [3] and it is believed that MDR inhibitors bind directly to the hydrophobic region of the 
efflux pump thus preventing the drug transport [4].  

There has been much research conducted to find inhibitors of these proteins, particular in human 
tumour resistance as reviewed by Stouch and Gudmundsson [5].  Some  progress  has been reported on  
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the structure-activity relationships (SARs) for inhibitors of bacterial efflux pumps [6], but further work 
is necessary to fully explain the mechanism of MDR efflux inhibition, since most potent inhibitors of 
the NorA MDR pump of Staphylococcus aureus come from totally different chemical classes. This is 
unusual since it seems that there is no common pharmacophore that causes inhibition of MDR.  

We have modelled and explored biomolecular similarities of a series of representative MDR 
inhibitors of the NorA pump from different classes (Scheme 1) on the basis of molecular interaction 
potentials and report here some structural features required for MDR inhibition.  

 

Computational Methods 

The inhibitors studied were optimized by Gamess-US ab initio software package [7] and HF/6-
311G(*) basis set (except for the INF 277 where we have used HF/6-31G(*) basis set). The molecular 
similarity was evaluated by MIPSIM software [8] using COMP module and a classical atom-centred 
point-charge distribution (PTC_MEP) approach. The reserpine and GG918 molecules were too big for 
the MIPSIM calculations, and were spilt into 3 units for comparison with other inhibitors (denoted as 
A, B and C in Scheme 1). The theoretical values of logP, surface area and volume were calculated by 
SciLogP 3.0 [9], Vega [10] and Chem3D [11] software packages. Visualization of the results was 
achieved by ViewerLite [12] and ICM Lite [13] software packages. 

 

Results and Discussion 

The efflux pump NorA plays an important role in resistance to fluoroquinolone antibiotics of the 
major human pathogen Staphylococcus aureus, which is highly problematic in the clinical environment 
[14]. The restoration of antibiotic efficacy could be achieved by using inhibitors, molecules that 
potentiate the activity of standard antibiotics against MDR cells. Efflux inhibitors are from a wide 
range of structural classes and representative molecules for different classes were studied here. The 
experimental results of MDR modulation for chosen inhibitors are shown in Table 1. These results are 
taken from the literature [15] or from one of the authors [16, 17]. Compounds with no potential for 
MDR inhibition are shown in Scheme 2. It is believed that inhibitors of these transport processes act 
by directly binding to hydrophobic regions of MDR proteins causing inhibition of antibiotic removal 
[4]. Since a wide range of MDR inhibitors have been discovered and with no apparent pharmacophore 
detected, we have assumed that interactions important for MDR inhibition must be non-specific. The 
molecular electrostatic potential could be very important for the formation of a potential hydrogen 
bond network and other interactions between MDR inhibitor and efflux pump, and it could also play a 
significant role in molecular recognition.  

In the absence of an explanation for the MDR inhibition mechanism, we have decided to evaluate 
the importance of molecular electrostatic potential in these processes. The ab initio optimised 
geometries of selected inhibitors of  the  NorA  efflux pump were  compared using atom-centred point- 
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Table 1. MDR modulation results for NorA inhibitors (5’-MHC depicted 5’-methoxyhydnocarpin). 

Inhibitor Drug Inhibition Reference 

INF 240 Ciprofloxacin 0.12* Markham et al., 1999. [15] 
INF 271 Ciprofloxacin 0.12* Markham et al., 1999. [15] 
INF 277 Ciprofloxacin 0.15* Markham et al., 1999. [15] 
INF 392 Ciprofloxacin 0.28* Markham et al., 1999. [15] 
INF 55 Ciprofloxacin 0.25* Markham et al., 1999. [15] 
5’-MHC Norfloxacin 4** Stermitz et al., 2000. [18] 
Reserpine Norfloxacin 4** Gibbons et al., 2003. [16] 
GG918 Norfloxacin 8** Gibbons et al., 2003a. [16] 
Diterpene from  
Lycopus europaeus  

Norfloxacin ND Gibbons et al., 2003b. [16] 

Epigallocatechin- 
3-O-gallate  

Norfloxacin ND Gibbons, unpublished data [2003] 

*FIC index - <0.5 is considered to be indicator of synergistic activity. 
**Fold reduction in minimum inhibitory concentration (MIC) of antibiotic in the presence of inhibitor. 
ND - no drug potentiation. 
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charge distribution and results are presented in Table 2 in the form of a similarity matrix. Reserpine 
and GG918 had to be split into three portions, and those are defined in the Scheme 1. 

The similarity index for all pairs of inhibitors was between 0.644 and 0.932, depending on the size 
of the compared molecules. The results for the parts of reserpine and GG918 are to be taken with 
caution due to the relatively small sizes of examined moieties. Direct correlation between similarity 
and fold of modulation cannot be fully examined due to differences in the representation of 
experimental data, however, the following could be emphasised: 

a) INF 271 and INF 277 have a similar potency of MDR inhibition and similarity index is also 
high –  0.817; 

b) 5'-methoxyhydnocarpin (5’-MHC) and INF 240 are potent MDR inhibitors and have a high 
similarity index. 

Due to the difference in the size of molecules, a more detailed analysis was carried out by visually 
comparing inhibitors. 

 
 
 

Table 2. Final similarity matrix for MDR inhibitors of the NorA pump calculated by MIPSIM using 
point charges. Three parts of reserpine were denoted as Reserpine A, Reserpine B and Reserpine C, 
and three parts of GG918 were denoted as GG918 A, GG918 B, and GG918 C. Similarity between 
parts that belong to the same molecule were not considered. 
 5’-MHC INF 240 INF 271 INF 277 INF 392 INF 55 

5’-MHC 1.000      

INF 240 0.840 1.000     

INF 271 0.735 0.733 1.000    

INF 277 0.704 0.673 0.817 1.000   

INF 392 0.740 0.751 0.781 0.722 1.000  

INF 55 0.729 0.707 0.866 0.803 0.725 1.000 

Reserpine A 0.690 0.735 0.870 0.754 0.719 0.932 

Reserpine B 0.691 0.616 0.817 0.813 0.739 0.808 

Reserpine C 0.699 0.649 0.717 0.695 0.677 0.737 

GG918 A 0.669 0.713 0.818 0.755 0.707 0.915 

GG918 B 0.644 0.703 0.759 0.699 0.670 0.839 

GG918 C 0.716 0.692 0.795 0.722 0.646 0.824 

Diterpene from Lycopus 
europaeus  

0.681 0.566 0.763 0.807 0.722 0.720 

Epigallocatechin-3-O-gallate 0.682 0.670 0.825 0.868 0.733 0.750 
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From the figures of the best fit between pairs of inhibitors, some observations are apparent: 
a) 5'-methoxyhydnocarpin and INF 240 have the same shape and some polar groups in a similar 

position (Figure 1). Note the absence of nitrogen atom in 5’-MHC; 
b) INF 271 and INF 277 have a similar shape and both have a nitrogen atom in the middle of the 

molecule (Figure 2); 
c) INF 55 is planar and different in shape compared to INF 271, however both molecules have a 

nitrogen atom in the middle of molecule and aromatic rings from both molecules are almost 
parallel to each other (Figure 3); 

d) there is high similarity between INF 271 and parts of Reserpine and GG918 (Figure 4 and 
Figure 5, respectively), again with a nitrogen atom in the middle of the molecule; 

e) all potent MDR inhibitors have aromatic rings in the areas that contain high similarity. 
In Figures 6 and 7, similarities between epigallocatechin-3-O-gallate (EGG) and two Influx 

compounds are depicted. However, EGG is not a potentiator of drugs in bacterial  MDR processes, and 
possibly is therefore not an inhibitor of bacterial MDR efflux. This can possibly be explained by 
visually examining the best fit between EGG and the two Influx compounds (INF271 and INF277). 
The similarity index is very high for both of these combinations but it can be observed that there is a 
poor fit between EGG and the aromatic moieties of both of these compounds. Looking at the fit 
between INF277 and the diterpene from Lycopus europaeus, there is a high calculated similarity but 
again this diterpene is not a potentiator of MDR drugs and this is probably due to the poor fit that this 
has with aromatic moieties of other MDR inhibitors e.g. INF277 (Figure 8). 

 
 

 

Figure 1. Best fit of optimized 5'-methoxyhydnocarpin (sticks) and INF 240 (wireframe) structures. 
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Figure 2. Best fit of optimised INF 271 (sticks) and INF 277 (wireframe) structures. 
 
 
 
 
 
 

 
 

Figure 3. Best fit of optimised INF 271 (sticks) and INF 55 (wireframe) structures. 
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Figure 4. Best fit of optimised INF 271 (sticks) and Reserpine A (wireframe) structures. 
 
 
 
 
 
 

 
 

Figure 5. Best fit of optimised INF 271 (sticks) and GG918 A (wireframe) structures. 
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Figure 6. Best fit of optimised INF277 (sticks) and Epigallocatechin-3-O-gallate (wireframe) 
structures. 

 
 
 
 
 

 
 

Figure 7. Best fit of optimised INF271 (sticks) and Epigallocatechin-3-O-gallate (wireframe) 
structures. 

184



Int. J. Mol. Sci. 2004, 5   
 

46

 
 

Figure 8. Best fit of optimised INF277 (sticks) and diterpene from Lycopus europaeus 
(wireframe) structures. 

 
 

We have also studied some theoretical parameters i.e. clogP and logP, (Table 3), however there is 
no obvious correlation with MDR modulation results. However clogP is generally lower for non-MDR 
inhibitors, the exception to this is INF55, which is a small molecule and one of the poorest MDR 
inhibitor of the INF series. 

 
Table 3. Theoretically calculated values of clogP, logP, surface area and volume of all studied MDR 
inhibitors and non potentiators by different methods. 
Inhibitor clogP 

(Chem3D) 
logP  

(Chem3D)
logP 

(SciLogP)
logP 

(Vega)
lipole
(Vega) 

Surface area 
(A2) 

Volume 
(A3) 

5’-MHC 3.47 2.33 6.23 5.43 2.92 482.9 410.5 
INF 240 5.14 4.73 6.04 3.03 1.43 396.5 328.5 
INF 271 4.28 3.38 5.67 3.76 2.77 316.9 263.9 
INF 277 6.02 5.12 6.02 6.73 2.29 408.0 361.2 
INF 392 4.25 5.60 6.15 4.48 1.29 419.8 354.0 
INF 55 0.93 3.68 5.09 4.92 5.12 248.7 207.2 
Reserpine 3.85 2.69 6.08 4.38 1.10 656.0 546.6 
GG918 4.21 5.03 6.12 5.60 0.89 629.9 536.0 
Diterpene from  
Lycopus europaeus  

2.45 3.65 6.23 3.34 0.73 497.84 425.59

Epigallocatechin- 
3-O-gallate 

1.49 2.07 6.21 6.62 2.61 429.3 363.6 
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Conclusions 

This study has shown that there is a high similarity between inhibitors of the NorA MDR 
transporter with similarity index higher than 0.6. However, there is no obvious correlation between 
similarity index and potential as MDR inhibitor, since some non-potentiators have high similarity 
index with MDR inhibitors. The important feature that differentiates inhibitors and non-inhibitors is 
the shape of the molecule and relative position of the aromatic moieties present in the molecule.  

Although in most inhibitors there is a nitrogen atom in the middle of the molecule, it is not 
essential, for example 5’-MHC has no such feature. This confirms the assumption that the interactions 
occurring during MDR inhibition must be non-specific. The shape of the molecule, aromatic rings and 
presence of some polar atoms will determine the potency of MDR inhibition. This study should be 
expanded to encompass a further series of inhibitor and non-inhibitor molecules of MDR processes of 
NorA in order to derive rules for the in silico screening for MDR inhibitors. 
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Abstract

As part of a project to characterise plant-derived natural products that modulate bacterial multidrug resistance (MDR), bioas-

say-guided fractionation of a chloroform extract of the aerial parts of Rosmarinus officinalis led to the characterisation of the known

abietane diterpenes carnosic acid (1), carnosol (2) and 12-methoxy-trans-carnosic acid. Additionally, a new diterpene, the cis A/B

ring junction isomer of 12-methoxy-trans-carnosic acid, 12-methoxy-cis-carnosic acid (5), was isolated.

The major components were assessed for their antibacterial activities against strains of Staphylococcus aureus possessing efflux

mechanisms of resistance. Minimum inhibitory concentrations ranged from 16 to 64 lg/ml. Incorporation of 1 and 2 into the growth

medium at 10 lg/ml caused a 32- and 16-fold potentiation of the activity of erythromycin against an erythromycin effluxing strain,

respectively. Compound 1 was evaluated against a strain of S. aureus possessing the NorA multidrug efflux pump and was shown to

inhibit ethidium bromide efflux with an IC50 of 50 lM, but this activity is likely to be related to the inhibition of a pump(s) other

than NorA. The antibacterial and efflux inhibitory activities of these natural products make them interesting potential targets for

synthesis.

� 2004 Elsevier Ltd. All rights reserved.

Keywords: Abietane diterpenes; Multidrug-resistance; Staphylococcus aureus; MDR; MRSA; Efflux inhibitors; Antibacterial

1. Introduction

Bacteria are exceptionally adept at acquiring resist-
ance to antibiotics and antiseptic agents. Amongst some

of the most problematic clinically relevant pathogens at

present, methicillin-resistant Staphylococcus aureus

(MRSA) ranks as one of the most difficult bacteria to

treat in patients and eradicate from hospital environ-

ments. In the UK there has been a significant increase

in the number of death certificates which mention

MRSA, with 47 citations in 1993 rising to 398 in 1998

(Crowcroft and Catchpole, 2002).

New antibiotics and strategies are therefore needed to
deal with this threat. The difficulty in treating MRSA

infections is compounded by the fact that many strains

also possess efflux pumps such as the specific TetK

and MsrA transporters, which export certain tetracy-

clines and macrolides, and the multidrug resistance

(MDR) proteins NorA and QacA which confer resist-

ance to a wide range of structurally unrelated antibiotics

and antiseptics (Marshall and Piddock, 1997). The dis-
covery of therapeutically useful compounds which are

inhibitors of these processes and antibacterial in their

own right could improve the containment, treatment,

and eradication of these strains.
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In an ongoing project which aims to identify plant

natural products that modulate resistance in MDR

strains of S. aureus (Gibbons et al., 2003a), an evaluation

of the constituents of the chloroform extract of Rosmar-

inus officinalis (Lamiaceae) was undertaken. Rosmarinus

officinalis L., commonly referred to as rosemary, belongs
to the mint family. It is a popular herb in many western

countries, with global cultivation and an exceptionally

wide usage in the Mediterranean countries from where

it originates. Rosemary has a long list of claims pertain-

ing to its medicinal uses including antibacterial (Del

Campo et al., 2000) and antioxidant properties (Ozcan,

2003). It is known to be an effective chemopreventive

agent (Plouzek et al., 1999), an antimutagenic (Minnunni
et al., 1992) and has been shown to be non-toxic in

animal models (Lemonica et al., 1996).

Previous investigations into the effect of natural

plant-derived chemicals on the activity of the plasma

membrane-associated glycoprotein, P-glycoprotein (P-

gp), which is the major MDR mechanism in mammalian

tumour cells (Bradley and Ling, 1994), showed that an

extract of rosemary inhibits P-gp-mediated drug efflux
(Plouzek et al., 1999). Furthermore, it has also been

shown that GG918, a known P-gp inhibitor, enhances

the in vitro activity of certain antibacterial agents

against strains of MDR S. aureus (Gibbons et al.,

2003b). Additionally, we have evaluated other members

of this plant family that potentiate the activity of antibi-

otics towards effluxing MRSA strains (Gibbons et al.,

2003a). In view of these findings, we hypothesised that
an extract of rosemary may inhibit the in vitro efflux

of antibacterial agents in strains of S. aureus expressing

multidrug efflux pumps. We report here for the first time

the antibacterial and resistance modifying activities of

this species against MDR strains of S. aureus.

2. Results and discussion

The major components of rosemary, carnosic acid

(1), carnosol (2) and 4 0,7-dimethoxy-5-hydroxy-flavone

(3) were isolated by a combination of vacuum liquid

chromatography (VLC), sephadex LH-20 column chro-

matography, thin-layer chromatography and recrystalli-

sation. The structures of these compounds were

established by extensive spectroscopic studies using 1
and 2-D NMR spectroscopy and mass spectrometry

(ESI). The 1H and 13C data of 1–3 were compared with

the literature and are in close agreement with that pub-

lished (Dimayuga et al., 1991; Schwarz and Ternes,

1992; Yang et al., 1995).

Compound 4 was isolated as colourless crystals solv-

ing for the molecular formula of C21H30O4 by ESI-MS.

Examination of the 13C NMR spectrum showed charac-
teristic signals between 110 and 150 ppm pointing to a

diterpene with an aromatic system, a moiety also found

in 1 and 2 (Table 1). Signals in the 1H NMR spectrum

(Table 1) for four methyl groups (dH 0.92, 0.96 and

1.16 (2 · CH3)) and an aromatic proton (dH 6.42, s) fur-

ther suggested that this compound was an abietane dit-

erpene similar to compounds previously isolated from

this plant (Inatani et al., 1982; Schwarz and Ternes,
1992). The presence of a carbon signal at 61.9 ppm

was consistent with the presence of a methoxyl group

in the molecule (dH 3.71, s). Full 2-dimensional analysis

including COSY, HMQC and HMBC spectra (Table 2)

led to the assignment of this compound as 12-methoxy-

trans-carnosic acid and the data (Table 1) are in close

agreement with those published for this natural product

(Al-Hazimi et al., 1987).

Table 1
1H (500 MHz) and 13C NMR (125 MHz) spectral data for 4 and 5 in

CD3OD

Position Compound 4 Compound 5

1H (J in Hz) 13C 1H (J in Hz) 13C

1 3.56 dd (13, 3) 36.7 3.59 dd (13, 3) 36.9

2 1.51 m 22.1 1.49 m 22.1

3 1.31, 1.47 m 43.6 1.38, 1.44 m 43.7

4 35.6 35.2

5 1.41 m 56.4 1.44 m 56.1

6 1.88 d (2) 20.5 1.88 br m 20.4

2.57 m 1.41 m

7 2.75 33.9 2.88 br s 33.7

8 135.7 135.2

9 129.5 129.0

10 35.6 35.2

11 151.5 154.5

12 145.2 145.3

13 140.9 140.4

14 6.42 s 118.9 6.56 s 118.5

15 3.15 sept. 28.1 3.18 sept. 27.7

16 1.16 dd (8, 0.5) 24.4 1.24 d (6.5) 23.9

17 1.16 dd (8, 0.5) 24.7 1.24 d (6.5) 24.1

18 0.96 s 33.9 1.01 s 33.7

19 0.92 s 22.3 0.98 s 23.2

20 180.7 182.6

OMe 3.65 s 61.9 3.83 s 61.2

Table 2

Long-range 1H–13C connectivities detected in HMBC experiments for

4 and 5

Position Compound 4, Correlated C-

atom, HMBC (H!C)

Compound 5,

Correlated C-atom,

HMBC (H!C)

2J 3J 2J 3J

1

2 C-10

3 C-2 C-4 C-18

5 C-4

6

7 C-5 C-8

14 C-13 C-7, C-12, C-15 C-7, C-9, C-12

15 C-12, C-14, C-16, C-17

OMe C-12 C-12
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Compound 5 was isolated as colourless crystals solv-

ing for the molecular formula of C21H30O4 by ESI-MS.

The 13C NMR and 1H data (Table 1) were very closely

related to that of 4. Full HMBC analysis (Table 2) sug-

gested that 5 was a methoxylated aromatic abietane dit-

erpene of very similar structure to 4. However, the 1H
NMR spectrum was different on the basis of the chemi-

cal shifts of the H2-6 methylene protons. H-6(a) of 5 res-

onated at 1.88 ppm, which was consistent with that

observed in 4, but H-6b of 5 (dH 1.41, m) was different

by 1.16 ppm in comparison to H-6b of 4 (dH 2.57, m).

In compound 4, due to the trans A/B ring junction, there

is a 1,3 through-space interaction between the carboxyl

group at C-10 (C-20) and the beta axially oriented H-6
(Fig. 1). This accounts for the large differences in the

chemical shifts of H-6b and H-6a. This difference was

not seen in 5 although all other resonances are compara-

ble. We propose that this discrepancy is based on a dif-

ferent A/B ring junction architecture for 5 compared to

4 and that in compound 5 the carboxyl group (C-20) at

C-10 is cis with respect to H-5. This would remove any

through-space interactions to H-6b. Compound 5 is
therefore assigned as 12-methoxy-cis-carnosic acid and

is described here for the first time.

A paucity of sample prohibited further biological

evaluation of 5 whilst the diterpenes (1, 2 and 4) and

the methoxyflavone 3 showed minimum inhibitory con-

centrations (MIC) ranging from 16 to 64 lg/ml against a

panel of staphylococci capable of effluxing various drugs

(Table 3). Of these strains, RN4220 and XU212 are
erythromycin and tetracycline resistant, respectively,

due to the presence of the MsrA and TetK efflux pro-

teins which confer a high level of resistance to these

agents. Strain SA-1199B overproduces the NorA

MDR efflux protein, the major drug pump in S. aureus

and was resistant to norfloxacin (Table 3). However,

some of this resistance is also the result of a GrlA sub-

unit substitution known to correlate with diminished

fluoroquinolone susceptibility (Ala116 ! Glu; Kaatz

and Seo, 1997).

The two major components, carnosic acid (1) and
carnosol (2) were incorporated into the bacterial growth

medium and tested for their ability to enhance the activ-

ity of antibiotics against resistant effluxing strains (Table

4). At 10 lg/ml, carnosic acid (1) and carnosol (2)

showed a 2- and 4-fold potentiation of tetracycline activ-

ity against XU212 (TetK possessing strain), respectively,

while carnosic acid showed an impressive 8-fold potenti-

ation of erythromycin activity against the macrolide
resistant strain possessing MsrA. These results compare

favourably with reserpine, our control MDR inhibitor

which potentiated tetracycline and norfloxacin activity

4-fold but showed no effect against the erythromycin-re-

sistant strain. At 10 lg/ml neither (1) nor (2) potentiated

norfloxacin activity against SA-1199B. Despite the pres-

ence of a substitution in GrlA known to correlate with

fluoroquinolone resistance in SA-1199B, inhibition of
NorA by reserpine or other inhibitors still has been

shown to result in MIC reductions which for reserpine

we again demonstrated (Gibbons et al., 2003b; Kaatz

et al., 2003a; Kaatz et al., 2003b). This observation indi-

cated that at the tested concentration neither (1) nor (2)

has activity against the NorA multidrug efflux pump.

A study of the effect of carnosic acid (1) on ethidium

bromide (EtBr) efflux was conducted using SA-1199B
(Fig. 2). EtBr is a substrate for many MDR pumps

and when bound to DNA fluoresces and therefore the

effects of inhibition of efflux can be assessed fluoromet-

rically. Carnosic acid had modest efflux inhibitory activ-

ity with an IC50 of 50 lM (16.6 lg/ml), which is

equivalent to approximately one-fourth its MIC for

SA-1199B. A similar level of inhibition was observed

with 10 lM reserpine (Fig. 2). On the surface this result
may seem surprising in that there was no observable

potentiation of norfloxacin activity against SA-1199B

by (1) at 10 lg/ml (30 lM) or any of the other com-

pounds tested at the given concentrations in the MIC as-

say. As a 2-fold potentiation of norfloxacin was

observed in the total extract during screening, it is pos-

sible that the component responsible for this activity is

yet to be identified. It also is possible that the effect on
ethidium efflux observed for (1) against SA-1199B is

H

H
O OH

H HCO2H

(a) (b)

Fig. 1. (a) Partial structure for 4 showing a trans A/B ring junction.

Carboxyl group at C-10 is in close proximity to H-6b. (b) Partial

structure for 5 showing a cis A/B ring junction. Carboxyl group at C-

10 is unable to deshield H-6b.

Table 3

MICs of 1–4 and standard antibiotics in lg/ml

Strain (MDR efflux protein) 1 2 3 4 Tetracycline Erythromycin Norfloxacin

XU212 (TetK) 32 16 16 64 128 – –

RN4220 (MsrA) 32 16 32 16 – 256 –

SA-1199B (NorA) 64 16 32 64 – – 32

All MICs were determined in duplicate.
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related to an inhibitory effect on a pump(s) other than

NorA for which ethidium is a substrate. Such pumps

are highly likely to exist based on a detailed analysis

of S. aureus genome data in the public domain (see

http://66.93.129.133/transporter/wb/index2.html). The

2-fold potentiation of the antibacterial activity of ethi-

dium by (1) (Table 4) and the modest inhibition of ethi-

dium efflux correlate with and support this hypothesis.
Previously discovered modulators of MDR in S. aur-

eus have been described. These compounds are from

many structural classes including natural products such

as terpenes, flavones, flavonolignans, porphyrins (Ster-

mitz et al., 2000a,b; Gibbons et al., 2003a; Gibbons,

2004) and synthetic naphthylamides (Markham et al.,

1999). Since impermeability of the bacterial membrane

is deemed as a resistance mechanism, it follows that

compromising this barrier by its permeabilisation would

be an effective approach to combating antimicrobial

resistance (Nikaido, 1998; Hancock, 1997). A common

characteristic of all these agents appears to be the high
degree of lipophilicity, a feature which is important for

the interaction with membrane bound efflux proteins

and the ability to overcome membrane impermeability.

Inhibition of bacterial cell growth is a traditional

method of screening for natural antimicrobial and resist-

ance modifying agents. We have demonstrated that

rosemary constituents have antimicrobial and resistance

modifying activity. While the antimicrobial activity
might not be of clinical importance, the resistance mod-

ifying action is of interest since there is no known resist-

ance modifying agent in use in the clinic presently.

GG918, a synthetic mammalian tumour MDR inhibi-

tor, has been shown to have broad spectrum resistance

modifying activity against strains of S. aureus possessing

multidrug efflux resistance mechanisms (Gibbons et al.,

2003b) and is currently in clinical trials for the reversal
of mammalian tumour resistance. Rosemary is a com-

monly used herb which is readily available, inexpensive,

and has been shown to be relatively non-toxic (Plouzek

et al., 1999). Its use as a potentiator of antibacterial

agents rendered ineffective against MDR S. aureus once

established might prove useful. Structure-activity studies

may reveal a derivative of (1) having a broader spectrum

of pump-inhibitory activity, including NorA.

3. Experimental

3.1. General experimental procedures

NMR spectra were recorded on Bruker AVANCE 400

and 500 MHz spectrometers. Chemical shift values (d)
were reported in parts per million (ppm) relative to

appropriate internal solvent standard and coupling con-

stants (J values) are given in Hertz. Mass spectra were re-

corded on VG ZAB-SE instrument (FAB-EIMS) and

Finnigan navigator (ESMS). IR spectra were recorded

on aNicolet 360 FT-IR spectrophotometer andUV spec-

tra on a Perkin–Elmer UV/Visible spectrophotometer.

3.2. Plant material

The powdered herb of Rosmarinus officinalis was sup-

plied by Herbal Apothecary (Batch number 03213).

3.3. Extraction and isolation

500 g of air-dried and powdered herb was extracted at
room temperature using 3 · 3 l of chloroform. The

resulting extract was dried under vacuum to yield 73 g

Table 4

Antimicrobial susceptibility of test strains in the absence and presence

of 10 lg/ml of 1, 2, or 20 lg/ml the MDR efflux inhibitor reserpine

Antimicrobial agent MICa of test strain expressing the

indicated efflux protein

XU212

(TetK)

RN4220

(MsrA)

SA-1199B

(NorA)

Tetracycline 128 ND ND

+carnosic acid (1) 64

+carnosol (2) 32

+reserpine 32

Erythromycin ND 256 ND

+carnosic acid (1) 32

+carnosol (2) 256

+reserpine 256

Norfloxacin ND ND 32

+carnosic acid (1) 32

+carnosol (2) 32

+reserpine 8

Ethidium bromide ND ND 16

+carnosic acid (1) 8

+carnosol (2) ND

+reserpine 8

a MIC, minimum inhibitory concentration, in lg/ml.

Fig. 2. Ethidium efflux inhibition assay, SA-1199B. Filled circles,

reserpine; open triangles, carnosic acid (1).
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of extract. Vacuum liquid chromatography (VLC) was

carried out on 10 g of extract on silica gel eluting with

hexane containing 10% increments of ethyl acetate to

yield 12 fractions. Carnosic acid (1), carnosol (2) and

4 0,7-dimethoxy-5-hydroxy-flavone (3) were isolated as

a crude mixture by vacuum liquid chromatography
(VLC) on silica gel eluting with 70% ethyl acetate in hex-

ane (fraction 8). 1 and 2 were further purified using

sephadex LH-20 and recrystallised from chloroform/

methanol. Compound 3 was purified by a C18 TLC plate

eluting with MeOH–H2O (9:1). 12-methoxy-trans-car-

nosic acid (4) and 12-methoxy-cis-carnosic acid (5) were

isolated from VLC fractions 5 following separation on a

C-18 SPE cartridge and purification by TLC on a silica
gel plate eluting with CHCl3–MeOH (97:3) to give (4)

(5.4 mg) and diethyl ether–petrol (1:1) to give (5) (2.3

mg).

OH

HO
HOOC

H

OH

HO

H

O

O

OMe

HO
HOOC

H

OMe

HO
HOOC

H

(1) (2)

(4) (5)

1

4
5

6

8
9

10

7

11 12

13

14

15

16

17

18 19

20

2

3

3.4. Bacterial strains and antibacterial assay

S. aureus strains RN4220, XU212, and SA-1199B

that overexpress msrA, tetK and norA, respectively, were

employed. msrA and tetK expressing strains were the

generous gifts of J. Cove (University of Leeds, UK)
and E. Udo (Kuwait University, Kuwait), whereas the

origin of SA-1199B is as described in Kaatz et al.

(1993). Test strains were cultured on nutrient agar and

incubated for 24 h at 37 �C prior to MIC determination.

An inoculum turbidity equivalent to No. 0.5 tube of the

McFarland scale of each test organism was prepared in

normal saline. MICs were determined in duplicate by

the microdilution assay as previously described (Gib-
bons and Udo, 2000). The potentiating effect of these

compounds was determined by dissolving in DMSO be-

fore diluting into MHB for use in the MIC determina-

tions. A DMSO control also was included.

3.5. Ethidium efflux assay

Ethidium bromide (EtBr) is a substrate for many

MDR pumps, including NorA. The efficiency of efflux

pumps for which EtBr is a substrate can be assessed

fluorometrically by the loss of fluorescence over time
from cells loaded with EtBr. SA-1199B was loaded with

EtBr exactly as described previously and the effects of

varying concentrations of (1) and reserpine were deter-

mined to generate dose–response profiles (Kaatz et al.,

2000). The total time course for the efflux assay was 5

min. Assays were performed in duplicate and mean re-

sults were expressed as the percentage reduction of total

efflux observed for test strains in the absence of
inhibitors.

3.6. 12-Methoxy-trans-carnosic acid (4)

Colourless crystals; ½a�21D þ 250ðc 0:04Þ; UV (CH3OH)

kmax (log e): 226 (3.39), 276 (1.71); IR mmax (thin film)

cm�1: 2959, 2360, 2342, 1734, 1457, 1364, 1229, 668;
1H NMR and 13C NMR (CD3OD): see Table 1; ESI-
MS (m/z): 347.2 [M + H]+ (calc. for C21H31O4, 347.2).

3.7. 12-Methoxy-cis-carnosic acid (5)

Colourless crystals; ½a�21D þ 50ðc 0:06Þ; UV (CH3OH)

kmax (log e): 224 (3.30), 277 (0.8); IR mmax (thin film)

cm�1: 2959, 2360, 2342, 1734, 1559, 1457, 1367, 1221,

668; 1H NMR and 13C NMR (CD3OD): see Table 1;
ESI-MS (m/z): 347.2 [M + H]+ (calc. for C21H31O4,

347.2).
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SHORT COMMUNICATION

The Effect of Reserpine, a Modulator of
Multidrug Efflux Pumps, on the in vitro
Activity of Tetracycline Against Clinical Isolates
of Methicillin Resistant Staphylococcus aureus
(MRSA) Possessing thetet(K) Determinant

Simon Gibbons1* and E. E. Udo2

1Centre for Pharmacognosy and Phytotherapy, The School of Pharmacy, University of London, 29–39 Brunswick Square, London
WC1N 1AX, UK
2Department of Microbiology, Faculty of Medicine, Kuwait University, P.O. Box 24923, Safat 13110, Kuwait

As part of a screening programme to identify modulators of multidrug efflux in methicillin resistant Sta-
phyloccocus aureus(MRSA), we have validated our assays using the antihypertensive plant alkaloid
reserpine. Clinical isolates of MRSA were resistant to tetracycline and shown to possess thetet(K) deter-
minant which encodes for the Tet(K) efflux protein, which conferred high level resistance to tetracycline
(MIC = 128 mg/mL). In the presence of reserpine, a known inhibitor of multidrug resistance (mdr) efflux
pumps, this MIC was significantly reduced (MIC = 32mg/mL). Copyright # 2000 John Wiley & Sons, Ltd.

Keywords:efflux; MRSA; Tet(K); multidrug resistance; mdr.

INTRODUCTION

The occurrence and proliferation of methicillin resistant
Staphylococcus aureus(MRSA) is cause for great
concern in the clinical environment due to the few
effective therapeutic agents that can be used against this
organism (Horikawaet al., 1999). The last group of
antibiotics available for the treatment of MRSA are the
glycopeptides, typically vancomycin, but unfortunately
resistance to this agent has already been encountered in
Japan (Hiramatsuet al., 1997) and the United States
(Martin and Wilcox, 1997; Perl, 1999; Rotunet al.,
1999), and more recently in the United Kingdom
(unpublished report on vancomycin resistance inStaphy-
lococcus aureusat Glasgow Royal Infirmary, June 1999).

Efflux is an important mechanism of resistance in
many clinically relevant pathogens, notably,Streptococ-
cus pneumoniae(Markham, 1999),Pseudomonas aeru-
ginosa and Neisseria gonorrhoeae(Marshall and
Piddock, 1997). InStaphylococcus aureus, efflux mech-
anisms have been demonstrated to confer resistance to
macrolides, fluoroquinolones and the tetracyclinesvia the
Msr(A) (Rosset al., 1990), Nor(A) (Nget al., 1994) and
Tet(K) (Guayet al., 1993) efflux proteins respectively.
The tet(K) gene encodes for an hydrophobic, 50.6 KDa
membrane bound protein that actively effluxes tetracy-
cline and is assumed to confer resistance to this agent
(Guayet al., 1993).

We have been screening elements of the Kuwaiti flora
for modulators of Tet(K) mediated resistance in clinical

isolates of MRSA and have validated our assays using the
multidrug efflux inhibitor reserpine, which has been
shown to modulate resistance in bacteria possessing the
NorA and Bmr efflux mechanisms (Nget al., 1994).

MATERIALS AND METHODS

Bacterial strains. MRSA strains IS-58 and XU212 were
cultured from clinical isolates from the Ibn Sina and
Adan hospitals, respectively.S. aureusstandard strain
ATCC 25923 was obtained from the American Type
Culture Collection. All strains were cultured on nutrient
agar (Oxoid) prior to determination of minimum
inhibitory concentration.

Primer details for the tet(K) gene. The tet(K) gene in
strains IS-58 and XU212 was detected in polymerase
chain reaction (PCR) experiments using two 18- mer
oligonucleotide primers, synthesis based on the DNA
sequence of theS. aureusplasmid, pT181, which encodes
a tetracycline efflux protein. The sequences were: primer
K1, 5'-CAG CAG ATC CTA CTC CTT-3' corresponding
to nucleotides 531 to 549 and primer K2, 5'-TCG ATA
GGA ACA GCA GTA-3', which is complementary to
nucleotides 682 to 700 of thetet(K) gene and separated
by 168 base pairs.

Protocol for PCR. The PCR mixture consisted of 3mL of
template DNA,10 pmolofK1andK2primersand45mLof
PCR supermix (Gibco BRL). DNA amplification was
carried out for 30 cycles in a final volume of 50mL of
reaction mixture as follows: denaturation at 94°C (1 min),
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annealingat55°C(1min)andextensionat72°Cfor 1 min.
After amplification,15mL of productwas analysedby
agarosegel 1.5%(w/v) electrophoresisin Tris bufferand
stainedwith ethidiumbromide.TheamplifiedDNA was
visualizedunderUV light andphotographed.

Determination of Minimum Inhibitory Concentration
(MIC). Mueller-Hinton broth (MHB) (Oxoid) was
adjustedto contain20mg/L and 10mg/L of Ca2� and
Mg2� respectively.An inoculum densityof 105 cfu of
eachof thetestorganismswaspreparedin normalsaline
(0.9g/L). MHB (125mL) wasdispensedinto 10wellsof a
96-well microtitreplate(Nunc,0.3mL volume)andthen
125mL of tetracycline(2048mg/mL) (Sigma Chemical
Co.) wasserially diluted (2 fold) into eachof the wells.
125mL of inoculumwasthenaddedto eachof thewells,
which resultedin a tetracyclineconcentrationrangeof
512–1mg/mL. Theplatewasthenincubatedat 36°C for
18h andtheMIC wasrecordedasthe lowestconcentra-
tion at which no growth was observed.In the caseof
ATCC 25923 Staphylococcusaureus, a tetracycline
concentrationrangeof 10–0.02mg/mL wasused.

For themodulationof resistanceexperiment,reserpine
(SigmaChemicalCo.)wasincorporatedinto theMHB to
give a final concentrationof 10mg/mL.

RESULTS AND DISCUSSION

MRSA strainsIS-58 and XU212 were highly resistant
to tetracycline (Table 1) and exhibited MICs of
128mg/mL as a result of the presenceof the tet(K)
determinantwhich encodesfor theTet(K) efflux protein.
Whencomparedwith the standardATCC 25923strain,
IS-58 and XU212 exhibited an 800 fold increasein
resistanceto tetracycline,which rendersthe useof this
antibiotic against these organisms as therapeutically
redundant.

The incorporation of the antihypertensive plant
alkaloid reserpineinto the medium,clearly affectedthe
MIC of tetracyclinein theMRSA strainsandloweredthe
MIC by a factor of 4. In contrast,the incorporationof
reserpineinto themediumdid not effect theMIC for the
standardATCC strain.

This4-fold decreasein MIC is in goodagreementwith
datafor MICs recordedin the presenceand absenceof
reserpineof norfloxacinresistantS.aureuspossessingthe
Nor(A) fluoroquinoloneefflux protein(Ng et al., 1994).

This is, we believe,the first report of a reductionof
MIC in clinical isolatesof MRSA possessingtheTet(K)
efflux proteinin thepresenceof reserpine.

Modulators of drug resistancewould clearly have
benefit for the treatmentof multidrug resistant(mdr)
strainsof bacteriafor which the majority of therapeutic
antibiotics are of no further clinical use. Inhibitors of
drug efflux mechanismscould, in combination,greatly
extend the useful lifetime of older conventionalanti-
biotics, for examplewith the tetracyclines.This concept
of resistancemodulation could be extendedto other
multidrug resistantpathogenssuch as fluoroquinolone
resistant Streptococcuspneumoniae, azole resistant
Candida albicans or macrolide resistant Escherichia
coli, all of which produceefflux proteinsaspartof their
resistancemechanisms(Markham,1999;Cannonet al.,
1998,MarshallandPiddock,1997).
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Table 1. Minimum inhibitory concentrations (MICs) for
test organisms

MIC (mg/mL) of tetracycline

Strain �R

XU212 128 32
IS-58 128 32
ATCC 25923 0.16 0.16

�R, MIC measured in the presence of reserpine at a
concentration of 10 mg/mL.
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a b s t r a c t

Bioassay-directed drug discovery efforts focusing on various species of the genus Hypericum led to the
discovery of a number of new acylphloroglucinols including (S,E)-1-(2-((3,7-dimethylocta-2,6-dien-1-yl)
oxy)-4,6-dihydroxyphenyl)-2-methylbutan-1-one (6, olympicin A) from H. olympicum, with MICs ranging
from 0.5 to 1mg/L against a series of clinical isolates of multi-drug-resistant (MDR) and methicillin-
resistant Staphylococcus aureus (MRSA) strains. The promising activity and interesting chemistry of
olympicin A prompted us to carry out the total synthesis of 6 and a series of analogues in order to assess
their structure-activity profile as a new group of antibacterial agents. Following the synthesis of 6 and
structurally-related acylphloroglucinols 7e15 and 18e24, their antibacterial activities against a panel of
S. aureus strains were evaluated. The presence of an alkyloxy group consisting of 8e10 carbon atoms
ortho to a five-carbon acyl substituent on the phloroglucinol core are important structural features for
promising anti-staphylococcal activity.

© 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction

In the era of antibiotic resistance, natural products notably from
plants, microbes and marine organisms continue to be an impor-
tant source of lead compounds for drug discovery. Since the dis-
covery of penicillin from Penicillium notatum, researchers have
focused on natural resources, mostly microorganisms, for effective
and safe antibiotics. Although plants have been well documented
for their production of biologically-active metabolites including
anticancer agents such as paclitaxel (Taxol®) [1], antimalarial drugs
(artemisinin) [2], narcotic analgesics (morphine) [3] and car-
dioactive agents such as digoxin [4], this area has been under-
exploited for antimicrobial drug discovery. However, there are
numerous reports of plants being used as systemic and topical
antimicrobial agents in Ayurvedic [5] and Traditional Chinese
Medicine [6] as well as in western herbal medicine [7] because of

their self-protection strategy to counter bacteria and fungi in their
own environment [8].

Due to the burgeoning global problem of anti-microbial resis-
tance (AMR), there is an increasing need for new chemistries to
supplement the dwindling antibiotic arsenal [9]. St John's Wort
(Hypericum perforatum), a medicinal plant used widely as an anti-
depressant in herbal medicine, has been reported to produce
hyperforin, an antibacterial metabolite with a minimum inhibitory
concentration (MIC) value of 0.1mg/L against methicillin-resistant
Staphylococcus aureus (MRSA) and penicillin-resistant variants
[10]. Our bioassay-directed drug discovery efforts to identify potent
anti-staphylococcal agents from various species of the genus
Hypericum led to the discovery of a number of acylphloroglucinols
including (S,E)-1-(2-((3,7-dimethylocta-2,6-dien-1-yl)oxy)-4,6-
dihydroxyphenyl)-2-methylbutan-1-one (6) (trivial name olympi-
cin A) from H. olympicum [11] with MIC values of 0.5e1mg/L
against a series of MRSA strains. The potential activity and the
complex but interesting chemistry of such acylphloroglucinol
compounds prompted us to carry out the total synthesis of olym-
picin A and its related analogues in order to assess their structure-
activity profile as a new group of antibacterial agents. Here we
report the total synthesis of olympicin A (6) and a series of
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acylphloroglucinols (7e22) that are structurally related to 6, as well
as their antibacterial activities against a panel of multi-drug-
resistant (MDR) and methicillin-resistant Staphylococcus aureus
strains.

2. Results and discussion

2.1. Synthesis of (S)-(2-methylbutanoyl)phloroglucinols with ortho
alkyloxy variants

(S,E)-1-(2-((3,7-Dimethylocta-2,6-dien-1-yl)oxy)-4,6-
dihydroxyphenyl)-2-methylbutan-1-one (6) (trivial name olympi-
cin A), a promising antibacterial acylphloroglucinol isolated fromH.
olympicum, and its analogues with variable ortho alkyloxy sub-
stituents were synthesised in four steps starting from (S)-2-
methylbutanoic acid (1) (Scheme 1) with typical overall yields of
10e12%. This general approach involved Friedel-Crafts acylation of
phloroglucinol (3) with (S)-2-methylbutanoyl chloride (2) to give
the intermediate ketone (S)-2-methyl-1-(2,4,6-trihydroxyphenyl)
butan-1-one (4), which was regioselectively protected as the bis-
silyl derivative 5 prior to alkylation of the remaining free
phenolic hydroxyl group (and simultaneous deprotection). The
structures of all intermediate compounds were confirmed unam-
biguously by NMR spectral data.

In the first step, commercially available (S)-2-methylbutanoic
acid (1) was treated with thionyl chloride to form the corre-
sponding acid chloride (S)-2-methylbutanoyl chloride (2; 93%
yield), which was isolated by distillation. The boiling point of 2was
119e120 �C, which was in good agreement with the literature [12].
The structural identity of 2 was confirmed by mass spectrometry,
and 1H and 13C NMR spectroscopy (section 4.2.1).

Friedel-Crafts acylation of phloroglucinol (3) with (S)-2-
methylbutanoyl chloride (2) in the presence of AlCl3, CS2 and
nitrobenzene led to the formation of (S)-2-methyl-1-(2,4,6-

trihydroxyphenyl)butan-1-one (4; 54% yield), which was purified
by VLC. Unreacted phloroglucinol and nitrobenzene were easily
separated from 4 during purification and successful acylation was
verified by mass spectrometry and NMR spectral data (section
4.2.2). In addition to the presence of the signals that were typical for
a 2-methylbutanoyl substituent, the 1H NMR spectrum showed a
singlet at dH 5.81, integrating for two equivalent meta aromatic
hydrogen atoms, consistent with the plane of symmetry in 4.

Initial efforts to protect two (para and one ortho) of the three
phenolic hydroxyl groups in 4 utilised methoxymethyl (MOM)
ether protecting groups. Isolated yields were generally poor (below
20%) and this approach was ultimately abandoned as the acidic
conditions required for MOM ether deprotection also resulted in
cleavage of the required geranyl ether in the target compound 6.
The use of silyl ethers for the desired bis-protection proved more
successful. Compound 4 was treated with TBDMS-Cl (2.1 molar
equivalents) under basic reaction conditions, forming (S)-1-(2,4-
bis((tert-butyldimethylsilyl)oxy)-6-hydroxyphenyl)-2-
methylbutan-1-one (5) in an improved 81% yield, after purification
by VLC over silica gel. Small quantities of mono-protected de-
rivatives were also identified in the reaction mixture. The presence
of a hydrogen-bonded hydroxyl (dH 13.43) and two meta-coupled
(J¼ 2.0 Hz) hydrogen atoms with two different chemical shifts (dH
5.85 and 6.04) confirmed the protection of the hydroxyl groups
with TBDMS at one ortho and the para position. Intramolecular
hydrogen bonding between the hydrogen of the one remaining free
phenolic hydroxyl and the carbonyl oxygen of the acyl substituent,
as well as its lower steric accessibility, are likely to account for the
excellent regioselectivity of this bis-silyl ether protection.

The final step in the synthesis of the (S)-2-
methylbutanoylphloroglucinol series involved the alkylation of
the free ortho phenolic hydroxyl of 5 using the appropriate alkyl
bromide. Treatment of a solution of (S)-1-(2,4-bis((tert-butyldi-
methylsilyl)oxy)-6-hydroxyphenyl)-2-methylbutan-1-one (5) with
geranyl bromide in the presence of K2CO3 yielded (S,E)-1-(2-((3,7-
dimethylocta-2,6-dien-1-yl)oxy)-4,6-dihydroxyphenyl)-2-
methylbutan-1-one (6; typically 9e16% yield), which was purified
by VLC over silica gel. The original intention had been to alkylate
the free ortho phenolic hydroxyl followed by silyl ether depro-
tection in a subsequent step, but the conditions used in the alkyl-
ation unexpectedly led to simultaneous TBDMS group removal.
While this suggested the possibility of direct alkylation (ger-
anylation) of unprotected 4, attempts to achieve this generally
resulted in very poor conversion (less than 5% yields) of starting
acylphloroglucinols to typically ca. 1:1 mixtures of ortho and para
mono-alkylated products, which were difficult to separate from
unreacted starting materials.

The NMR data of 6 were identical to those of the new acyl-
phloroglucinol we reported from H. olympicum [11]. The alkyl
(geranyl) substituent included an oxymethylene group (dH 4.56 d,
J¼ 6.5 Hz, geranyl C-1), the hydrogen atoms of which showed long-
range (3J) 1H-13C correlations with a deshielded aromatic carbon
atom (d 162.6, aromatic C-2) of the acylphloroglucinol nucleus and
two carbons associated with an olefinic group (d 118.2, geranyl C-2;
d 142.4, geranyl C-3). Together with the non-equivalence (asym-
metry) of the aromatic C-H signals, this confirmed successful ortho
O-alkylation. In a similar manner, a series of other ortho alkyloxy
acylphloroglucinols (7e15, Fig. 1) was synthesised, purified and
characterised. The final ether substituents were varied to include
both saturated and unsaturated linear and branched alkyl/alkenyl
groups such as prenyl (7), farnesyl (8), 3,7-dimethyloctyl (reduced
geranyl; 9), 3-methylbutyl (reduced prenyl; 10), benzyl (11), octyl
(12), decyl (13), dodecyl (14) and octadecyl (15) groups. In each
analogue, the C-1 oxymethylene hydrogen atoms of the alkyl sub-
stituent demonstrated key HMBC interactions with the aromatic C-Scheme 1. Synthesis of compounds 6e15.
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2 (ortho) carbon atom of the acylphloroglucinol core, allowing
confirmation of the successful desired ortho alkylation in com-
pounds 7e15. The yield of the final alkylation/deprotection step
was typically quite low at around 30% (though much lower for 8
and 10). Isolated by-products often included recovered 4, along
with small quantities of bis-alkylated (ortho plus para) and occa-
sionally para alkylated derivatives.

2.2. Synthesis of ortho geranylated acylphloroglucinols with acyl
variants

The acyl chloride used in the initial Friedel-Crafts acylation of
phloroglucinol was varied to generate, after elaboration as
described above, a series of geranylated acylphloroglucinol ana-
logues (Fig. 2), incorporating simple linear acyl substituents such as
propanoyl (19), butanoyl (20), pentanoyl (21), decanoyl (22) and
octadecanoyl (23) as well as aromatic acyl substituents such as
benzoyl (24). Commercially available acetylphloroglucinol was also
used to synthesise ortho geranylated acetylphloroglucinol (18).

Regioselective di-protection of two (para and one ortho) of the
three hydroxyl groups of the acylphloroglucinol (16) moiety again
using TBDMS-Cl, followed by alkylation with geranyl bromide and
simultaneous deprotection of the silyl ethers (17) yielded the cor-
responding ortho geranylated acylphloroglucinols 18e24 (Scheme
2). Final products were purified by SPE over silica gel and
confirmed by NMR spectroscopy. Again, a key aspect in the
confirmation of the structures of each of the compounds was the
use of 2D-HMBC, in which the C-1 oxymethylene hydrogen atoms
of the geranyl substituent demonstrated 3J correlations with the C-
2 (ortho) carbon of the acylphloroglucinol.

2.3. Antibacterial activity of acylphloroglucinols

The antibacterial activities (Table 1) of the acylphloroglucinol
series were assessed against a panel of clinical isolates of
multidrug-resistant (MDR) andmethicillin-resistant Staphylococcus
aureus (MRSA), notably SA1199B, XU212, RN4220, EMRSA15 and
EMSA16. These organisms represent a group of effluxing strains
that are resistant to common antibiotics including certain fluo-
roquinolones (SA1199B), tetracycline (XU212) and macrolides
(erythromycin; RN4220). These strains were chosen as antibacte-
rials that are not substrates for these MDR pumps are clinically
desirable. It was evident from Table 1 that the (S)-2-
methylbutanoylphloroglucinol derivatives with geranyl (6; the
natural product olympicin A) and 3,7-dimethyloctyl (reduced ger-
anyl; 9) ether substituents at the ortho position were found to be
highly active with MIC values of 0.5e1mg/L. The effect on activity
of replacing the geranyl substituent with shorter and longer alkyl/
alkenyl groups (prenyl, farnesyl, 3-methylbutyl, 3,7-dimethyloctyl)
can also be observed. We found that increasing the chain length
from geranyl (6) to farnesyl (8) resulted in a dramatic loss of ac-
tivity, evidenced by an increase in MIC values from 0.5 to 1mg/L to
in excess of 512mg/L (no inhibition of the growth of any of the
strains of bacteria was seen at the highest concentration of 8
tested), while decreasing the chain length from geranyl to prenyl
(7) showed at least a two-fold reduction in activity. These results
suggested an optimal length for the alkyloxy group in terms of
antibacterial activity, which may imply a specific molecular target

Fig. 1. (S)-(2-Methylbutanoyl)phloroglucinols with ortho alkyloxy variants.

Fig. 2. Ortho geranylated acylphloroglucinols with acyl variants. Scheme 2. Synthesis of compounds 18e24.
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or a requirement for a particular lipophilicity for the mechanism of
action. In addition, the 3-methylbutyl (10) and 3,7-dimethyloctyl
(9) derivatives were as active as the prenyl or geranyl derivatives
respectively, suggesting that the presence of the double bonds in
the alkyl side chain (and the consequent reduction in conforma-
tional freedom) might not have any significant role in antibacterial
activity. The most potent compound in terms of its activity against
the six S. aureus strains was 12, an (S)-(2-methylbutanoyl)phlor-
oglucinol with a straight chain octyl ether substituent e the same
continuous linear chain length as the geranyl and 3,7-dimethyloctyl
derivatives e at the ortho position phenolic hydroxyl.

Among the ortho geranylated acylphloroglucinol series, the
pentanoyl derivative (21) demonstrated the highest activity with
MICs of 0.5e1mg/L, making it comparable in activity to the parent
natural product 6. The octadecanoyl analogue (23) did not show
any inhibition of bacterial growth at any of the concentrations
tested, indicating that there was clearly an optimal chain length
(number of carbon atoms) for the acyl substituent. Geranylated
analogues containing three to seven carbon atoms in their acyl
substituents (aliphatic or aromatic) seem be most active.

3. Conclusion

The acylphloroglucinol natural product olympicin A was syn-
thesised from commercial phloroglucinol over three straightfor-
ward steps (Friedel-Crafts acylation, regioselective silyl protection,
and simultaneous deprotection/O-alkylation). The same approach
provided access to a series of ortho alkyloxy and acyl analogues.
Evaluation of the activities of the analogues against several strains
of MRSA seemed to indicate that the presence of an alkyloxy group
consisting of 8e10 carbon atoms ortho to a five-carbon-atom acyl
substituent is an important structural feature for promising anti-
staphylococcal activity within this class of acylphloroglucinol an-
tibiotics. The most potent derivative 12 e the octyl ether analogue
of olympicin A e demonstrated improved activity over the natural
product against all MRSA strains tested. The most promising acyl-
phloroglucinols identified in this study are being evaluated for their
clinical potential as systemic and topical antibacterial agents. A
more diverse range of structural analogues, including those incor-
porating side-chain functionality, is also being synthesised in an
effort to better understand the structure-activity relationships of
this class of agents. At present we do not fully understand how

these compounds function. However, given that the most active
compounds all have a hydrophobic portion, comprised of an ether
and an acyl functionality, capable of membrane interaction, and a
hydrophilic diphenolic moiety, it is probable that their target is cell-
wall located.

4. Experimental section

4.1. General methods

All chemicals and reagents used for the syntheses were pur-
chased from Sigma-Aldrich, Gillingham, UK. UV spectra were
recorded on a Thermo Electron Corporation Helios spectropho-
tometer and IR spectra were recorded on a Nicolet 360 FT-IR
spectrophotometer. NMR spectra (both 1D and 2D) were recorded
on a Bruker AVANCE 500MHz spectrometer (500MHz for 1H and
125MHz for 13C). Chemical shift values (d) are reported in parts per
million (ppm) and are calibrated relative to residual solvent peaks
as internal standards, and coupling constants (J values) are
expressed in Hz. Detailed assignments of NMR spectra can be found
in the Supporting Information. Mass spectra were recorded on a
Finnigan MAT 95 high resolution, double focusing, magnetic sector
mass spectrometer. Accurate mass measurement was achieved
using voltage scanning of the accelerating voltage. This was
nominally 5 kV and an internal reference of heptacosa was used.
Resolution was set between 5000 and 10000. Both TLC and pre-
parative TLC were performed using silica gel 60 PF254 plates
(Merck). Vacuum liquid chromatography (VLC) columns were
packedwith silica gel 60 PF254 (Merck), while solid phase extraction
(SPE) was performed using 10 g pre-packed SPE columns (SiGel60)
using mobile phases of hexane and ethyl acetate of increasing
polarity.

4.2. Synthesis of intermediate and final compounds

4.2.1. Synthesis of (S)-2-methylbutanoyl chloride (2) [12]
(S)-2-Methylbutanoic acid (1; 10 g, 97.91mmol) and thionyl

chloride (10.71mL, 146.9mmol, 1.5 equiv) were heated together at
80e90 �C under reflux for 2 h. Distillation of the reaction mixture
afforded (S)-2-methylbutanoyl chloride as a colourless liquid
(10.89 g, 90.72mmol, 93%). ½a�22D þ10.1 (c 0.54, CHCl3); b.p.
119e120 �C; 1H NMR (500MHz, CDCl3): dH 0.95 (3H, t, J¼ 7.5 Hz),
1.26 (3H, d, J¼ 7.5 Hz), 1.59 (1H, m), 1.80 (1H, m), 2.80 (1H, q,
J¼ 7.0 Hz); 13C NMR (125MHz, CDCl3): dC 11.3, 16.7, 26.7, 53.1, 177.8;
HRMS (ESI) m/z: [M-H]- Calcd for C5H8OCl 119.0264; Found
119.0263.

4.2.2. Synthesis of (S)-2-methyl-1-(2,4,6-trihydroxyphenyl)butan-
1-one (4) [13]

Phloroglucinol (3; 10.81 g, 85.8mmol) in carbon disulphide
(50mL) was transferred into a two-necked round-bottomed flask
and allowed to stir while aluminium trichloride (46.43 g,
351.8mmol, 4.1 equiv) was added. Nitrobenzene (40mL) was then
added to the solution over 30min. The solution was then heated
under reflux at 55 �C for 30min. A solution of 2-methylbutanoyl
chloride (2) (10.89 g, 85.8mmol) dissolved in 5mL nitrobenzene
was added to the reactionmixture over 30min, followed by heating
for another 30min. The reaction mixture was allowed to cool with
stirring and then poured into an ice-water bath (400mL). 100mL of
3 M hydrochloric acid was then added and the mixture extracted
with diethyl ether (3� 500mL). The organic solvents were
removed under reduced pressure. The oily residue containing the
acylphloroglucinol was subjected to VLC over SiGel PF254 using
hexane and EtOAc of increasing polarity. The VLC fraction eluted
with 30e45% EtOAc in hexane gave (S)-2-methyl-1-(2,4,6-

Table 1
MICs (in mg/L) of compounds (8e24) against standard, multi-drug resistant (MDR)
and methicillin-resistant strains of Staphylococcus aureus.

Compound SA1199B XU212 ATCC25941 RN4220 EMRSA15 EMRSA16

6 1 0.5 1 1 1 0.5
7 16 4e8 8 8 16 4
8a >512 >512 >512 >512 >512 >512
9 0.5e1 1 1 0.5 0.5e1 0.25
10 2 4 2 2 2e4 2e4
11 8 4 4 4e8 8 4
12 0.25e0.5 0.5 0.25e0.5 0.5 0.5 0.25
13 2 2e4 1e2 1 0.5e1 0.25
14 16 64 128 8 16 16
15a >512 >512 >512 >512 >512 >512
18 8 8 16 8 16 4
19 2 1 2 1 2 1
20 2 2 2 2 2 1
21 1 0.5 0.5 0.5 1 0.5
22 512 64 512 256 512 64
23a >512 >512 >512 >512 >512 >512
24 1 1 1 1 1 0.5
Norfloxacin 32 8 0.5 0.5 0.5 256
Vancomycin 0.25 0.5 0.25 0.5 0.25 0.25

a No inhibition of growth was apparent at the highest concentration tested.
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trihydroxyphenyl)butan-1-one as a pale yellow oil (9.71 g,
46.19mmol, 54%). ½a�22D þ8.5 (c 0.35, CHCl3); UV (CHCl3) lmax (log ε):
240 (4.17), 290 (3.97) nm; IR nmax (thin film) cm�1: 3297,1628,1602,
1222; 1H NMR (500MHz, CD3OD): dH 0.88 (3H, t, J¼ 7.5 Hz), 1.11
(3H, d, J¼ 6.5 Hz), 1.33 (1H, m), 1.78 (1H, m), 3.84 (1H, m), 5.81 (2H,
s); 13C NMR (125MHz, CD3OD): dC 12.4, 17.2, 28.2, 46.7, 96.0, 96.0,
105.3, 165.8, 165.8, 211.4; HRMS (ESI) m/z: [M-H]- Calcd. for
C11H13O4 209.0814; Found 209.0813.

4.2.3. Synthesis of (S)-1-(2,4-bis((tert-butyldimethylsilyl)oxy)-6-
hydroxyphenyl)-2-methylbutan-1-one (5) [14]

Acylphloroglucinol 4 (9.71 g, 46.19mmol) was dissolved in part
in dry acetone (150mL) and transferred into a 250mL round bot-
tom flask. Imidazole (3.43 g, 138.6mmol, 3 equiv) was added to the
solution and the reaction mixture stirred for 5min followed by the
addition of TBDMS-Cl (14.61 g, 97.0mmol, 2.1 equiv). The reaction
mixture was stirred for 2 h at room temperature. Acetone was
removed from the reaction mixture under reduced pressure and
the residue taken up in chloroform and washed with 1 M HCl
(150mL). The organic layer was dried using anhydrous magnesium
sulphate, filtered and the solvent was removed under reduced
pressure. The crude product purified by VLC over silica gel using
hexane and EtOAc of increasing polarity. VLC fractions eluted with
2.5e7.5% EtOAc in hexane afforded (S)-1-(2,4-bis((tert-butyldime-
thylsilyl)oxy)-6-hydroxyphenyl)-2-methylbutan-1-one as a pale
yellow oil (16.4 g, 37.26mmol, 81%). ½a�22D þ4.9 (c 0.39, CHCl3); UV
(CHCl3) lmax (log ε): 239 (4.26), 290 (4.23) nm; IR nmax (thin film)
cm�1: 3276, 2973, 1688, 1572, 1531,1256, 1131, 1072, 850; 1H NMR
(500MHz, CDCl3): dH 0.23 (2� 3H, s), 0.32 (2� 3H, s), 0.88 (3H, t,
J¼ 7.5 Hz), 0.97 (3� 3H, s), 0.99 (3� 3H, s), 1.12 (3H, d, J¼ 6.5 Hz),
1.43 (1H, m), 1.78 (1H, m), 3.82 (1H, m), 5.85 (1H, d, J¼ 2.0 Hz), 6.04
(1H, d, J¼ 2.0 Hz), 13.43 (1H, s); 13C NMR (125MHz, CDCl3): dC -4.2,
-3.7, 11.0, 16.9, 18.1, 18.9, 25.5, 26.5, 26.1, 45.0, 102.0, 103.1, 108.4,
158.8, 161.7, 166.5, 210.5; HRM (ESI) m/z: [M-H]- Calcd. for
C23H41O4Si2 437.2549; Found 437.2554.

4.2.4. Synthesis of (S,E)-1-(2-((3,7-dimethylocta-2,6-dien-1-yl)
oxy)-4,6-dihydroxy-phenyl)-2-methylbutan-1-one (olympicin A)
(6)

TBDMS-protected acylphloroglucinol 5 (6.6 g, 15.0mmol) was
dissolved in dry DMF (100mL) and anhydrous potassium carbonate
(3.1 g, 22.5mmol, 1.5 equiv) was added. The mixture was stirred for
approximately 5min followed by the addition of geranyl bromide
(3.43mL, 18mmol, 1.2 equiv). The mixture was heated at 80 �C for
3 h with stirring. The reaction mixture was poured over water and
extracted with chloroform. The solvent in the organic layer was
removed under reduced pressure. The crude product was purified
by chromatography over silica gel by VLC. Compound 6 was eluted
with 9:1 hexane-ethyl acetate and removal of the solvents under
reduced pressure yielded the title compound as a pale yellow oil
(450mg,1.3mmol, 8.7%). All spectral datawere identical to those of
the natural product [11]. ½a�22D þ6.0 (c 0.30, CHCl3); UV (CHCl3) lmax
(log ε): 239 (4.06), 240 (4.23) nm; IR nmax (thin film) cm�1: 3357,
2965, 2931, 1623, 1589, 1458, 1212, 1165, 1087, 825; 1H NMR
(500MHz, CDCl3): dH 0.88 (3H, t, J¼ 7.5 Hz), 1.12 (3H, d, J¼ 6.5 Hz),
1.36 (1H, m), 1.61 (3H, s), 1.69 (3H, s), 1.74 (3H, s), 1.79 (1H, m), 2.10
(2H, m), 2.13 (2H, m), 3.68 (1H, m), 4.56 (2H, d, J¼ 6.5 Hz), 5.10 (1H,
m), 5.44 (1H, br s), 5.50 (1H, m), 5.91 (1H, d, J¼ 2.0 Hz), 5.98 (1H, d,
J¼ 2.0 Hz), 14.10 (1H, s); 13C NMR (125MHz, CDCl3): dC 11.9, 16.5,
16.6, 17.7, 25.7, 26.2, 26.9, 39.5, 46.2, 65.6, 91.5, 96.5, 105.9, 118.2,
122.6,132.0,142.4,161.9,162.6,167.5, 210.4; HRMS (ESI)m/z: [M-H]-

Calcd. for C21H29O4 345.2071; Found 345.2067.

4.2.5. Synthesis of compounds 7e15 from TBDMS-protected
acylphloroglucinol 5

Compounds 7e15 were synthesised from TBDMS-protected
acylphloroglucinol 5 using the procedure as described for 6 above
but replacing the geranyl bromide with the appropriate alkyl
bromide.

4.2.5.1. (S)-1-(2,4-Dihydroxy-6-((3-methylbut-2-en-1-yl)oxy)
phenyl)-2-methylbutan-1-one (7). Synthesised using 0.259mmol of
5 and 0.311mmol of prenyl bromide. Isolated after SPE (SiGel;
hexane/EtOAc 9:1) as a pale yellow oil (15mg, 0.054mmol, 21%).
½a�22D þ5.2 (c 0.30, MeOH); UV (MeOH) lmax (log ε): 239 (4.36), 290
(3.97) nm; IR nmax (thin film) cm�1: 3423, 2968, 2914, 1630, 1595,
1560, 1420, 1350, 1200; 1H NMR (500MHz, CDCl3): dH 0.88 (3H, t,
J¼ 7.5 Hz), 1.13 (3H, d, J¼ 6.5 Hz), 1.33 (1H, m), 1.76 (3H, s), 1.78 (1H,
m), 1.82 (3H, s), 3.66 (1H, m), 4.55 (2H, d, J¼ 6.5 Hz), 5.51 (1H, t,
J¼ 6.5 Hz), 5.70 (1H, br s), 5.93 (1H, d, J¼ 2.0 Hz), 6.00 (1H, d,
J¼ 2.0 Hz), 14.07 (1H, br s); 13C NMR (125MHz, CDCl3): dC 12.0, 16.7,
18.4, 25.9, 27.1, 46.3, 65.8, 91.7, 96.7, 106.1, 118.6, 139.3, 162.3, 162.8,
167.7, 210.6; HRMS (ESI) m/z: [M-H]- Calcd. for C16H21O4 277.1445;
Found 277.1453.

4.2.5.2. (S)-1-(2,4-Dihydroxy-6-(((2E,6E)-3,7,11-trimethyldodeca-
2,6,10-trien-1-yl)oxy)phenyl)-2-methylbutan-1-one (8).
Synthesised using 0.925mmol of 5 and 1.11mmol of farnesyl bro-
mide. Isolated after SPE (SiGel; hexane/EtOAc 92:8) as a yellow oil
(25mg, 0.060mmol, 6.5%). ½a�22D þ6.7 (c 0.51, MeOH); UV (MeOH)
lmax (log ε): 239 (4.09), 285 (4.22) nm; IR nmax (thin film) cm�1: 314,
1529, 1442, 1292, 1166, 1074, 821; 1H NMR (500MHz, CDCl3): dH
0.90 (3H, t, J¼ 7.5 Hz), 1.13 (3H, d, J¼ 6.5 Hz), 1.37 (1H, m), 1.61 (3H,
s),1.62 (3H, s),1.69 (3H, s),1.75 (3H, s),1.80 (1H, m),1.99 (2H, s), 2.07
(2H, s), 2.11 (2H, m), 2.13 (2H, m), 3.67 (1H, m), 4.57 (2H, d,
J¼ 6.5 Hz), 5.08 (1H, m), 5.12 (1H, m), 5.52 (1H, m), 5.93 (1H, d,
J¼ 2.5 Hz), 5.99 (1H, d, J¼ 2.5 Hz), 14.05 (1H, s); 13C NMR (125MHz,
CDCl3): dC 12.1, 16.2, 16.8, 16.9, 17.9, 25.9, 26.5, 26.9, 27.0, 39.7, 39.9,
46.3, 65.9, 91.8, 96.7, 106.1, 118.4, 123.7, 124.5, 131.6, 135.9, 142.7,
162.3, 162.8, 167.7, 210.6; HRMS (ESI) m/z: [M-H]- Calcd. for
C26H37O4 413.2698; Found 413.2697.

4.2.5.3. (2S)-1-(2-((3,7-Dimethyloctyl)oxy)-4,6-dihydroxyphenyl)-2-
methylbutan-1-one (9). Synthesised using 1.073mmol of 5 and
1.289mmol of 1-bromo-3,7-dimethyloctane. Isolated after SPE
(SiGel; hexane/EtOAc 9:1) as a colourless oil (110mg, 0.313mmol,
29%). ½a�22D þ4.4 (c 0.40, CHCl3); UV (CHCl3) lmax (log ε): 239 (3.99),
290 (4.21) nm; IR nmax (thin film) cm�1: 3233, 2964, 2921, 1661,
1583, 1432, 1241, 1103, 1057; 1H NMR (CDCl3): dH 0.88 (3H, t,
J¼ 7.5 Hz), 0.89 (6H, d, J¼ 6.5 Hz), 0.97 (3H, d, J¼ 6.5 Hz), 1.15 (3H,
d, J¼ 6.5 Hz), 1.18 (2H, m), 1.19 (1H, m), 1.35 (3H, m), 1.43 (1H, m),
1.54 (1H, m), 1.66 (3H, m), 1.82 (1H, m), 1.89 (1H, m), 3.72 (1H, m),
4.04 (2H, d, J¼ 6.5 Hz), 5.36 (1H, br s), 5.93 (1H, d, J¼ 2.0 Hz), 5.99
(1H, d, J¼ 2.0 Hz), 14.05 (1H, s); 13C NMR (CDCl3): dC 11.7, 16.8, 19.6,
22.6, 24.6, 26.6, 28.0, 29.9, 36.0, 37.5, 39.2, 46.0, 66.7, 91.5, 96.5,
105.8, 162.4, 162.8, 167.4, 210.4; HRMS (ESI)m/z: [MþH]þ Calcd. for
C21H35O4 351.2531; Found 351.2529.

4.2.5.4. (S)-1-(2,4-Dihydroxy-6-(isopentyloxy)phenyl)-2-
methylbutan-1-one (10). Synthesised using 0.579mmol of 5 and
0.695mmol of 1-bromo-3-dimethylbutane. Isolated after SPE
(SiGel; hexane/EtOAc 9:1) as a yellow oil (5mg, 0.018mmol, 3.1%).
½a�22D þ 3.5 (c 0.34, MeOH); UV (MeOH) lmax (log ε): 242 (4.39), 288
(4.09) nm; IR nmax (thin film) cm�1: 333, 1631, 1593, 1258, 1110; 1H
NMR (500MHz, CDCl3): dH 0.89 (3H, t, J¼ 7.5 Hz), 0.98 (6H, d,
J¼ 6.5 Hz), 1.14 (3H, d, J¼ 6.5 Hz), 1.41 (1H, m), 1.73 (2H, m), 1.80
(1H, m), 1.81 (1H, m), 3.69 (1H, m), 4.02 (2H, d, J¼ 6.5 Hz), 5.40 (1H,
br s), 5.92 (1H, d, J¼ 2.0 Hz), 5.99 (1H, d, J¼ 2.0 Hz), 14.17 (1H, s);
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13C NMR (125MHz, CDCl3): dC 11.7, 16.8, 22.5 (2C), 25.2, 26.6, 37.7,
46.0, 67.5, 91.5, 96.5, 105.8, 162.4, 162.8, 167.4, 210.4; HRMS (ESI)m/
z: [M-H]- Calcd. for C16H23O4 279.1602; Found 279.1598.

4.2.5.5. (S)-1-(2-(Benzyloxy)-4,6-dihydroxyphenyl)-2-methylbutan-
1-one (11). Synthesised using 0.934mmol of 5 and 1.121mmol of
benzyl bromide. Isolated after SPE (SiGel; hexane/EtOAc 8:2) as a
pale yellow oil (85mg, 0.283mmol, 30%). ½a�22D þ 4.2 (c 0.32,
MeOH); UV (MeOH) lmax (log ε): 241 (4.30), 289 (3.94) nm; IR nmax

(thin film) cm�1: 3239, 2958, 1624, 1568, 1500, 1456, 1383, 1255,
1161, 1105, 751; 1H NMR (500MHz, CDCl3): dH 0.68 (3H, t,
J¼ 6.5 Hz), 1.00 (3H, d, J¼ 6.5 Hz), 1.29 (1H, m), 1.71 (1H, m), 3.57
(1H, m), 5.08 (2H, s), 6.00 (1H, d, J¼ 2.0 Hz), 6.01 (1H, d, J¼ 2.0 Hz),
7.38e7.42 (5H, m), 14.00 (1H, s); 13C NMR (125MHz, CDCl3): dC 11.7,
16.8, 26.9, 46.2, 71.6, 92.0, 97.1, 106.1, 128.4 (2C), 128.8, 129.0 (2C),
135.6, 162.2, 162.5, 167.8, 210.6; HRMS (ESI) m/z: [MþH]þ Calcd. for
C18H21O4 301.1440; Found 301.1430.

4.2.5.6. (S)-1-(2,4-Dihydroxy-6-(octyloxy)phenyl)-2-methylbutan-1-
one (12). Synthesised using 0.893mmol of 5 and 1.931mmol of 1-
bromooctane. Isolated after SPE (SiGel; hexane/EtOAc 92:8) as a
pale yellow oil (82mg, 0.255mmol, 29%); ½a�22D þ 6.1 (c 0.45,
MeOH); UV (MeOH) lmax (log ε): 239 (4.39), 288 (3.98) nm; IR nmax
(thin film) cm�1: 3328, 2928, 2857, 1621, 1591, 1444, 1377, 1212,
1158, 1102, 826, 754; 1H NMR (500MHz, CDCl3): dH 0.89 (3H, t,
J¼ 7.5 Hz), 0.90 (3H, t, J¼ 7.5 Hz), 1.16 (3H, d, J¼ 7.0 Hz), 1.26e1.40
(8H, m),1.38 (1H, m), 1.46 (2H, m), 1.81m (1H, m), 1.85 (2H, m), 3.72
(1H, q, J¼ 6.5 Hz), 4.00 (2H, t, J¼ 6.5 Hz), 5.42 (1H, br s), 5.91 (1H, d,
J¼ 2.0 Hz), 5.99 (1H, d, J¼ 2.0 Hz), 14.06 (1H, s); 13C NMR (125MHz,
CDCl3): dC 12.0, 14.3, 17.1, 22.8, 26.5, 26.9, 29.3, 29.4, 29.5, 32.0, 46.3,
69.4, 91.5, 96.8, 106.2, 162.2, 163.0, 167.8, 210.5; HRMS (ESI) m/z:
[MþH]þ Calcd. for C19H31O4 323.2222; Found 323.2211.

4.2.5.7. (S)-1-(2-(Decyloxy)-4,6-dihydroxyphenyl)-2-methylbutan-
1-one (13). Synthesised using 0.936mmol of 5 and 1.123mmol of
1-bromodecane. Isolated after SPE (SiGel; hexane/EtOAc 9:1) as a
yellow oil (96mg, 0.264mmol, 28%). ½a�22D þ 4.5 (c 0.25, MeOH); UV
(MeOH) lmax (log ε): 243 (4.33), 292 (3.99) nm; IR nmax (thin film)
cm�1: 3327, 2926, 2855, 1739, 1621, 1592, 1443, 1368, 1216, 1156,
1103, 827, 752; 1H NMR (500MHz, CDCl3): dH 0.88 (3H, t, J¼ 7.5 Hz),
0.89 (3H, t, J¼ 7.5 Hz), 1.17 (3H, d, J¼ 6.5 Hz), 1.28e1.31 (12H, m),
1.34 (1H, m), 1.46 (2H, m), 1.81 (1H, m), 1.84 (2H, m), 3.72 (1H, q,
J¼ 6.5 Hz), 4.00 (2H, t, J¼ 6.5 Hz), 5.92 (1H, d, J¼ 2.0 Hz), 6.00 (1H,
d, J¼ 2.0 Hz), 14.16 (1H, s); 13C NMR (125MHz, CDCl3): dC 12.0, 14.3,
17.3, 26.5, 26.6, 29.1, 29.4, 29.5, 29.6, 29.8, 29.9, 32.0 (8C), 46.3, 69.3,
91.6, 96.8, 106.2, 162.3, 163.0, 167.7, 210.6; HRMS (ESI)m/z: [MþH]þ

Calcd for C22H37O4 365.2692; Found 365.2699.

4.2 .5 .8 . (S)-1-(2-(Dodecyloxy)-4 ,6-dihydroxyphenyl)-2-
methylbutan-1-one (14). Synthesised using 0.913mmol of 5 and
1.096mmol of 1-bromododecane. Isolated after SPE (SiGel; hexane/
EtOAc 92:8) as a pale yellow oil (98mg, 0.259mmol, 28%).
½a�22D þ 4.7 (c 0.30, MeOH); UV (MeOH) lmax (log ε): 238 (4.32), 290
(3.99) nm; IR nmax (thin film) cm�1: 3327, 2924, 2854, 1739, 1622,
1593, 1456, 1366, 1216, 1160, 1109, 827; 1H NMR (500MHz, CDCl3):
dH 0.88 (3H, t, J¼ 7.5 Hz), 0.89 (3H, t, J¼ 7.5 Hz), 1.16 (3H, d,
J¼ 6.5 Hz), 1.28e1.30 (16H, m), 1.35 (1H, m), 1.46 (2H, m), 1.83m
(1H, m), 1.86 (2H, m), 3.73 (1H, q, J¼ 6.5 Hz), 4.00 (2H, t, J¼ 6.5 Hz),
5.92 (1H, d, J¼ 2.0 Hz), 6.00 (1H, d, J¼ 2.0 Hz), 6.02 (1H, br s), 14.19
(1H, s); 13C NMR (125MHz, CDCl3): dC 12.0, 14.3, 17.1, 22.9, 26.9,
26.5, 29.3, 29.5, 29.6, 29.77 (2C), 29.8, 29.9, 32.1, 46.3, 69.4, 91.7,
96.8, 106.1, 162.5, 163.0, 167.7, 210.7; HRMS (ESI) m/z: [MþH]þ

Calcd. for C23H39O4 379.2848; Found 379.2864.

4.2.5.9. (S)-1-(2,4-Dihydroxy-6-(octadecyloxy)phenyl)-2-
methylbutan-1-one (15). Synthesised using 0.9mmol of 5 and
1.079mmol of 1-bromooctadecane. Isolated after SPE (SiGel; hex-
ane/EtOAc 92:8) as a colourless oil (118mg, 0.255mmol, 28%).
½a�22D þ 4.2 (c 0.35, MeOH); UV (MeOH) lmax (log ε): 244 (4.32), 289
(3.98) nm; IR nmax (thin film) cm�1: 3328, 2923, 2853, 1738, 1623,
1593, 1455, 1373, 1214, 1159, 1104, 774; 1H NMR (500MHz, CDCl3):
dH 0.89 (3H, t, J¼ 7.5 Hz), 0.91 (3H, t, J¼ 7.5 Hz), 1.16 (3H, d,
J¼ 6.5 Hz), 1.27e1.33 (28H, m), 1.42 (1H, m), 1.46 (2H, m), 1.81 (1H,
m), 1.85 (2H, m), 3.73 (1H, q, J¼ 6.5 Hz), 4.00 (2H, t, J¼ 6.5 Hz), 5.92
(1H, d, J¼ 2.0 Hz), 6.00 (1H, d, J¼ 2.0 Hz), 6.07 (1H, br s), 14.12 (1H,
s); 13C NMR (125MHz, CDCl3): dC 12.0, 14.3, 17.1, 22.9, 26.5, 26.9,
29.3, 29.6, 29.8e29.9 (11C), 32.2, 46.3, 69.4, 91.6, 96.8, 106.1, 162.3,
163.0, 167.8, 210.6; HRMS (ESI) m/z: [MþH]þ Calcd for C29H51O4
463.3787; Found 463.3796.

4.2.6. Synthesis of compounds 18e24 from phloroglucinol
The first step in the synthesis of compounds 19e24 was the

Friedel-Crafts acylation of phloroglucinol using the appropriate acyl
(propionyl, butyryl, pentanoyl, decanoyl, octadecanoyl and ben-
zoyl) chloride using the procedure described for 4 above. Com-
pound 18 was synthesised starting from commercially available
acetylphloroglucinol. TBDMS protection of each acylphloroglucinol
16 was achieved according to the procedure described for 5 above.
Finally, the TBDMS-protected acylphloroglucinols 17 were simul-
taneously deprotected and geranylated at the ortho phenolic hy-
droxyl as described for compound 6 to produce compounds 18e24.
Further details of the experimental procedures used for the syn-
thesis of compounds 18e24, including full compound characteri-
sation data for the corresponding precursor acylphloroglucinols
and TBDMS-protected acylphloroglucinols, are included in the
Supporting Information.

4.2.6.1. (E)-1-(2-((3,7-Dimethylocta-2,6-dien-1-yl)oxy)-4,6-
dihydroxyphenyl)ethanone (18). Isolated after SPE (SiGel; hexane/
EtOAc 8:2) as a pale yellow oil (45mg, 0.148mmol, 4.3% over two
steps starting from commercial acetylphloroglucinol). UV (MeOH)
lmax (log ε): 244 (4.36), 288 (3.97) nm; IR nmax (thin film) cm�1:
3136, 2909, 1737, 1621, 1561, 1464, 1373, 1284, 1259, 1222, 1165,
1104, 1071, 822, 756; 1H NMR (500MHz, (CD3)2CO): dH 1.59 (3H, s),
1.64 (3H, s), 1.77 (3H, s), 2.11e2.16 (4H, m), 2.55 (3H, s), 4.64 (2H, d,
J¼ 6.5 Hz), 5.11 (1H, m), 5.56 (1H, m), 5.93 (1H, d, J¼ 2.0 Hz), 56.03
(1H, d, J¼ 2.0 Hz), 13.91 (1H, s); 13C NMR (125MHz, (CD3)2CO): dC
16.7, 17.8, 25.9, 27.0, 33.2, 40.1, 66.4, 92.8, 96.6, 106.1, 119.9, 124.7,
132.2, 142.6, 164.0, 166.0, 168.3, 203.5. HRMS (ESI) m/z: [MþH]þ

Calcd. for C18H25O4 305.1753; Found 305.1766.

4.2.6.2. (E)-1-(2-((3,7-Dimethylocta-2,6-dien-1-yl)oxy)-4,6-
dihydroxyphenyl)propan-1-one (19). Isolated after SPE (SiGel; hex-
ane/EtOAc 9:1) as a yellow oil (50mg, 0.157mmol, 2.6% over three
steps starting from 3). UV (MeOH) lmax (log ε): 243 (4.32), 289
(3.99) nm; IR nmax (thin film) cm�1: 3310, 2973, 2937, 1622, 1594,
1448, 1376, 1220, 1166, 1100, 828, 756; 1H NMR (500MHz, CDCl3):
dH 1.15 (3H, t, J¼ 7.0 Hz), 1.61 (3H, s), 1.68 (3H, s), 1.74 (3H, s), 2.10
(2H, m), 2.13 (2H, m), 3.03 (2H, q, J¼ 7.0 Hz), 4.57 (2H, d, J¼ 6.5 Hz),
5.10 (1H, m), 5.51 (1H, m), 5.53 (1H, br s), 5.91 (1H, d, J¼ 2.0 Hz),
5.98 (1H, d, J¼ 2.0 Hz), 14.05 (1H, br s); 13C NMR (125MHz, CDCl3):
dC 9.0, 16.9, 18.0, 25.9, 26.5, 37.8, 39.7, 66.0, 91.7, 96.6, 106.3, 118.6,
123.8, 132.3, 142.4, 162.4, 163.2, 167.4, 207.0; HRMS (ESI) m/z:
[MþH]þ Calcd. for C19H27O4 319.1909; Found 319.1917.

4.2.6.3. (E)-1-(2-((3,7-Dimethylocta-2,6-dien-1-yl)oxy)-4,6-
dihydroxyphenyl)butan-1-one (20). Isolated after SPE (SiGel; hex-
ane/EtOAc 94:6) as a pale yellow oil (110mg, 0.331mmol, 5.7% over
three steps starting from 3). UV (MeOH) lmax (log ε): 243 (4.39), 290
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(3.99) nm; IR nmax (thin film) cm�1: 3317, 2970, 1739, 1606, 1435,
1366, 1215, 745; 1H NMR (500MHz, CDCl3): dH 0.97 (3H, t,
J¼ 6.5 Hz), 1.61 (3H, s),1.69 (3H, s), 1.71 (2H, s), 1.74 (3H, s), 2.10 (2H,
m), 2.13 (2H, m), 2.97 (2H, t, J¼ 7.0 Hz), 4.54 (2H, d, J¼ 6.5 Hz), 5.10
(1H, m), 5.50 (1H, t, J¼ 6.5 Hz), 5.91 (1H, s, HO4), 5.93 (1H, d,
J¼ 2.0 Hz), 5.99 (1H, d, J¼ 2.0 Hz), 14.10 (1H, s); 13C NMR (125MHz,
CDCl3): dC 14.2, 16.9, 17.9, 18.9, 25.9, 26.5, 39.7, 46.5, 65.9, 92.1, 96.6,
106.0, 118.4, 123.8, 132.2, 142.7, 162.43, 163.4, 167.3, 206.9. HRMS
(ESI) m/z: [MþH]þ Calcd. for C20H29O4,333.2066; Found 333.2057.

4.2.6.4. (E)-1-(2-((3,7-Dimethylocta-2,6-dien-1-yl)oxy)-4,6-
dihydroxyphenyl)pentan-1-one (21). Isolated after SPE (SiGel; hex-
ane/EtOAc 8:2) as a colourless oil (95mg, 0.274mmol, 2.2% over
three steps starting from 3). UV (MeOH) lmax (log ε): 239 (4.36), 290
(3.97) nm; IR nmax (thin film) cm�1: 3263, 2957, 2929, 1739, 1621,
1569, 1416, 1346, 1198, 1164, 1102, 827, 791; 1H NMR (500MHz,
CDCl3): dH 0.92 (3H, t, J¼ 6.5 Hz), 1.37 (2H, q, J¼ 6.5 Hz), 1.61 (3H, s),
1.64 (2H, m),1.69 (3H, s), 1.74 (3H, s), 2.10 (2H, m), 2.13 (2H, m), 3.00
(2H, m), 4.55 (2H, d, J¼ 6.5 Hz), 5.10 (1H, t, J¼ 6.5 Hz), 5.50 (1H, t,
J¼ 6.5 Hz), 5.92 (1H, d, J¼ 2.0 Hz), 5.99 (1H, d, J¼ 2.0 Hz), 6.38 (1H,
s), 14.04 (1H, s); 13C NMR (125MHz): dC 14.2, 16.9, 17.9, 22.8, 25.9,
26.5, 27.4, 39.6, 44.4, 65.9, 91.9, 96.6, 106.1, 118.4, 123.8, 132.2, 142.6,
162.9, 163.1, 167.4, 206.8; HRMS (ESI) m/z: [MþH]þ Calcd. for
C21H31O4 347.2222; Found 347.2223.

4.2.6.5. (E)-1-(2-((3,7-Dimethylocta-2,6-dien-1-yl)oxy)-4,6-
dihydroxyphenyl)decan-1-one (22). Isolated after SPE (SiGel; hex-
ane/EtOAc 96:4) as a colourless oil (85mg, 0.204mmol, 4.2% over
three steps starting from 3). UV (MeOH) lmax (log ε): 244 (4.39), 293
(3.98) nm; IR nmax (thin film) cm�1: 3309, 2924, 2854, 1738, 1620,
1594, 1445, 1376, 1206, 1167, 1097, 829, 754; 1H NMR (500MHz,
CDCl3): dH 0.88 (3H, t, J¼ 6.5 Hz), 1.26 (12H, br s), 1.35 (2H, m), 1.61
(3H, s), 1.68 (3H, s), 1.74 (3H, s), 2.09 (2H, m), 2.13 (2H, m), 2.99 (2H,
m), 4.56 (2H, d, J¼ 6.5 Hz), 5.11 (1H, t, J¼ 6.5 Hz), 5.51 (1H, t,
J¼ 6.5 Hz), 5.92 (1H, d, J¼ 2.0 Hz), 5.99 (1H, d, J¼ 2.0 Hz), 14.12 (1H,
s); 13C NMR (125MHz, CDCl3): dC 14.4,16.9,17.9, 22.9, 25., 25.9, 26.6,
29.6, 29.7e29.8 (3C), 32.2, 39.8, 44.7, 65.9, 91.8, 96.6, 106.1, 118.5,
123.8, 132.2, 142.6, 163.0, 163.1, 167.5, 206.5; HRMS (ESI) m/z:
[MþH]þ Calcd. for C26H41O4 417.3005; Found 417.3001.

4.2.6.6. (E)-1-(2-((3,7-Dimethylocta-2,6-dien-1-yl)oxy)-4,6-
dihydroxyphenyl)octadecan-1-one (23). Isolated after SPE (SiGel;
hexane/EtOAc 96:4) as a pale yellow oil (650mg, 1.230mmol, 19%
over three steps starting from 3). UV (MeOH) lmax (log ε): 237
(4.18), 286 (3.87) nm; IR nmax (thin film) cm�1: 3020, 2924, 2854,
1715,1662,1447,1214,1097, 829, 750; 1H NMR (400MHz, CDCl3): dH
0.89 (3H, t, J¼ 6.8 Hz),1.26e1.35 (34H, br s),1.62 (3H, s),1.69 (3H, s),
1.75 (3H, s), 2.10 (2H, m), 2.13 (2H, m), 2.99 (2H, m), 4.55 (2H, d,
J¼ 6.5 Hz), 5.10 (1H, t, J¼ 6.5 Hz), 5.50 (1H, t, J¼ 6.5 Hz), 5.91 (1H, d,
J¼ 2.0 Hz), 5.98 (1H, d, J¼ 2.0 Hz), 14.12 (1H, s); 13C NMR (100MHz,
CDCl3): dC 14.3, 16.9, 17.9, 22.9, 25.3, 25.9, 26.5, 29.6, 29.8e29.9
(15C0), 32.1, 39.7, 44.7, 65.9, 91.7, 96.6, 106.3, 118.5, 123.8, 132.2,
142.5, 162.6, 163.1, 167.5, 206.7; HRMS (ESI) m/z: [MþH]þ Calcd. for
C34H57O4 529.4257; Found 529.3710.

4.2.6.7. (E)-(2-((3,7-Dimethylocta-2,6-dien-1-yl)oxy)-4,6-
dihydroxyphenyl) (phenyl) methanone (24). Isolated after SPE
(SiGel; hexane/EtOAc 9:1) as a pale yellow oil (96mg, 0.262mmol,
10% over three steps starting from 3); UV (MeOH) lmax (log ε): 237
(4.45), 288 (3.99) nm; IR nmax (thin film) cm�1: 3308, 2970, 2923,
1738, 1621, 1590, 1446, 1376, 1271, 1154, 1095, 825, 752; 1H NMR
(500MHz, CDCl3): dH 1.52 (3H, s), 1.61 (3H, s), 1.71 (3H, s), 1.85 (2H,
m), 1.94 (2H, m), 4.21 (2H, d, J¼ 6.5 Hz), 4.61 (1H, t, J¼ 6.5 Hz), 5.05
(1H, m), 5.89 (1H, d, J¼ 2.0 Hz), 6.07 (1H, d, J¼ 2.0 Hz), 7.36 (2H, dt,
J¼ 8.0, 1.5 Hz), 7.42 (1H, d, J¼ 8.0 Hz), 7.49 (2H, dt, J¼ 8.0, 1.5 Hz),

12.27 (1H, s); 13C NMR (125MHz, CDCl3): dC 16.8, 17.9, 25.9, 26.4,
39.4, 65.5, 92.4, 96.5, 106.2, 118.1, 124.0, 127.6 (2C), 127.8, 130.7,
132.0, 140.7, 142.5, 162.4, 163.5, 165.9, 200.1; HRMS (ESI) m/z:
[MþH]þ Calcd. for C23H27O4 367.1909; Found 367.1893.

4.3. Antibacterial assay against Staphylococcus aureus

Unless otherwise stated, all chemicals were obtained from
Sigma-Aldrich, Gillingham, UK. Cation-adjusted Mueller-Hinton
broth (MHB) was obtained from Oxoid and was adjusted to contain
20mg/L and 10mg/L of Ca2þ and Mg2þ, respectively. The S. aureus
strains used in this study included ATCC 25923, SA-1199B, RN4220,
XU212, EMRSA-15 and EMRSA-16. A standard laboratory strain,
ATCC 25923, which is sensitive to antibiotics like tetracycline [15],
was also used in this study. SA-1199B over-expresses the NorAMDR
efflux pump [16], RN4220 possesses the MsrA macrolide efflux
protein [17], XU212 is a Kuwaiti hospital isolate which is an MRSA
strain possessing the TetK tetracycline efflux pump [15], whilst the
EMRSA-15 strain [18] and EMRSA-16 strain [19] are epidemic in the
UK. These strains were the generous gift of Dr Paul Stapleton (UCL).

All S. aureus strains were cultured on nutrient agar (Oxoid) and
incubated for 24 h at 37 �C prior to MIC determination. A stock
solution of norfloxacin was prepared by dissolving the antibiotic
(2mg) in DMSO (244 mL; Sigma) and diluting 16-fold with MHB to
obtain the desired starting concentration (512mg/L) of antibiotic.
Similarly, stock solutions of the test compounds were prepared by
initial dissolution in DMSO followed by dilution with MHB to
produce target concentrations of 512mg/L. No significant precipi-
tation was noted for any of the test compounds when stock solu-
tions were prepared at this concentration. An inoculum density of
5� 105 colony forming units (cfu/mL) of each bacterial strain was
prepared in normal saline (9 g/L) by comparison with a 0.5 Mac-
Farland turbidity standard.

During the experiment, MHB (125 mL) was added to each well of
a 96-well plate, save for the final column which was left empty.
125 mL of the stock solution of the compound to be tested (or the
control antibiotic norfloxacin) was then added to the MHB in the
first well. Using a multi-channel pipette, the contents of the first
well were mixed thoroughly, followed by the transfer of 125 mL of
the well contents to the second well. This two-fold serial dilution
process was continued up until the tenth well, and the final 125 mL
solutionwas added to the final (empty) well. The inoculum (125 mL)
of each bacterium at a density of 5� 105 cfu/mL was added to all
wells except those in the final column. The final concentrations of
each test compound thus ranged from 128mg/L to 0.25mg/L in the
initial evaluation (similarly, the final concentrations of DMSO in the
assays ranged from 1.56% v/v at the highest concentration of test
compound to 0.0031% v/v at the lowest). The contents of the wells
in columns 11 and 12 represented growth control (bacteria but no
compound) and sterility control (compound but no bacteria)
respectively. Every assay was performed in duplicate. The micro-
titre plates were then incubated at 37 �C for the appropriate incu-
bation time. For the MIC determination, 20 mL of a 5mg/mL
methanolic solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) was added to each of the wells,
followed by incubation for 20min. Bacterial growth was indicated
by a colour change from yellow to dark blue. The MIC was recorded
as the lowest concentration at which no growth was observed [11].
If no growth was observed at any of the concentrations tested, the
assay was repeated starting with a stock solution of lower con-
centration. If growth was observed at all of the concentrations
tested, the assay was repeated starting with a stock solution of
higher concentration.

M.M. Rahman et al. / European Journal of Medicinal Chemistry 155 (2018) 255e262 261

206



Acknowledgements

This work was supported by the Heptagon Fund (Heptagon 96/
SoP16).

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.ejmech.2018.05.038.

References

[1] G.M. Cragg, P.G. Grothaus, D.J. Newman, Impact of natural products on
developing new anti-cancer agents, Chem. Rev. 109 (2009) 3012e3043.

[2] A. Butler, T. Hensman, Drugs for the fever, Educ. Chem. 37 (2000) 151.
[3] G. Patrick, The opioid analgesic, in: An Introduction to Medicinal Chemistry,

fifth ed., Oxford University Press, Oxford, 2013, p. 632.
[4] A. Hollman, Digoxin comes from Digitalis lanata, Br. Med. J. 312 (1996) 912.
[5] R. Gautam, A. Saklani, S.M. Jachak, Indian medicinal plants as a source of

antimycobacterial agents, J. Ethnopharmacol. 110 (2007) 200e234.
[6] Z. Wang, P. Yu, G. Zhang, L. Xu, D. Wang, L. Wang, X. Zeng, Y. Wang, Design,

synthesis and antibacterial activity of novel andrographolide derivatives,
Bioorg. Med. Chem. 18 (2010) 4269e4274.

[7] M. Oluwatuyi, G.W. Kaatz, S. Gibbons, Antibacterial and resistance modifying
activity of Rosmarinus officinalis, Phytochemistry 65 (2004) 3249e3254.

[8] G. O'Donnell, R. Poeschl, O. Zimhony, M. Gunaratnam, J.B.C. Moreira, S. Neidle,
D. Evangelopoulos, S. Bhakta, J.P. Malkinson, H.I. Boshoff, A. Lenaerts,
S. Gibbons, Bioactive pyridine-N-oxide sulphides from Allium stipitatum, J. Nat.
Prod. 72 (2009) 360e365.

[9] J. O'Neill, Tackling Drug-resistant Infections Globally: Final Report and

Recommendations the Review on Antimicrobial Resistance, 2016.
[10] C.M. Schempp, K. Pelz, A. Wittmer, E. Sch€opf, J.C. Simon, Antibacterial activity

of hyperforin from St John's wort against multi-resistant Staphylococcus
aureus and Gram-positive bacteria, Lancet 353 (1999) 2129.

[11] W.K.P. Shiu, M.M. Rahman, J. Curry, P.D. Stapleton, M. Zloh, J.P. Malkinson,
S. Gibbons, Antibacterial acylphloroglucinols from Hypericum olympicum L. cf.
uniflorum, J. Nat. Prod. 75 (2012) 336e343.

[12] M.J. Begley, L. Crombie, R.C.F. Jones, C.J. Palmer, Synthesis of the Mammea
coumarins. Part 4. Stereochemical and regiochemical studies, and synthesis of
(-)-mammea B/BB, J. Chem. Soc. Perk. T. 1 (1) (1987) 353e357.

[13] L. Crombie, R.C.F. Jones, C.J. Palmer, Synthesis of the Mammea coumarins. Part
1. The coumarins of the mammea A, B, and C series, J. Chem. Soc. Perk. T. 1 (1)
(1987) 317e331.

[14] A. Liu, K. Dillon, R.M. Campbell, D.C. Cox, D.M. Huryn, Synthesis of E-selectin
inhibitors: use of an aryl-cyclohexyl ether as a disaccharide scaffold, Tetra-
hedron Lett. 37 (1996) 3785e3788.

[15] S. Gibbons, E.E. Udo, The effect of reserpine, a modulator of multidrug efflux
pumps, on the in vitro activity of tetracycline against clinical isolates of
methicillin resistant Staphylococcus aureus (MRSA) possessing the tet(K)
determinant, Phytother Res. 14 (2000) 139e140.

[16] G.W. Kaatz, S.M. Seo, C.A. Ruble, Efflux-mediated fluoroquinolone resistance
in Staphylococcus aureus, Antimicrob. Agents Chemother. 37 (1993)
1086e1094.

[17] J.L. Ross, A.M. Farrell, E.A. Eady, J.H. Cove, W.J.J. Cunliffe, Characterisation and
molecular cloning of the novel macrolide-streptogramin B resistance deter-
minant from Staphylococcus epidermidis, Antimicrob. Agents Chemother. 24
(1989) 851e862.

[18] J.F. Richardson, S. Reith, Characterization of a strain of methicillin-resistant
Staphylococcus aureus (EMRSA-15) by conventional and molecular methods,
J. Hosp. Infect. 25 (1993) 45e52.

[19] R.A. Cox, C. Conquest, C. Mallaghan, R.R.A. Marples, Major outbreak of
methicillin-resistant Staphylococcus aureus caused by a new phage-type
(EMRSA-16), J. Hosp. Infect. 29 (1995) 87e106.

M.M. Rahman et al. / European Journal of Medicinal Chemistry 155 (2018) 255e262262

207

https://doi.org/10.1016/j.ejmech.2018.05.038
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref1
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref1
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref1
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref2
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref3
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref3
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref4
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref5
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref5
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref5
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref6
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref6
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref6
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref6
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref7
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref7
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref7
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref8
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref8
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref8
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref8
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref8
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref9
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref9
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref10
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref10
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref10
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref10
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref11
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref11
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref11
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref11
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref12
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref12
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref12
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref12
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref13
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref13
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref13
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref13
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref14
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref14
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref14
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref14
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref15
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref15
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref15
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref15
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref15
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref16
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref16
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref16
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref16
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref17
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref17
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref17
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref17
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref17
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref18
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref18
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref18
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref18
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref19
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref19
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref19
http://refhub.elsevier.com/S0223-5234(18)30451-3/sref19


Benzocyclohexane oxide derivatives and
neolignans from Piper betle inhibit efflux-related
resistance in Staphylococcus aureus†

Zhong-Lin Sun,a Jian-Ming He,a Shuang-Ying Wang,a Ru Ma,a Proma Khondkar,b

Glenn W. Kaatz,c Simon Gibbonsb and Qing Mu*a

This research seeks to address the problem of methicillin-resistant Staphylococcus aureus (MRSA) by

discovering synergistic antibacterial natural substances from traditional Chinese herbs using antibacterial

bioassays. Six compounds, including three neolignans (�)-acuminatin (1), (�)-denudatin B (2), puberulin

D (3), and three benzocyclohexane oxide derivatives ferrudiol (4), ellipeiopsol B (5) and zeylenol (6), were

isolated and purified by silica gel and reverse-phase silica gel column chromatography, and the chemical

structures were determined through NMR spectroscopy, MS, together with CD and calculated CD

spectroscopic methods. Synergistic activity was determined using strain SA1199B, a strain that

overexpresses the major S. aureus multidrug transporter, NorA. Compounds 1–6 showed synergistic

activity combined with norfloxacin against SA1199B, with FICI values of 0.13, 0.25, 0.25, 0.52, 0.08 and

0.27 respectively. The synergistic effects of the benzocyclohexane oxide derivatives with norfloxacin

were further demonstrated through strain growth kinetics experiments. In the mechanistic experiment,

the compounds showed significant accumulation and/or inhibition effects for EtBr efflux in SA1199B.

These active compounds showed no toxicity to HEK293T cells at a concentration of 100 mM in the

cytotoxicity evaluation experiments. Combined with efflux pump inhibitors, classic antibiotics that are

substrates for efflux pumps may yet play a role in the therapy of drug-resistant bacteria where a lower

dose could result in improved safety.

1. Introduction

Over the past few decades, there has been a dramatic decrease
in the number of pharmaceutical companies developing new
antimicrobial drugs.1 Methicillin-resistant Staphylococcus
aureus (MRSA) is still cause for concern due to the small number
of compounds that can be used therapeutically for this
organism and resistance associated with their use.2 A supple-
mental strategy to overcome resistance is to develop agents that
can suppress bacterial resistance mechanisms, and such agents
are known as resistance-modifying agents (RMAs).3 These
compounds may work by synergism, which is dened as
a phenomenon in which two or more different compounds are
combined to enhance their individual activity,4 and this

approach is now widely recognized and can be directly applied
to the development of new pharmaceuticals.5

Whilst there are different kinds of mechanisms of drug-
resistance, multidrug-resistance (MDR)-related efflux is
a common and important one, and has been reported for many
organisms, including bacteria, fungi and protozoa, and also as
a mechanism of resistance in human tumor cells.6 Examples of
efflux-related resistance mechanisms that have been reported
for S. aureus include those conferred by QacA and NorA, which
are MDR transporters.7 Fluoroquinolone resistance, facilitated
by the NorA efflux protein,6 has been shown to be a particular
risk factor for mortality associated with infections by S. aureus.8

Therefore, in our research, we have studied the effects of plant
natural products on S. aureus strain SA1199B, which is uo-
roquinolone resistant by means of increased NorA production
as well as a critical amino acid substitution within the quino-
lone resistance-determining region of GrlA.9We evaluated the in
vitro synergism of extracts of Piper betle Linn. (Piperaceae) with
the uoroquinolone antimicrobial drug noroxacin against
S. aureus strains by the broth microdilution method.10

P. betle is widely distributed in Yunnan, Guangxi and the
Guangdong province of China,11 and cultivated in India for its
leaves, which are used for chewing.12 Experimentally, the
extracts and herbal material of P. betle have been shown to
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possess many kinds of curative properties such as laxative,
aphrodisiac, antimicrobial,13 antioxidant14 and to improve
appetite.15 The plant is rich in phenolics,16 methyl piperbetol,
piperol A and piperol B,17 and some benzocyclohexane oxide
derivatives and neolignans.18 In this report, we studied the
chemical constituents of P. betle, guided by an antibacterial
synergistic assay, and a series of preliminary mechanistic
experiments were carried out.

2. Materials and methods
2.1. General experimental instruments and materials

The silica gel (100–400 mesh) used in column chromatography
was purchased fromQingdaoMarine Chemical Plant, China. 1H
and 13C NMR spectra were obtained on a Varian Mercury Plus
400 MHz spectrometer. EI-MS spectra were measured with an
Agilent 5973N MSD mass spectrometer. IR spectra and UV
spectra were recorded on an Avatar 360 ESP FTIR spectropho-
tometer and a HITACHI U-2900 spectropolarimeter, respec-
tively. Fractions obtained from column chromatography were
monitored by thin layer chromatography (TLC) (silica gel plate
HGF254, Yantai Huangwu Chemical Plant, Yantai, China).
Optical density was recorded on a Multiskan FC (Thermo Co.
Ltd, USA), and uorescence was recorded on a Tecan M 1000
plate reader (Tecan Co. Ltd., Switzerland).

2.2. Extraction and bioactivity-guided isolation

P. betle was collected in Mengla County, Yunnan Province of
China, in December of 2002, and identied by Professor Xu You-
Kai, Professor of Xishuangbanna Botanic Garden in Yunnan
province, the Chinese Academic of Science. A voucher specimen
(148888) was deposited at the Herbarium and used in identi-
fying the plant by professor You-Kai, and in the same time, we
also saved a plant sample in our lab in School of Pharmacy,
Fudan University. 100 g air dried leaves of P. betle were extracted
using 95% ethanol by maceration and 10.8 g resinous extract
was obtained. The resulting resin was then extracted using
chloroform by solid–liquid extraction and yielded a gum (3 g).
The total chloroform extract, was dissolved in acetone and
mixed with silica gel and then subjected to silica gel and eluted
with a gradient of chloroform–acetone (99 : 1–7 : 3). Fractions
A–H were obtained by TLC monitoring with similar eluents. All
of the eight fractions were subjected to Middle Chromatogram
Isolated (MCI) gel to remove chlorophyll. Under the guidance of
the synergistic activity, some fractions were further separated
selectively and six compounds were obtained. Compound 1,
named (�)-acuminatin (8 mg) was isolated from fraction B by
silica gel column chromatography with elution of petroleum
ether–acetone (95 : 5). Compounds 2 and 3, named (�)-denu-
datin B (10 mg) and puberulin D (3 mg), were both obtained
from fraction C. Compound 2 was isolated by forward silica gel
column chromatography with elution of petroleum ether–ethyl
acetate (9 : 1) while compound 3 was obtained by high-pressure
liquid chromatography (HPLC) preparation with elution of
methanol–water (8 : 2). Fraction E was further separated to
obtain compound 4, named ferrudiol (12 mg), by silica gel

column chromatography with elution of chloroform–acetone
(95 : 5). Compounds 5 and 6, named ellipeiopsol B (20 mg) and
zeylenol (35 mg), were isolated from fraction F by silica gel
column chromatography and Sephadex LH-20 gel column
chromatography. The structures of all the compounds were
deduced from spectroscopic methods (NMR spectroscopy and
mass spectrometry) and all the resulting data were in good
agreement with the literature.

2.3. HPLC ngerprint

The chloroform extract and six compounds (1–6) were dissolved
in methanol, respectively. Each solution (2 mg mL�1) was sub-
jected on the HPLC (10 mL, Agilent 1200) using an autosampler
at 25 �C. The specications and models of using column are
eclipse XDB-C18, 5 mm, 4.6 � 250 mm (Agilent). The eluent ow
rate was set to 1.0 mL min�1 propelled by an Agilent 1200 series
G1312B SL binary pump, with ultra-pure water and HPLC-grade
methanol (solutions A and B) eluting using the gradient
method: started with 50% B, changing to 70% B within 30 min,
then changing to 90% B within 40 min, the total time was
75 min. UV detector was used and the signal of compounds was
monitored at a wavelength of 254 nm.

2.4. Electronic circular dichroism (ECD) spectral
calculations

The absolute congurations of the six compounds were pre-
dicted by a quantum chemical calculation using Gaussian 09.19

The geometries of all compounds were optimized at the
B3LYP/6-31G level of density functional theory (DFT). The
Electronic Circular Dichroism (ECD) spectra were then calcu-
lated using the time dependent DFT (TDDFT) method at the
B3LYP/6-311++G** level in the solvent methanol.

2.5. Antibacterial minimum inhibitory concentration (MIC)
assay

Five Staphylococcus aureus strains (SA1199B, XU212, RN4220,
EMRSA-15 and EMRSA-16) were used in experiments, all of
which had a drug-resistance phenotype. Strain SA1199B, which
overexpresses the norA gene encoding the NorA MDR efflux
pump, was the generous gi of Professor Glenn W. Kaatz.20

Strain XU212, which possesses the TetK tetracycline efflux
protein, was provided by Dr Edet Udo.21 Strain RN4220, was
provided by Dr Jon Cove.22 Strains EMRSA-15 and strain
EMRSA-16, which are epidemic methicillin-resistant (MRSA)
strains, were the kind gi of Dr Paul Stapleton.23

Minimum inhibitory concentration (MICs) values were
determined following the guidelines of Clinical Laboratory
Standards Institute.24 Mueller-Hinton broth (MHB; Oxoid), was
used which was supplemented with 20 and 10 mg L�1 of Ca2+

and Mg2+ respectively. All bacterial suspensions were adjusted
to 5 � 105 cfu mL�1 for the bioassay. 2% DMSO in broth served
as the negative control and vancomycin (Sigma Chemical Co.
Ltd) served as the positive control. All compounds and chloro-
form extract were dissolved in DMSO respectively and then
diluted with MHB, added into 96-well microtiter plate, with
a concentration of 512 mg L�1 in upmost row and each

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 43518–43525 | 43519
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following row (B–H) contained half concentration of the
previous one. Both controls and treatments were tested in
duplicate. Aer incubation at 37 �C for 24 h, 20 mL of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT;
Biosharp) solution (5 mg mL�1) was added into each well to
determined MIC. MTT colorimetric assay was performed to
determine the MIC values. The minimum concentrations for
colour appearing from black to yellow (completely inhibited the
visible bacterial growth) were recorded as the MIC values
against test strains.

2.6. Synergy tests

The ve drug-resistant S. aureus strains described above were
used in broth microdilution antimicrobial checkerboard
assays10,25 to examine for the presence of a synergistic interac-
tion. The rows of a 96-well microtiter plate contained
compounds isolated with a concentration of 128 mg L�1 in
upmost row (A) and each following row (B–G) contained half
concentration of the previous one. Row (H) contained no
compounds but MHB. A similar procedure was carried out
along columns (1–12) with concentration of specic antibiotics
ranging from 256 to 0.5 mg L�1. All of the treatments were
tested in duplicate wells. MTT colorimetric assay was performed
to determine the MIC values, which were used to evaluate the
effects of the combination of compounds and antibiotics by
calculating the fractional inhibitory concentration index (FICI)
according to the formula:

FICI ¼ MIC ðantibiotic combined with compoundÞ
MIC ðantibiotic aloneÞ

þ MIC ðcompound combined with antibioticÞ
MIC ðcompound aloneÞ

“Synergy” effects were dened when the FICI was less than or
equal to 0.5. When the FICI was greater than 0.5 and less than or
equal to 4.0 this was regarded as an “indifference” effect; whilst
“antagonistic” effects were observed when the FICI was greater
than 4.0.26 An isobologram was constructed to depict the results
of the checkerboard assay and the FICI values.

2.7. EtBr efflux assay

Those compounds for which an adequate amount existed were
chosen for an efflux assay as previously described.27 Test
organisms were grown overnight in cation-adjusted MHB until
the OD620 ¼ 0.4 and then followed by the addition of carbonyl
cyanide m-chlorophenylhydrazone (CCCP, Across Organic) and
EtBr (Sigma) (nal concentrations, 100 mM (20.5 mg L�1) and
25 mM (2.725 mg L�1), respectively). Aer incubation at room
temperature for 20 min, 4 mL of the inocula was pelleted at
13 000g for 5 min and then re-suspended in 3 mL of fresh MHB
containing CCCP or the tested compounds (nal concentra-
tions, all 100 mM) (35.6 mg L�1 for compound 2, 48.8 mg L�1 for
compound 4 and 38.4 mg L�1 for compound 5 and 6).
Fluorescence of the suspension was monitored continuously
(excitation and emission wavelengths were 530 and 600 nm,

respectively; slit width was 5 nm) every ve min for one hour. All
tested compounds and the control were measured in triplicate.

2.8. EtBr accumulation assay

Ferrudiol (4), ellipeiopsol B (5) and zeylenol (6) were subjected
to the EtBr accumulation assay by the uorometric method due
to their adequate quantity. This assay was conducted according
to a modication of reported methods.28 Organisms were grown
overnight in cation-adjusted MHB until the OD620 reached 0.4.
Then 3 mL of the inoculum was collected by centrifugation at
13 000g for 5 min and re-suspended using fresh MHB to adjust
the OD620 to 0.4. Culture medium (50 mL) and an equal volume
of CCCP and test compounds (nal concentrations, all 100 mM)
(20.5 mg L�1 for CCCP, 48.8 mg L�1 for compound 4 and 38.4
mg L�1 for compound 5 and 6) were added to a 96-well plate
containing 100 mL of EtBr (nal concentration, 12.5 mM) (1.36
mg L�1). The 96-well plate was lled with 200 mL of the
suspension and monitored continuously by the uorescence of
the suspension (excitation and emission wavelengths were 530
and 600 nm, respectively; slit width was 5 nm) every ve min for
one hour. All tested compounds and the control were measured
in triplicate.

2.9. Growth curves

Growth kinetics was determined according to Garvey29 with
some modications. The growth kinetics of strain SA1199B in
the absence or presence of the benzocyclohexane oxide deriva-
tives were determined by monitoring the optical density at 620
nm every 2 h at 37 �C for 12, 24, 36 and 48 h using a microwell
reader (Multiskan FC, Thermo). The nal concentration of
compounds and noroxacin both alone and in combination
with each other were 128 mg L�1 and 4 mg L�1. All tested
compounds and the control were measured in triplicate.

2.10. Cytotoxicity evaluation

To determine whether the benzocyclohexane oxide derivatives
were toxic, a cytotoxicity assay using a human embryonic kidney
cell line (HEK293T) with the method of the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay was carried out and the cell viability was measured
according to Lu with some modications.30 Cells were plated
into 96-well plates at a cell density of 5 � 103 cells per well and
allowed to grow in a 5% CO2 incubator. Aer 24 h, the medium
was removed and replaced by fresh medium containing the
tested compounds that were dissolved in DMSO and diluted to
various concentrations (nal concentrations were 100, 30, 10, 3,
1 mM respectively) with complete medium (RPMI 1640 + 10%
FBS) before the experiment, and the nal concentration of
DMSO was 0.1%. Aer 24 hours incubation, cultures were
incubated in 200 mL of medium with 20 mL of 5 mg mL�1 MTT
solution for 4 hour at 37 �C. The medium with MTT was
removed, and 150 mL of DMSO was added to each well to
dissolve the formazan. The absorbance at 490 nmwasmeasured
with a microwell reader (Multiskan FC, Thermo). The inhibitory
percentage of each compound at various concentrations was
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calculated, and the IC50 value was determined. All tested
compounds and the control were measured in triplicate.

3. Results
3.1. Extraction and isolation

Compounds 1–6 were identied as the known chemical constitu-
ents (�)-acuminatin (1),31 (�)-denudatin B (2),31 puberulin D (3),32

ferrudiol (4),33–35 ellipeiopsol B (5)34,35 and zeylenol (6)34,35 (Fig. 1) by
comparison of their physical properties and spectral data (ESI
Tables S1 and S2†) with the literature. The chemical systematic
name of the compound 3 is (7S,8S,10R,50R,60S)-D20,80-60-acetoxy-30-
methoxy-3,4-methylenedioxy-40-oxo-8.10,7.50-neolignan,32 which
was given a trivial name as puberulin D in this manuscript. The
absolute conguration of compounds 1–6 were determined by
comparison of their circular dispersion (CD) spectra with those
reported and with the quantum chemical calculated CD spectra
(ESI Fig. S1†). The purities of all six compounds were $95% as
determined by HPLC (Fig. S2†).

3.2. HPLC ngerprint

The HPLC ngerprint with well resolved peak separation for the
chloroform extract of P. betle was obtained (Fig. 2). Compounds
1–6 were unambiguously recognized in the ngerprint by

comparing with their retention time (Fig. 2). The retention time
of (�)-acuminatin (1) was 41.473, which is the peak with
retention time 41.418 in the ngerprint. We can were also able
to identify the peaks for (�)-denudatin B (2), puberulin D (3),
ferrudiol (4), ellipeiopsol B (5) and zeylenol (6) in the ngerprint
with a retention time 31.431 min, 29.531 min, 39.988 min,
16.740 min and 11.281 min, respectively. The relative
percentage contents of compounds 1–6 were 6.3%, 9.4%, 4.1%,
10.5%, 9.5% and 11.3% respectively. Total contents of the six
compounds were more than y percent.

3.3. Antibacterial minimum inhibitory concentration (MIC)
assay

The chloroform extract and compounds 1–6 were assayed for
antibacterial activity against all test strains of S. aureus, and
none had any signicant antibacterial effect in that all MICs
exceeded 512 mg L�1.

3.4. Synergy tests

The ve drug-resistant S. aureus strains described above and
antibiotics to which the strains were resistant were employed.
The results showed that compounds 1–6 showed signicant
synergistic effects with noroxacin against strain SA1199B,

Fig. 1 Chemical structures of compounds 1–6 isolated from Piper betle.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 43518–43525 | 43521
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which overexpresses the norA gene encoding the NorA MDR
efflux pump, but no synergetic effects were observed for the
other four strains (XU212, RN4220, EMRSA-15 and EMRSA-16).
(�)-Acuminatin (1), (�)-denudatin B (2), puberulin D (3), fer-
rudiol (4), ellipeiopsol B (5) and zeylenol (6) reduced the MIC of
noroxacin against SA1199B by eight-, four-, four-, two-, sixteen-
and eight-fold respectively. This resulted in a concentration
decrease of the antibiotic from 64 to 8 mg L�1, 128 to 32 mg L�1,
64 to 16 mg L�1, 64 to 32 mg L�1, 64 to 4 mg L�1 and 64 to 8 mg
L�1, respectively (Table 1). The FICI of the combinations were
0.13, 0.25, 0.25, 0.52, 0.08, 0.27, respectively and we were able to
construct an isobologram depicting the synergistic effects for
the six compounds (ESI Fig. S3†).

3.5. EtBr efflux assay

All compounds were subjected to an EtBr efflux assay by the
uorometric method without (�)-acuminatin (1) and puberulin
D (3) due to their limited quantity. As shown in Fig. 3, ferrudiol

(4), ellipeiopsol B (5) and zeylenol (6) had moderate efflux pump
inhibitory effects against SA1199B (Fig. 3a, b and d), whereas
(�)-denudatin B (2) demonstrated a strong efflux inhibitory
effect against this strain (Fig. 3c). Within the rst half hour,
ferrudiol (4) showed a similar efflux pump inhibitory effect
compared with the positive control CCCP, while a stronger
effect than CCCP over the subsequent half hour was observed
(Fig. 3a). Zeylenol (6) showed a similar activity compared with
CCCP within one hour (Fig. 3b) and (�)-denudatin B (2)
exhibited a stronger activity than CCCP within one hour
(Fig. 3c). Ellipeiopsol B (5) showed a stronger activity than
CCCP, but with a weaker effect than CCCP over the second half
hour (Fig. 3d).

3.6. EtBr accumulation assay

Ferrudiol (4), ellipeiopsol B (5) and zeylenol (6) exhibited EtBr
accumulation effects with strain SA1199B (Fig. 4). They all
increased the concentrations of EtBr compared with the vehicle

Fig. 2 The HPLC fingerprint of chloroform extract.

Table 1 Minimum inhibitory concentrations (MIC) and fractional inhibition concentration indices (FICI) of six compounds from Piper betle for S.
aureus SA1199Ba

Drug-resistant strain Agent

MIC (mg L�1)

FIC FICIAlone Combination

SA1199B

(�)-Acuminatin (1) >512 2 <0.004
<0.13

Noroxacin 64 8 0.125
(�)-Denudatin B (2) >512 2 <0.004

<0.25
Noroxacin 128 32 0.25
Puberulin D (3) >512 2 <0.004

<0.25
Noroxacin 64 16 0.25
Ferrudiol (4) >512 8 <0.02

<0.52
Noroxacin 64 32 0.5
Ellipeiopsol B (5) >512 8 <0.02

<0.08
Noroxacin 64 4 0.06
Zeylenol (6) >512 8 <0.02

<0.27
Noroxacin 64 16 0.25

a (1) FICI# 0.5 is dened as synergy; 0.5 < FICI# 1 as additive; 0.5 < FICI# 4 as indifferent; 4 < FICI as antagonistic. (2) All six compounds have no
direct inhibitory effects on ve strains and no synergetic effects combined with the other four strains, so data about those was not listed in above
table.
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control, especially ellipeiopsol B (5), showing stronger activity
than the positive control CCCP (Fig. 4c). Zeylenol (6) had
a similar activity compared with CCCP (Fig. 4b) and ferrudiol (4)
showed a weaker activity compared to CCCP but with a signi-
cantly stronger effect than the control vehicle (Fig. 4a).

3.7. Growth curves

Time-growth experiments of SA1199B in the absence or pres-
ence of noroxacin and compounds alone and in combination
with each other are shown in Fig. 5. The ordinate represents the
increased several times of OD value. The results suggested that
the increase of strain growth in a mixture of noroxacin and
compounds was less than strain growth with noroxacin or
compounds alone. All three of the tested compounds ferrudiol
(4), ellipeiopsol B (5) and zeylenol (6) alone showed weak growth
inhibitory activity within the rst 30 h, while no activity within
the last 18 h was observed. Interestingly, SA1199B with nor-
oxacin and the test compounds exhibited a lower OD value
increase than with SA1199B and noroxacin alone within 48 h
(Fig. 5).

3.8. Cytotoxicity evaluation

In terms of the cytotoxic activity of the benzocyclohexane oxide
derivatives, ferrudiol (4), ellipeiopsol B (5) and zeylenol (6) showed
no toxicity with IC50 values within the concentration of 100 mM for
HEK293T cells, a human embryonic kidney cell line. As shown in
the ESI Fig. S5,† within the 1–100 mM L�1 (<48.8 mg L�1 for

compound 4, <38.4 mg L�1 for compound 5 and 6) concentration
range of all three compounds the viability of HEK293T was
approximately 100%. The compounds on their own had no cyto-
toxicity and did not increase the toxicity of noroxacin compared
with noroxacin alonewithin the antibacterial effect concentration
(ESI Fig. S6†).

4. Discussion

In the primary experiment, the chloroform extract of Piper betle
showed no direct bacterial growth inhibition but had
a marginal synergistic effect together with the antibiotics.
Under the guidance of a synergistic bacterial assay employing
a checkerboard methodology in combination with chromatog-
raphy, three neolignans [(�)-acuminatin (1), (�)-denudatin B (2)
and puberulin D (3)] and three benzocyclohexane oxide deriv-
atives [ferrudiol (4), ellipeiopsol B (5) and zeylenol (6)] were
isolated from the extract. These compounds were isolated from
other Piper species such as P. cubeba, P. puberulum and so on
previously. All six compounds showed no direct bacterial inhi-
bition but had signicant synergistic activity with noroxacin
against strain SA1199B. The MIC values of the antibiotic
combined with the compounds was several times less than that
of the antibiotic alone (Table 1). The six compounds were
known compounds, but there are no reports on their synergistic
activities on drug-resistant strains. Considering the tested
strain SA1199B overexpressing the NorA efflux pump, we

Fig. 3 EtBr efflux inhibitory effects of ferrudiol (4), zeylenol (6), (�)-denudatin B (2) and ellipeiopsol B (5) against S. aureus SA1199B.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 43518–43525 | 43523
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postulated that the synergistic effects were as a result of NorA
inhibition.

All tested compounds showed a similar inhibitory activity on
strain SA1199B compared with the positive control (CCCP) in
the EtBr efflux and accumulation assays (Fig. 3 and 4). These
results indicated that efflux pump inhibition may contribute to
the synergistic effects of these compounds against SA1199B.

In order to further conrm the synergistic effects, growth
kinetics in the presence and absence of compounds were
determined. The synergistic effects were obvious since the OD

value increase of SA1199B with noroxacin and compounds was
lower than that with noroxacin alone (Fig. 5), while the OD
value of SA1199B with compounds alone was almost the same
as SA1199B grown in isolation. The exact synergistic effects on
the growth kinetics of the strain need further conrmation at
the CFU level.

Fig. 4 EtBr accumulation effects of ferrudiol (4), zeylenol (6) and
ellipeiopsol B (5) against S. aureus SA1199B.

Fig. 5 Time-growth of SA1199B in the absence or presence of nor-
floxacin and benzocyclohexane oxide derivatives.
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ESI Fig. S5 and S6† suggested that the synergistic activity of
the compounds showed no inhibition on bacteria and no
toxicity on mammalian cells within synergistic effect concen-
tration, which was encouraging and warrants further investi-
gation of the characteristics of these compounds as promising
drug hits to overcome resistance in Staphylococcus aureus.

5. Conclusion

The conclusion can be drawn that these compounds may have
specic inhibitory effects against the NorA efflux pump of strain
SA1199B, which contributes to their synergistic effects with
antibiotics against this strain. Synergy may be a promising
strategy to resolve problems caused by drug-resistant strains
because the compounds with synergistic effects will not cause
a reduction of bacterial growth, reducing the likelihood of the
formation of new drug-resistant mutants. Some of the classical
antibiotics could be re-introduced into a clinical role in the
therapy of infections caused by selected drug-resistant bacteria,
resulting in the use of lower doses and potentially an improved
safety prole. Furthermore, these compounds had no cytotoxic
effects on the human embryonic kidney cell line (HEK293T)
within the antibacterial effect concentration. This approach
may have utility against multi-drug resistant Staphylococcus
aureus.
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ABSTRACT: Bioactivity-guided fractionation of the EtOH
extract of the branches of Kielmeyera variabilis led to the isolation
of a new acylphoroglucinol (1), which was active against all the
MRSA strains tested herein, with pronounced activity against
strain EMRSA-16. Compound 1 displayed an MIC of 0.5 mg/L as
compared with an MIC of 128 mg/L for the control antibiotic
norfloxacin. The structure of the new compound was elucidated by
1D and 2D NMR spectroscopic analysis and mass spectrometry,
and experimental and calculated ECD were used to determine the
absolute configurations. The compounds β-sitosterol (2),
stigmasterol (3), ergost-5-en-3-ol (4), and osajaxanthone (5)
also occurred in the n-hexane fraction. The EtOAc fraction contained nine known xanthones: 3,6-dihydroxy-1,4,8-
trimethoxyxanthone (6), 3,5-dihydroxy-4-methoxyxanthone (7), 3,4-dihydroxy-6,8-dimethoxyxanthone (8), 3,4-dihydroxy-2-
methoxyxanthone (9), 5-hydroxy-1,3-dimethoxyxanthone (10), 4-hydroxy-2,3-dimethoxyxanthone (11), kielcorin (12), 3-
hydroxy-2-methoxyxanthone (13), and 2-hydroxy-1-methoxyxanthone (14), which showed moderate to low activity against the
tested MRSA strains.

The genus Kielmeyera belongs to the family Clusiaceae and
occurs exclusively in South America. Among the 47

known species of this genus, 45 are native to Brazilian
ecosystems. These plants grow mainly in the Brazilian Cerrado
Biome, specifically in the Midwest region.1

Kielmeyera variabilis Mart., commonly known in Brazil as
“malva-do-campo”, is a medicinal tree used in Brazilian folk
medicine to treat several tropical diseases, including schistoso-
miasis, leishmaniasis, malaria, and fungal and bacterial
infections.2 Previous work has shown that species belonging
to the family Clusiaceae produce xanthones and phoroglucinol
derivatives that possess antibacterial activity against methicillin-
resistant Staphylococcus aureus (MRSA).3,4 Previous studies on
K. variabilis Mart. have shown that this species contains
prenylated xanthones with molluscicidal activity5,6 and
flavonoids with antioxidant properties.7

Resistance to methicillin, a form of penicillin, among S.
aureus began to be noted at the beginning of the 1960s. Since
then, these organisms have developed mechanisms of resistance

to many different classes of antimicrobial agents, making
treatment options severely limited. Infection with MRSA is
therefore a serious public health concern that has called for the
development of new antibacterial drugs to overcome microbial
resistance.8

Natural products bearing different structural patterns can be
active against resistant strains, so the screening of natural
product extracts from microorganisms or plants still constitutes
a valid strategy to discover new lead compounds with antibiotic
properties.
As part of an ongoing SisBiota CNPq/FAPESP Biodiscovery

Program, which aims to discover new sources of bioactive
compounds in the Brazilian flora, this investigation evaluated
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the potential of K. variabilis Mart. against multidrug-resistant
strains. Bioassay-guided fractionation helped to define the
bioactive compounds and prove that this plant is applicable as
an antimicrobial agent in traditional folk medicine.

■ RESULTS AND DISCUSSION
Successive extraction of the dried and pulverized K. variabilis
branches and leaves with EtOH afforded an extract for a
preliminary activity screening assay against the multidrug-
resistant strain SA-1199B, which overexpresses the NorA efflux
pump and has a Gyr-A mutation.11

Partitioning of the EtOH extracts of K. variabilis branches
and leaves by liquid−liquid extraction resulted in four fractions
(n-hexane, EtOAc, n-BuOH, and aqueous MeOH) for each
plant part. Tests on all fractions against strain SA-1199B
permitted the selection of the most promising fraction to start
the bioassay-guided fractionation (Table 1).

The crude EtOH extract of the branches was 4 times more
active (MIC of 32 mg/L) than the crude EtOH extract of the
leaves (MIC of 128 mg/L) and had activity comparable to the
activity of the standard norfloxacin (MIC of 32 mg/L) against
the fluoroquinolone-resistant organism. The antibacterial
activity of the n-hexane fraction of the branches (MIC of 16
mg/L) was higher than the corresponding EtOH extract (MIC
of 32 mg/L) and even slightly higher than the activity of the
control norfloxacin (MIC of 32 mg/L). This showed that the
fractionation process potentiated the activity of the branches
extract by concentrating the most active compound(s) in the n-
hexane fraction.
Bioassay-guided fractionation of the most active fraction

permitted identification of the bioactive compound. Fractiona-
tion of the n-hexane fraction of the branches on a Sephadex
LH-20 column led to six subfractions (Fr1 to Fr6). Evaluation
of the antibacterial activity of these subfractions showed that
Fr1 (756.5 mg) was the most active, with an MIC of 2 mg/L,
and therefore Fr1 was 8-fold more potent than the n-hexane
fraction (MIC of 16 mg/L).
A phytochemical study on the most active subfraction

identified compound 1 as the bioactive compound underlying
the activity of the EtOH extract of K. variabilis branches. The
activities of Fr1 and compound 1 were assessed at
concentrations ranging from 512 to 0.5 mg/L against a panel
of multidrug-resistant S. aureus strains with clinical relevance
and different mechanisms of resistance. Fr1 also contained the
steroids β-sitosterol (2), stigmasterol (3),16 and ergost-5-en-3-

ol (4). The nonactive subfraction Fr6 contained the xanthone
osajaxanthone (5),17 which we did not test due to the low
sample size of this compound.
Among the tested strains were SA-1199B, a multidrug-

resistant strain that overexpresses the NorA efflux pump11 and
possesses a gyrase-encoding gene mutation that also confers a
high level of resistance to some fluoroquinolones;18 RN4220, a
macrolide-resistant strain;10 XU212, a clinical MRSA strain that
is resistant to tetracycline and bears the TetK efflux pump;9

ATCC 25923, a standard laboratory strain;9 and the epidemic
methicillin-resistant strains EMRSA-15 and EMRSA-16.13

Compound 1 accounted for the activity of the n-hexane
fraction of the branches. Its activity was similar to or higher
than the activity of fraction Fr1. Compared with the positive
control norfloxacin, its activity was higher against strains SA-
1199B and XU212. It also displayed pronounced activity
against the epidemic methicillin-resistant strain EMRSA-16; its
MIC was 0.5 mg/L as compared with the MIC of the control
(128 mg/L). The activities of compound 1 and the control
were similar for the strains ATCC 25923, RN4220, and
EMRSA-15.
The mixture of 2 and 3 and of individual compounds 2, 3,

and 4 did not exhibit any activity against the S. aureus strains.
Knowing that these compounds are nonactive, their identi-
fication was conducted by NMR and GC-MS without isolating
them from these mixtures.
Minimum bactericidal concentration (MBC) assays con-

ducted with active compound 1 permitted determination
whether this compound exerted a bacteriostatic or bactericidal
effect. For these assays, a 10 μL sample was removed from the
wells of a plate used to determine the MIC values of compound
1 against SA-1199B (where no bacterial growth had occurred).
This volume was plated onto drug-free media. After 24 h of
incubation, bacteria grew on the drug-free plates. Hence,
compound 1 inhibited the organisms by exerting a bacterio-
static effect.

The HRESIMS of compound 1 revealed an [M + H]+ ion m/
z at 529.3547 in the positive mode. Combined with 13C NMR
data, this information permitted assignment of the molecular
formula of compound 1 as C32H48O6. Two vinyl protons, four
vinylic methyl groups, and four allylic protons in the 1H NMR
spectrum suggested the presence of two isopent-2-enyl side
chains. HMBC correlations of H-11a, H-11b, H-12a, and H-12b
with the carbonyl C-10 and COSY correlations of H-11b to H-
11a and H-12b and of H-12b to H3-13 demonstrated the
presence of an n-butanoyl chain. A 13C NMR resonance at δ
174.1 (C-31) correlated with H3-32 (δ 3.65) in the HMBC
spectrum is typical of a methoxy group and revealed the
presence of an ester carbonyl group. The presence of one
methine (δC 38.7), three methylene (δC 39.9, 37.3, and 22.7),
and one methyl carbon (δC 15.2) correlated by HMBC reveals
the presence of a hexanoyl chain. This chain is confirmed by
correlations of H-26 (δ 3.29) and H-27 (δ 2.34) with the ester

Table 1. Antimicrobial Activity of the Extracts and Fractions
of K. variabilis Branches and Leaves against the Strain SA-
1199B

plant part extract and fractions MIC (mg/L)

branches EtOH 32
n-hexane 16
EtOAc 64
n-BuOH 256
aqueous MeOH >512

leaves EtOH 128
n-hexane 64
EtOAc 128
n-BuOH 256
aqueous MeOH >512

positive control norfloxacin 32
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carbonyl C-31 and the correlations of H-26, H-29 (δ 1.43 and
1.52), and H-30 (δ 0.94) with C-28 (δ 37.3).
The 13C NMR spectrum displayed the characteristic

resonances of a bicyclic [3.3.1] nonane ring system with
three quaternary carbons (δC 64.7, 49.2, and 69.5), a methine
(δC 48.6), a methylene (δC 39.5), an enolized 1,3-diketo system
(δC 114.7, 199.7, and 195.5), and a nonconjugated carbonyl (δ
209.4). Together, these data suggested that compound 1 was a
polyisoprenylated phloroglucinol derivative.4,19−22

HMBC correlations facilitated establishment of the sub-
stitution pattern of the nonane ring system. Correlation of H-
26 with C-1, C-9, and C-31 indicated that the ester carbonyl
group was connected to the nonane system at C-8. HMBC
correlation of H-5a with C-14 and C-19 showed connection of
the isoprenyl side chains to C-4 and C-6. By elimination, the 1-
butanoyl moiety was linked at C-2. The methyl groups Me-24
(δ 1.20) and Me-25 (δ 1.37) correlated with each other and
with C-7 and C-8 (Figure 1).

Proton H-5a had two large coupling constants, i.e., 14.3 Hz,
consistent with its geminal coupling to H-5b, and 10.4 Hz, due
to an axial−axial coupling with H-6. These data indicated that
H-6 was in the axial position, with the C-6 isoprenyl side chain
equatorially oriented.23

NOESY studies aided the determination of the relative
configuration assignments and supported the delineated
stereochemistry. Key NOE correlations between H-6 (δ
1.41), the methyl protons at δ 1.20 (H3-24), and H-5b (δ
2.12) shown in Figure 3a demonstrated that they were all
oriented on the same face of the bicyclic [3.3.1] nonane ring,

which placed H-5b and H3-24 in an 1,3-diequatorial position
relative to each other and in a chair conformation in relation to
the cyclohexanone ring.
The absolute configuration of 1 was stablished by

comparison of its experimental electronic circular dichroism
(ECD) curve with those predicted using TDDFT theory. On
the basis of geometrical considerations, four possible isomers
were conceivable: 4S,6S,8S,26S, 4S,6S,8S,26R, 4R,6R,8R,26S,
and 4R,6R,8R,26R.
The 4S,6S,8S absolute configuration of the bicyclic [3.3.1]

nonane ring, was assigned by the similarity of the experimental
and calculated spectra at the cam-B3LY/6-31G** level in
MeOH (Figure 2). However, this method was not able to
clearly discriminate between the 26R and 26S configurations,
since the calculated spectra for the 4S,6S,8S,26S and
4S,6S,8S,26R epimers are very similar.
Therefore, the structure of kielmeyeracin (1) was established

as shown in Figure 3b.
Phytochemical investigation of the EtOAc fraction, i.e., the

second most active fraction of K. variabilis branches, resulted in
the identification of nine xanthones: 3,6-dihydroxy-1,4,8-
trimethoxyxanthone (6), 3,5-dihydroxy-4-methoxyxanthone
(7),24 3,4-dihydroxy-6,8-dimethoxyxanthone (8),25 3,4-dihy-
droxy-2-methoxyxanthone (9),26 5-hydroxy-1,3-dimethoxyxan-
thone (10),25,26 4-hydroxy-2,3-dimethoxyxanthone (11),27,28

kielcorin (12),26 3-hydroxy-2-methoxyxanthone (13),29 and 2-
hydroxy-1-methoxyxanthone (14).30 Although these xanthones
were previously isolated from the genus Kielmeyera, no studies
on the antimicrobial action of these compounds exist. Kielcorin
is the only xanthone that has been previously reported for the
species K. variabilis.5,6 The amount of xanthones 6, 7, and 8
obtained here permitted their testing and identification in a
mixture. 1D and 2D NMR techniques, ESIMS, and comparison
with literature data enabled the identification of all of the
xanthones. The Supporting Information shows the NMR and
MS data.
Microbial infections stimulate higher plants to synthesize

xanthones related to phytoalexins via a passive defense system.
Natural xanthones are potent MRSA inhibitors,31 and
prenylated xanthones show the highest antimicrobial activ-
ity.32,33

The antimicrobial potential of the isolated oxygenated
xanthones was evaluated against the same panel of S. aureus
strains (Table 4).
The xanthones displayed moderate to weak antibacterial

action. Xanthone 9 had the highest activity: MICs varied
between 16 and 64 mg/L. The most pronounced activity was
observed against the most resistant strain, EMRSA-16. Among
the pure tested compounds, xanthone 9 is the only one bearing

Figure 1. Key correlations observed in the HMBC NMR spectrum of
compound 1.

Figure 2. Comparison of experimental and calculated (weighted) ECD
spectra of 1 for the two stereoisomers 4S,6S,8S,26S, 4S,6S,8S,26R. The
calculations were performed with TDDFT at the cam-B3LY/6-31G**
level in MeOH.

Figure 3. Key correlations observed in the NOESY NMR spectra of
compound 1 (a) and absolute configuration of the bicyclic [3.3.1]
nonane ring determined by ECD (b).

Journal of Natural Products Article

DOI: 10.1021/acs.jnatprod.5b00858
J. Nat. Prod. 2016, 79, 470−476

472

218

http://pubs.acs.org/doi/suppl/10.1021/acs.jnatprod.5b00858/suppl_file/np5b00858_si_001.pdf
http://dx.doi.org/10.1021/acs.jnatprod.5b00858


a catechol group in the structure. In the present work, the
activity of oxygenated xanthones was lower than the activities
reported for some prenylated xanthones. Indeed, the prenyl
groups can serve as modulators of lipid affinity and cellular
bioavailability. The presence of a nonpolar group enhances
membrane permeability, which accounts for the higher
antimicrobial potential of prenylated xanthones32,33 as
compared with the oxygenated xanthones investigated in this
study.

The bioassay-guided fractionation applied in this study led to
the isolation of the new compound kielmeyeracin (1), which
displayed strong antibacterial activity against methicillin-
resistant S. aureus strains. This compound exhibited activity
similar to or higher than the activity of the control norfloxacin,
mainly against EMRSA-16. K. variabilis Mart. proved to have a
high antimicrobial potential, which correlated with the use of
this plant in folk medicine. Isolation of the bioactive compound
makes both this molecule and the plant of interest for further
studies on the mechanism of anti-MRSA action and for future
in vivo investigations.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotation was

measured on a PerkinElmer polarimeter (model 341) equipped with
a sodium lamp (589 nm) and a 10 cm microcell. UV spectra were
obtained on a Shimadzu UV-1800 instrument. The ECD spectra were
recorded in MeOH with a Chirascan spectrometer. NMR spectra of
compound 1 were recorded on a Bruker 600 Avance II NMR
spectrometer (Bruker, Bellerica, MA, USA) in pyridine-d5 (298 K), at
600 and 150 MHz for 1H and 13C NMR, respectively. 1D and 2D
NMR spectra of xanthones and steroids were recorded on a Varian
INOVA 500 (11.7 T) spectrometer with TMS as the internal standard.
The HRESIMS of compound 1 was performed on a Bruker UPLC
system (Dionex 3000) coupled to a Bruker (micrOTOF II) time-of-
flight mass spectrometer, equipped with an electrospray interface
(ESI). A Bruker Daltonics utrOTOFQ with ESI operating in the
positive and negative mode was used to confirm the molecular weight
of the xanthones. A Varian ProStar chromatography system with diode
array detector was employed to profile the extracts. A Varian ProStar
chromatography unit operating at λ = 254 nm was used to accomplish
the preparative isolation. The following columns were employed: a
Phenomenex Luna Phenyl-Hexyl and a Phenomenex Luna C18 column
(5 μm, 250 × 4.6 mm, analytical), a Phenomenex Luna Phenyl-Hexyl
preparative column (10 μm, 250 × 21.2 mm), and a preparative
Phenomenex C18 column (10 μm, 250 × 21.2 mm). The mixtures of
steroids were analyzed by gas chromatography coupled to a mass
detector (GC-MS) with split injector 20:1; the injected volume was 1
μL. The injector temperature was 280 °C, and the temperature of the
interface was 300 °C. The initial column temperature was 50 °C, held
for 3 min, which was followed by a temperature rise to 295 °C at 2
°C/min. The temperature was kept at 295 °C for an additional 20 min.
The total run time was 145.5 min. Helium was employed as the carrier
gas at an average linear velocity of 1 mL/min. The ionization mode
was electron ionization (EI) in the positive mode with an impact
energy of 70 eV. The identities of the isolated compounds were
confirmed by comparing 1H and 13C NMR signals with literature
values and high-resolution MS data (Supporting Information).

Plant Material. The leaves and branches of K. variabilis were
collected in Fazenda Campininha in Mogi-Guacu̧,́ state of Saõ Paulo,
Brazil, in January 2007. The plant was identified by Dr. Ineŝ Cordeiro
(IBt-SMA). A voucher specimen (SP 346310) was deposited in the
herbarium “Maria E. P. Kauffman” of the Botanic Institute of Saõ
Paulo, state of Saõ Paulo, Brazil.

Extraction. Air-dried and ground leaves and branches were
exhaustively extracted by maceration with EtOH at room temperature
separately. After filtration, the solvent was evaporated at low

Table 2. In Vitro Antibacterial Activity (MIC in mg/L) of Subfractions and Compounds Isolated from the n-Hexane Fraction of
K. variabilis Branches against Different S. aureus Strains

fraction and compounds SA-1199B XU212 ATCC 25923 RN4220 EMRSA-15 EMRSA-16

Fr1 2 0.5 1 0.5 1 0.5
1 2 0.25 1 0.25 1 0.5
2 + 3 >512 >512 >512 >512 >512 >512
2 + 3 + 4 >512 >512 >512 >512 >512 >512
norfloxacin 32 8 0.5 0.5 0.5 128

Table 3. NMR Spectroscopic Data (600 MHz, Pyridine-d5)
for Compound 1

position δC, type δH (J in Hz) HMBC

1 199.7, C
2 114.7, C
3 195.5, C
4 64.7, C
5 39.5, CH2 a: 2.26 dd (14.3, 10.4) 3, 4, 6, 14, 19

b: 2.12 overlapped
6 48.6, CH 1.41 m
7 49.2, C
8 69.5, C
9 209.4, C
10 203.7, C
11 41.7, CH2 a: 3.27 m 10, 13

b: 3.05 ddd (15.2, 8.9, 6.2) 10, 13
12 19.4, CH2 a: 1.71 m 10, 11, 13

b: 1.78 m 10, 11, 13
13 14.5, CH3 0.95 t (7.5) 11, 12
14 29.4, CH2 a: 2.80 dd (14.6, 6.8) 3, 4, 5, 9, 15, 16

b: 2.89 dd (14.6, 8.0) 3, 4, 5, 9, 15, 16
15 121.2, CH 5.64 br t 14, 17, 18
16 134.7, C
17 26.7, CH3 1.74 s 15, 16, 18
18 18.3, CH3 1.67 s 15, 16, 17
19 29.7, CH2 a: 1.88 br

b: 2.10 overlapped
20 124.3, CH 4.93 br t 19, 22, 23
21 133.5, C
22 26.5, CH3 1.69 s 20, 21, 23
23 18.3, CH3 1.55 s 20, 21, 22
24 25.4, CH3 1.20 s 7, 8, 25
25 22.6, CH3 1.37 s 7, 8
26 38.7, CH 3.29 m 1, 8, 9, 27, 28, 31
27 39.9, CH2 2.34 br 31
28 37.3, CH2 a: 2.01 br

b: 1.81 m
29 22.7, CH2 a: 1.52 m 28, 30

b: 1.43 m 28, 30
30 15.2, CH3 0.94 t (7.5) 28, 29
31 174.1, C
32 52.0, OCH3 3.65 s 31
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temperature (<40 °C) under reduced pressure, to yield a thick syrup.
The EtOH extracts were dispersed in MeOH/H2O (4:1) and
successively partitioned with n-hexane, EtOAc, and n-BuOH. Samples
of the EtOH extracts, the n-hexane, EtOAc, and n-BuOH fractions, and
the lyophilized aqueous MeOH fractions were further used in the
antimicrobial tests.
Isolation of the Compounds in the n-Hexane Fraction of K.

variabilis Branches. The n-hexane fraction (1.0 g) was subjected to a
Sephadex LH-20 column, eluted with a gradient of n-hexane/CHCl3
from 90:10, v/v, to 0:100, v/v, followed by isocratic elution with
CHCl3/MeOH (50:50, v/v). The fractions were analyzed by analytical
TLC and grouped into seven subfractions (Fr1−Fr7); part of fraction
Fr1 (740 mg) was purified on a silica gel column using a gradient of n-
hexane/EtOAc (100:0 to 0:100, v/v) and EtOAc/MeOH (100:0 to
0:100, v/v). Fractions were grouped on the basis of the TLC profile, to
give 17 subfractions (Fr1.1−Fr1.17). Subfraction Fr1.8 (222.7 mg)
was repurified by solid-phase extraction (SPE) on silica gel; a gradient
system of n-hexane/EtOAc (0:100 to 100:0, v/v) as eluent yielded
four subfractions (Fr1.8.1−Fr1.8.4). Part of subfraction Fr1.8.1 (50
mg) was subjected to preparative TLC with n-hexane/EtOAc (95:5, v/
v) as eluent, which afforded compound 1 (23.5 mg). The other part of
subfraction Fr1.8.1 (172.7 mg) was purified by preparative HPLC on a
C18 column with an isocratic solvent system of MeCN/H2O (97:3, v/
v), which also yielded compound 1 (28.3 mg). Purification of fraction
Fr1.10 (48.3 mg) by normal-phase PTLC with n-hexane/EtOAc
(90:10, v/v) as eluent gave four subfractions (Fr1.10.1−Fr1.10.4).
Subfraction Fr1.10.3 (26.6 mg) was subjected to normal-phase PTLC
again using CHCl3/MeOH (99:1, v/v) as eluent. This procedure
afforded six subfractions (Fr1.10.3.1−Fr1.10.3.6). Fr1.10.3.2 (11.9 mg)
consisted of a mixture of compounds 2 and 3. Subfraction Fr1.11 (17.9
mg) was also subjected to normal-phase PTLC with n-hexane/EtOAc
(85:15, v/v) as eluent, to give four subfractions (Fr1.11.1−Fr1.11.4).
Fr1.11.2 (6.9 mg) comprised a mixture of compounds 2, 3, and 4.
Purification of Fr6 by normal-phase PTLC with n-hexane/EtOAc

(30:70, v/v) as eluent resulted in 10 subfractions (Fr1.6.1−Fr1.6.10).
Subfraction Fr1.6.4 (1.0 mg) was identified as compound 5.

Isolation of the Xanthones in the EtOAc Fraction of K.
variabilis Branches. The ethyl acetate fraction was subjected to
HPLC separation. The compounds were purified on a preparative
column (Phenomenex C18 column, 10 μm, 250 × 21.2 mm; flow rate
of 1 mL/min, 80 min), eluted with MeOH/H2O (50:50, v/v) + 0.1%
HOAc, to yield 12 fractions (Fr1−Fr12). All fractions were analyzed
by 1D and 2D NMR and MS. Fraction Fr1 (23.7 mg) consisted of a
mixture of three compounds identified as compounds 6, 7, and 8. Fr3
(25.6 mg), Fr5 (50.1 mg), Fr7 (30.2 mg), and Fr11 (30.4 mg) were
pure and comprised compounds 9, 10, 11, and 12, respectively.
Fraction Fr9 (26.7 mg) was repurified by semipreparative HPLC
(Phenomenex Luna Phenyl-Hexyl column; 10 μm, 250 × 21.2 mm;
flow rate of 12 mL/min, 60 min) eluted with MeOH/H2O (50:50, v/
v) + 0.1% HOAc, to afford compounds 13 and 14.

Kielmeyeracin (1): yellow oil; [α]25D −70 (c 0.1, MeOH); UV
(MeOH) λmax (log ε) 201 (4.20), 284 (4.15); ECD (c = 0.5 mM;
MeOH) λ max (Δε) 214 (0.78); 225 sh (−0.35); 248 (−1.75); 265 sh
(0.35); 293 (2.39); 320 (−2.06); 1H NMR (pyridine-d5, 600 MHz)
and 13C NMR (pyridine-d5, 150 MHz), see Table 3; ESIMS (positive)
m/z 529.3547 [M + H]+ (calcd for C32H49O6, 529.3537).

Antibacterial Activity Testing. Bacterial Strains. The suscept-
ibility test involved the standard S. aureus reference strain ATCC
25923 and the clinical MRSA isolate XU212 bearing the TetK efflux
pump, obtained from Dr. E. Udo.9 The MsrA macrolide-resistant
strain RN4220 was provided by Dr. J. Cove.10 Strain SA-1199B, which
overexpresses the NorA MDR efflux pump, was a gift from Prof. Glenn
Kaatz.11 The strains EMRSA-1512 and EMRSA-1613 were supplied by
Dr. Paul Stapleton.

Minimum Inhibitory Concentration (MIC). To determine the MIC,
the strains were first cultured on nutrient agar (Oxoid) and incubated
for 24 h at 37 °C. An inoculum density of 1 × 106 cfu/mL of each S.
aureus strain was prepared in normal saline (9 g/L) by comparison
with a 0.5 MacFarland turbidity standard and appropriate dilution. The
positive control antimicrobial agent norfloxacin (Sigma-Aldrich
Chemical Co. LLC) and the samples were dissolved in DMSO and
diluted in cation-adjusted Mueller-Hinton broth (MHB) to give a
starting concentration of 1024 mg/L. With the aid of Nunc 96-well
microtiter plates, 125 μL of MHB was dispensed into wells 1−11.
Then, 125 μL of the test compound or the appropriate antibiotic was
dispensed into well 1 and serially diluted across the plate, leaving well
11 empty as a growth control. The remaining volume from well 10 was
dispensed into well 12, which served as the sterility control for the
prepared samples. Finally, the bacterial inoculum (125 μL) was added
to wells 1−11, and the plate was incubated at 37 °C for 18 h. A DMSO
control was also included. For MIC determination, 20 μL of a 5 mg/
mL MeOH solution of 3-[4,5-dimethylthiazol-2 yl]-2,5-diphenylte-
trazolium bromide (MTT; Sigma) was added to each of the wells and
incubated for 20 min. A color change from yellow to dark blue
indicated bacterial growth. The lowest concentration at which no
growth was observed was determined as the MIC.11 Mueller-Hinton
broth (Oxoid) was adjusted to contain Ca2+ at 20 mg/L and Mg2+ at
10 mg/L.

Minimum Bactericidal Concentration (MBC). Sample preparation
followed the same protocol used for the MIC assays, and the samples
were added to the same inoculum density of the SA-1199B strain. The

Table 4. In Vitro Antibacterial Activity (MIC in mg/L) of Xanthones Isolated from K. variabilis

compounds SA-1199B XU212 ATCC 25923 RN4220 EMRSA-15 EMRSA-16

6 + 7 + 8 64 64 128 64 128 32
9 32 32−16 64 32 64 16
10 128−64 >512 128 >512 >512 64
11 128−64 128 128 >512 >512 64
12 >512 >512 >512 >512 >512 >512
13 64 64 64 64 64 32
14 64 128 64 64 64 32
norfloxacin 32 8 0.5 0.5 0.5 128

Figure 4. Chemical structure of xanthones 6−14.
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96-well plates were incubated at 37 °C for 24 h. After incubation, 10
μL of each solution at different concentrations of the tested compound
was transferred to Petri dishes containing drug-free culture medium
(Mueller-Hinton agar). The Petri plates were then incubated for a
further 24 h. MBC was obtained by observing the growth of colonies
in Petri dishes after 24 h of incubation; ≥99.9% reduction in the
number of bacterial cells as compared with the starting inoculum was
considered as the bactericidal end point. MBC values equivalent to or
exhibiting no more that a 2-fold difference from the MIC of the agent
indicated a bactericidal drug. An MBC value 8-fold higher than the
MIC indicated a bacteriostatic drug.
Computational Methods. Conformational analysis of 1 was

performed with Schrödinger MacroModel 9.8 (Schrödinger, LLC,
New York) employing the OPLS2005 (optimized potential for liquid
simulations) force field in H2O. Ten conformers within a 2 kcal/mol
energy window from the global minimum were selected for
geometrical optimization and energy calculation applying DFT with
the Becke’s nonlocal three-parameter exchange and correlation
functional and the Lee−Yang−Parr correlation functional level
(B3LYP) using the B3LYP/6-31 G** basis set in the gas phase with
the Gaussian 09 program package.14 Vibrational evaluation was done
at the same level to confirm minima. Excitation energy (denoted by
wavelength in nm), rotator strength dipole velocity (Rvel), and dipole
length (Rlen) were calculated in MeOH by TD-DFT/CAM-B3LYP/6-
31G**, using the SCRF method, with the CPCM model. ECD curves
were obtained on the basis of rotator strengths with a half-band of 0.3
eV using SpecDis v1.61.15 ECD spectra were calculated from the
spectra of individual conformers according to their contribution
calculated by Boltzmann weighting.
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1. Introduction

Plectranthus is the largest genus of the Lamiaceae and is
represented by approximately 350 species, mostly occurring in
Africa, India, Japan, Malaysia and Australia. Fifty-three of these
species occur abundantly in South Africa (Van Jaarsveld, 2006).
Several species are used as traditional medicine in South Africa for
the treatment of various conditions ranging from coughs, wounds,
gastrointestinal disorders, skin infections and for pain (Hutchings
et al., 1996; Lukhoba et al., 2006). Plectranthus is considered
paraphyletic as all Plectranthus species have a common ancestor
but the genus does not include all the descendants of the shared
ancestor (Potgieter et al., 2009). Plectranthus differs from the other
members of the Lamiaceae as the two lipped corolla has exerted
stamens attached to its throat, the bracts are smaller than the
leaves and the 5-toothed calyx enlarges after fertilisation (Van
Jaarsveld, 2006). The infrageneric taxonomy of Plectranthus

remains challenging due to the lack of well-defined morphological
characters. As a result of taxonomic ambiguity, numerous species
have been incorrectly placed in closely related genera such as
Coleus, Solenostemon and Englerastrum (Lukhoba et al., 2006).
Furthermore, species previously assigned to Plectranthus now form

part of the distant genus Isodon (Paton et al., 2004). In a project to
study the chemistry of this interesting genus, we conducted a
phytochemical investigation of Plectranthus venteri van Jaarsv. &
L. Hankey, a narrow endemic to the Sekukuniland region of South
Africa, which was only discovered in 1997. In order to justify the
traditional uses against infectious diseases, we also focused on the
antibacterial activities of the compounds isolated from this plant.
Purified compounds were evaluated in a bacterial plasmid transfer
inhibition assay with plasmids harbouring antibiotic-resistance
genes. The rationale for this was that a reduction in plasmid
transfer could result not only in a reduction of antibiotic resistance
in a bacterial population, but also contribute to a reduction of
virulence of a selected bacterial species.

2. Results and discussion

Compound 1 was isolated as an orange oil and HRQTOFESIMS
gave an m/z at 257.1012 [M+H]+, which indicated that its
molecular formula was C12H16O6. The 1H NMR spectrum (Figure 1,
supporting information) was very simple, accounted for all 16
hydrogens and was reminiscent of a methoxylated acetophenone
(Parsons et al., 1994) (Fig. 1). An acetyl methyl group (dH2.66), four
methoxyl groups (dH 3.79, 3.84, 3.94 and 4.07) and a highly
deshielded hydrogen-bonded hydroxyl group (dH 13.23)
accounted for all positions of the aromatic acetophenone core.
Given that the hydroxyl group had to be ortho to the acetyl group
for maximal H-bonding with the carbonyl oxygen of the acetyl
group, the structure of the compound could readily be assigned as
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2-hydroxy-3,4,5,6-tetramethoxy-acetophenone. To confirm this
nomenclatural assignment, full 2-dimensional NMR spectral
analyses, including HMBC spectroscopy, were carried out to
unambiguously assign all 1H and 13C resonances (Figure 2,
supporting information). The acetyl methyl hydrogens (H3-8)
showed a 2J correlation to a carbonyl carbon (dc 204.5) and to an
aromatic quaternary carbon, to which this acetyl group was
directly attached (C-1, dC 110.4) (Fig. 2). The hydrogen-bonded
hydroxyl hydrogen correlated to C-2, C-1 and to an oxygen-
bearing aromatic quaternary carbon (C-3), which was also
coupled to by the hydrogens of a methoxyl group (H3-12). The
three remaining methoxyl groups each coupled to their respec-
tive aromatic oxygen-bearing quaternary carbons (C-4, C-5 and
C-6). Full assignment of the precise resonances of each methoxyl
was achieved by careful inspection of the NOESY spectrum.
Methoxyl H3-12 showed a correlation to H3-11, which coupled to
H3-10 which in turn coupled to H3-9. In combination with the
HSQC spectrum, we were therefore able to unambiguously assign
all of their respective 1H and 13C resonances (Table 1). Compound
1 was therefore assigned as 2-hydroxy-3,4,5,6-tetramethoxy-
acetophenone. This compound had previously been isolated as an
alkaline hydrolysis degradation product from two separate
studies from a polymethoxylated chromone conyzorigun from
Ageratum conyzoides (Adesogan and Okunade, 1978) and the
flavone 5,6,7,8,30,40,50-heptamethoxyflavone from Eupatorium

coelestinum (Le-Vam and Pham, 1979). Additionally, it was
isolated from the Liverwort Adelanthus decipens (Rycroft et al.,
1998). This is however, the first report of its full 13C NMR data.
This compound was previously synthesised using the micro-
wave-assisted technique in a study on the inhibitory effects on
melanogenesis by polymethoxylated acetophenones and poly-
methoxylated flavones (Tsukayama et al., 2007). The 1H NMR
data are in very close agreement with the natural and synthetic
compound. 1 was also synthesised as a precursor to the synthesis
of the Citrus polymethoxylated flavone nobiletin in a study of its
use as a stimulator of neuronal cell signalling by positron
emission tomography (Asakawa et al., 2011).

The 1H and 13C resonances for compound 2 (Table 1) were
highly similar to those of 1 with the exception of the absence of one
methoxyl group and the presence of an aromatic hydrogen (dH
6.21), again indicating a methoxylated acetophenone. HRQTOFE-
SIMS gave an m/z at 227.0920 [M+H]+, which indicated that its
molecular formula was C11H14O5. Signals in the 1H NMR spectrum
(Table 1 and Figure 3 (supporting information)) included a highly
deshielded hydrogen-bonded hydroxyl hydrogen (dH 13.49), an
aromatic hydrogen (dH 6.21), three methoxyl groups (dH 3.76, 3.86
and 3.97) and an acetyl methyl group (dH 2.63).

Inspection of the HMBC and 13C spectra (Fig. 2 and Figure 4
(supporting information)) allowed unambiguous assignment of all
resonances and again confirmed that compound 2, like compound
1, was a methoxylated acetophenone. The difference between the
two compounds was identified by an HMBC correlation from the
phenolic hydroxyl hydrogen to the carbon bearing an aromatic
hydrogen (dH 6.21), therefore fixing the position of the aromatic
hydrogen ortho to the hydroxyl group. Compound 2 was therefore
assigned as 2-hydroxy-4,5,6-trimethoxy-acetophenone and has
been previously isolated from Erigeron breviscapus (Chun et al.,
2003).

Both compounds were evaluated for their ability to inhibit
conjugal transfer of plasmid-mediated antibiotic resistance in
Escherichia coli. The compounds exhibited significant inhibitory
activities against the transfer of the IncW plasmid R7K with an 85%
and 87% reduction in the presence of 1 and 2, at a concentration of
100 mg/L, respectively. This activity was comparable to that of
linoleic acid, a known anti-conjugation agent for IncW plasmids
(Fernandez-Lopez et al., 2005). At 100 mg/L, linoleic acid gave a
92% reduction in the transfer of the R7K IncW plasmid. The activity
of 1 and 2 were found to be specific as they were poorly active
(with a 35% or below reduction) in limiting the transfer of the IncN
plasmid pKM101, the IncI2 plasmid TP114 and the IncP plasmid
pUB307. At a concentration of 10 mg/L, novobiocin significantly

Fig. 1. Structures and numbering for compounds 1 and 2.

Fig. 2. HMBC correlations for compounds 1 and 2.

Table 1
1H (500 MHz) and 13C (125 MHz) NMR spectral data and HMBC correlations of 1 and 2 recorded in CDCl3.

1 2

Position 1H 13C 2J 3J Position 1H 13C 2J 3J

1 – 110.4 1 – 108.4

2 – 154.7 2 – 161.9

3 – 136.7 3 6.21 96.1 C2, C4 C1, C5

4 – 151.6 4 – 160.1

5 – 138.0 5 134.7

6 – 153.8 6 – 155.3

7 – 204.5 7 – 203.6

8 2.66 32.6 C7 C1 8 2.63 32.2 C7 C1

9 4.07 61.6 C6 9 3.97 61.1 C5

10 3.79 61.5 C5 10 3.76 61.1 C4

11 3.94 61.3 C4 11 3.86 56.2 C3

12 3.84 61.2 C3 OH 13.49 C2 C1

OH 13.23 C2 C1, C3 – –
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inhibited the transfer of pKM101, TP114, pUB307 and R7K with an
81.7%, 83%, 72.5% and 99.4% reduction respectively. Whilst
novobiocin is known to eliminate various plasmids, its activity
is concentration dependent (Hooper et al., 1984). These results
indicate that the simple methoxylated acetophenone core is
worthy of further anti-plasmid investigation, particularly with
respect to the methoxyl substitution pattern and the number and
type of functional groups around the acetophenone nucleus.
Plectranthus is known for its medicinal value and there are previous
reports of antimicrobial activity of some species of Plectranthus

(Rijo et al., 2011; Awadh Ali et al., 2012) but according to our
knowledge this is the first report of plasmid inhibitory activity
from this genus.

The most frequently cited ethnobotanical uses of Plectranthus

species, which account for more than 85% of all reported uses, relates
to their medicinal properties (Lukhoba et al., 2006). Plectranthus

species have a profound biosynthetic capacity to produce diverse
phytochemicals from secondary cell metabolism, which are
predominantly diterpenoids and triterpenoids with confirmed
biological properties. These phytochemicals continue to be an
interesting source of new drugs, drug leads and new chemical
entities with Plectranthus being no exception. Extracts of Plec-

tranthus barbatus are used in slimming formulations due to its
reported fat breakdown stimulation (Lukhoba et al., 2006). Forskolin
isolated from P. barbatus, served as a prototype for the development
of more potent water-soluble compounds with selective activation
of adenylyl cyclase. The most potent water-soluble forskolin
derivative produced is 6-(3-dimethylaminopropionyl)-forskolin
hydrochloride. This forskolin derivative was the first clinically
available adenylyl cyclase activator used for post-operative
management of cardiac surgery patients (Paul et al., 2013).
Considering that Plectranthus species accumulate interesting
bioactive molecules and given their illustrious use in African
traditional medicine, a concerted effort is required to systematically
explore South African species which hitherto remain neglected.

3. Experimental

3.1. Extraction and isolation

The leaves of P. venteri were collected from Kirstenbosch
National Botanical Gardens (KBNBG) and Walter Sisulu National
Botanical Gardens (WSNBG) in July 2010. The samples were air-
dried at room temperature, milled (Retsch1 MM 400 ball mill,
Haan, Germany) to a fine powder and sieved (500 mm sieve,
Endecotts Ltd., London, United Kingdom) to obtain a homogenous
particle size. Each sample was placed in conical flask and extracted
with dichloromethane (CH2Cl2) (Fisher Scientific UK Ltd., Lough-
borough, United Kingdom). The mixture was sonicated for 10 min
at 25 8C (Sonorex Digital 10P, Bandelin ElectronicTM, Berlin,
Germany) and subsequently allowed to settle for 5 min. The
supernatant was removed and placed into round bottom flasks.
This procedure was repeated three times before drying the
combined extract with a rotary evaporator (Multivapor P-12,
Büchi Labortechnik AG�, Switzerland) at 40 8C and the extract was
stored at 2 8C.

5 g of P. venteri dichloromethane extract was subjected to silica
gel (Merck) VLC yielding 15 fractions. A stepwise gradient elution
procedure from 100% hexane to 100% ethyl acetate followed by
methanol 10% increments in ethyl acetate was used as mobile
phase. The fraction eluted with 80% hexane: 20% ethyl acetate was
concentrated under vacuum to yield 1425 mg of solid. This fraction
was then extracted with methanol to give a methanol soluble
portion and an insoluble residue. The methanol soluble portion
was subjected to p-TLC (toluene:ethyl acetate (9:1, v/v)) to give
28.4 mg of 1 (Rf value: 0.43) and 33.2 mg of 2 (Rf value: 0.52).

3.2. Structure elucidation

1D and 2D NMR spectra were recorded on a Bruker AVANCE
500 MHz spectrometer and processed using XWin NMR 3.5
software. Samples were dissolved in deuterated-chloroform,
which was also used as the internal solvent standard and
referenced to 7.26 ppm.

3.3. Exact mass measurement

Twenty mL of the sample in methanol was injected using a
Waters 1525 m Binary HPLC pump system connected to a Waters
Sample Manager Autosampler. An isocratic mode was utilised 50%
methanol–50% water 0.1% formic acid with the flow rate of 0.2 mL/
min. The capillary eluent was continuously directed into a Waters
LCT Premier XE. Exact mass measurements were carried out
automatically using the LCT Premier’s integral LockSpray dual-
electrospray source. The LockSpray dual-electrospray source was
operated in both positive- and negative-ion ESI mode with full MS
scans over 2 min time period of the direct infusion isocratic run.
The LCT Premier mass spectrometer was calibrated prior the
accurate mass measurement with sulfadimethoxine [M+H]+ with
m/z value of 311.0814 and leucine enkephalin [M]+, m/z value of
556.2771. The LCT Premier XE mass spectrometer was operated in
W-mode with the following parameters: the source capillary was
2300 V, sample cone 60 V, desolvation temperature 400 8C, source
temperature 80 8C, cone gas flow 50, and desolvation gas flow
450 8C. The analyser parameters were TOF flight tube 7200 V,
reflectron 1800 V, pusher voltage 895, MCP 1800.

3.4. Bacterial plasmid transfer inhibition assay

3.4.1. Materials and reagents

Amoxicillin, kanamycin sulphate, nalidixic acid, streptomycin,
novobiocin, linoleic acid and dimethyl sulfoxide were purchased
from Sigma–Aldrich (Poole, UK). MacConkey agar, Luria–Bertani
(LB) broth and phosphate buffered saline (PBS) were obtained from
Fisher Scientific UK Ltd.

3.4.2. Bacterial strains and plasmids

Plasmid-containing E. coli strain K12 J53 was used as the donor
and E. coli ER1793 (streptomycin-resistant) and E. coli JM109
(nalidixic-resistant) were recipients in the bacterial conjugation
assay. Conjugative transfer of plasmids pKM101 (IncN; ampicillin-
resistant), TP114 (IncI2; kanamycin-resistant), pUB307 (IncP;
ampicillin-, kanamycin- and tetracycline-resistant) and R7K
(IncW; ampicillin-, streptomycin- and spectinomycin-resistant),
which were obtained from Dr. Paul Stapleton, were evaluated.
Antimicrobial agents were used at the following concentrations to
select for the appropriate plasmid: kanamycin sulphate (20 mg/L),
amoxicillin (30 mg/L), streptomycin sulphate (20 mg/L) and
nalidixic acid (30 mg/L).

3.4.3. Bacterial plasmid conjugation assay

Both recipients E. coli ER1793 and JM109 and plasmid-
containing donor E. coli K12 J53 strains were incubated
separately overnight (16 h) at 37 8C in LB broth. Samples of
the overnight cultures were retained for colony-forming unit
(cfu/mL) determinations. Bacterial conjugation was performed as
described by Rice and Bonomo (2005) with slight modification
with equal volumes of the donor and recipient. Compounds were
evaluated for anti-conjugative activity at a concentration of
100 mg/L. Transconjugants (recipient cells carrying the donated
plasmid) and donor cells were identified by inoculating 100 mL of
serial dilutions of the overnight conjugation mixture on
appropriate antibiotic selective MacConkey agar plates. The
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transfer frequency was calculated as the ratio of total number of
transconjugants (cfu/mL) to the total number of donor (cfu/mL).
Novobiocin and linoleic acid were used as the positive controls.
All experiments were performed in triplicate and the mean
determined. The difference between the control transfer
frequency and the compounds were evaluated by Student’s t-
test. Values of p < 0.05 were statistically significant.

3.5. 2-Hydroxy-3,4,5,6-tetramethoxy-acetopheonone (1)

Orange oil; lmax (log e) 219 (3.91), 280 (3.82) nm; IR (film) nmax

2941, 1744, 1624, 1589, 1406, 1363, 1313, 1281, 1260, 1214, 1097,
1017, 988, 899, 849 cm�1; 1H NMR and 13C NMR (CDCl3): see
Table 1; HRTOFESIMS m/z 257.1012 [M+H]+ (Calcd for C12H17O6

257.1025).

3.6. 2-Hydroxy-4,5,6-trimethoxy-acetopheonone (2)

Orange oil; lmax (log e) 216 (4.01), 280 (4.03) nm; IR (film) nmax

2944, 1615, 1592, 1363, 1277, 1253, 1219, 1105, 1081, 1021, 997,
966, 930, 868, 824 cm�1; HRTOFESIMS m/z 227.0920 [M+H]+

(Calcd for C11H15O5 227.0919).
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ABSTRACT: The present investigation deals with the antibiotic
activity of eight natural guanidine alkaloids and two synthetic
analogues against a variety of clinically relevant methicillin-resistant
Staphylococcus aureus strains. Galegine (1) and pterogynidine (2)
were the most potent compounds, with a minimum inhibitory
concentration of 4 mg/L, to all tested strains. The preliminary
chemical features correlating to anti-MRSA activity showed that the
size of the side chain and the substitution pattern in the guanidine
core played a key role in the antibacterial activity of the imino
group. Guanidine alkaloids 1 and 2 are promising molecular models
for further synthetic derivatives and, thus, for medicinal chemistry studies.

When antimicrobials were made available for therapeutic
use over 60 years ago, they were considered miracle

drugs. However, their indiscriminate use and popularity have
contributed to the appearance of many resistant bacterial
strains, which has made antimicrobials progressively less
effective over the past decade. Infectious diseases caused by
methicillin-resistant Staphylococcus aureus (MRSA) currently
constitute a major public health concern in hospitals and
communities, and these bacteria have developed resistance to
the most commonly used antibiotics.1 Indeed, S. aureus has
acquired resistance to many classes of antibiotics including the
glycopeptide family (such as vancomycin and teicoplanin),
oxazolidinones (linezolid), and a combination of streptogra-
mins (quinupristin and dalfopristin).2 Therefore, developing
new classes of antibiotics to overcome the issue of drug
resistance is mandatory.3

Natural products remain a superb source of chemical
diversity and potential drugs. Thousands of natural products
have been isolated, some of which exhibit great antimicrobial
potential for medicinal use.4 Despite the potent antibacterial
activity of some plant secondary metabolites2 and the ability of
some of these compounds to modify the resistance associated
with MDR strains5 and efflux pumps,6 plants are still an
underexplored and underexploited source of antimicrobial
agents.
In our current research on biologically active natural

products from Brazilian biodiversity, we have screened extracts
obtained from many plant species collected mainly in the
Cerrado and the Atlantic Forest, two biomes in the State of Saõ
Paulo seriously threatened by extinction.7 Pterogyne nitens Tul.

(Fabaceae, Caesalpinioideae) is one of these species and is
catalogued in our database (NuBBEDB).

8

Pterogyne nitens is a native tree of South America and is
popularly known as “balsam”, “cocal”, “yvira-ro ́”, and
“amendoinzeiro”. It bears attractive flowers and fruits and,
therefore, has application as an ornamental plant.9 Although
scientists have not frequently reported the medicinal uses of
this species, the Paraguayan population has used aqueous
preparations from the stem bark of P. nitens to treat ascariasis.10

Our previous phytochemical studies on the leaves, flowers,
fruits, bark, and roots of P. nitens led to the isolation of
guanidine alkaloids, which are unusual in plants, as well as
flavones, flavonols, and terpenoids.11−15 Several articles have
reported that these guanidine alkaloids possess different
biological activities including cytotoxic, antimutagenic, anti-
angiogenic, pro-apoptotic, and antifungal actions.11,16−20 While
guanidine alkaloids belonging to marine sources display a broad
spectrum of actions,21 few studies have dealt with higher plants,
where these compounds rarely occur.
As part of the SisBiotaCNPq/FAPESP Biodiscovery and

CIBIFar Programs, which aim to search for new antibacterial
agents from the Brazilian flora, this investigation evaluated the
antibacterial activity of eight guanidine alkaloids from P. nitens
and two synthetic analogues using different multi-drug-resistant
strains.
In the present work, we tested a panel of Staphylococcus

aureus strains with clinical relevance, possessing different
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mechanisms of resistance. Among these, we tested strain SA-
1199B, a multi-drug-resistant strain that overexpresses the
NorA efflux pump22 and also possesses a gyrase-encoding gene
mutation that in addition to NorA confers a high level of
resistance to some fluoroquinolones;23 a macrolide-resistant
strain (RN4220);24 a clinical MRSA (XU212), resistant to
tetracycline bearing the TetK efflux pump;25 a standard
laboratory strain (ATCC25923);25 and the methicillin-resistant
strains EMRSA-1526 and EMRSA-16.27 All of the natural
guanidine alkaloids (1−8) and two synthetic analogues (9 and
10) were tested against the six S. aureus strains, and the
minimum inhibitory concentration (MIC) was determined for
the active alkaloids. All the guanidine alkaloids were tested at
concentrations ranging from 512 to 0.5 mg/L.

With the exception of alchorneine (8), which was inactive
(MIC > 512 mg/L), all of the natural alkaloids displayed
activity stronger than or similar to norfloxacin against S. aureus
SA-1199B, XU212, and EMRSA-16 strains. Galegine (1) and
pterogynidine (2) were the most potent compounds among the
investigated natural guanidines for all tested strains (Table 1).
Previous work with synthetic guanidines has shown the

antimicrobial potential of these compounds against drug-
resistant pathogens.28,29 Fair et al. showed that, by replacement
of hydroxyl or amine groups with guanidine groups, the
derivatives were superior binders of the bacterial ribosomal A-

site compared to their parent compounds, demonstrating a
potent effect.29 The guanidines are strong bases, and the
reactivity of this chemical group can be attributed to the
electron-donating nitrogen atoms that are present in a planar
structure, which can participate in well-defined directional
hydrogen bonds.
Due to the similarities of the structures of the tested

guanidine alkaloids, it was possible to suggest preliminary
chemical features that were correlated to anti-MRSA activity.
The most active compounds 1 and 2 possess one and two

prenyl groups, respectively, and showed the same MIC values
(4 mg/L) for all tested strains, but when the prenyl groups
were substituted by one or two geranyl groups, the activity
decreased (3, 4, and 6: MICs of 8−32 mg/L), being
independent of which position the group was introduced.
The same phenomenon was observed for compound 7, a cyclic
guanidine, and 5, which possesses two methyl substituents in
the guanidine core. Compounds 3−7 had poorer activity when
compared to the prenylated guanidines (1 and 2). Interestingly,
guanidine 8 (N-1,N-2,N-3-tri-isopentenylguanidine), the only
compound possessing at least one substituent on each nitrogen,
was the sole inactive compound.
This information showed that the size of the side chain and

the substitution pattern in the guanidine core appeared to play
a key role in the antibacterial activity. This may be attributed to
the fact that an increase in the size of the side chain decreased
the electron donation ability of the nitrogen. When three of the
nitrogen atoms in the guanidine core were substituted (e.g., 8),
the steric effects could affect the reactivity and binding of these
molecules. This spatial shielding effect makes potential
interactions more difficult and less likely. The steric effect
means that it would be more difficult to get close enough to
allow attack by the lone pair of the nitrogen or to form
hydrogen bonds.
The side chains can also serve as modulators of lipid affinity

and, therefore, cellular bioavailability; so when the size or
number of side chains is increased, this enhances the membrane
permeability but may result in poorer aqueous solubility,
leading to a loss of activity.23

To confirm the importance of the imino group in the
antimicrobial activity of the guanidines, we tested two
analogues of nitensidine A that were synthesized by replacing
the imino nitrogen atom in nitensidine A by sulfur (nitensidine
AT) and oxygen (nitensidine AU). The antimicrobial activity of
nitensidine A was reduced by replacing the imino nitrogen by
sulfur (S), and the activity was extinguished when the imino
group was substituted by oxygen (O). These results confirmed
the requirement of the imino nitrogen atom for antibacterial
activity. Nitensidine AU (10) did not show activity (MIC > 512
mg/L); however the oxygen atom can also participate in
hydrogen bonds, and while they can contribute to the activity,
they are not crucial. On the other hand, the basicity of the
imino nitrogen in the guanidine core seems to play a key role in
the antimicrobial activity.
The steric effect was not high for galegine (1) and

pterogynidine (2), demonstrating that one or two prenyl
groups did not interfere in the interaction of the imino group
and were optimal in this study in terms of lipophilicity and
could explain the noteworthy activity of 1 and 2. These
compounds were 8 times more potent than norfloxacin against
the multi-drug-resistant strain that overexpresses the NorA
efflux transporter (SA-1199B) and 32 times more potent than
norfloxacin against the most resistant strain, EMRSA-16.
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In a previous study by Regasini et al., on the cytotoxicity of
guanidine alkaloids, a larger number of prenyl groups elicited
more potent activity.11 The authors found that 7 was the most
active alkaloid against a number of cell lines; compounds 1, 2,
and 6 were inactive against all of the human tested cell lines.11

On the basis of this information, we concluded that toxicity
against bacteria was selective and that compounds 1 and 2,
which did not harm tested human cell lines in a previous study,
were the most active against prokaryotic cells.
The minimum bactericidal concentration (MBC) assays were

conducted on the most active alkaloidsgalegine (1) and
pterogynidine (2)to verify whether they possessed a
bactericidal or bacteriostatic effect. Ten microliters of sample
from the wells of a plate used to determine the MIC values of
compounds 1−7 against SA-1199B was removed where no
growth was observed (i.e., the MIC and above) and plated out
onto drug-free media. After 24 h incubation, no growth was
observed at the MIC or higher, indicating that the compound
had killed the organism, rather than just inhibiting its growth,
suggesting that these agents had bactericidal activities; the MIC
and MBC values were 4 mg/L.
Guanidine alkaloids from P. nitens displayed antibacterial

activity against multi-drug-resistant strains (MRSA). Galegine
and pterogynidine were effective against different strains,
mainly SA-1199B and MRSA-16, which were resistant to the
standard drug norfloxacin. Therefore, guanidine alkaloids 1 and
2 are promising hits for further medicinal chemistry
investigations to synthesize anti-MRSA drug leads. Further
studies on these bactericidal compounds are necessary to
determine the mechanism of action involved in the activity
against MRSA.

■ EXPERIMENTAL SECTION
Plant Material. Leaves and branches of Pterogyne nitens Tul.,

Fabaceae, were collected from the Botanic Garden of Saõ Paulo (Saõ
Paulo, Brazil) by Dr. Maria C. M. Young in May 2003 and January
2005, respectively, and identified by Dr. Ineŝ Cordeiro (IBt-SMA).
Two voucher specimens (SP203419 and SP204319b) were deposited
at the State Herbarium “Maria Eneida Kaufmann” of the Institute of
Botany (Saõ Paulo, Brazil).
Test Compounds. The extraction, isolation, and the physico-

chemical and spectroscopy data of the guanidine alkaloids 1−8 from
leaves and stem branches of P. nitens Tul. have been previously
described by Regasini and co-workers.11,17 The synthesis, purification,
and identification of nitensidines AT (9) and AU (10) were previously
reported by Tajima et al.30

Bacterial Strains. A standard S. aureus susceptibility testing
reference strain (ATCC 25923) and a clinical MRSA isolate (XU212)
bearing the TetK efflux pump were obtained from Dr. E. Udo.25 Strain

RN4220, which is resistant to the macrolide erythromycin, was
provided by Dr. J. Cove.24 EMRSA-1526 and EMRSA-1627 were
provided by Dr. Paul Stapleton. Strain SA-1199B, which overexpresses
the NorA MDR efflux pump, was the gift of Prof. Glenn W. Kaatz.23

Minimum Inhibitory Concentration. All of the strains were
cultured on nutrient agar (Oxoid) and incubated for 24 h at 37 °C
prior to MIC determination. An inoculum density of 1 × 106 cfu/mL
of each S. aureus strain was prepared in normal saline (9 g/L) by
comparison with a 0.5 MacFarland turbidity standard and appropriate
dilution. Norfloxacin and the samples were dissolved in DMSO and
diluted in cation-adjusted Mueller-Hinton broth (MHB) to give a
starting concentration of 1024 μg/L. Using Nunc 96-well microtiter
plates, 125 μL of MHB was dispensed into wells 1−11. Then, 125 μL
of the test compound or the appropriate antibiotic was dispensed into
well 1 and serially diluted across the plate, leaving well 11 empty for
growth control. The final volume was dispensed into well 12, which
was free of MHB or inoculum and served as the sterile control. Finally,
the bacterial inoculum (125 μL) was added to wells 1−11, and the
plate was incubated at 37 °C for 18 h. A DMSO control was also
included. For MIC determination, 20 μL of a 5 mg/mL methanol
solution of 3-[4,5-dimethylthiazol-2 yl]-2,5-diphenyltetrazolium bro-
mide (MTT; Sigma) was added to each of the wells and incubated for
20 min. A color change from yellow to dark blue indicated bacterial
growth. The MIC was recorded as the lowest concentration at which
no growth was observed.22 Norfloxacin was used as positive control
and was purchased from Sigma Chemical Co. Mueller-Hinton broth
(Oxoid) was adjusted to contain 20 mg/L Ca2+ and 10 mg/L Mg2+.

Minimum Bactericidal Concentration. The samples were
prepared using the same protocol that was employed for the MIC
assays and were added to the same inoculum density of the SA-1199B
strain. The 96-well plates were incubated at 37 °C for 24 h. After
incubation 10 μL of each solution at different concentrations of the
tested compound were transferred to Petri dishes containing the
corresponding drug-free culture medium (Mueller-Hinton agar). The
Petri plates were then incubated for a further 24 h. The MBC was
obtained by observing the growth of colonies on Petri dishes after 24 h
of incubation; an observed 99.9% reduction in bacterial cell numbers
from the starting inoculum was considered as the bactericidal end
point. MBC values equivalent to or exhibiting no more than a 2-fold
difference from the MIC of the agent would indicate a bactericidal
drug. An MBC value of 8-fold or higher than the MIC would indicate a
bacteriostatic drug.

■ ASSOCIATED CONTENT

*S Supporting Information
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Table 1. In Vitro Antibacterial Activity (MIC in mg/L and μM) of Guanidine Alkaloids 1−8 from Pterogyne nitens and the
Synthetic Analogues 9 and 10 against Staphylococcus aureus Strains

compound SA-1199B RN4220 XU212 ATCC25943 EMRSA-15 EMRSA-16

1 4/31.4 4/31.4 4/31.4 4/31.4 4/31.4 4/31.4
2 4/20.5 4/20.5 4/20.5 4/20.5 4/20.5 4/20.5
3 32/96.5 16/48.3 8/24.1 16/48.3 32−16/96.5−48.3 16−8/48.3−24.1
4 32/96.5 16/48.3 8/24.1 16/48.3 32/96.5 8/24.1
5 32/89.0 16/44.5 8/22.2 16/44.5 32/89.0 8/22.2
6 32/163.8 16/81.9 8/40.9 16/81.9 16/81.9 8/40.9
7 32/165.6 16/82.8 8/41.4 32−16/165.6−82.8 32/165.6 16−8/82.8−41.4
8 >512 >512 >512 >512 >512 >512
9 128/367.5 128/367.5 128/367.5 128/367.5 >512 64−32/183.8−91.9
10 >512 >512 >512 >512 >512 >512
norfloxacin 32/100.2 0.5/1.6 8/25.1 0.5/1.6 0.5/1.6 128/400.8
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ABSTRACT: Bacterial biofilms are organized communities of
microorganisms, embedded in a self-produced matrix, growing
on a biotic surface and resistant to many antimicrobial agents
when associated with a medical device. These biofilms require
the development of new strategies for the prevention and
treatment of infectious disease, including the potential use of
natural products. One interesting natural product example is
Hypericum, a plant genus that contains species known to have
antimicrobial properties. The major constituent of Hypericum perforatum is an unstable compound named hyperforin (1); for this
reason it was not believed to play a significant role in the pharmacological effects. In this investigation a hydrogenated hyperforin
analogue (2) was tested on several ATCC and clinical isolate strains, in their planktonic and biofilm form (Staphylococcus aureus,
MRSA, and Enterococcus faecalis). Compound 2 was effective against planktonic and biofilm cultures, probably due to higher
stability, showing the percentage of cells killed in the range from 45% to 52%. These results are noteworthy from the point of
view of future development of these polyprenylated phloroglucinols as potential antibiotics.

Despite significant progress made in microbiology and the
control of microorganisms, sporadic incidents of

epidemics due to drug-resistant microorganisms represent an
enormous threat to global public health. In recent years, the use
of medical implants such as catheters, pacemakers, prosthetic
heart valves, and joint replacements has increased dramatically.
These devices can become colonized by microorganisms that
form a biofilm consisting of a mono- or multilayer of cells
embedded within a matrix of extracellular polymeric materi-
al.1−7 Release of microorganisms from the biofilm may initiate
an acute disseminated infection. Implant-associated infections
are difficult to resolve, because biofilm microorganisms are
resistant to both host defense mechanisms and antibiotic
therapy.1,2,6 Bacterial biofilms have received increasing
attention over the past decade,1,7 and a number of model
systems have been devised for studying the colonization of
various solid surfaces by bacteria. In vitro investigations with
pathogenic bacteria have shown that biofilm bacteria have a
substantially reduced sensitivity to clinically important anti-
biotics compared with cells of the same organism in the
dispersed form.2 Although the majority of implant infections
are caused by Gram-positive bacteria, notably staphylococci,
infections due to Gram-negative bacteria and fungi tend to be
more serious.3 New drugs are needed to combat these
pathogens. Antimicrobial compounds of plant origin have
enormous therapeutic potential, not only because they mitigate
infectious diseases but since they may also lack adverse side
effects associated with antimicrobial agents. One interesting

example is Hypericum, a plant genus that biosynthesizes
secondary metabolites known to have antimicrobial properties.8

St. John’s Wort (Hypericum perforatum L.) (Hypericaceae)
extracts have been used in European folk medicine for centuries
in a variety of indications, including skin injuries and burns. A
petroleum ether extract of the aerial parts of H. perforatum was
reported to be active against Gram-positive bacteria.9 A major
constituent of lipophilic extracts of H. perforatum is the
prenylated acylphloroglucinol hyperforin, accompanied by 10%
of its homologue adhyperforin and a number of oxidized
acylphloroglucinols derived from the parent compounds.10 In
fact, hyperforin is unstable, in particular when exposed to light
and air since the enolized β-dicarbonyl system and the prenyl
groups are involved readily in oxidative reactions.10,11 For this
reason, hyperforin was not believed to play a significant role in
the pharmacological effects of the extracts. However, it was
recently shown that the extraction of the plant material under
controlled conditions results in extracts containing 1−5%
hyperforin, which can be maintained, if appropriately stored, for
prolonged periods.12 An H. perforatum extract obtained by
supercritical extraction of the dried herb with carbon dioxide
contains a much higher proportion of hyperforin (more than
20%), which does not deteriorate even after prolonged storage.
From such an extract, pure hyperforin can be isolated through
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previous treatment with dicyclohexylamine and crystallization
of the dicyclohexylamonium salt (DCHA) salt (1). In this salt
form, hyperforin demonstrates good stability so that biological
assays can be readily performed. Additionally, a slight increase
in water solubility is also observed.13−16a,b

Hyperforin can be hydrogenated in quantitative yields to give
the corresponding octahydro derivative (2). This shows an
increase in lipophilicity and a considerably higher stability due
to the absence of the double bonds.

Compounds 1 and 2 were tested for inhibition of bacterial
growth and biofilm formation against a panel of clinically
relevant pathogens, comprising the American Type Culture
Collection (ATCC) strains Staphylococcus aureus ATCC 29213,
methicillin-resistant Staphylococcus aureus ATCC 43300
(MRSA), Enterococcus faecalis ATCC 29212, and Escherichia
coli ATCC 25922, and a clinical isolate of methicillin-resistant
Staphylococcus aureus (Staphylococcus aureus Ig5). Growth
inhibitory properties against planktonic strains were tested for
the ability to prevent biofilm formation. Minimum biofilm
inhibitory concentration (MBIC), which represents the lowest
concentration of an antimicrobial agent resulting in no
detectable biofilm growth, was determined against biofilms
formed on 96-well microtiter plates using the XTT reduction
assay. Reduction of the tetrazolium salt (XTT) is a commonly
used method for determining microbial cell viability. It
measures metabolic activity and requires the addition of an
electron coupling reagent. The viability of all strains was
decreased by octahydrohyperforin DCHA salt (2) in the
biofilm assay compared to the untreated control. Interestingly,
for hyperforin DCHA salt (1) there was no significant
difference in the reduction of XTT in biofilm cells.
Compounds 1 and 2 demonstrated antimicrobial activity

against the Gram-positive bacteria tested (S. aureus, MRSA, E.
faecalis), but not against the Gram-negative bacterium (E. coli),
in agreement with previous studies.17 The minimum inhibitory
concentration (MIC) was defined as the lowest concentration
of antimicrobial agent that inhibited visible bacterial growth
after overnight incubation. The MIC values of 2 were 4-fold
higher than those for 1 for all sensitive strains tested, as
reported in Table 1. The MIC values obtained for 1 were
comparable to the results obtained by other investigators.17

Five percent (v/v) DMSO and ethanol were used in the
dilution of the drugs and did not show any antimicrobial
activity against the planktonic bacteria (data not shown). Each
experiment was performed in triplicate.
Antimicrobial activity testing for biofilm was evaluated in a

96-well plate assay, as described above, and the results are
shown in Table 2 and in Figures 1 and 2. The converted
amount of XTT is a measure of the metabolic activity of the
microorganisms in the biofilm. In Table 2, the efficacy of
compounds 1 and 2 is expressed as a percentage reduction of

the microorganisms in the biofilm as compared to an untreated
biofilm. In this assay, PEG-200 was used as alternative solvent
for 2 to promote its passage through the matrix of the biofilm.
The results showed that for strains S. aureus ATCC 29213 and
E. faecalis ATCC 29212 a percentage reduction of 52% at 150
μg/mL and a percentage reduction of 45% at 37.5 μg/mL were
observed. S. aureus ATCC 43300 showed a reduction of 47% at
37.5 μg/mL, and the isolated strain S. aureus Ig5 (MRSA) was
reduced to 45% at 150 μg/mL. Despite the fact that S. aureus
Ig5 (a clinical isolate of MRSA) and S. aureus ATCC 43300
(MRSA) showed the same MIC value of 4 μg/mL, their MBIC

Table 1. Minimum Inhibitory Concentration (MIC) Results
of Compounds 1 and 2 and Norfloxacin (Nor) against
Bacterial Strains Tested in Suspension

MIC (μg/mL)

bacterial strain 1 2 Nor

S. aureus ATCC 29213 1 4 2
S. aureus ATCC 25923 1 4 2
S. aureus ATCC 43300 1 4 4
S. aureus EMRSA-15 2 0.5
S. aureus SA1199B 2 4 32
S. aureus XU212 0.5 1 4
S. aureus RN4220 1 1
S. aureus Ig5 1 4 2
E. faecalis ATCC 29212 1 4 4
E. coli ATCC 25922 Ra Ra 0.12

aR = resistant.

Table 2. Minimum Biofilm Inhibitory Concentration
(MBIC) Results in μg/mL and Percentage Reduction of
Microbial Cell Viability of Octahydrohyperforin DCHA and
Hyperforin DCHA against Bacterial Strains Tested in
Biofilms

1 2

MBIC MBIC

bacterial strain μg/mL % μg/mL %

S. aureus ATCC 29213 25 45 150 52
S. aureus ATCC 43300 25 21 37.5 47
E. faecalis ATCC 29212 25 34 37.5 45
S. aureus Ig5 25 33 37.5 52

Figure 1. Metabolic activities of biofilms exposed to different
concentrations of compound 1. Metabolic activity is expressed as
the optical density of treated biofilms compared to that for untreated
biofilms (control).
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values were different. To obtain the same percentage reduction
for S. aureus Ig5, it was necessary to increase the concentration
of 2 four times. These results clearly showed that clinical
isolates, such as S. aureus Ig5, are less sensitive compared to
their ATCC counterpart strains.
Compound 1, at the highest test concentration used of 25

μg/mL, showed moderate activity for S. aureus ATCC 29213,
with a 45% reduction, and demonstrated low activity for the
other strains, with the lowest percentage reduction being 50%.
The MIC values of 1 and 2 were similar and in the range 0.5−4
μg/mL (Table 1). Notably, the reduction of the prenyl side
chains of hyperforin gave only a moderate increase in MIC and
only a slight reduction of biological activity, which is somewhat
surprising given the difference in chemical reactivity between
the two compounds. Of clinical interest, both compounds
displayed good potency against the tetracycline-resistant S.
aureus strain (XU212), which is also a MRSA strain.
The direct antibacterial activities of compounds 1 and 2 are

noteworthy, particularly given that they were found active
toward multidrug-effluxing and MRSA strains at low MIC
values (Table 1). Once stability issues are resolved, it is entirely
plausible that these agents could be formulated into topical
products to facilitate in the decolonization of mupirocin- or
fusidic acid-resistant MRSA strains, which continues to be a
pressing clinical issue.
The activities of 1 and 2 against biofilms also may be

advantageous. Biofilms are especially problematic since they
exhibit increased resistance to antibiotics. Using a variety of
mechanisms, bacteria in biofilms can be 10 to 1000 times more
resistant than their planktonic counterparts.18 Along with the
reduced antibiotic penetration in biofilms, these exopolysac-
charide structures limit oxygen and nutrient diffusion and allow
for the development of persister cells within the matrix, which
results in slow- or nongrowing bacteria that reduce the
antibacterial effects of many antibiotics.19 Due to the high
failure rate of commonly used antibiotics, it is reasonable to
consider alternative treatments, and this study offers evidence
that a natural compound can be a feasible candidate.
The aim of this study was to assess the antimicrobial efficacy

of 1 and 2 against common microorganisms involved in
infectious diseases and to determine the antimicrobial activity
against planktonic and biofilm cells. In fact, previous
investigations have demonstrated the efficacy of Hypericum
constituents against S. aureus ATCC and MRSA biofilms.20 In

the present study, the XTT assay was performed to evaluate
biofilm formation by four strains. The XTT assay indirectly
measures microbial activity; it is reduced by dehydrogenase
enzymes, present in the electron transport system, to a water-
soluble formazan dye. The XTT assay shows an excellent
correlation with other biofilm susceptibility methods, such as
the AlamarBlue assay and viable counts, and offers the benefits
of simplicity, relative cost, compatibility, and, most importantly,
high reproducibility and a lack of toxicity.
As shown in Table 3, compound 1 was more effective against

planktonic cells compared to 2, with the MIC value of 1 being

4-fold greater than that of 2. In clinical terms, 1 may have use
for the treatment of Gram-positive bacterial infections, but it
showed only weak utility to treat biofilm-associated infections.
When cells were grown as surface-attached biofilms in order to
mimic a device-related infection, 1 lacked the ability to inhibit
cells within the biofilms. This may suggest that this agent,
although effective against bacteria in suspension, for example in
bloodstream infections, may not be the most suitable substance
for treating biofilm-mediated device-related infections. These
observations are probably related to the facile degradation of
hyperforin in oxygenated conditions and correlate with insights
made in the traditional uses of Hypericum to treat topical
infections.
Compound 2 was effective against planktonic and biofilm

cultures, probably due to its higher stability than 1. In biofilms
treated with 2, the percentage of cells killed ranged from 45%
to 52%. The obtained results suggested that this compound
may be used in the development of an antibiofilm drug. This is
noteworthy from the point of view of the potential develop-
ment of polyprenylated phloroglucinols as antibiotics. Octahy-
drohyperforin 2 is readly obtainable by hydrogenation of a
crude H. perforatum lipophilic extract without the need to
isolate the parent compound (hyperforin, 1). The stability of
octahydrohyperforin to oxygen, light, and temperature also
indicates that this agent could have topical utility.

■ EXPERIMENTAL SECTION
Test Compounds. Hyperforin DCHA (1) was a generous gift

from Indena SpA, Milan, Italy. Octahydrohyperforin DCHA (2) was
obtained from 1 as reported in L. Verotta et al.21 Compound purity
was >95% (Indena Drug Master File).

Bacterial Strains and Culture Conditions. The bacteria used in
this study were Staphylococcus aureus ATCC 29213, Staphylococcus

Figure 2. Metabolic activities of biofilms exposed to different
concentrations of compound 2. Metabolic activity is expressed as
the optical density of treated biofilms compared to that for untreated
biofilms (control).

Table 3. Minimum Inhibitory Concentration (MIC) Results
in μg/mL against Bacterial Strains in Suspension and
Minimum Biofilm Inhibitory Concentration (MBIC) Results
in μg/mL and Percentage Reduction of Microbial Cell
Viability of Compounds 1 and 2 against Bacterial Strains
Tested in Biofilms

1 2

MIC MBIC MIC MBIC

bacterial strain
μg/
mL

μg/
mL %

μg/
mL μg/mL %

S. aureus ATCC 29213 1 25 45 4 150 52
S. aureus ATCC 43300 1 25 21 4 37.5 47
E. faecalis ATCC 29212 1 25 34 4 37.5 45
S. aureus Ig5 1 25 33 4 37.5 52
E. coli ATCC 25922 Ra R
aR = resistant.
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aureus ATCC 43300, Enterococcus faecalis ATCC 29212, and
Staphylococcus aureus Ig5 (clinical MRSA isolate). A standard S. aureus
strain (ATCC 25923) and a clinical isolate (XU212), which possesses
the TetK efflux pump and is also a MRSA strain, were obtained from
Dr. E. Udo.22 Strain RN4220, which has the MsrA macrolide efflux
pump, was provided by Dr. J. H. Cove.23 EMRSA-1524 was obtained
from Dr. P. Stapleton, UCL School of Pharmacy. Strain SA1199B,
which overexpresses the NorA MDR efflux pump, was a gift of
Professor G. W. Kaatz.25 Norfloxacin was obtained from Sigma
Chemical Co. Mueller-Hinton broth (MHB; Oxoid) was adjusted to
contain 20 mg/L Ca2+ and 10 mg/L Mg2+. All the strains were stored
at −70 °C in nutrient broth (Muller-Hinton II broth, MHBII, Becton
Dickinson, France) containing 15% glycerol, until used. Cultures were
grown on MHBII from 100 μL of frozen culture and incubated
aerobically for approximately 4 h at 37 °C.
Antibacterial Agents. Compound 1 was freshly prepared in

dimethyl sulfoxide (DMSO) and diluted in CaMHB before use, and 2
was dissolved in absolute ethanol for planktonic susceptibility tests and
in sterile polyethylene glycol-200 for biofilm susceptibility tests.
Planktonic Susceptibility Testing. The minimum inhibitory

concentration was determined for each strain in planktonic culture
according to the Clinical and Laboratory Standards Institute (CLSI,
M7-A6, 2003) as previously reported.26 Serial 2-fold dilutions of 1 and
2 were prepared in 96-well microtiter plates with concentrations
ranging, respectively, from 16 to 0.25 μg/mL and from 256 to 0.25 μg/
mL. CaMHB was used to perform all dilutions. To ensure that the
solvents themselves had no antibacterial activity, a control test was
carried out by using them at their maximum concentration in the
medium. S. aureus ATCC 25953 was included as a control strain in
each test, and all results were within the published data.17 All MIC
tests were performed in triplicate.
Minimum Inhibitory Concentration Assay Determination.

Overnight cultures of each strain were made up in 0.9% saline to an
inoculum density of 5 × 105 colony-forming units (cfu) by comparison
with a MacFarland standard. Norfloxacin was dissolved in DMSO and
then diluted in MHB to give a starting concentration of 512 μg/mL.
Using Nunc 96-well microtiter plates, 125 μL of MHB was dispensed
into wells 1−11. Then, 125 μL of the test compound or the
appropriate antibiotic was dispensed into well 1 and serially diluted
across the plate, leaving well 11 empty for the growth control. The
final volume was dispensed into well 12, which being free of MHB or
inoculum served as the sterile control. Finally, the bacterial inoculum
(125 μL) was added to wells 1−11, and the plate was incubated at 37
°C for 18 h. A DMSO control (3.125%) was also included. All MICs
were determined in duplicate. The MIC was determined as the lowest
concentration at which no growth was observed. A methanol solution
(5 mg/mL) of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliium
bromide (MTT; Lancaster, UK) was used to detect bacterial growth
by a color change from yellow to blue.
Culturing of Biofilms. Biofilms were developed according to the

method of Stepanovic ́ et al.,27 with some minor modifications. Strains
were streaked from frozen cultures and grown overnight at 37 °C on a
Tryptic soy agar plate with 2% glucose.27 A number of colonies were
suspended in Tryptic soy broth (TSB, Merck KGaA, Germany) with
2% glucose to a density of approximately 105 cfu/mL. Briefly, 200 μL
of each bacterial suspension was transferred in a 96-well, flat-bottom,
tissue culture-treated microtiter plate (IWAKI, Tokio, Japan), to
promote biofilm formation; the plates were incubated aerobically on a
horizontal shaker for 4 h at 37 °C. After the suspension was gently
drawn off and replaced by sterile medium, the plate was incubated for
24 h at 37 °C to obtain mature biofilms.28 Each strain was tested in
triplicate.
Treatment with Antimicrobial Compound. Following incuba-

tion, the plate was rinsed twice with phosphate-buffered saline (PBS)
to remove loosely attached planktonic cells, and a serial dilution of the
antimicrobial compound was added to each well. TSB with 2% glucose
was used to perform all dilutions. Compound 1 was tested at a
concentration ranging from 150 to 18.7 μg/mL, while 2 was evaluated
from 25 to 6.25 μg/mL. Biofilms were incubated for 18 h at 37 °C on

a horizontal shaker, and control antibiotic-free biofilms were included
in each experiment.

Quantification of Viable Cells in a Biofilm Using the XTT
Assay. The XTT assay was used to quantify the number of viable cells
in each of the wells following antimicrobial compound treatment in
comparison with biofilms formed in the presence of TSB (control).
This method has been used extensively for the quantification of viable
bacterial cells in a biofilm.29 It measures the reduction of a tetrazolium
salt (2,3-bis[2-methoxyloxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-
carboxanilide, Sigma-Aldrich, St. Louis, MO, USA) by metabolically
active cells to a colored, water-soluble formazan derivative that can be
easily quantified colorimetrically. Briefly, an XTT solution (1 mg/mL)
was prepared in PBS and sterilized through a 0.22 μm pore size filter.
Menadione solution (Fluka, Newport News, VA, USA) (0.4 mM) was
prepared in DMSO before each assay. Following antimicrobial
compound exposure, the plate was rinsed with PBS to remove loosely
attached cells and dried in an inverted position at 37 °C for 20 min,
and then 180 μL of PBS and 20 μL of the XTT−menadione solution
(12.5 times the volume of the XTT solution was mixed with 1 volume
of the menadione solution) were added to each well. The plate was
incubated for 2 h at 37 °C on a horizontal shaker in the dark.30

Reduction of XTT (oxidative activity) was then measured at 492 nm
using a Perkin-Elmer Wallac Victor3 microplate reader.
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Flavonoid glycosides from the stem bark of
Margaritaria discoidea demonstrate antibacterial
and free radical scavenging activities

Edmund Ekuadzi,1 Rita Dickson,1 Theophilus Fleischer,2 Kofi Annan,2 Dominik Pistorius,3
Lukas Oberer4 and Simon Gibbons5*
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University of Science and Technology, Kumasi, Ghana
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One new flavonoid glycoside, along with three known flavonoid glycosides were isolated from the stem bark of
Margaritaria discoidea, which is traditionally used in the management of wounds and skin infections in Ghana.
The new flavonoid glycoside was elucidated as hydroxygenkwanin-8-C-[α-rhamnopyranosyl-(1→ 6)]-β-
glucopyranoside (1) on the basis of spectroscopic analysis. The isolated compounds demonstrated free-radical
scavenging as well as some level of antibacterial activities. Microorganisms including Staphylococcus aureus
are implicated in inhibiting or delaying wound healing. Therefore, any agent capable of reducing or eliminating
the microbial load present in a wound as well as decreasing the levels of reactive oxygen species may facilitate the
healing process. These findings therefore provide some support to the ethnopharmacological usage of the plant
in the management of wounds. Copyright © 2013 John Wiley & Sons, Ltd.

Keywords: Margaritaria discoidea; flavonoid glycosides; margadiscoside; fagovatin; antibacterial activities; antioxidant activities.

INTRODUCTION

Margaritaria discoidea (Baill.)G.L.Webster (Euphorbiaceae),
previously referred to as Phyllanthus discoideus, is a tree that
finds use in ethnomedicine as a treatment against wounds and
infectious skin diseases (Abbiw, 1990; Irvine, 1961). Earlier
phytochemical investigations have shown the presence of
eight Securinega alkaloids (Fehler, 2000; Mensah et al., 1988;
Weenen et al., 1990) and betulinic acid (Calixto et al., 1998).
In an earlier work, we reported the antibacterial, antioxidant
and anti-inflammatory activities of the 70%ethanol extract
of the M. discoidea leaves and stem bark (Dickson et al.,
2010). Here, we identify and characterize the compounds
that may be contributing to the biological activities
observed in our earlier study. The isolation, structure
elucidation, antioxidant and antibacterial activities of
one new flavone glycoside (1) along with three known
flavonoid glycosides (2, 3 and 4) are reported herein for
the first time in this species. The structure of compound
1 was established using NMR spectroscopy, IR, UV and
MS data (Fig. 1).
Extracts of Margaritaria discoidea are well known as

wound healing remedies in Ghana. The presence of these
compounds may contribute in part to the wound healing
benefits derived from the plant when used traditionally.

MATERIALS AND METHODS

General experimental procedures. NMR spectra were
recorded on a Bruker AV-III-600 spectrometer equipped
with a 1.7mm TXI cryoprobe. The mass spectra were
performed by ESI in positive-ion mode using an LTQ
Orbitrap XL mass spectrometer (ThermoScientific). IR
spectra were measured as a solid film with a Bruker
Hyperion 2000 FTIR microscope connected to a Vertex
70 spectrometer. Flash chromatography was carried out
on RediSep Rf normal phase disposable columns. Prep
LC/MS was carried out on an Agilent Technologies 1200
series Chromatograph fitted with an Agilent 1100 series
LC/MSD quadrupole mass spectrometer.

Plant material. The stem bark of M. discoidea was
collected from Kente in the Amansie Central District
in June 2009. A voucher specimen (KNUST/HM1/2010/
S003) has been deposited at the Department of Pharma-
cognosy Herbarium.

Extraction and isolation of compounds. The dried pow-
dered stem bark (2.5kg) was successively Soxhlet-extracted
using petroleum ether (50.50g), EtOAc (208.75g) and 70%
EtOH (386.25g). The resulting extracts were evaporated
on a rotary evaporator under reduced pressure at a temper-
ature of less than 40 °C. 20g of the 70% EtOH extract was
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subjected to silica gel FlashChromatography (≤4bar) using
a ternary gradient consisting of C6H14, EtOAc and MeOH
startingwith nonpolar conditions and gradually of increasing

polarities to yield fractions A (0.07g), B (1.06g), C (3.72g),
D (2.89 g) and E (3.66 g). Fraction D was subjected to
prep-LC/MS using a SunFire C-18 Optimal Bed Density
column (150 × 30mm; 5μm particle diameter; Waters)
with a flow rate of 60mL/min and a mobile phase of
H2O and MeCN, each containing 0.1% HCOOH, with
a linear gradient from 10% to 30% MeCN in 15min to
yield fractions D1 (58.20mg), D2 (18.05mg) and D3
(9.30mg). Fraction D3 afforded pure compound 2
(9.30mg; 0.0072%w/w). Further fractionation of D1
and D2 on a Luna Phenyl-Hexyl column (150 × 21mm;
5μm particle diameter; Phenomenex) with a flow rate
of 24mL/min and a mobile phase of H2O and MeCN,
each containing 0.1% HCOOH, with a linear gradient
from 15% to 40% MeCN in 15min yielded compounds
3 (7.50mg; 0.0058%w/w), 4 (7.88mg; 0.0061%w/w) and
1 (1.42mg; 0.0011% w/w), respectively.

Bioactivity of isolated compounds. Broth microdilution
assay. Minimal inhibitory concentration values of the
compounds were determined based on a brothmicro-well
dilutionmethod (Eloff, 1998). The iocula ofmicroorganisms
were prepared from12-h broth cultures, and serial dilutions
were made to achieve a suspension of approximately
105CFU/mL. Growth of the microorganisms was deter-
mined by adding 20μL of a 5% solution of tetrazolium
salt and incubating for a further 30minutes. Amoxycillin
was included as the positive control. All experiments
were carried out in triplicate.

Free radical scavenging activity (DPPH method). The
isolated compounds were compared to n-propyl gallate
(in methanol), and the DPPH method (Blois, 1958)
was used. A 20mg/L solution of DPPH in methanol
was prepared, and 3mL of this solution was added to
1mL each of the test compounds at 1, 0.5, 0.1 and
0.05mg/mL in methanol. After 3min, the absorbance
was measured at 517 nm using a T90+ UV/VIS
Spectrometer (PG Instruments Limited). 1mL of methanol
was added to 3.0mL DPPH solution which served as a
negative control. All experiments were carried out in
triplicate. Inhibition of radical scavenging was calculated
according to the following equation:

% DPPH scavenging activity ¼ A0 �A1ð Þ=A0½ � x 100

with A0 being the absorbance of the control, and A1, the
absorbance in the presence of the test sample. Data were
presented as %DPPH scavenging effect against concen-
tration and the IC50 determined.

RESULTS AND DISCUSSION

Compound 1 was obtained as a yellow amorphous solid.
Its IR spectrum exhibited absorption bands for an α, β-
unsaturated ketonic functional group (1652 and
1607 cm�1) and hydroxyl groups (3381 cm�1). The UV
spectrum of 1 in methanol displayed two major
absorption peaks at 245.4 (with a shoulder) and
346.2 nm +indicative of a flavone natural product with

Figure 1. Selected COSY (bold faced bonds) and HMBC (arrows)
correlations of compound 1.

Table 1. Antibacterial activity of isolated compounds

Microorganisms

MIC (μg/mL)

1 2 3 4

Gram-positive
Bacillus subtilis NCTC 10073 500 500 >500 >500
Staphylococcus aureus
ATCC 25923

500 500 >500 >500

Gram-negative
Proteus vulgaris NCTC 4635 500 500 500 500
Pseudomonas aeruginosa
ATCC 27853

500 500 >500 >500

All experimentswere carried out in triplicates.MIC readings for all wells
were the same. 200μg/mL of amoxicillin served as positive control.
MIC readings for all wells of the same compound were identical.

Table 2. IC50 values (μg/mL) for free radical scavenging activity
of the isolated compounds

Compounds IC50 DPPH (μg/mL)

1 17.45
2 20.34
3 68.94
4 24.88
n-Propyl gallate 7.983

All experiments were carried out in triplicates. n-Propylgallate
served as positive control.
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a 3′,4′- or a 3′,4′,5′-oxygenation pattern in the B-ring
(Mabry et al., 1970). The high-resolution MS signal at
m/z 609.18140 [M+H]+, in combination with the ob-
served isotopic intensities was indicative for a molecular
formula of C28H32O15.
The 1H and 13C NMR spectra of 11 showed duplica-

tion of signals revealing two rotamers which slowly
interconverted via rotation about the C-glycosidic
bond (Lewis et al., 2000). The 1H NMR spectrum of 1
showed signals at δH 6.83 (d), 7.42 (s) and 7.45 (d)
assignable to H-5′, H-2′ and H-6′, respectively,
confirming that ring B was a 3′,4′-oxygenated phenyl
moiety. A singlet at δH 3.85 indicated the presence of
one methoxy group which was assignable to position
7. The 1H NMR spectrum also showed a signal at δH
6.70 that was characteristic for the H-3 resonance of
a flavone. A broad singlet at δH 13.55 was due to the
5-OH group which formed a hydrogen bond with the
carbonyl group at C-4 of the flavone. The 1H NMR
spectrum also showed the presence of sugar moieties
in 1 with two anomeric proton signals at δH 4.58
(d, J =9.9Hz) and δH 4.51 (d, J= 4.8Hz). The signal at
δH 4.51 together with a methyl resonance at δH 1.15
(3H, d, 6.2Hz) were both typical of a rhamnopyranosyl
residue (Yahara et al., 2000).

The HMBC spectrum of 1 showed 2 J and 3 J correla-
tions between the anomeric proton of Glc, H-1#x02BA;
(δH 4.58) and C-8 (δC 104.6/104.0) and C-7 (δC164.8/
163.6), confirming C-8 as the position of the C-glycosidic
linkage. Thus, the singlet at δH6.78/6.80was unambiguously
assigned to H-6. The site of substitution of the additional
α-rhamnosemoiety was confirmed to be the 6ʺ-OH of the
Glc moiety which was β-linked to the flavone aglycone.
This was further confirmed by HMBC correlations
between H-1‴ (δH 4.51) and C-6#x02BA; (66.59/66.57).
On the basis of the above evidence, the flavonoid
glycoside was characterized as hydroxygenkwanin-8-C-
[α-rhamnopyranosyl-(1→6)]-β-glucopyranosideand trivially
called margadiscoside.

Theknowncompounds, genkwanin-6-C-[α-rhamnopyranosyl-
(1→6)]-β-glucopyranoside (2) (Qasim et al., 1987), kaempferol-
3-O-α-rhamnopyranosyl-(1→ 2)-β-glucopyranoside-7-O-
α-rhamnopyranoside (3) (Mulinacciet al., 1995)andkaempferol-
3-O-α-rhamnopyranosyl-(1→2)-[α-rhamnopyranosyl-(1→6)]-
β-glucopyranoside-7-O-α-rhamnopyranoside (4) (Kite et al.,
2007) are reported for the first time in this species. Also
being reported for the first time are the full 13CNMRdata
of compound 2.

The antibacterial activity of compounds 1–4 is shown in
Table 1. All of the test compounds exhibited weak

Table 3. 1H and 13C NMR chemical shifts of compounds 1 and 2 (in DMSO-d6, 600 MHz)

Carbon no.

1 2

Chemical shifts
(ppm) 1H NMR

Chemical shifts
(ppm) 13C NMR

Chemical shifts
(ppm) 1H NMR

Chemical shifts
(ppm) 13C NMR

2 - 164.3; 164.1 - 165.5; 164.0
3 6.70 102.5 6.88 (s); 6.86 (s) 103.4
4 - 182.0; 181.7 - 182.5; 182.0
5 - 160.3; 159.5 - 159.5; 160.5
6 6.78; 6.80 91.0; 90.1 - 110.0
7 - 164.8; 163.6 - 165.3; 164.0
8 - 109.5; 109.4 6.85 (s); 6.84 (s) 91.0; 92.0
9 - 156.8; 156.6 - 156.8; 157.0
10 - 107.0 - 104.0; 104.5
C-1′ - 104.6; 104.1 - 121.0
C-2′ 7.42 112.8 7.98 (d, 7.3Hz) 129.0
C-3′ - 146.1 6.95 (d, 8.8Hz) 116.0
C-4′ - 156.8 - 161.7
C-5′ 6.83 115.8 6.95 (d, 8.8Hz) 116.0
C-6′ 7.45 119.4 7.98 (d, 7.3Hz) 129.0

8-C-Glc 6-C-Glc
C- 1″ 4.58 (d, 9.9Hz); 4.60 (d, 9.9Hz) 72.9 4.58 (d, 9.9Hz); 4.60 (d, 9.9Hz) 73.0; 72.5
C- 2″ 3.97 (t, 8.8, 8. 8Hz); 4.17 (t, 8.8, 8.8Hz) 70.2 3.97 (t, 8.8, 8. 8Hz); 4.17 (t, 8.8, 8.8Hz) 70. 2
C- 3″ 3.20 (m); 3.22 (m) 70.7 3.20 (m); 3.22 (m) 79.5
C- 4″ 3.10 (m); 3.05 (m) 70.6 3.10 (m); 3.05 (m) 71.0
C- 5″ 3.17 (m); 3.15 (m) 78.9; 78.8 3.17 (m); 3.15 (m) 81.0
C- 6″ 3.88 (m); 3.30 (m) 66.6; 66.6 3.88 (m); 3.30 (m) 68.0

O-Rha-״6 O-Rha-״6
C – 1 4.51(d, 4.8Hz) 100.6; 100.3 4.51(d, 4.8Hz) 101.5
C – 2 3.73 (m) 71.9 3.73 (m) 70.0
C – 3 3.35 (m) 79.9 3.35 (m) 79.5
C – 4 3.14 (m) 70.5 3.14 (m) 70.8
C – 5 3.56 (d, 5.5Hz) 70.2 3.56 (d, 5.5Hz) 69.0
C – 6 1.12 (d, 6.2Hz) 1.09 (d, 5.9Hz) 17.9 1.12 (d, 6.2Hz) 1.09 (d, 5.9Hz) 18.2
7-OCH3 3.85 (s); 3.90 (s) 56.5; 56.3 3.88 (s); 3.90 (s) 57.0
5-OH 13.55 - 13.48 -
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antibacterial activities with their minimum MIC values
being 500μg/mL. Even though the antibacterial activity is
not high, the results could be said to be interesting as the
various compounds isolatedmay be said to be contributing
individually to the antibacterial effects observed. In the
free radical scavenging assay using DPPH, the flavonoid
glycosides displayed predictably intense effects (Table 2).
Flavonoids have been reported to exhibit free radical
scavenging properties (Pietta, 2000). The wound healing
process may be hampered by microbial infection and
oxygen free radicals leading to the formation of chronic
non-healing ulcers (Houghton et al., 2005). For the
isolated compounds to have shown antibacterial and
antioxidant activities, they may reduce the possibility of
this happening. Thus, the antibacterial and antioxidant
properties of the isolated compounds, however mild,
may be contributing in part to the wound healing effects
of the plant. The presence of betulinic acid and the
alkaloids, securinine and phyllantidine, which have been
isolated from the ethyl acetate fraction of the plant, was
reported in literature to possess antibacterial, antioxi-
dant and anti-inflammatory effects (Nguemfo et al.,
2009; Fulda et al., 1999; Schuhly et al., 1999; Wachter
et al., 1999, Nick et al., 1995; Mensah et al., 1990 &
1988). These may also be contributing to the wound
healing effects of the plant as observed in folk medicine
in Ghana.

Hydroxygenkwanin-8-C-[α-rhamnopyranosyl (1→ 6)]-
β-glucopyranoside (1)

Yellow amorphous compound, UV: λmax (MeOH) 245.4
(with a shoulder) and 346.2 nm. IR: νmax 1652 and 1607
(α, β-unsaturated ketonic function) and hydroxyls 3381
(O–H) cm�1. 1H and 13C NMR data: Table 3.

Genkwanin-6-C-[α-rhamnopyranosyl (1→ 6)]-β-
glucopyranoside (2)

Brown amorphous compound, UV: λmax (MeOH) 270.7
and 337.3 nm. IR: νmax 1652 and 1608 (α, β-unsaturated
ketonic function) and hydroxyls 3393 (O–H) cm�1

.
1H

and 13C NMR data: Table 3.
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Juan David Guzman,1,2 Dimitrios Evangelopoulos,1 Antima Gupta,1 Jose M. Prieto,2
Simon Gibbons2* and Sanjib Bhakta1*
1Mycobacteria Research Laboratory, Department of Biological Sciences, Institute of Structural and Molecular Biology, Birkbeck,
University of London, Malet Street, London WC1E 7HX, UK
2Department of Pharmaceutical and Biological Chemistry, UCL School of Pharmacy, 29-39 Brunswick Square, London WC1N 1AX, UK

The n-hexane extract of Lovage root was found to significantly inhibit the growth of both Mycobacterium
smegmatis mc2155 and Mycobacterium bovis BCG, and therefore a bioassay-guided isolation strategy was
undertaken. (Z)-Ligustilide, (Z)-3-butylidenephthalide, (E)-3-butylidenephthalide, 3-butylphthalide,a-prethapsenol,
falcarindiol, levistolide A, psoralen and bergapten were isolated by chromatographic techniques, characterized by
NMR spectroscopy and MS, and evaluated for their growth inhibition activity against Mycobacterium tuberculosis
H37Rv using the whole-cell phenotypic spot culture growth inhibition assay (SPOTi). Cytotoxicity against RAW
264.7 murine macrophage cells was employed for assessing their degree of selectivity. Falcarindiol was the most
potent compound with a minimum inhibitory concentration (MIC) value of 20 mg/L against the virulent H37Rv
strain; however, it was found to be cytotoxic with a half-growth inhibitory concentration (GIC50) in the same order
of magnitude (SI< 1). Interestingly the sesquiterpene alcohol a-prethapsenol was found to inhibit the growth of the
pathogenic mycobacteria with an MIC value of 60 mg/L, being more specific towards mycobacteria than mammalian
cells (SI~2). Colony forming unit analysis at different concentrations of this phytochemical showedmycobacteriostatic
mode of action. Copyright © 2012 John Wiley & Sons, Ltd.

Keywords: Ligusticum officinale Koch; Lovage; tuberculosis; cytotoxicity; a-prethapsenol.

INTRODUCTION

More than 8.5 million new cases of tuberculosis (TB)
and 1.1 million deaths were estimated globally in 2010
according to the World Health Organization report
(WHO, 2011). TB remains a global health emergency
for several reasons, namely the appearance of multi-drug
and extensively drug-resistant strains (M/XDR-TB), and
immunosuppression-associated HIV/AIDS epidemic.
Novel, safer and more effective drugs with no interaction
with antiretroviral therapies are required for treating
drug-resistant strains. Moreover, there are no specific
drugs designed for treating latent TB. The TB Alliance
sponsorship is putting a huge effort towards bringing a
complete pipeline of anti-TB drugs; however, more
research in early stages of drug discovery is necessary to
fuel the pipeline. Natural products are an outstanding
source of bioactive chemical scaffoldswhich can potentially
lead to novel therapeutics for a wide array of diseases
(Newman and Cragg, 2012). Several interesting anti-
mycobacterials have been isolated from natural sources
such as hirsutellones, manzamines or saringosterol
24-epimers and many other classes (Guzman et al., 2012).
Large anti-TB bioprospecting screening programmes are

currently in progress, and there is a renewed interest in
natural sources for finding novel antimycobacterials
(Ashforth et al., 2010).

The genus Ligusticum belongs to the Apiaceae plant
family, a large and economically important group of
herbaceous plants commonly used in traditional
medicine in America, Europe and Asia. The species
Ligusticum porteri, Ligusticum officinale and Ligusticum
chuanxiong are medicinally important representatives of
each respective region (Zschocke et al., 1998). Lovage
(Ligusticum officinale Koch syn L. levisticum) is a tradi-
tional culinary ingredient in Britain for making soups,
for aromatizing meats and as a seasonal winter beverage
as a cordial. This species has been widely used for medi-
cinal purposes in Europe from Mediterranean Greece
and Italy to Scandinavia (Andrews, 1941). Even today in
rural areas, the root is employed as a diuretic, spasmolytic
and as a carminative material (Toulemonde et al., 1987).
Themajor phytochemical compounds of Apiaceae species
are the phthalide lactones and their non-aromatic dihydro-
and tetrahydro- derivatives, which can exist principally as
monomers or dimers (Beck and Chou, 2007). Ligustilide
is a common dihydrophthalide present in Ligusticum
species displaying interesting biological properties notably
acting as a powerful neuroprotective agent (Wu et al.,
2011). Further important phyto-constituents ofLigusticum
species are the polyacetylenes such as falcarindiol and
falcarinol, which have been previously isolated from
Lovage root and found to be mycobacterial growth
inhibitors (Schinkovitz et al., 2008b). In this work, a
bioassay-guided isolation of antimycobacterial constit-
uents of Lovage root was undertaken in an attempt to
isolate potentially active novel antitubercular compounds.
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MATERIALS AND METHODS

Microbial strains, cells and culture media.Mycobacterium
smegmatismc2155 (ATCC 700084),Mycobacterium bovis
BCGPasteur (ATCC 35734),Mycobacterium tuberculosis
H37Rv (ATCC 27294) and mouse RAW264.7 macro-
phage cells (ATCC TIB71) were used in this study.
Middlebrook 7H9, Middlebrook 7H10 media, oleic acid,
albumin, dextrose and catalase (OADC) and ADC
supplements were purchased from BD Diagnostics.
All other media and reagents were purchased from
Sigma-Aldrich unless otherwise stated.

Plant material, fractionation and purification of natural
products. Ligusticum officinale Koch (batch number
37129) roots (490 g) obtained from Proline Botanicals
Ltd, were ground using an electric mill, and the material
was then exhaustively extracted using a Soxhlet apparatus
with 2.5 L of n-hexane, 2.5 L of chloroform and finally
2.5 L ofmethanol. After filtration and removal of solvents
under reduced pressure using a rotary evaporator, 7.5 g of
an oily n-hexane extract, 1.1 g of chloroform extract and
13 g of methanol extract were obtained. The n-hexane
extract (7.2 g) was fractionated using vacuum liquid
chromatography eluting with hexane and ethyl acetate
mixtures. Eighteen fractions named H1 to H18 were
collected. Fraction H5, H6, H7 and H8 were chromato-
graphed on solid-phase extraction (SPE) cartridge packed
with normal phase silica (10 g, Strata, Phenomenex)
eluting with hexane, ethyl acetate mixtures. Thereafter,
the fractions were further fractionated by column chroma-
tography (CC) or preparative thin-layer chromatography
(PTLC) in silica gel. A schematic representation of
the fractionation and purification is shown in Fig 1B.
Compounds 1 and 2were obtained as colorless amorphous
solids from fraction H5S1 by CC eluting with toluene/
ethyl acetate 9:1 (v/v). Compounds 3 and 4 were also
isolated as amorphous colorless solids from fraction
H5S2 by PTLC eluting with toluene/ethyl acetate
95:5 (v/v). Compound 5 was obtained as colorless crystals
by CC from fraction H6S2 eluting with toluene/acetone
96:4 (v/v). Compound 6 was isolated as yellow oil directly
from fraction H7 by SPE in the hexane/ethyl acetate
8:2 (v/v) fraction. Compounds 7, 8 and 9 were obtained
from H8S3 fraction by PTLC eluting with 100 mL of
toluene/ethyl acetate 9:1 (v/v) containing five drops of
formic acid. Mono and bidimensional 1H and 13C NMR
spectroscopy (Bruker Avance 400) and mass spectrom-
etry (Thermo Navigator) were employed for chemical
characterisation of the isolated chemical products.

Antimycobacterial testing. At each step of the chemical
fractionation of the extract, the spot culture growth
inhibition assay (SPOTi) was performed as previously
described (Evangelopoulos and Bhakta, 2010). Initially,
the n-hexane, chloroform and methanol extracts were
tested against both M. smegmatis mc2155 and M. bovis
BCG at 200, 100, 50, 25, 10 and 0 mg/L concentration.
Thereafter, each sub-fraction that was obtained was
tested only against M. bovis BCG at 100, 50, 25, 10, 5
and 0 mg/L. Briefly, extracts were dissolved in DMSO at
200 g/L concentration, while fractions and compounds
were dissolved at 100 g/L. A one thousand-fold dilution
was prepared from the stock and dispensed in 6 or 24-well
plates (5 or 2 mL, respectively). Then, 5 mL or 2 mL of

molten Middlebrook 7H10 (MB7H10) agar supple-
mented with 0.5% glycerol and 10%OADC, were added
to each well, and the plates were allowed to stand for
10 min without a lid. Then, 5 or 2 mL of an appropriately
diluted (around 106 colony forming unit (CFU)/mL)
mid-log phase liquid culture of the mycobacteria grown
in Middlebrook 7H9 (MB7H9) broth, was carefully
dispensed into the middle of each well. The plates were
incubated at 37�C for two days for M. smegmatis mc2155
and for two weeks for M. bovis BCG. Minimum inhibi-
tory concentrations (MICs) were determined visually
after the incubation period. All the pure compounds were

Figure 1. Antimycobacterial activity and chemical fractionation of
the roots of Ligusticum officinale. (A) SPOTi assay of the three
extracts of Lovage root against M. bovis BCG. (B) Schematic
representation of the bioassay-guided fractionation of the extracts.
The number under the fraction code represents its MIC value in
mg/L against M. bovis BCG. Vacuum liquid chromatography (VLC),
solid-phase extraction (SPE), column chromatography (CC) and
preparative thin-layer chromatography (PTLC) were employed for
fractionation/purification. (C) Chemical structures of compounds
1–9. This figure is available in colour online at wileyonlinelibrary.
com/journal/ptr.
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tested against Mycobacterium tuberculosis H37Rv using
a similar procedure in a biosafety level III (BSL-3)
laboratory. Isoniazid was included in all experiments as
a positive control at 10, 1, 0.1, 0.05, 0.01 and 0 mg/L
concentrations and DMSO was included as a negative
control at 0.1% (v/v).

Cytotoxicity assay.Mouse macrophage cells (RAW 264.7)
were cultured according to a previously describedmethod
(Gupta and Bhakta, 2012). The cytotoxicity assay was
performed in 96-well cell culture black flat-bottom plates
(Costar; Appleton Woods) in triplicate. First, 16 mL of
50 g/L stock solutions of isolated compounds were
placed in triplicate in the first row containing 200 mL of
RPMI-1640 medium, and then twofold serially diluted.
To each well, 100 mL of diluted macrophage cells
(5� 105 cells/mL) was added. After 48 h of incubation,
the macrophage cells were washed twice with PBS, and
fresh RPMI-1640 medium was added to each well. Plates
were then treated with 30 mL of freshly prepared 0.01%
resazurin filtered-sterilized solution and incubated for
16 h at 37�C. The change in color and the fluorescence
intensity was recorded at lex = 560 nm, lem= 590 nm
using a fluorometer microplate reader (OPTIMA, BMG
LABTECH GmbH). The half growth inhibitory concen-
trations (GIC50) were determined based on fluorescence
intensity, and the selectivity index (SI) was calculated
as the ratio between the GIC50 against RAW 264.7
macrophages and the MIC against M. tuberculosis
H37Rv for all of the compounds.

Growth curve and CFU counting. Prethapsenol 5 was
further evaluated againstM. bovisBCG growing in liquid
culture media. To four rolling bottles containing 90 mL of
MB7H9 and 10 mL of ADC enrichment were added
50, 100 and 150 mL of a 50 g/L stock of compound 5 and
completedwith 150, 100 and 50 mL ofDMSO respectively.
A control was included by adding 200 mL of pure DMSO.
A 1:100 inoculum dilution (around 107 cells) of a mid-log
phase liquid culture ofM. bovisBCGwere added to each
rolling culture, and then the four bottles were incubated
at 37�C in a roller incubator set at 2 rpm. The optical
density at 600 nm (OD600) was measured every day for
two weeks. After 4 days, when the DMSO control
reached 1.8 absorbance units (mid-exponential phase),
an aliquot of the culture was diluted to 10�5, 10�6, 10�7

and 10�8 with MB7H9, and spread into Petri dishes

containing solidified MB7H10 agar enriched with
10% OADC. The plates were sealed and incubated for
three weeks at 37�C. Thereafter, emerging cell colonies
were counted and the mean and standard deviation
calculated among the three experimental replicates.

Stability experiment. Eight microliters of a-prethapsenol
(5) dissolved in DMSO at 50 g/L were added to 1992 mL
of MB7H9 medium containing 0.5% glycerol, 0.05%
Tween 80 and 10%ADC, to achieve a final concentration
of 200 mg/L. A pure sample of a-prethapsenol was
prepared by diluting an aliquot of 10 mL of the DMSO
stock with 990 mL of methanol to achieve a concentration
of 500 mg/L. A sample of supplementedMB7H9 was also
included. All three samples were dispensed into 2mL
HPLC vials. The analysis was performed on an Agilent
1100 HPLC instrument using a reverse phase C-18
column (Phenomenex 10 cm, 4.7mm, 5 mm) and a gradient
mobile phase of water and acetonitrile, going from
90% water and 10% acetonitrile to 100% acetonitrile at
30 minutes after injection. The flow rate was 1.0 mL/min,
the volume injected was 10 mL and a photodiode array
detector was used continuously at 220 nm. Samples were
maintained at 37�C and analyzed on day 0, 4, 14 and 28.
The amount of a-prethapsenol was determined by calculat-
ing the area under the peak of each HPLC chromatogram.

RESULTS

The bioassay-guided isolation of chemical entities from
the roots of L. officinale was carried out by evaluating
the activity againstM. bovisBCG at each step of chemical
fractionation process. Initially, only the lowest polarity
solvent extract obtained from the roots showed activity
(Fig 1A). More polar chloroform and methanol extracts
were inactive at the highest concentration tested
(200 mg/L). The n-hexane extract completely inhibited
both M. smegmatis mc2155 and M. bovis BCG growth
at 100 mg/L. Upon vacuum liquid chromatography
fractionation, the antimycobacterial activity principally
concentrated into three fractions (H5-H7) having
MIC values of 25 mg/L (Fig 1B). Further fractionation
and purification of H5 led to the isolation of four
monomers of ligustilides, namely (Z)-ligustilide (1), (Z)-
3-butylidenephthalide (2), (E)-3-butylidenephthalide (3)

Table 1. MIC values against two slow-growing mycobacterial species and cytotoxicity and selectivity against the murine macrophage cell
line RAW 264.7

Compound
MIC M. tuberculosis

H37Rv (mg/L)
MIC M. bovis
BCG (mg/L)

GIC50 Macrophages
RAW264.7 (mg/L)

Selectivity index
(GIC50/MICH37Rv)

1 >100 >100 250 <2.5
2 >100 >100 250 <2.5
3 >100 >100 250 <2.5
4 100 100 200 2
5 60 60 125 2.1
6 20 5 5 0.25
7 >100 >100 200 <2
8 >100 100 100 <1
9 >100 100 100 <1
Isoniazid 0.1 0.1 3000a 30000

aValue taken from reference (Gupta and Bhakta, 2012)
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and 3-butylphthalide (4). Their NMR and MS spectra
were in agreement with previously reported data
(Miyazawa et al., 2004; Schinkovitz et al., 2008a).
a-Prethapsenol (5), a sesquiterpenoid recently isolated
for the first time from the roots of Ligusticum grayi
(Cool et al., 2010), was obtained from H6. More than
300 mg of pure falcarindiol (6) were recovered from
H7. Unambiguous identification was achieved by NMR
and MS spectra analysis and comparison with reported
data (Lechner et al., 2004). A dimer of (Z)-ligustilide,
levistolide A (7) and two furanocoumarins psoralen (8)
and bergapten (9) were obtained from fraction H8 and
characterized by NMR and MS spectra (Kaouadji et al.,
1986; Masuda et al., 1998). The chemical structures of
the isolated compounds are depicted in Fig 1C.
All of the ligustilides (1–4) displayed low potency

against slow-growing mycobacterial species having MIC
values≥ 100 mg/L (Table 1). The saturated chain of
compound 4 slightly improved the activity in comparison
with both geometric configurations of the alkenes 2–3.
Half-growth inhibition concentrations (GIC50) against
macrophage RAW 264.7 cells were also comparable for
the ligustilides with values between 200 and 250 mg/L.
Their specificity against mycobacteria in relation to the
mammalian cell line was low (SI< 2.5). The sesquiterpene
alcohol a-prethapsenol (5) displayed an MIC value of
60 mg/L against both M. bovis BCG and M. tuberculosis
H37Rv. At higher concentrations of 5, the growth of
the bacteria was completely inhibited resulting in
clear wells on the SPOTi assay. The cytotoxicity profile
of a-prethapsenol indicated that it had certain selectivity
towards killing mycobacteria in comparison with the
macrophage cell line with an SI value of 2.1. Falcarindiol
(6) was obtained in high yields from Lovage roots
(0.1% w/w) and as found previously by several authors
(Deng et al., 2008; Schinkovitz et al., 2008b) it is a potent
inhibitor of M. tuberculosis growth displaying in this
study an MIC value of 5 mg/L against M. bovis BCG
and 20 mg/L against M. tuberculosis H37Rv. However,
falcarindiol was found to be toxic towards mammalian
RAW264.7 cells, being able to kill half the population at
a concentration of 5 mg/L. The SI was therefore less than
1, suggesting the possibility of a specific mammalian
metabolic interference. Levistolide A (7) was inactive
against mycobacteria showing an MIC value higher than
100 mg/L. This dimer had a RAW264.7 macrophage
GIC50 value of 200 mg/L. Furanocoumarins psoralen 8
and bergapten 9 were both inhibitory to M. bovis
BCG at 100 mg/L, and their cytotoxicity towards murine
macrophages was in the same order of magnitude as the
MIC suggesting poor selectivity.
The sesquiterpene alcohol a-prethapsenol (5) was

selected for further study against M. bovis BCG in a
liquid culture-based assay. The growth curve under
different concentrations of 5 was constructed (Fig 2A).
An extended lag phase of growth was observed when
the concentration was equal or higher than the MIC.
At 75 mg/L, four more days of incubation were required
for the bacteria to attain the exponential growth
observed in the untreated control (Fig 2A). A minor
delay of the lag phase was also noted at a concentration
of 50 mg/L concentration of 5. CFU counts however
showed only a minor decrease in cell viability when
treated with a concentration>MIC, and after removal
of the pressure of the compound, high numbers of
bacteria were able to grow (Fig 2B). Initially, it was

thought that a-prethapsenol might be chemically unstable
in MB7H9 media at 37�C, and therefore a stability
experiment was undertaken. After one month of
incubation in MB7H9 at usual growth conditions, the
same amount of the small molecule was measured by
reverse phase HPLC (Fig 2C), indicating high stability
under these conditions.

DISCUSSION

The ligustilide monomers 1–4 and dimer 7 isolated in
this study from Lovage root were found to be weak
inhibitors of mycobacterial growth and only compound
4 showed inhibition at the highest concentration tested.

Figure 2. Effect of different concentrations of a-prethapsenol
(5) on the growth of M. bovis BCG and stability experiment of
a-prethapsenol. (A) Growth curve of M. bovis BCG under three
different concentrations of 5. The concentrations 0, 25, 50 and
75mg/L are represented as circles, squares, triangles and diamonds,
respectively. (B) Number of colony forming units of M. bovis BCG
treated with different concentrations of 5 at day 4. Each bar
represents the mean CFU�SD (C) HPLC chromatograms of MB7H9,
pure a-prethapsenol and incubated in MB7H9 media at 37�C
analyzed at different time points.
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(Z)-Ligustilide 1 isolated from Osha root (Ligusticum
porteri) has been found to inhibit the growth of
Staphylococcus aureus at 128 mg/L, showing potentiation
of norfloxacin against an efflux-mediated S. aureus drug-
resistant strain (Cégiéla-Carlioz et al., 2005). Other
bacteria and viruses (Beck and Stermitz, 1995) but also
cancer cell lines (Kan et al., 2008) have been reported to
be inhibited at high concentration of 1, and all these
results point out a general mechanism of action affecting
different types of cells. However, there is the possibility
that other ligustilide-related compounds appearing in
the complex fraction H-5/H-6 at lower concentration
could be responsible for the high activity of these
fractions. In particular, we observed by NMR analysis a
small fraction containing a 1:1 mixture of an epoxy-
ligustilide and (Z)-butylidenephtalide which was more
active than 2 alone, but the low quantity of this fraction
prevented full chemical and biological characterisation.
Interestingly, the novel sesquiterpene skeleton of

a-prethapsenol (5) was found to be active against both
M. bovis BCG and M. tuberculosis H37Rv strains. No
closely related structures have been shown to possess anti-
microbial effects. Other sesquiterpenoids such as the ben-
zoylated dihydroagarofuranoids isolated from Microtropis
species (Chen et al., 2007), the sesquiterpenelactones
based on germacrane, eudesmane or guaiane skeletons
(Fischer et al., 1998; Vongvanich et al., 2006) or farnesol
(Rajab et al., 1998) have shown significant antitubercular
activity, but they share little structural similarity to 5.
In other words, this compound might be affecting the
bacteria through a particular unknown biochemical
mechanism while being less active against eukaryotic cell
lines. Related compounds have been found in L. grayi
(Cool et al., 2010), and a systematic anti-tubercular
screening of these entities may underpin more potent
natural products.
Falcarindiol (6) showed high potency but little

selectivity. It is considered to be more active towards
eukaryotic cells than bacteria, a not very appealing result
for TB-drug discovery research; however, this compound
may have an essential role to play in future cancer-drug
discovery, and efforts in this direction are being made
(Zaini et al., 2012). Furanocoumarins 8 and 9 showed

low antimycobacterial activity and selectivity suggesting
a non-specific mechanism of action, although other
coumarins such as umbelliferone, scopoletin, xanthyletin
and (S)-marmesin have been found to be active with
MIC values in the range 40–60 mg/L (Chiang et al., 2010).

M. bovis BCG cells were able to grow exponentially
after one week of incubation with concentrations of
the prethapsane alcohol 5 above its MIC. This natural
product was found to be stable when dissolved in
MB7H9 media and maintained under the conditions of
incubation, and therefore it is reasonable to think that
the concentration of 5 remains unchanged during the
assay, although a bio-modification mechanism cannot
be ruled out at this point. It seems sensible to suggest
that BCG growth was delayed by 5, without notable
bacterial killing as the CFU counting remained in the
same order of magnitude for all treatments, indicating
a shift towards the viable but non-replicating physio-
logical state of mycobacteria. The bacteriostatic effect
of 5 was consistent with the lag-phase extension seen
in the growth curve because onset of exponential
growth phase is dependent on sufficient supply of
essential biomolecules. It is known that in the lag phase,
bacterial cells prepare primordial molecules (nucleosides
triphosphates, sugars, metals and cofactors) and enzymes
for sustained cell division (Rolfe et al., 2012), and
therefore we hypothesize that 5 may interfere with one
or several steps of this transient adaptation.
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ABSTRACT: During a large-scale isolation campaign for the
heterodimeric phloroglucinyl pyrone arzanol (1a) from
Helichrysum italicum subsp. microphyllum, several new
phenolics as well as an unusual class of lipids named santinols
(5a−c, 6−8) have been characterized. Santinols are angeloy-
lated glycerides characterized by the presence of branched
acyl- or keto-acyl chains and represent a hitherto unreported
class of plant lipids. The antibacterial activity of arzanol and of
a selection of Helichrysum phenolics that includes coumarates,
benzofurans, pyrones, and heterodimeric phloroglucinols was
evaluated, showing that only the heterodimers showed potent
antibacterial action against multidrug-resistant Staphylococcus
aureus isolates. These observations validate the topical use of
Helichrysum extracts to prevent wound infections, a practice firmly established in the traditional medicine of the Mediterranean
area.

Helichrysum italicum L. (family Asteraceae), a plant endemic to
the Mediterranean area, is known to contain a poorly
characterized cortisone-like principle named helichrysine.1

The structure of helichrysine has long been elusive, but the
identification of the heterodimeric phloroglucinyl pyrone
arzanol (1a), a major constituent of H. italicum,2 as a potent
dual inhibitor of pro-inflammatory transcription factors (NF-
κB)2 and inflammatory enzymes [(mPGES)-1,5-LO]3 suggests
that helichrysine might consist of arzanol and/or related
compounds. As a prelude to preclinical in vivo studies, a large-
scale isolation of arzanol from a Sardinian variety of H. italicum
[H. italicum subsp. microphyllum (Willd.) Nyman] especially
rich in this compound2 was carried out. In the course of this
study, we have characterized several minor constituents of the
plant, including an unprecedented class of lipids and several
phenolics. The availability of these compounds provided the
opportunity to study in a systematic way a second important
property of helichrysine, namely, its antibacterial activity.1,4

Therefore, this report presents an account of the structure
elucidation of the minor constituents of this plant and a study
of the antibacterial action of the major phenolics from H.
italicum against multidrug-resistant and methicillin-resistant

variants of Staphylococcus aureus (MRSA), an important agent
of nosocomial infections and a growing medical emergency.5

■ RESULTS AND DISCUSSION

Apart from arzanol (1a, ca. 0.32% on dried plant basis), the
aerial parts of H. italicum subsp. microphyllum contain large
amounts (ca. 0.40%) of ursolic acid (2) and phenolics
belonging to three structural types: pyrones (both homo- and
heterodimeric), benzofurans (bitalin esters), and prenylcouma-
rates. Ursolic acid could be obtained in high purity from crude
extracts by the Passerini method, namely, a brief (10 min)
reflux in acetone, cooling to obtain a crude triterpenoid
mixture, and then recrystallization from methanol.6 The
presence of large amounts of ursolic acid, a poorly soluble
compound, complicated the fractionation of the extract, but it
was found that, as an alternative to the Passerini method, this
compound could also be largely removed by liquid/liquid
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partition of the extract between petroleum ether and aqueous
methanol. Ursolic acid has a low solubility in both phases and
remained undissolved during the partition of the crude extract
between these two solvents. The two “de-triterpenated” phases
were then independently fractionated by gravity column
chromatography on silica gel to afford six major fractions
(A−F).

The petroleum ether phase (fraction A) contained neryl
acetate, the hallmark compound of the Helichrysum essential
oils from the Tyrrhenian area,7 and the O-geranylated isomeric
coumarates 3a,b,8 which could be separated by preparative
HPLC on silica gel and could also be isolated from the aqueous
methanol phase. Alkoxycinnamates have attracted considerable
attention because of their action against drug-resistant
Mycobacterium,9 but the concentration of these compounds in
the extract (overall, ca. 35 ppm in the dried plant material) was
too low to be associated with a specific activity.
The remaining fractions were obtained by gravity column

chromatography purification of the aqueous methanol phase.
Fraction B was crystallized from ether to afford the dimeric
pyrone helipyrone (4).10 The mother liquors afforded a series
of angeloylated lipids (5a−c, 6−8) that have been named
santinols in honor of Leonardo Santini, the pioneer in the study
of the medicinal use of Helichrysum.1,11 By gravity column
chromatography, a major glyceride was obtained apparently
pure in terms of its 1H NMR spectrum, but ESIMS revealed a
mixture of homologues, eventually resolved by RP-HPLC to
afford pure santinols A1−A3 (5a−c).

Santinol A1 (5a) (C20H36O5, HR-ESIMS) was obtained as an
optically active 1,3-diacylglycerol. The 1H NMR spectrum of 5a
(CDCl3) showed a partially overlapped cluster of five
resonances between δ 4.14 and 4.28, which, with the help of
the COSY and HSQC spectra, could be deconvoluted and
assigned to a 1,3-diacylated glycerol. The presence of an
angelate group was evidenced by the appearance of typical 1H
(δH 1.90, 3H, brs; 6.12, 3H, q; 1.99, 3H, d) and 13C NMR
resonances, and the Z configuration of the stereogenic double
bond was confirmed by the detection of a NOE correlation
between the olefinic signal and the allylic methyl (H3-5′).
Molecular formula considerations and the presence of a
terminal branching identified the second acyl moiety as
isolauric acid, an unusual C-12 fatty acid. The 1,3-acylation
pattern was assessed by chemical shift considerations (the
downfield resonance of the diastereotopic oxymethylene
protons) and confirmed by the detection of HMBC cross-
peaks between the methylene protons and the ester carbonyls
(angelate carbonyl at δ 168.3; isolaurate carbonyl at δ 174.4).
The presence of two markedly different acyl moieties provided
a rationale for applying the modified Mosher’s method12 to
assess the absolute configuration of 5a. To this aim, 5a was
reacted with R- or S-MTPA chloride [MTPA = methoxy-
(trifluoromethyl)phenylacetic acid], obtaining the correspond-
ing S (5d) and R (5e) monoesters. Analysis of Δδ (S − R)
values for protons of the glycerol moiety (Figure 1) indicated,

Figure 1. Application of the modified Mosher’s method for the
absolute configuration at C-2 of santinol A1 (5a).
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according to Mosher’s model,12 a 2S configuration for the
natural product. Santinols A2 (5b) and A3 (5c) differed from
4a only for the length of the saturated acyl moiety, an
isomyristate and an isopalmitate, respectively. Since 5b and 5c
share with 5a a positive optical rotation, it seemed reasonable
to assume that they share the same S configuration at the
stereogenic center.
Santinol B (6, C13H20O5) was optically inactive, and its NMR

spectra showed a 1,3-diangeloylated glycerol. Thus, the 1H
NMR spectrum of 6 showed, apart from the signals of the
glycerol protons, only the resonances of the angelate protons,
while the 13C NMR spectrum showed only seven signals (two
for the glycerol unit and five for the two angeloyl residues).
Santinol C (7, C26H44O7) was found to be a triacyl glycerol.

Analysis of its 1H and 13C NMR data identified, apart from the
resonances of the glycerol backbone and of the angeloyl and
lauryl moieties, also those of a 2-methyl-3-oxovaleroyl group.
Thus, the COSY spectrum disclosed the presence, within this
acyl moiety, of a methyl-bearing methine, in addition to the
expected ω-methyl-bearing methylene, located between two
carbonyl groups by analysis of the HMBC cross-peaks
[correlation between the methyl doublet at δ 1.34 (H-3−6‴)
and the ester carbonyl at δ 170.3 and with a ketone carbonyl
resonating at δ 206.0]. The correlation of the methyl triplet
H3-5‴ with C-3‴ indicated that an ethyl group bound to the
ketone carbonyl completed the structure of this residue. 2-
Methyl-3-oxovaleric acid is an important marker for the
diagnosis of propionic acidemia, a genetic disease caused by a
defect in the biotin-dependent carboxylation of propionyl
CoA,13 but has not been detected before in natural glycerides.
The HMBC spectrum also defined the attachment of the acyl
units, since the glyceryl methine (H-2, δ 5.35) showed a cross-
peak with the ester carbonyl at δ 173.0 of the lauryl group.
Santinol D (8) (C29H50O7) was found to be closely related to

santinol C, differing only for the homologation of the α-methyl-
branched acyl moiety to 2,4-dimethyl-3-oxo-enanthate. In
particular, the COSY spectrum of this acyl moiety disclosed
two different spin systems (H-2‴−H3-8‴ and a C5 residue
spanning from H3-9‴ to H3-7‴), for which the proton
resonances were associated with those of the corresponding
carbons by a HSQC experiment. Analysis of the HMBC cross-
peak (H3-8‴ with both the ester carbonyl at δ 170.3 and a
ketone carbonyl at δ 209.3 along with the cross-peak of H3-9‴
with the same ketone carbonyl) made it possible to combine
the two spin systems into a final β-dicarbonyl acyl moiety, while
the HMBC cross-peaks of H2-3 with C-1″ secured the
attachment of this unit at O-3. Given the structural
resemblances of santinols C and D with santinol A, especially
in relation to the presence and location of the angeloyl moiety,
it seems reasonable to assume that they share the same 2S
configuration, while the configuration of the methyl-bearing
acyl chain stereocenters of 6 and 7 could not be assigned. The
branched acyl moiety of santinol D is unknown as a natural
product and is structurally related to the pyrone moiety of
arzanol (1a) and helipyrone (4), differing, however, by the
location of the methyl groups. While a biogenetic polyketide
derivation seems obvious for the fatty acyl moieties of santinols,
their raison d’et̂re is unclear. They could either represent
aborted attempts to convert short ketide moieties into pyrones,
the major constituents of the plant, or, otherwise, have a more
precise and yet elusive role, with a general inclusion in cell
membranes being ruled out by their low isolation yields (ca.
0.001%). Unusual lipids have been isolated from the

Mediterranean plant Thapsia garganica L.,14 suggesting that
the distribution of this compound class deserves systematic
studies.
Apart from the santinols, fraction C also contained a mixture

of medium- and long-chain tremetone derivatives. The oleyl
and the nonanoyl esters of bitalin A (9a,b),15 both new
compounds, could be obtained pure from this complex mixture.
The isolation of an odd-number fatty acid ester was somewhat
surprising and was confirmed by comparison with an authentic
sample prepared by the esterification of bitalin A with nonanoic
acid. Shorter chain esters of this benzofuran derivative were
obtained from fractions D and E, along with the monomeric
pyrone micropyrone (10).2 While the acetate (9c), the
isobutyrate (9e), and the α-methylbutyrate (9f) ester are
known,16 the propionate (9d) and the isocaproate (9g) are
new. The structure elucidation of the new esters of bitalin A
was straightforward. Consequently, the benzofuran core
showed the signals (data for 9d as an example) of two ABX
systems, one aromatic (δH 7.81, 7.80, and 6.82) and the other
aliphatic (δH 5.39, 3.42, and 3.20), and of an oxymethylene (δH
4.70 and 4.63), an sp2-exomethylene (δH 5.37 and 5.39), and
one acetyl (δH 2.53), while the acyl moieties were all common
structural elements of phytochemicals. All tremetone esters
showed a negative sign of optical rotation, suggesting the same
configuration at the single stereogenic center of the
dihydrobenzofuran core.

Fraction F contained heterodimeric pyrones. Arzanol (1a),
the major constituent of the plant, could be crystallized from
ether, and chromatographic purification of the mother liquors
afforded the known less polar homologues 1b and 1c16 and the
novel more polar derivative 11, which we have named
heliarzanol. The heterodimer 1c shows a stereogenic center
in its acyl moiety. Given the polyketide derivation of
acylphloroglucinols, it seems reasonable to assume that 1c is
assembled from an isoleucine-derived acyl starter. If so, the
configuration of the stereogenic carbon on 1c should be S.
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Heliarzanol (11), C24H30O8 by HRESIMS, was identified as an
arzanol-type compound on the basis of its NMR data. The 13C
NMR spectrum of 11 showed 24 well-resolved signals and the
resonances typical of the Helichrysum phloroglucinyl α-pyrones
(from C-1 to C-15), with differences, however, on the prenyl
moiety. Accordingly, the 1H NMR spectrum of 11 (CDCl3, 500
MHz) showed signals typical of the arzanol heterodimeric
motif, including a deshielded methyl singlet (CH3-14, δ 1.95),
an ethyl group, and a methylene broad singlet (H2-7, δ 3.70).
The resonances of an additional methyl singlet (δ 1.86), a sp2

methylene group, and six multiplets, sorted as an isopropyl and
a CH2CH−OH moiety by means of a 2D COSY spectrum,
were also evident in the 1H NMR spectrum of heliarzanol (11).
Association of all the proton resonances with those of the
directly bound carbon atoms was obtained by the HSQC
spectrum, and this allowed the correct interpretation of the
HMBC spectrum. In addition to allowing the unambiguous
location of methyl and ethyl groups on the pyrone moiety and
confirming the presence of the methylene bridge (cross-peaks
of H2-7 with C-4, C-5, C-6, C-8, C-9, C-15) to connect the two
rings, the HMBC spectrum also allowed the identification of
substituents at C-1 and C-3. In particular, the deshielded

isopropyl methine at δ 3.11 showed HMBC cross-peaks with a
ketone carbonyl (δ 204.1) and with C-1 (δ 106.1), while cross-
peaks of the oxymethine at δ 4.34 (H-17) with C-3, C-20, and
the sp2 carbons C-18 and C-19 allowed the elucidation of the
C-3 side chain and defined the full planar structure of
heliarzanol as shown in 11.
Some nonexchangeable signals in the 1H and 13C NMR

spectra of arzanol and its analogues were rather broad at room
temperature and were sharpened by heating to 60 °C,
suggesting the presence of slow conformational interconversion
between different rotameric and/or tautomeric forms. ortho-
Hydroxylated phenones show resonance-enhanced hydrogen
bonding (Figure 2a) that slows rotation around the bond
linking the acyl moiety to the aromatic ring.17 As the phenolic
hydroxy groups adjacent to the methylene bridge can form
intramolecular hydrogen bonding with the oxygen function at
C-2 and C-4 of the pyrone moiety, the rotameric equilibrium
could, in principle, involve the interconversion of extensively
hydrogen-bonded conformations around the bonds that link
the phloroglucinyl core to its acyl and pyronylmethyl
substituents (Figure 2b, rotamers A and B). Since the 4-
hydroxypyrone ring can, in turn, exist in two distinct tautomeric

Figure 2. (a) Resonance-enhanced hydrogen bonding in ortho-hydroxylated phenones. (b) Possible rotameric and tautomeric processes involved in
arzanol-type heterodimers (P = prenyl group; R = alkyl group).

Table 1. MIC (μg/mL) Values of a Selection of Phenolics from Helichrysum italicum subsp. microphyllum (ns > 128 μg/mL)

compound SA1199B Xu212 ATCC25943 RN4220 EMRSA15 EMRSA16

arzanol (1a) 1 4 1 2 4 2
micropyrone (10) ns ns ns 128 ns 128
helipyrone (4) ns ns 64 12 ns 128
3a ns ns ns ns ns ns
3b ns ns ns ns ns ns
9a ns ns ns ns ns ns
9b ns ns ns ns ns ns
9c ns ns ns ns ns ns
methylarzanol (12) ns ns ns ns ns ns
cycloarzanol A (13) 128 128 32 32 128 ns
cycloarzanol B (14) ns ns ns ns ns ns
15a 32 128 128 32 32 128
15b 4 8 4 4 8 8
15c 16 4 8 2 6 8
15d 1 16 1 2 2 2
15e 128 ns 64 128 128 128
15f 16 16 8 8 16 8
norfloxacin 32 8 0.5 0.5 0.5 128
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forms, this scenario is further complicated by the involvement
of different tautomeric forms of the pyrone moiety and rotation
around the other bond of the pivotal methylene linker (cf., B
and C in Figure 2b). These conformational issues are quite
general for homo- and heterodimeric acylphloroglucinols,18 an
important class of natural products, but have not yet been
investigated systematically.
Extracts of Helichrysum are used in folk medicine for the

management of bacterial infection of the skin and the oral
cavity, a use backed up by clinical observations1 and by the
development in the former Soviet Union of arenarin (a mixture
of phloroglucinols from Helichrysum arenarium L.) as a skin and
eye antibacterial agent.4,19 It was therefore interesting to
evaluate if, and to what extent, the phenolics from Helichrysum
have significant activity against multidrug-resistant bacterial
strains, a current medicinal urgency in both hospital and
community settings especially for Staphylococcus aureus.5

Multidrug- and methicillin-resistant strains of S. aureus can
efflux antibiotics from the cell by means of a pump in the
cytoplasmic membrane. Some of these pumps, such as NorA
and QacA, are able to efflux a range of antibiotics, antiseptics,
and structurally unrelated compounds.20 Other pumps are
more specific, for example TetK, which effluxes tetracycline.
Simple, nonprenylated acylphloroglucinol derivatives show, in
general, only modest antibacterial activity, enhanced, however,
by C-prenylation.21 The very potent antibacterial action of
arzanol demonstrated enhanced activity by the addition of a
pyrone substituent. Arzanol had notable activities against S.
aureus 1199B, which overexpresses the NorA pump (1 μg/L),
EMRSA-16 (2 μg/L), and XU 212 (4 μg/L), all of which were
lower than the MIC of the standard control antibiotic
norfloxacin (Table 1). By analogy with the results of the anti-
inflammatory assays,2 the bitalin esters (9a−g) were inactive, as
were the coumarates and the simple pyrone micropyrone (10),
while the pyrone homodimer helipyrone (4) was only
marginally active. The chimeric structure of arzanol, combining
two distinct polyketide elements with prenylation and
heterodimerization, seems therefore optimized for bioactivity,
in terms of both antibacterial and anti-inflammatory action.
Having validated arzanol (1a) as a lead structure for

antibacterial activity, we also investigated the activity of some
derivatives of the natural product and synthetic analogues
available from a study on the total synthesis of arzanol.22

Remarkably, both methylation of the pyrone moiety (12) and
cyclization of the prenyl moiety (13, 14) led to loss of activity
(Table 1), suggesting that hydroxylation of the ortho-position of
the phloracetophene core and of the pyrone moiety were
critical for the antibacterial activity of arzanol, again in perfect
analogy with the results of anti-inflammatory evaluation.3 The
development of a total synthesis of the natural product made it
possible to also evaluate the effect of the introduction of a
substituent on the methylene linker and of the simplification of
the pyrone substitution pattern. The introduction of a
substituent on the methylene linker [methyl (15a), hexyl
(15b), phenyl (15c)] led to a modest decrease in their
antibacterial activity and not to an increase of potency, as seen
in the MICs value ranges (1−128 μg/L). On the other hand,
the replacement of the pyrone moiety of the natural product
with dehydroacetic acid led to a substantial retention of activity
both in the natural product series (15d) and in its substituted
analogues 15e and 15f. Taken together, these observations
show that the antibacterial action of arzanol is critically sensitive
to changes involving the hydroxy groups, while the pyrone

substitution pattern can be simplified and the introduction of a
substituent on the methylene linker may provide no advantage.
The potent activity of arzanol and its strict structure−activity
relationships suggested that a specific target underlies its
antibacterial activity. Arzanol is a powerful inhibitor of the
transition-metal (iron, copper)-promoted oxidative degradation
of lipids (linoleic acid, cholesterol)23 and inhibits pro-
inflammatory targets involving redox reactions [(mPGES)-
1,5-LO].3 It is therefore tempting to speculate that it might
interfere with a bacterial target that uses a transition metal
redox system.
The anti-inflammatory and antibacterial action of helichry-

sine was investigated clinically in the 1940s, at the onset of
research on corticosteroids and antibiotics.1 The extraordinary
success of these agents made interest in helichrysine fade
quickly, despite its excellent clinical performance1 and the
observation that its clinical profile summarized the action of
both classes of drugs. Seventy years later, we believe that
arzanol (1a) has the potential to play a role in addressing the
major limitations of antibiotics and corticosteroids, namely, the
selection of resistant strains for the former and the develop-
ment of side-effects for the latter.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotations (CHCl3)

were measured at 589 nm on a JASCO P2000 polarimeter, and IR
spectra on a FT-IR Thermo Nicolet apparatus. 1H (500 MHz) and 13C
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(125 MHz) NMR spectra were measured on a Varian INOVA
spectrometer. Chemical shifts were referenced to the residual solvent
signal (CDCl3: δH = 7.26, δC = 77.0, CD3OD: δH = 3.34, δC = 49.0).
Homonuclear 1H connectivities were determined by the COSY
experiment. One-bond heteronuclear 1H−13C connectivities were
determined with the HSQC experiment. Through-space 1H
connectivities were evidenced using a ROESY experiment with a
mixing time of 250 ms. Two- and three-bond 1H−13C connectivities
were determined by gradient 2D HMBC experiments optimized for a
2,3J = 9 Hz. Low- and high-resolution ESIMS were obtained on a LTQ
OrbitrapXL (Thermo Scientific) mass spectrometer. Silica gel 60 (70−
230 mesh) and RP-18 used for gravity column chromatography were
purchased from Macherey-Nagel. Reactions were monitored by TLC
on Merck 60 F254 (0.25 mm) plates, which were visualized by UV
inspection and/or staining with 5% H2SO4 in ethanol and heating.
Organic phases were dried with Na2SO4 before evaporation. HPLC
separations were achieved on a Knauer apparatus equipped with a
refractive index detector. The Knauer HPLC apparatus was used to
purify all final products. LUNA (normal-phase, SI60, or reversed-phase
RP-18, 250 × 4 mm) (Phenomenex) columns were used, with 0.7
mL/min as flow rate.
Plant Material. Flowered aerial parts of H. italicum subsp.

microphyllum were collected around Arzana (Sardinia) at the
beginning of July 2010. The plant material was identified by M.B.,
and a voucher specimen (number 729/10) is kept at the General
Herbarium of the Botany Department of the University of Cagliari.
Extraction and Isolation. Powdered nonwoody aerial parts (flowers

and leaves, 5 kg) of H. italicum subsp. microphyllum were extracted at
room temperature with acetone (2 × 15 L). Evaporation of the solvent
left a black, gummy residue (202 g, 4.0%), part of which (50 g) was
partitioned between petroleum ether (1.5 L) and aqueous methanol
(1:9, 1.5 L). A 5 L round-bottom flask was used, connected to a
rotatory evaporator stirring motor. After stirring for 1 h in a water bath
at 30 °C, the two phases were separated to afford, after evaporation,
10.3 g of petroleum ether phase and 29.4 g of aqueous methanol
phase. The semisolid material resisting partition (8.2 g) was purified by
refluxing in acetone (200 mL) for 10 min. Cooling at room
temperature and then in the refrigerator at 4 °C afforded 5.1 g
(0.40%) of crude ursolic acid, which was further purified from
impurities of oleanolic acid by recrystallization from methanol. The
petroleum ether phase (11.3 g) was dissolved in methanol (300 mL)
and then cooled at 4 °C overnight. After filtration of the copious
precipitate of waxes and triglycerides, the filtrate (7 g) was purified by
filtration over neutral alumina and further fractionated by gravity
column chromatography on silica gel (200 g, petroleum ether−EtOAc,
9:1, as eluant) to afford neryl acetate (290 mg), ω-oleoyloxylinalol,2

and a mixture of the coumarates 3a,b (42 mg, ca. 35 ppm in the dry
plant material), which could be separated by preparative HPLC
(petroleum ether−EtOAc, 9:1, as eluant). The aqueous methanol
phase (24.7 g) was fractionated coarsely by gravity column
chromatography on silica gel (400 g, petroleum ether−EtOAc
gradient) into five fractions (B−F), and, in turns, these were variously
purified. Fraction B (3.4 g) was crystallized from ether to afford
helipyrone (4, 320 mg, 256 ppm from the dry plant material). The
mother liquors were further purified by gravity column chromatog-
raphy on silica gel (150 g, petroleum ether−EtOAc, 7:3) to afford the
bitalin A ester 9a (21 mg, 17 ppm in the dried plant material) and 9b
(35 mg, 28 ppm in the dried plant material) and a mixture of santinol
diesters and triesters. This was further fractionated by HPLC on
normal phase (hexane−EtOAc, 8:2) to afford two subfractions, which
eventually yielded pure compounds by further chromatographic
separation. The mixture of santinols A1−A3 (ca. 200 mg, 160 ppm
in the dried plant material) was resolved using MeOH−H2O, 93:7, as
eluant, affording santinol A1 (5a, 15.3 mg, 12.2 ppm in the dried plant
material), santinol A2 (5b, 8.6 mg, 70 ppm in the dried plant material),
and santinol A3 (5c, 7.1 mg, ca. 60 ppm in dried plant material). The
second, less polar santinol subfraction (180 mg) was subjected to
chromatography over a silica gel column (230−400 mesh) eluting with
a solvent gradient of increasing polarity from n-hexane to EtOAc.
Fractions eluted with n-hexane−EtOAc (9:1) were rechromato-

graphed by HPLC (n-hexane−EtOAc, 9:1) to give santinols D (8,
3.7 mg, ca. 3 ppm in dried plant material) and C (7, 2.5 mg, ca. 2 ppm
in the dried plant material). Fractions eluted with n-hexane−EtOAc,
8:2, were subjected to repeated HPLC chromatography (n-hexane−
EtOAc, 85:15), affording santinol B (6, 1.5 mg, ca. 1 ppm in the dried
plant material). Fractions D (1.6 g) and E (1.1 g) contained, along
with micropyrone (10, overall yield 130 ppm on dried plant material
after trituration with ether of a combination of two subfractions), a
complex mixture of esters of bitalin A, from which pure compounds
were obtained using a combination of chromatographic purifications
on silica gel. Thus, a mixture of 9d and 9g (126 mg) obtained from the
purification of fractions D and E by gravity column chromatography
on silica gel was subjected to HPLC (n-hexane−EtOAc, 8:2) to yield
9d (2.0 mg) and 9g (1.1 mg). Fraction F was crystallized from ether to
afford arzanol (3.1 g) as a yellow powder. The mother liquors (2.9 g)
were fractionated by gravity colum chromatography to afford a further
600 mg of arzanol (overall yield 3.0%) and a mixture of analogues
(250 mg), which was resolved by preparative HPLC on normal-phase
silica gel (hexane−EtOAc, 55:45), affording pure heliarzanol (11, 4.5
mg, 3.6 ppm in dried plant material), 1b (12 mg, 10 ppm in dried
plant material), and 1c (31 mg, 25 mg in dried plant material).

Santinol A1 (5a): colorless oil; [α]D +3.5 (c 0.2, CHCl3);
1H NMR

(CDCl3, 500 MHz) δ 6.12 (1H, dq, J = 7.4, 2.0 Hz, H-3′), 4.28 (1H,
overlapped, H-1a), 4.23 (1H, overlapped, H-3a), 4.22 (1H, over-
lapped, H-1b), 4.16 (1H, overlapped, H-3b), 4.14 (1H, m, H-2), 2.35
(2H, t, J = 7.8 Hz, H2-2″), 1.99 (3H, d, J = 7.4 Hz, H3-4′), 1.90 (3H,
brs, H3-5′), 1.63 (1H, m, H-10″), 1.60 (2H, overlapped, H2-3″), 1.25
(10H, m, H2-4″ to H2-8″), 1.15 (2H, m, H2-9″), 0.87 (6H, d, J = 6.7
Hz, H3-11″ and H3-12″); 13C NMR (CDCl3, 125 MHz) δ 174.4 (s, C-
1″), 168.3 (s, C-1′), 139.6 (d, C-3′), 127.4 (s, C-2′), 68.6 (d, C-2),
65.4 (t, C-3), 65.2 (t, C-1), 39.4 (t, C-9″), 34.4 (t, C-2″), 29.6 (t, C-4″
to C-8″), 28.0 (d, C-10″), 25.3 (t, C-3″), 22.9 (q, C-11″ and C-12″),
20.9 (q, C-5′), 16.2 (q, C-4′); (+) ESIMS m/z 379 [M + Na]+;
HRESIMS m/z 379.2456 (calcd for C20H36O5Na, 379.2460).

Santinol A2 (5b): colorless oil; [α]D +3.2 (c 0.2, CHCl3);
1H NMR

spectrum (CDCl3, 500 MHz) was identical to that of 5a, except for the
integration of the signal at δH 1.25 (14H); (+) ESIMS m/z 407 [M +
Na]+; HRESIMS m/z 407.2777 (calcd for C22H40O5Na, 407.2773).

Santinol A3 (5c): colorless oil; [α]D +2.7 (c 0.2, CHCl3);
1H NMR

spectrum (CDCl3, 500 MHz) was identical to that of 5a except for the
integration of the signal at δH 1.25 (18H); (+) ESIMS m/z 435 [M +
Na]+; HRESIMS m/z 435.3090 (calcd for C24H44O5Na, 435.3086).

Mosher Ester Analysis of Santinol A1. Santinol A1 (5a, 2.0 mg)
was treated with R-MTPA chloride (30 μL) in 400 μL of dry pyridine
with a catalytic amount of DMAP overnight at room temperature. The
solvent was then removed, and the product was purified by HPLC (n-
hexane−EtOAc, 85:15) to obtain the S-MTPA ester 5d (1.8 mg).
When santinol A1 (5a, 2.0 mg) was treated with S-MTPA chloride,
following the same procedure, 1.7 mg of the R-MTPA ester 5e was
obtained.

Santinol A1 (S)-MTPA ester 5d: 1H NMR (500 MHz, CDCl3) δ
(selected values) 5.58 (1H, m, H-2), 4.44 (1H, dd, J = 12.3, 3.5 Hz, H-
3a), 4.37 (1H, dd, J = 12.3, 4.0 Hz, H-1a), 4.30 (1H, dd, J = 12.3, 6.0
Hz, H-1b), 4.14 (1H, dd, J = 12.3, 7.2 Hz, H-3b); ESIMS (positive
ion) m/z 595 [M + Na]+.

Santinol A1 (R)-MTPA ester 5e: 1H NMR (500 MHz, CDCl3) δ
(selected values) 5.58 (1H, m, H-2), 4.46 (1H, dd, J = 12.3, 3.5 Hz, H-
3a), 4.37 (1H, dd, J = 12.3, 4.0 Hz, H-1a), 4.25 (1H, dd, J = 12.3, 6.0
Hz, H-1b), 4.21 (1H, dd, J = 12.3, 7.2 Hz, H-3b); ESIMS (positive
ion) m/z 595 [M + Na]+.

Santinol B (6): colorless oil; 1H NMR (CDCl3, 500 MHz) δ 6.15
(2H, dq, J = 7.4, 2.0 Hz, H-3′ = H-3″), 4.24−4.22 (4H, m, H2-1 and
H2-3), 4.20 (1H, m, H-2), 1.99 (6H, d, J = 7.4 Hz, H-4′ = H-4″), 1.88
(6H, brs, H3-5′ and H3-5″); 13C NMR (CDCl3, 125 MHz) δ 167.4 (s,
C-1′ = C-1″), 139.7 (d, C-3′ = C-3″), 127.7 (s, C-2′ = C-2″), 68.5 (d,
C-2), 65.0 (t, C-1 = C-3), 20.9 (q, C-5′ = C-5″), 16.1 (q, C-4′ = C-
4″); (+) ESIMS m/z 279 [M + Na]+; HRESIMS m/z 279.1211 (calcd
for C13H20O5Na, 279.1208).

Santinol C (7): colorless oil; [α]D −8.5 (c 0.1 in CHCl3);
1H NMR

(CDCl3, 500 MHz) δ 6.12 (1H, dq, J = 7.0, 2.0 Hz, H-3′), 5.35 (1H,
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m, H-2), 4.37 (1H, dd, J = 12.3, 3.5 Hz, H-3a), 4.35 (1H, dd, J = 12.3,
4.0 Hz, H-1a), 4.21 (1H, overlapped, H-3b), 4.20 (1H, overlapped, H-
1b), 3.55 (1H, q, J = 7.1 Hz, H-2‴), 2.60 (1H, m, H-4‴a,), 2.54 (1H,
m, H-4‴b), 2.30 (2H, t, J = 7.5 Hz, H2-2″), 1.99 (3H, d, J = 7.0 Hz,
H3-4′), 1.88 (3H, brs, H3-5′), 1.60 (2H, m, H2-3″), 1.34 (3H, d, J = 7.1
Hz, H3-6‴), 1.26 (16H, m, from H2-4″ to H2-11″), 1.06 (3H, t, J = 7.2
Hz, H3-5‴), 0.88 (3H, t, J = 6.9 Hz, H3-12″); 13C NMR (CDCl3, 125
MHz) δ 206.1 (s, C-3‴), 173.0 (s, C-1″), 170.3 (s, C-1‴), 167.4 (s, C-
1′), 139.7 (d, C-3′), 127.7 (s, C-2′), 68.6 (d, C-2), 63.3 (t, C-3), 62.0
(t, C-1), 52.6 (d, C-2‴), 35.1 (t, C-4‴), 34.4 (t, C-2″), 29.9 (t, C-4″ to
C-11″), 25.8 (t, C-3″), 20.8 (q, C-5′), 16.1 (q, C-4′), 14.7 (q, C-12″),
13.1 (q, C-6‴), 8.8 (q, C-5‴); (+) ESIMS m/z 491 [M + Na]+;
HRESIMS m/z 491.2993 (calcd for C26H44O7Na, 491.2985).
Santinol D (8): colorless oil; [α]D +24.9 (c 0.4 in CHCl3);

1H NMR
(CDCl3, 500 MHz) δ 6.13 (1H, dq, J = 7.0, 2.0 Hz, H-3′), 5.35 (1H,
m, H-2), 4.37 (1H, dd, J = 12.3, 3.5 Hz, H-3a), 4.35 (1H, dd, J = 12.3,
4.0 Hz, H-1a), 4.21 (1H, overlapped, H-3b), 4.20 (1H, overlapped, H-
1b), 3.76 (1H, q, J = 7.1 Hz, H-2‴), 2.80 (1H, m, H-4‴), 2.30 (2H, t, J
= 7.5 Hz, H2-2″), 1.99 (3H, d, J = 7.0 Hz, H3-4′), 1.87 (3H, brs, H3-
5′), 1.60 (2H, m, H2-3″), 1.55 (2H, m, H-5‴), 1.34 (3H, d, J = 7.1 Hz,
H3-8‴), 1.26 (16H, m, from H2-4″ to H2-11″), 1.25 (2H, m, H2-6‴),
1.13 (3H, d, J = 7.1 Hz, H-9‴), 0.88 (3H, t, J = 6.9 Hz, H3-12″), 0.87
(3H, t, J = 7.0 Hz, H-7‴); 13C NMR (CDCl3, 125 MHz) δ 209.3 (s,
C-3‴), 173.0 (s, C-1″), 170.3 (s, C-1″), 167.5 (s, C-1′), 139.7 (d, C-
3′), 127.6 (s, C-2′), 68.6 (d, C-2), 63.3 (t, C-3), 62.0 (t, C-1), 52.9 (d,
C-2‴), 43.5 (d, C-4‴), 34.4 (t, C-2″), 33.5 (t, C-5‴), 29.9 (from C-4″
to C-11″), 25.8 (t, C-3″), 20.5 (t, C-6‴), 20.5 (q, C-5′), 16.3 (q, C-4′),
15.5 (q, C-9‴), 14.7 (q, C-12″), 14.1 (q, C-7‴), 13.2 (q, C-8‴); (+)
ESIMS m/z 533 [M + Na]+; HRESIMS m/z 533.3457 (calcd for
C29H50O7Na, 533.3454).
Oleoylbitalin A (9a): waxy gum; [α]D −75 (c 0.2, CHCl3);

1H
NMR (CDCl3, 500 MHz) δ 7.82 (1H, s, H-4), 7.79 (1H, d, J = 6.2 Hz,
H-6) 6.82 (1H, d, J = 6.2 Hz, H-7), 5.40 (1H, t, J = 8.0 Hz, H-2), 5.38
(2H, brs, H-9′ and H-10′), 5.36 (1H, brs, H-11a), 5.32 (1H, brs, H-
11b), 4.71 (1H, d, J = 13.2 Hz, H-12a), 4.66 (1H, d, J = 13.2 Hz, H-
12b), 3.44 (1H, dd, J = 15.0, 8.0 Hz, H-3a,), 3.20 (1H, dd, J = 15.0, 8.0
Hz, H-3b), 2.53 (3H, s, H3-9), 2.28 (2H, t, J = 7.2 Hz, H2-2′), 2.00
(6H, brs, H2-3′, H2-8′ and H2-11′), 1.28 (22H, brs), 0.86 (3H, t, J =
7.2 Hz, H3-18′); 13C NMR (CDCl3, 125 MHz) δ 196.6 (s, C-8), 173.1
(s, C-1′), 163.2 (s, C-7a), 142.7 (s, C-10), 131.1 (s, C-5), 130.6 (d, C-
9′ and C-10′), 130.5 (d, C-4), 127.2 (s, C-3a), 124.8 (d, C-6), 114.6 (t,
C-11), 109.1 (d, C-7), 84.0 (d, C-2), 64.1 (t, C-12), 34.8 (t, C-3), 33.9,
33.8, 33.6 (t, C-2′, C-8′, and C-11′), 31.7 (t, C-16′), 29.8, 29.7, 29.5,
29.4, 29.3 (t, C-4′, C-5′, C-6′, C-7′, C-12′, C-13′, C-14′, and C-15′),
26.7 (q, C-9), 25.3 (t, C-3′), 22.5 (t, C-17′), 14.1 (q, C-18′); (+)
ESIMS m/z 505 [M + Na]+; HRESIMS m/z 505.3294 (calcd for
C31H46O4Na, 505.3294).
Nonanoylbitalin A (9b): waxy gum; [α]D −65 (c 0.2, CHCl3);

1H
NMR (CDCl3, 500 MHz) δ 7.82 (1H, s, H-4), 7.79 (1H, d, J = 6.2 Hz,
H-6), 6.82 (1H, d, J = 6.2 Hz, H-7), 5.39 (1H, t, J = 8.0 Hz, H-2), 5.36
(1H, brs, H-11a), 5.27 (1H, brs, H-11b), 4.73 (1H, d, J = 13.2 Hz, H-
12a), 4.67 (1H, d, J = 13.2 Hz, H-12b), 3.48 (1H, dd, J = 15.0, 8.0 Hz,
H-3a,), 3.20 (1H, dd, J = 15.0, 8.0 Hz, H-3b), 2.53 (3H, s, H3-9), 2.27
(2H, t, J = 7.2 Hz, H2-2′), 1.58 (4H, m, H2-3′ and H2-4′), 1.28 (8H,
brs, H2-5′- H2-8′), 0.86 (3H, t, J = 7.2 Hz, H3-3′); 13C NMR (CDCl3,
125 MHz) δ 196.0 (s, C-8), 172.9 (s, C-1′), 162.7 (s, C-7a), 142.3 (s,
C-10), 131.4 (s, C-5), 130.2 (d, C-4), 127.2 (s, C-3a), 125.7 (d, C-6),
114.7 (t, C-11), 109.4 (d, C-7), 84.0 (d, C-2), 64.2 (t, C-12), 34.9 (t,
C-3), 34.1 (t, C-2′), 31.8 (t. C-7′), 29.4, 29.3 (t, C-6′ and C-5′), 28.7
(t, C-4′), 26.7 (q, C-9), 25.0 (t, C-3′), 22.5 (t, C-8′), 13.8 (q, C-9′);
(+) ESIMS m/z 381 [M + Na]+; HRESIMS m/z 381.2056 (calcd for
C22H30O4Na, 381.2042).
Propanoylbitalin A (9d): colorless, amorphous solid; [α]D −52.8 (c

0.2, CHCl3);
1H NMR (CDCl3, 500 MHz) δ 7.81 (1H, s, H-4), 7.80

(1H, d, J = 6.2 Hz, H-6) 6.82 (1H, d, J = 6.2 Hz, H-7), 5.39 (1H, t, J =
8.0 Hz, H-2), 5.37 (1H, brs, H-11a), 5.29 (1H, brs, H-11b), 4.70 (1H,
d, J = 13.2 Hz, H-12a), 4.63 (1H, d, J = 13.2 Hz, H-12b), 3.42 (1H, dd,
J = 15.0, 8.0 Hz, H-3a,), 3.20 (1H, dd, J = 15.0, 8.0 Hz, H-3b), 2.53
(3H, s, H3-9), 2.37 (2H, q, J = 7.2 Hz, H2-2′), 1.16 (3H, t, J = 7.2 Hz,
H3-3′); 13C NMR (CDCl3, 125 MHz) 196.7 (s, C-8), 171.5 (s, C-1′),

163.7 (s, C-7a), 142.5 (s, C-10), 131.0 (s, C-5), 130.5 (d, C-4), 127.0
(s, C-3a), 125.7 (d, C-6), 114.9 (t, C-11), 109.2 (d, C-7), 84.2 (d, C-
2), 64.1 (t, C-12), 34.6 (t, C-3), 28.1 (t, C-2′), 26.4 (q, C-9), 10.1 (q,
C-3′); (+) ESIMS m/z 297 [M + Na]+; HRESIMS m/z 297.1105
(calcd for C16H18O4Na, 297.1103).

Isocaproylbitalin A (9g): colorless, amorphous solid; [α]D −43.1 (c
0.1, CHCl3);

1H NMR (CDCl3, 500 MHz) δ 7.81 (1H, s, H-4), 7.80
(1H, d, J = 6.2 Hz, H-6) 6.82 (1H, d, J = 6.2 Hz, H-7), 5.39 (1H, t, J =
8.0 Hz, H-2), 5.37 (1H, brs, H-11a), 5.29 (1H, brs, H-11b), 4.70 (1H,
d, J = 13.2 Hz, H-12a), 4.63 (1H, d, J = 13.2 Hz, H-12b), 3.42 (1H, dd,
J = 15.0, 8.0 Hz, H-3a), 3.20 (1H, dd, J = 15.0, 8.0 Hz, H-3b), 2.53
(3H, s, H3-9), 2.25 (2H, t, J = 7.0 Hz, H2-2′), 1.70 (1H, m, H-3′), 1.58
(2H, m, H2-3′), 0.95 (6H, d, J = 7.0 Hz, H3-5′ and H3-6′); 13C NMR
(CDCl3, 125 MHz) δ 196.7 (s, C-8), 171.3 (s, C-1′), 163.7 (s, C-7a),
142.5 (s, C-10), 131.0 (s, C-5), 130.5 (d, C-4), 127.0 (s, C-3a), 125.7
(d, C-6), 114.9 (t, C-11), 109.2 (d, C-7), 84.2 (d, C-2), 64.1 (t, C-12),
35.5 (t, C-3′), 34.6 (t, C-3), 31.8 (t, C-2′), 28.2 (d, C-4′), 26.4 (q, C-
9), 23.0 (q, C-5′ and C-6′); (+) ESIMS m/z 339 [M + Na]+;
HRESIMS m/z 339.1582 (calcd for C19H24O4Na, 339.1572).

Heliarzanol (11): pale yellow, amorphous solid; [α]D +17.4 (c 0.15,
CH3OH); IR (KBr) νmax 3331, 3000, 1675, 1625, 1570, 1321, 1175
cm−1; 1H NMR (CDCl3, 500 MHz) δ 4.89 (2H, brs, H2-19), 4.34
(1H, bt, J = 7.3 Hz, H-17), 3.70 (2H, brs, H2-7), 3.22 (1H, dd, J =
11.5, 7.3 Hz, H-16a), 3.11 (1H, hept, J = 6.9 Hz, H-22), 2.85 (1H, dd,
J = 11.5, 7.3 Hz, H-16b), 2.55 (2H, q, J = 6.9 Hz, H2-12), 1.95 (3H, s,
H3-14), 1.86 (3H, brs, H3-20), 1.20 (6H, d, J = 6.9 Hz, H3-23 and H3-
24), 1.19 (3H, q, J = 6.9 Hz, H3-13);

13C NMR (CDCl3, 125 MHz) δ
204.1 (s, C-21), 169.4 (s, C-15), 168.7 (s, C-9), 161.9 (s, C-4), 161.4
(s, C-11), 161.1 (s, C-6), 159.5 (s, C-2), 144.2 (s, C-18), 111.6 (t, C-
19), 109.0 (s, C-10), 107.9 (s, C-3), 107.0 (s, C-5), 106.1 (s, C-1),
103.5 (s, C-8), 79.6 (d, C-17), 32.2 (t, C-16), 30.1 (d, C-22), 24.9 (t,
C-12), 20.0 (q, C-23 and C-24), 19.2 (t, C-7), 18.1 (q, C-20), 11.9 (q,
C-13), 10.0 (q, C-14); (−) ESIMS m/z 445 [M − H]−; HRESIMS m/
z 445.1866 (calcd for C24H29O8, 445.1862).

Synthesis of Nonanoylbitalin A (9b). A solution of bitalin A
(obtained by hydrolysis with methanolic KOH of a mixture of its
esters, 104 mg, 0.45 mmol) in CH2Cl2 (3 mL) was treated sequentially
with nonanoic acid (66 mg, 4.95 mmol, 1.1 molar equiv), DCC (108
mg, 4.95 mmol, 1.1 molar equiv), and DMAP (47 mg, 0.8 molar
equiv). After stirring 12 h at room temperature, the reaction was
diluted with ether (ca. 6 mL) and filtered over neutral alumina and
then silica gel to obtain 119 mg (60%) of 9b as a colorless, waxy solid,
identical (1H and 13C NMR and MS) with the compound obtained by
isolation.

Biological Assays. Bacterial Strains. Strain XU212, which
possesses the TetK tetracycline efflux pump and is also resistant to
methicillin and erythromycin, was a hospital isolate. XU212 and
standard strain ATCC 25923 were obtained from Dr. Edet Udo.24

Strain SA-1199B overexpresses the NorA MDR efflux pump and was
provided by Prof. Glenn Kaatz.25 RN4220, which has the MsrA
macrolide efflux protein, was provided by J. Cove.26 The epidemic
methicillin-resistant strains EMRSA-15 and EMRSA-16 are hospital
isolates27,28 and were obtained from Dr. Paul Stapleton. All strains
were cultured on nutrient agar (Oxoid) and incubated overnight at 37
°C prior to assay.

Minimum Inhibitory Concentration (MIC) Determination. Sterile
Mueller-Hinton broth (MHB; Oxoid) (100 μL) containing 20 and 10
mg/L of Ca2+ and Mg2+, respectively, was dispensed into 11 of the
wells of a 96-well microliter plate (Nunc, 0.3 mL volume per well). All
antibacterial agents apart from norfloxacin were dissolved in
dimethylsulfoxide and diluted in MHB to give a stock solution.
Then, 100 μL of the antibacterial agent stock solution (concentration
512 mg/L) was serially diluted into each well, and 100 μL of the
bacterial innoculum was added to each well to give a final
concentration range of 128−0.25 μg/L in the wells. All procedures
were performed in duplicate, and the plates incubated for 18 h at 37
°C. A 20 μL aliquot of a 5 mg/L methanolic solution of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT; Sigma)
was added to each well and incubated for 30 min. A blue coloration
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indicated bacterial growth. The MIC was recorded as the lowest
concentration at which no visible growth was observed.
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ABSTRACT: We report the first complete structure elucida-
tion of the ent-kaurane diterpenoid glycoside atractyloside (1)
by means of NMR and X-ray diffractometry techniques.
Extensive one- and two-dimensional NMR experiments were
employed to assign the proton and carbon signals of 1, and
crystallography experiments established the configurations of
all stereogenic centers. Furthermore, we present a novel
semisynthetic route for the preparation of the highly cytotoxic
aglycone derivative of 1, 15-didehydroatractyligenin methyl
ester (3). All compounds were tested for their antibiotic
activity against Enterococcus faecalis, Escherichia coli, and several strains of Staphylococcus aureus, including fluoroquinolone-
resistant (SA1199B) and two epidemic MRSA (EMRSA-15 and -16) strains. Compound 3 exhibited moderate activity against all
of the Staph. aureus strains with an MIC value of 128 mg/L.

Atractylis gummifera L. (Asteraceae) is a thistle that grows
throughout the Mediterranean region and is widely known for
its acute toxicity.1,2 Accidental ingestion of A. gummifera
rhizomes still remains a cause of human poisoning, particularly
during the spring or winter, when the content of the active
plant principles, atractyloside (1) and its C-4 dicarboxylic acid
derivative, carboxyatractyloside, are higher.3,4 Atractyloside (1)
was first isolated by Lefranc in 1868 from the roots of A.
gummifera,5 and several other atractyloside analogues, which all
contain its aglycone derivative atractyligenin (2), were recently
discovered in Callilepsis laureola,6 Widelia glauca,7 and species
of various coffee plants (Cof fea arabica and Cof fea robusta).8,9

The glucoside atractyloside consists of the tetracyclic ent-
kaurane diterpene genin 2 attached through a β-linkage to the
anomeric carbon of the D-(+)-glucose residue. Only one
hydroxy group is free in the carbohydrate moiety (C-6′), while
the others are either linked to a residue of isovaleric acid (C-2′)
or transformed into two sulfate moieties (C-3′ and C-4′)
(Figure 1).10−12

The mechanism of action of atractyloside and carboxya-
tractyloside has been elucidated and involves the inhibition of
oxidative phosphorylation in the mitochondria of hepatocytes
and proximal tubular epithelial cells.13 These glucosides block
the transport of adenosine diphosphate (ADP) into mitochon-
dria by inhibiting the adenine nucleotide translocator (ANT)
and impairing ATP production in the cell.14,15 Atractyligenin
(2) exerts similar, albeit weaker, biological activity compared to
1 and is about 150-fold less toxic,13 suggesting that the glucose
moiety and disulfuric and isovaleric acid residues increase the
inhibitory effect on ATP production. Atractyloside (1) and
atractyligenin (2) exhibit modest antiproliferative activity

against murine melanoma and metastatic (B-16)16 and
human chronic myelogenous leukemia (K-562)17 cell lines,
respectively. NMR structure elucidation of atractyloside (1) has
been only partially achieved to date, and previous 1H NMR
spectroscopic data of 1 in DMSO-d6 at 100 MHz reported only
signals of H-1′, H-2′, H-3′, and H-4′ of the glucosyl moiety, ent-
kaurane H2-1, H-2, H2-3, and H-4, exo-methylene H2-17 (2H),
and methyl CH3-20 (3H).

7,13 Furthermore, NMR spectroscopy
studies on the interactions of atractyloside with the
mitochondrial ANT carrier reported incomplete carbon and
no proton resonance assignments for 1.18 On the other hand,
early resonance assignments made for carboxyatractyloside
might provide a general reference for structure elucidation of
the carbon skeleton of 1.19

Received: January 27, 2012
Published: May 17, 2012

Figure 1. Structures of atractyloside (1), atractyligenin (2), and 15-
didehydro- (3) and 2,15-di(didehydro)-atractyligenin methyl ester (4)
derivatives.
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More recently, some naturally occurring and semisynthetic
tetracyclic ent-kaurane diterpenoids, structurally related to 1
and 2, have attracted attention due to their interesting
anticancer, antibacterial, and anti-inflammatory activity.20−22

In particular, a semisynthetic derivative of atractyloside (1), 15-
didehydroatractyligenin methyl ester (3), exhibited significantly
higher cytotoxicity against selected cancer cell lines compared
to 1 and 2 (Figure 1).22 This compound (3) contains in its
molecular framework an exo-methylene group (C-16−C-17)
conjugated with a carbonyl residue (C-15) and may exert its
biological activity by acting as a Michael-type acceptor
compound, with the α,β-unsaturated carbonyl system serving
as the alkylating center.23

In this paper, we present the first complete structural
characterization of 1 by NMR spectroscopy and X-ray
crystallography. Results from 1H and 13C NMR spectra and
COSY, NOESY, HSQC, and HMBC experiments were
analyzed and employed to assign all carbon and proton signals
of 1. Crystallography experiments allowed evaluation of the
atomic spatial arrangement of three independent molecules of 1
in the non-centrosymmetric space group C 2 2 21 and the
determination of their absolute structures and configurations.
We also report some synthetic modification of the atractylo-

side structure including a novel semisynthetic route for the
preparation of the highly cytotoxic derivative 3 starting from 1.
Selective oxidation of the 15-hydroxy group of 1 afforded
compound 3 in good yield and purity, with an intact C-2
hydroxy group. The presence of a free hydroxy group in the
molecule is a prerequisite for coupling with different residues,
including various carbohydrate moieties, to improve its
biological activity. The hydroxy group could also be amenable
to enzymatic transformation within the cell or could be
available to hydrogen-bond with H-acceptors of protein/DNA
base pairs.
Finally, compounds 1−3 were evaluated for their antimicro-

bial activities against a number of Gram-positive cocci,
including Enterococcus faecalis and different strains of
methicillin- (MRSA) and antibiotic-resistant Staphylococcus
aureus, and Gram-negative bacilli such as Escherichia coli.

■ RESULTS AND DISCUSSION
Synthetic modification of the atractyloside structure started
with the hydrolysis of its glycosidic bond under basic conditions
to give atractyligenin (2) (Scheme 1). The genin was
characterized by NMR spectroscopy, and the assignments of
its proton and carbon signals served as a reference in the NMR
structure elucidation of 1 (Table 1).
Next, attention was focused on the synthesis of the 15-

didehydroatractyligenin derivative 3. Previous attempts to
prepare 3 from atractyligenin methyl ester were partially
efficient. Direct oxidation of the latter with MnO2 led to a
mixture of 15-didehydro- (3) and 2,15-di(didehydro)-atracty-
ligenin methyl ester (4) derivatives (Figure 1).21 A novel
synthetic route for the preparation of 3 was developed, and
selective oxidation of the C-15 hydroxy group was achieved
utilizing the carbohydrate moiety of 1 as a protective group for
the C-2 hydroxy group (Scheme 1). Methylation of 1 at C-19
using (trimethylsilyl)diazomethane (TMSCH2N2) gave atracty-
loside methyl ester 5. The 1H NMR spectrum of 5 showed the
presence of both methyl ester and carbohydrate proton signals,
indicating that it still comprised both the sugar and ent-kaurane
moieties. At this stage, the original strategy would involve
oxidation of the C-15 hydroxy group with the Dess-Martin

periodinane (DMP) and enzymatic or acidic cleavage of the
glycosidic bond to give 3. However, the use of an excess of
DMP not only oxidized the C-15 hydroxy group but also
cleaved the glycosidic bond, gratifyingly affording the 15-
didehydro derivative 3 in two synthetic steps. The 1H and 13C
NMR spectra of 3 showed the methyl ester signal at δH 3.67,
the two broad methylene singlets at δH 5.95 and 5.26, which
were shifted downfield compared to 1 and 2, and the C-15
carbonyl at δC 210.2, confirming the completion of the reaction.
The unexpected oxidative cleavage of the glycosidic bond

might take place as a side-reaction during the quenching of the
oxidation reaction with concentrated aqueous NaOH solution.
A possible mechanism is shown in Scheme 2. After oxidation of
the C-15 alcohol group of 5, the 15-oxokaurenoic and glucose
residues were still joined by a glycosidic bond in 6. Attack of
the heterocyclic oxygen of 6 to iodinane (DMP) led to the
formation of complex 7 with loss of an acetate ligand. This
unstable intermediate (7) might be susceptible to cleavage of
the pyranose ring by hydroxide ion and hydrolysis of residues
R2 and R3 at C-2′, C-3′, and C-4′ to give 8. Deprotonation at the
C-1′ proton by an acetate ion would subsequently afford the
pyranose derivative 9, iodinane, and acetic acid. Finally,
intramolecular esterification yielded δ-gluconolactone 10 and
the 15-oxo derivative 3. The proposed mechanism was
corroborated by the presence of traces of δ-gluconolactone in
the 1H NMR spectrum of the CHCl3 extracts of the neutralized
aqueous solution after workup. No anomeric proton signals
were detected in this spectrum.
The main challenge in determining the structure of

atractyloside (1) by NMR spectroscopy was posed by the
overlapping signals of nine protons pertaining to its ent-kaurane
residue. The 1H NMR spectrum of 1 in DMSO-d6 at 500 MHz
showed crowded regions at δH 1.56−1.49 (spin system A) and
δH 1.38−1.28 (spin system B), integrating for four and five
protons, respectively. Two-dimensional heteronuclear NMR
experiments showed correlations between the A and B system
protons and six carbon signals, including five methylene groups
and one methine carbon. 1H−13C HSQC−DEPT135 experi-
ments revealed that the methylene carbon signals at δC 17.5,
32.1, and 34.7 correlated with two protons each in systems A
and B. These carbon signals were assigned to C-11, C-12, and
C-7, respectively. The methylene carbon signal at δC 24.9
correlated with one multiplet at δH 1.78−1.73 (1H) and to one
A spin system proton and was assigned to C-6. The methylene
signal at δC 35.7 correlated with the overlapped doublet at δH
1.70 and with one B system proton and was assigned to C-14.

Scheme 1a

aReagents and conditions: (a) 20% KOH in H2O, 100 °C, 6 h; (b)
TMSCH2N2, THF/MeOH (4:1 v/v), −78 °C to rt, 3 h; (c) DMP,
CH2Cl2, 0 °C to rt, 3 h.
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Finally, the methine carbon signal at δC 48.3 correlated with the
remaining proton of spin system B and was assigned to C-5.
Carbon assignment was followed by the identification of the A
and B spin system protons. It was found that spin system A
comprised H2-6 (1H), H2-7 (1H), H2-11 (1H), and H2-12
(1H), whereas spin system B included H-5 (1H), H2-7 (1H),
H2-11 (1H), H2-12 (1H), and H2-14 (1H).
At this stage, the low-field region of the 1H NMR spectrum

of atractyloside was investigated and glucose-proton signals at
δH 4.55 (d, J = 7.8 Hz), 4.31 (t, J = 8.3 Hz), and 3.45−3.42 (m)
were assigned to H-1′, H-3′, and H-5′, respectively (Table 1).
Superimposed signals at δH 4.06−4.00 (m, 2H) and three
multiplets at δH 3.67−3.64 (1H), 3.63−3.61 (1H), and 3.59−
3.54 (1H) were analyzed using long-range (HMBC) and
through-bond (HSQC) heteronuclear correlation experiments.
Two triplets, δH 4.64 (J = 8.0 Hz, 1H) and 4.02 (J = 8.5 Hz,

slightly overlapped) correlated with three carbon signals at δC
72.2, 72.4, and 73.1. The triplet at δH 4.64 was assigned to H-2′
due to its 2J long-range correlations (HMBC) with C-3′ (δC
77.0) and C-1′ (δC 98.9) and a 3J correlation with C-1″ (δC
170.8) of the isovaleric residue (Figure 2). Furthermore, the

triplet at δH 4.02, which was overlapped with the H-2 signal,
was assigned to H-4′ of the carbohydrate unit of 1. Further sets
of connectivities (HSQC) were observed between one
methylene carbon signal at δC 61.2 and two multiplets at δH
3.67−3.64 and 3.59−3.54 and between the methine carbon
signal at δC 81.1 and the multiplet at δH 3.63−3.61. This
multiplet (δH 3.63−3.61) also showed HMBC correlations with
C-9 (δC 52.3) and C-14 (δC 35.7) and was assigned to H-15,
whereas the carbon signal at δC 61.2 was assigned to C-6′ due to
its long-range correlations with H-4′ and H-5′ (Figure 2). Final
assignment of proton resonances of the isovaleric acid residue
completed the first structure elucidation of atractyloside 1 by
NMR spectroscopy (Table 1).

X-ray crystallographic analysis allowed determination of the
configurations of (−)-atractyloside, and the resulting ORTEP
drawings are presented in Figure 3a,b. The crystallographic
experiments established the configuration 2R*, 4R*, 5R*, 8R*,
9S*, 10R*, 13R*, 15S*, 1′S*, 2′R*, 3′R*, 4′R*, and 5′R*.
Moreover, observation of the stick model in Figure 3b revealed
that the perhydrophenanthrene portion of 1 has little
conformational flexibility. The cyclohexane rings A, B, and C
all adopt a chair conformation, with the A and B rings being
trans fused and B and C rings cis fused. The cyclopentane D
ring is in turn fused to the C ring to form a bicyclo[3.2.1]-
octane cage with the methylene and hydroxy groups sticking
out from the periphery of the molecule. The α-oriented C-19
carboxylic and C-20 methyl residues of the ent-kaurane moiety
and the β-oriented C-2−O-5−C-1′ bridge are also clearly
evident in Figure 3b.
Interestingly, it was also observed that the crystal asymmetric

unit of atractyloside contained three equivalent molecules
coordinated to six metal ions. As a result, three sets of
positional parameters and bond distances/angles were
obtained, and these data could be employed, at a later stage,
to aid in the determination of the most thermodynamically
favorable conformation of 1. This could further lead to in silico
molecular modeling studies on the interaction of atractyloside
with its biological target and to the synthesis of analogues with
improved efficacy.
Compounds 1−3 were evaluated in vitro for their

antimicrobial activity against E. coli, Ent. faecalis, and several
strains of Staph. aureus, some of which were multidrug- and
methicillin-resistant (MRSA), and minimum inhibitory con-
centration (MIC) values were determined. Only compound 3
exhibited moderate antibiotic activity (128 mg/L) against a
susceptibility testing control strain (ATCC 29523), a
fluoroquinolone-resistant derivative (SA1199B), and two
epidemic-MRSA (EMRSA-15 and -16) isolates of Staph. aureus.

■ EXPERIMENTAL SECTION
General Experimental Information. Optical rotations were

determined on a Bellingham and Stanley polarimeter ADP 220.
Infrared spectra were acquired on a Perkin-Elmer FT-IR spectrometer
(Spectrum 1000), and absorbance frequencies are reported in
reciprocal centimeters (cm−1). 1H and 13C NMR spectra were
acquired using Bruker Avance 400 and 500 NMR spectrometers.
Chemical shifts are reported in parts per million (ppm) with the
solvent resonance as the internal standard, and coupling constants (J)
are quoted in hertz (Hz). Spin multiplicities are described as s

Scheme 2. Proposed Mechanism for the Oxidative Cleavage of the Glycosidic Bond of 6

Figure 2. 1H−1H COSY (blue lines) correlations and key HMBC (red
arrows) for 1.
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(singlet), bs (broad singlet), d (doublet), dd (doublet of doublets),
ddd (doublet of doublets of doublets), t (triplet), q (quadruplet), sept
(septet), and m (multiplet). LC-MS analyses were carried out on a
Phenomenex Monolithic C18 reversed-phase column (50 × 4.6 mm)
with a flow rate of 3 mL min−1 and a linear gradient of B (5−95%)
over 5 min. Eluent A: H2O/0.1% formic acid; eluent B: CH3CN/0.1%
formic acid. TLC was performed on Merck silica gel 60 F254 aluminum
sheets. TLC system 1: silica gel, EtOAc/acetone/H2O:HOAc, 5:3:1:1,
sprayed with a vanillin/H2SO4 solution prepared by dissolving 15 g of
vanillin in 250 mL of EtOH with 0.01% concentrated H2SO4. TLC
system 2: Si gel, CHCl3/MeOH/HOAc, 8:2:0.5. Preparative TLC was
performed on Merck silica gel 60 F254, 2 mm, 20 × 20 cm plates. All
chemicals were purchased from Fisher Scientific, Sigma Aldrich, and
Merck Chemicals and used without further purification. Atractyloside
potassium salt (1) was purchased from Enzo Life Science (batch no.
P4432) and Sigma Aldrich and characterized prior to synthetic
modification.
Chemistry. Characterization of atractyloside potassium salt (1):

amorphous solid; TLC (system 1) Rf 0.45 (purple); [α]D
20 −52.5 (c 0.2,

H2O); IR νmax (golden gate) cm−1 3454, 2930, 1709, 1705, 1247,
1031, 909, 795; 1H NMR and 13C NMR (DMSO-d6) see Table 1;
ESIMS m/z (negative mode) 725 [M − H]−, 645 [M − SO3 − H]−,
362, 322.
Synthesis of Atractyligenin (2). Atractyloside potassium salt (1)

(0.056 mmol, 45 mg) was added to a solution of KOH (1 g, 0.018
mol) in H2O (5 mL). The reaction mixture was allowed to stir at reflux
(100 °C) for 6 h. After acidification with 10% HCl to pH = 3, the
genin was extracted with EtOAc (3 × 10 mL) and dried over MgSO4,
and the solvent was evaporated under reduced pressure to yield 15 mg
(0.047 mmol, 84%) of a white residue. The product was judged pure
by analysis of TLC, LC-MS, NMR, and IR spectra. TLC (system 2): Rf
0.17; [α]D

20 −145 (c 0.2, EtOH); IR νmax (golden gate) cm−1 3420,
1701, 1658, 910; 1H NMR and 13C NMR (MeOD) see Table 1;
ESIMS m/z (negative mode) 319 [M − H]−.
Synthesis of Atractyloside Methyl Ester (5). To a solution of

atractyloside potassium salt (1) (100 mg, 0.124 mmol) in a mixture of
dry THF/MeOH (4:1, 5 mL) was added TMSCH2N2 (93 μL, 0.186
mmol, 2.0 M in Et2O) dissolved in 0.5 mL of dry MeOH over a period
of 5 min at −40 °C (MeCN/dry ice cooling bath). The reaction
mixture was allowed to reach room temperature and then stirred for a
further 3 h. The mixture was filtered on a pad of Si gel and eluted with
MeOH (15 mL). The solvent was evaporated under reduced pressure
to yield 48 mg of 5 as a white solid (0.058 mmol, 47.5%), which was
judged pure by analysis of TLC, LC-MS, NMR, and IR spectra. [α]D

20

−40.0 (c 0.1, MeOH); TLC (system 1) Rf 0.54 (pink);
1H NMR (400

MHz, MeOD) δH 5.17 (bs, 1H), 5.07 (bs, 1H), 4.92−4.87 (m, 1H),
4.71 (d, J = 8.0 Hz, 1H), 4.59−4.54 (m, 2H), 4.32 (t, J = 9.4 Hz, 1H),
4.26−4.21 (m, 1H), 3.94 − 3.83 (m, 2H), 3.76 (s, 1H), 3.66 (s, 3H),
3.56−3.50 (m, 1H), 2.71 (bs, 1H), 2.45 (d, J = 11.1 Hz, 1H), 2.34−

2.29 (m, 1H), 2.28 (d, J = 7.2 Hz, 2H), 2.08 (sept, J = 6.8 Hz, 1H),
1.87−1.78 (m, 2H), 1.69−1.56 (m, 4H), 1.46−144 (m, 4H), 1.41−
1.39 (m, 2H), 1.38−1.35 (m, 2H), 1.26−1.22 (m, 2H), 1.05 (d, J = 7.1
Hz, 1H), 0.96 (dd, J = 6.7, 2.1 Hz, 6H), 0.90 (s, 3H), 0.77 (t, J = 11.9
Hz, 1H); 13C NMR (400 MHz, MeOD) δC 177.0, 174.1, 160.4, 109.1,
83.6, 79.9, 77.4, 76.3, 75.4, 73.5, 73.3, 64.4, 61.7, 54.5, 51.8, 50.6, 46.8,
44.8, 44.6, 43.7, 41.6, 37.3, 36.2, 35.5, 33.6, 30.7, 26.4, 24.8, 23.0, 19.2,
17.2; ESIMS m/z (negative mode) 739 [M − H]−, 659 [M − SO3 −
H]−, 368; HR-ESIMS (m/z) 739.2299 [M − H]− (calcd for
C31H46O16S2, 739.2306).

Synthesis of 15-Didehydroatractyligenin Methyl Ester (3). To a
solution of atractyloside methyl ester (1) (47.7 mg, 0.058 mmol) in
dry CH2Cl2 (10 mL) was added neat Dess-Martin periodinane reagent
(90.75 mg, 0.213 mmol) in one portion at 0 °C. The reaction mixture
was allowed to reach room temperature and stirred under a nitrogen
atmosphere for 3 h. The reaction was quenched with 1.5 M NaOH (5
mL), allowed to stir for a further 45 min at room temperature, and
extracted with EtOAc (3 × 5 mL). The combined organic fractions
were washed with 1.5 M NaOH (3 × 5 mL) and brine (2 × 5 mL),
dried over MgSO4, and evaporated under reduced pressure to yield a
white solid. Purification by preparative TLC (CHCl3−0.4% MeOH, Rf
= 0.34) afforded 3 as a white, crystalline solid (10 mg, 0.030 mmol,
52%): [α]D

20 −171.4 (c 0.1, CHCl3); IR νmax (golden gate) cm−1 3430,
3063, 2940, 1710, 1670, 1650, 1435, 1270, 1201, 1195, 1050, 938; 1H
NMR and 13C NMR (CDCl3) see Table 1; ESIMS m/z (positive
mode) 333 [M + H]+.

X-ray Diffractometry. Large, rod-shaped crystals of atractyloside
(1) were grown by recrystallization from DMSO under oil drops over
several days at 12 °C. Data were collected at 105 K on a single flash-
frozen crystal processed and scaled using CrysalisPro.25 The structure
was solved by direct methods using SIR9226 and refined using
SHELXL9727 from 10 377 independent reflections. All non-hydrogen
atoms were refined by full-matrix, least-squares with anisotropic
temperature factors, with hydrogen atoms positioned using normal
geometry.

Crystallographic data of atractyloside (1): colorless crystal,
C30S2H44K2O16,Mr = 802.13, solvent O5, orthorhombic, space group C
2 2 21, a = 22.9830(10) Å, b = 42.3640(22) Å, c = 24.0500(11) Å, α =
β = γ = 90° V = 1130.57(16) Å3, Z = 8, Cu Kα radiation, three
atractyloside molecules in each ASU, crystal dimensions = 0.40 × 0.05
× 0.04 mm.

Data collection: Xcalibur microfocus NovaT X-ray diffractometer,
20 588 measured reflections, 14 053 independent reflections, 10 377
reflections with I > 2σ(I), Rint = 0.045, av I/σ(I) = 14.7.

Refinement: R[F2 > 2σ(F2)] = 0.0141, wR(F2) = 0.358, S = 1.48, 14
053 reflections, 1392 parameters, H-atom parameters constrained,
Δρmax =1.11 e Å−3, Δρmin = −0.89 e Å−3.

Crystallographic data in this paper have been deposited with the
Cambridge Crystallographic Data Centre (deposition number: CCDC

Figure 3. ORTEP24 representations of one molecule of atractyloside (1): (a) with thermal ellipsoids drawn at 50% probability, hydrogen atoms
drawn as spheres modeled with idealized geometry, and (b) in a stick model. Only non-hydrogen atoms are given.
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873675). Copies of the data can be obtained, free of charge, on
application to the Director, CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (fax: +44-(0)1223-336033 or e-mail: deposit@ccdc.cam.ac.
uk).
Biological Assay. Antibacterial Assay. Unless otherwise stated, all

chemicals were obtained from Sigma-Aldrich Company Ltd., UK.
Cation-adjusted Mueller-Hinton broth was obtained from Oxoid and
was adjusted to contain 20 and 10 mg/L of Ca2+ and Mg2+,
respectively. The Staphylococcus aureus strains used in this study
included ATCC 25923, SA-1199B, EMRSA-15, and EMRSA-16.
ATCC 25923 is a standard laboratory strain sensitive to antibiotics.
SA-1199B overexpresses the NorA MDR efflux pump. EMRSA-15 and
EMRSA-16 are epidemic strains in the UK. Enterococcus faecalis NCTC
12697 and Escherichia coli NCTC 10418 are antimicrobial
susceptibility testing control strains and were obtained from The
National Collection of Type Cultures (London, United Kingdom).
Staph. aureus, E. coli, and Ent. faecalis strains were cultured on nutrient
agar (Oxoid) and incubated for 24 h at 37 °C prior to MIC
determination. An inoculum density of 5 × 105 colony forming units of
each bacterial strain was prepared in normal saline (9 g/L) by
comparison with a 0.5 MacFarland turbidity standard. The inoculum
(125 μL) was added to all wells, and the microtiter plate was incubated
at 37 °C for the corresponding incubation time. For MIC
determination, 20 μL of a 5 mg/mL methanolic solution of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide was added to
each of the wells and incubated for 20 min. Bacterial growth was
indicated by a color change from yellow to dark blue. The MIC was
recorded as the lowest concentration at which no growth was
observed.
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a  b  s t  r a  c t

In  a project  to characterise new antibacterial chemotypes from  plants,  hyperenone  A and  hypercalin B
were isolated from  the  hexane and  chloroform  extracts of the  aerial  parts  of Hypericum acmosepalum.
The structures  of both compounds  were  characterised  by  extensive one-  and  two-dimensional nuclear
magnetic resonance  (NMR)  spectroscopy  and  were  confirmed by  mass  spectrometry.  Hyperenone  A
and hypercalin B exhibited  antibacterial activity  against  multidrug-resistant  strains  of Staphylococcus
aureus,  with  minimum  inhibition  concentration  ranges  of 2–128 mg/L  and 0.5–128  mg/L,  respectively.
Hyperenone  A  also  showed  growth-inhibitory  activity against  Mycobacterium  tuberculosis  H37Rv  and
Mycobacterium bovis BCG  at 75  mg/L  and  100  mg/L.  Neither  hyperenone  A  nor  hypercalin B inhibited
the growth  of Escherichia  coli  and both  were  non-toxic  to cultured  mammalian  macrophage  cells. Both
compounds  were  tested  for their ability  to inhibit  the  ATP-dependent  MurE  ligase  of M.  tuberculosis,  a
crucial  enzyme  in the  cytoplasmic  steps of peptidoglycan  biosynthesis.  Hyperenone  A  inhibited  MurE
selectively,  whereas  hypercalin B  did  not  have  any effect  on enzyme  activity.

© 2011 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.

1. Introduction

In recent years, drug resistance in Mycobacterium tuberculosis
and other clinically relevant bacterial pathogens such as meticillin-
resistant Staphylococcus aureus (MRSA) has emerged as a  major
threat to  public health, with severe economic and social implica-
tions [1,2].  MRSA is  still one of the most widespread and virulent
nosocomial pathogens in  the world [3] and is  usually resistant
to multiple antibiotics, making infection difficult to treat, and
accounts for an increased proportion of staphylococcal infections
amongst hospitalised patients in  countries where it has become
established. Despite new advances in antibiotic development, with
agents such as linezolid, daptomycin and quinupristin/dalfopristin
appearing over the last decade [4], MRSA infections still remain
of considerable concern owing to  resistance to some of these new
drugs [5,6].

Tuberculosis (TB) is caused predominantly by M. tuberculosis,
an obligate aerobic pathogen that divides at an extremely slow

∗ Corresponding author. Tel.: +44 207 753 5913; fax: +44 207 753 5909.
∗∗ Corresponding author. Tel.: +44 207 631 6355; fax: +44 207 631 6246.

E-mail  addresses: s.bhakta@bbk.ac.uk (S. Bhakta),
simon.gibbons@pharmacy.ac.uk (S. Gibbons).

rate. The World Health Organization estimates that 2 billion peo-
ple have latent TB  whilst another 2 million people die of TB each
year worldwide [7].  Although TB  is generally treatable, the expo-
nential emergence of extensively drug-resistant or completely
drug-resistant TB strains is  a current global health emergency
where there is  virtually no treatment available [8].  Therefore, new
antibacterial agents with novel modes of action are urgently needed
to meet the challenge posed by these resistant variants.

The peptidoglycan biosynthesis pathway is  a validated target
for the development of antibacterial agents, including the classi-
cal �-lactam, cephalosporin and glycopeptide antibacterials [9].
The peptidoglycan layer of the cell wall serves as a  base for the
lipid-rich capsule. Peptidoglycan (or murein) is the polymeric mesh
of the bacterial cell wall that plays a vitally important role in
protecting bacteria against osmotic lysis. Peptidoglycan biosynthe-
sis can be  separated into two  phases, comprising six intracellular
enzymatic steps and three steps that occur outside of  the plasma
membrane [10]. Amongst the cytoplasmic steps involved in the
biosynthesis of peptidoglycan, four ATP-dependent ligases (MurC,
MurD, MurE and MurF) catalyse the assembly of  its peptide moi-
ety by successive additions of l-alanine, d-glutamate, a diamino
acid [usually meso-diaminopimelic acid (m-DAP) or l-lysine] and
d-alanine–d-alanine to  UDP N-acetylmuramic acid (MurNAc) [11].
Although most antimicrobials target steps in  the later stage of cell

0924-8579/$ –  see  front matter ©  2011 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.
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wall biosynthesis, the earlier steps in peptidoglycan biosynthesis
have recently received renewed attention in  terms of novel thera-
peutic targets [12]. To date, only fosfomycin, which targets MurA
(NAG enolpyruvate transferase), has been developed as an antibac-
terial agent targeting early biosynthesis of cell wall peptidoglycan
[10,11]. The enzymes involved in  the peptidoglycan biosynthetic
pathway are characteristic of Eubacteria and are  absent in  humans.
These enzymes are therefore excellent targets for anti-infective
drug development.

Although most antibiotics in clinical use have been obtained
from microorganisms, an interest in  plant antibacterials has re-
emerged during the last three decades. Of the known plant species
(estimated at 250 000), only a very small fraction has been inves-
tigated for the presence of antibacterial compounds and an even
smaller number of these phytochemicals have been subjected to a
modern rigorous pharmacological evaluation of their antibacterial
properties.

Species of the plant genus Hypericum are used in traditional
medicine for their therapeutic value [13]. Hypericum perforatum
L. (commonly known as St John’s Wort) is the most investigated
member of the genus both from the perspective of chemical con-
stituents and biological activity [14]. It  has been used extensively
in herbal medicine as an antidepressant [14], for various skin treat-
ments such as eczema, wounds and burns, as well as in disorders
of the alimentary tract, amongst others [14].

Hypericum acmosepalum is a  shrub of 0.6–2 m in height with
deep-yellow petals that are sometimes tinged red. It is  cultivated
as an ornamental shrub in many parts of the world, but  particularly
in Great Britain [15].  Previous studies on H. acmosepalum are lim-
ited, with some ethnobotanical usage by the Yao People of Yunnan
Province in  China [16]. Here we  describe the isolation, structural
elucidation and antibacterial action of two natural products from
H. acmosepalum.  Their ability to inhibit the ATP-dependent MurE
ligase enzyme from M. tuberculosis [10], a  pivotal enzyme in pepti-
doglycan biosynthesis, was also assessed.

2. Materials and methods

2.1. Bacterial strains

A standard S.  aureus strain (ATCC 25923) as well as a  clinical iso-
late (XU212) that possesses the Tet(K) efflux pump and is also an
MRSA strain were obtained from Dr Edet Udo (Kuwait University)
[17]. Epidemic MRSA types 15 and 16 (EMRSA-15 and EMRSA-16)
were provided by Dr Paul Stapleton (The School of Pharmacy, Uni-
versity of London, UK). Strain SA-1199B that overexpresses the
NorA multidrug resistance efflux pump was donated by Prof. Glenn
W. Kaatz (Wayne State University, Detroit, MI)  [18]. Strain RN4220
that has the MsrA macrolide efflux pump was a generous gift from
Dr Jon Cove (University of Leeds, UK) [19]. Mycobacterium bovis
BCG (ATCC 35734) and RAW 264.7 (a mouse leukaemic monocyte
macrophage cell line) were obtained from Prof. Siamon Gordon (Sir
William Dunn School of Pathology, University of Oxford, Oxford,
UK). Mycobacterium tuberculosis H37Rv (ATCC 9360) was  purchased
from the Health Protection Agency (Porton Down, Salisbury, UK).

2.2. Isolation of compounds

Hypericum acmosepalum was collected from the National Hyper-
icum Collection at the Royal Botanic Gardens, Kew (Ardingly, UK)
in August 2005. The authenticity of this species has been verified
by Dr N.K.B. Robson. Voucher specimens of these collections have
been deposited at the Department of Pharmaceutical and Biolog-
ical Chemistry (SG-2005-2/6) (School of Pharmacy, University of
London, London, UK). Dried and powdered material (500 g) of H.

Table 1
Nuclear magnetic resonance (NMR) [500 MHz  (1H) and 125 MHz  (13C)] data for
hyperenone-A (2) in CDCl3.

Position 1H ı ppm (J) 13C ı ppm

2 157.1
3 111.7
4  181.4
5  6.61 111.5
6  162.9
1  131.1
2′ ,  6′ 7.70 m 125.4
3′ ,  5′ 7.48 m 129.3
4′ 7.47 m 131.0
1′′ 39.0
2′′ 6.25 dd (17.2, 10.4) 148.5
3′′ 4.90 d  (17.2)4.95 d  (10.4) 108.5
4′′/5′′ 1.50 27.7
MeO 4.06 56.2

acmosepalum was  extracted sequentially in  a  Soxhlet apparatus
(Fisher Scientific, Loughborough, UK) using 3.5 L of  organic sol-
vents of increasing polarity (hexane, chloroform and methanol).
Vacuum-liquid chromatography (VLC) (Silica gel 60 PF254+366;
Merck, Darmstadt, Germany) was  performed on 6.3 g of  the hexane
extract with an increasingly polar gradient of 10% increments, from
100% hexane to  100% ethyl acetate, yielding 12  fractions. Thin-layer
chromatography (TLC) of Fraction 6 showed a  major compound
that was subjected to LH-20 Sephadex column chromatography
(Sigma Aldrich, Gillingham, UK) to  give 12 fractions by  elution with
hexane, chloroform and chloroform–methanol mixtures. Fractions
6, 7 and 8 eluted with 30% hexane and in chloroform were com-
bined yielding pure compound 1  (94 mg). The chloroform extract
(8.3 g) was  fractionated by VLC with an increasingly polar gradi-
ent of 10% from 100% hexane to 100% ethyl acetate, yielding 12
fractions. Fractions 6 and 7 showing a  similar TLC profile were com-
bined (2.5 g)  and were further separated using Sephadex column
chromatography using the same method described above. Frac-
tions 2 and 3 eluted with 35% hexane in chloroform from Sephadex
were combined (160 mg)  and further separated by preparative TLC
silica plates (20 mm × 20 mm,  60F254; Merck) using hexane–ethyl
acetate–acetic acid (85:15:2) to give compound 2 (25 mg).

2.2.1. Compound 1  (hypercalin B)
Pale yellow amorphous solid. Electrospray ionisation mass

spectrometry (ESI-MS) [M+H]+ m/z  519, calculated for C33H43O5.
Ultraviolet (UV) (CHCl3)  �max (log ε): 360 (4.09), 285 (3.56), 244
(3.81) nm.  Infrared (IR) vapour maximum (Vmax thin film) cm−1:
(3370, 3060, 2960, 2920, 28 260). Proton (1H) and carbon (13C)
nuclear magnetic resonance (NMR) spectroscopic data were in
close agreement with those of hypercalin B isolated from Hypericum
calycinum [20].

2.2.2. Compound 2  (hyperenone A)
Yellow oil. High-resolution ESI-MS [M+H]+ m/z  271.1396 calcu-

lated for C17H19O3. UV (CHCl3)  �max (log ε): 236  (4.12), 276 (4.07)
nm.  IR Vmax (thin film) cm−1: (1651, 1614, 1580). 1H and 13C NMR
spectroscopic data (Table 1).

2.3. Structure elucidation

One-dimensional (1D) and two-dimensional (2D) NMR  spec-
tra were recorded on an Avance 500 MHz  spectrometer (Bruker,
Coventry, UK). Chemical shift values (ı) were reported in  parts per
million (ppm). Samples were dissolved in deuterated chloroform.
IR spectra were recorded on a  Nicolet 360 FT-IR spectrophotometer
(Thermo Fisher Scientific, Loughborough, UK), and UV spectra on a
Thermo Electron Corporation Helios spectrophotometer (Thermo
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Fisher Scientific). Mass spectra were recorded on a  Micromass Q-
TOF Global Tandem Mass Spectrometer (Waters Corp., Manchester,
UK).

2.4. Minimum inhibitory concentration (MIC) determination
against Staphylococcus aureus

Prior to  antibacterial bioassay, strains were subcultured freshly
on Mueller–Hinton agar medium (Oxoid Ltd., Basingstoke, UK) and
incubated for 24 h at 37 ◦C prior to  MIC  determination. Control
antibiotics norfloxacin, tetracycline, vancomycin, erythromycin
and ciprofloxacin were also used. Mueller–Hinton broth (Oxoid
Ltd.) was adjusted to contain 20 mg/L Ca2+ and 10 mg/L Mg2+.  An
inoculum density of 5 × 105 colony-forming units/mL of each S.
aureus strain was prepared in  normal saline (9 g/L) by comparison
with a 0.5 McFarland turbidity standard. The inoculum (125 �L)
was added to  all wells of a microtitre plate and the plate was
incubated at 37 ◦C for 18 h.  For  MIC  determination, 20 �L  of a
5 mg/mL  methanolic solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was added to each of the wells
and was incubated for 20 min. Bacterial growth was  indicated by a
colour change from yellow to dark blue. The MIC was  recorded as
the lowest concentration at which no growth was observed.

2.5. Minimum inhibitory concentration determination against
mycobacteria

Mycobacterium bovis BCG was grown at 37 ◦C in an incuba-
tor in 100 mL  of Middlebrook 7H9 broth medium supplemented
with 10% (v/v) albumin–dextrose–catalase (Difco, Oxford, UK) and
0.05% Tween 80 in  roller bottles with rotation at 2 rpm until
mid-exponential phase [optical density at 600 nm (OD600)  =  1.0].
Mycobacterium tuberculosis H37Rv was grown at 37 ◦C in  an
incubator as a  standing culture in 30 mL  universals in Middle-
brook 7H9 broth medium supplemented with 10% (v/v) oleic
acid–albumin–dextrose–catalase (OADC) (Difco) and 0.05% Tween
80 until mid-exponential phase (1 McFarland turbidity standard).

For quality control of the mycobacterial cultures, M. bovis
BCG was stained with a modified Ziehl–Neelsen staining protocol
using a Tb-color kit (Bund Deutscher Hebammen Laboratory, Karl-
sruhe, Germany) according to the manufacturer’s procedure, and M.
tuberculosis H37Rv was grown on a  blood agar plate to detect con-
tamination. MICs against mycobacteria were determined using the
spot culture growth inhibition assay as described previously [21].
An aliquot of 5 mL  of Middlebrook 7H10 (BD Biosciences, Oxford,
UK) supplemented with 0.2% glycerol and 10% OADC was  added to
a  six-well plate along with compounds at concentrations of 100,
75, 50, 25, 10 and 0 mg/L in  a  5 �L  solution of dimethyl sulphoxide
(DMSO). Afterwards, 5 �L  of an appropriately diluted mid-log phase
of 105 cells/mL was carefully dispensed into the centre of each well.
A well with no compound containing 0.1% DMSO was used as a  neg-
ative control. The MIC  was determined after 2 weeks of incubation
at 37 ◦C. A  frontline antitubercular drug, isoniazid (INH), was  also
used as a  positive control.

2.6. Escherichia coli JM109 killing curves

A seed culture of E. coli JM109 was grown up  to  mid-log phase
(OD600 =  1.9). Then, 1 mL  of the seed culture was mixed with 100 mL
of fresh Luria–Bertani medium and 5 mL  was distributed into 25-
mL volume glass culture tubes (Brand GmbH, Wertheim, Germany)
containing either the inhibitors used in  this study (final concentra-
tion 200 mg/L) or DMSO (final concentration 0.1%). These cultures
were then grown at 37 ◦C in a  shaking incubator rotating at 180 rpm.
The glass tubes were placed into the cell holder of a  spectropho-
tometer (Biochrom WPA  CO8000; Biochrom, Cambridge, UK) and

the OD600 was  measured every 30 min  until the culture reached
stationary phase. INH was taken as a  positive control and the exper-
iment was  performed in triplicate.

2.7. Cytotoxicity assay

Mouse macrophage cells (RAW 264.7) were cultured in  5  mL of
complete RPMI 1640 medium supplemented with 10% foetal bovine
serum and 1% l-glutamine in a 25 cm2 vented, screw-cap cell cul-
ture flask (Flowgen Bioscience Ltd., Hessle, UK)  and incubated at
37 ◦C with a  supply of 5%  CO2. For  use in  cytotoxicity assay, cells
were detached using 5 mL  of lidocaine–ethylene diamine tetra-
acetic acid (EDTA) for 10 min at room temperature, followed by
banging the side of the flask against the palm of  the hand, and
diluted with an equal volume of fresh media. Cells were then
centrifuged at 1000 rpm for 5 min  at room temperature, washed
twice with 1× phosphate-buffered saline, re-suspended in com-
plete RPMI media, counted and diluted to  adjust to  105 cells/mL.
Then, 100 �L  of cells were seeded to  each well of a 96-well plate
containing final concentrations (3.125–200 mg/L) of inhibitors and
controls that had been pre-plated by serial dilution [22].  DMSO
and INH were used as negative and positive controls, respectively,
and the experiment was performed in triplicate. Following 48 h of
incubation at 37 ◦C in  5% CO2, medium was  replaced and supple-
mented with 30 �L of freshly prepared 0.01% resazurin solution. A
change in colour from blue to  pink  indicating the viability of cells
was  observed after 16 h incubation at 37 ◦C in  5% CO2. For quantita-
tive analysis, the fluorescence intensity was measured by excitation
at 560 nm and emission at 590 nm using a  fluorescence microtitre
plate reader (BMG Labtech GmbH, Ortenberg, Germany).

2.8. Inhibition of ATP-dependent MurE ligase activity from
Mycobacterium tuberculosis

The MurE enzyme activity assay [11] was  set up using 100 ng of
MurE enzyme in the presence of 25 mM  Bis–Tris–propane/HCl (pH
8.5), 5 mM MgCl2,  250 �M ATP, 100 �M UDP-MurNAc-l-Ala–d-Glu
and 4%  DMSO (enzyme reaction) at 37 ◦C. The compounds were
dissolved in DMSO at concentrations of 100, 500 and 1000 �M.
The reaction was initiated by the addition of  1 mM m-DAP. After
30 min, 12.5 �L of gold-lock reagent with accelerator was  added
to  terminate the reaction. After 5 min, a  stabiliser was  added and
the reaction was left for 30 min  at room temperature (25 ◦C)  for
colour development. The assay was performed in a  final volume
of 50 �L in  a half-area Costar microtitre plate (Applied Biosystems,
Carlsbad, CA). Inorganic phosphate binds to  the gold-lock reagent
to form a  complex with an absorption maximum of 635 nm. MurE
activity was estimated through phosphate release by measuring
the absorbance of the reaction mixtures at 635  nm after 30 min.
Absorbance values were corrected for background absorbance of
the reaction mixtures and for any non-enzymatic hydrolysis of ATP
in the absence of the enzyme (control reaction). Percent inhibition
was  calculated using a  negative control (0%) and enzyme reaction
(100% activity). All  assays were performed in triplicate.

3. Results

3.1. Structural elucidation of compounds

Examination of the 13C spectra of compound 1 revealed similar-
ities with other hypercalin derivatives previously isolated from H.
calycinum,  and the NMR  data were in  good agreement with those of
hypercalin B [20].  Compound 2 was  obtained as a  yellow oil whose
molecular formula was  C17H18O3 as established by  high-resolution
mass spectrometry showing an [M+H]+ ion at m/z 271.1396. Its  IR
spectrum indicated the presence of a carbonyl (1651 cm−1) and
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Table  2
Minimum inhibitory concentrations (MICs) of compounds and control antibiotics against Staphylococcus aureus strains.

Agent MIC  (mg/L)

SA-1199B EMRSA-15 EMRSA-16 RN4220 XU212 ATCC 25923

Compound 1 0.5  128 64 16 2  16
Compound 2 2  64 128 32 32 16
Norfloxacin 32 1 256 0.5  16 2
Tetracycline 0.25 0.25 0.25 0.25 64 0.25
Erythromycin 0.25 >128  >128 64 >128 0.25
Ciprofloxacin 8  8 16 0.25 1  0.25

benzene ring (1614 and 1580 cm−1), which was confirmed by the
13C NMR  data (Table 1). The 13C NMR  spectra exhibited 17 signals,
which by 1H NMR and 13C Dept-135 experiments corresponded
to six quaternary carbons, seven methines, one methylene, two
methyls and one methoxy group. Five aromatic hydrogens at ı
7.70 m,  7.48 m and 7.47 m in  the 1H NMR  spectrum (Table 1)  indi-
cated the presence of a monosubstituted benzene ring. The 1H and
13C resonances of this moiety were assigned by  close inspection of
the heteronuclear multiple quantum coherence (HMQC) spectrum
as ı 7.70 (H-2′, 6′) with ı  125.4 (C-2′, 6′), ı 7.48 (H-3′,  5′) with ı
129.3 (C-5′) and ı  7.47 (H-4′) with ı 131.0 (C-4′). Careful analysis
of the heteronuclear multiple bond coherence (HMBC) spectrum
revealed that the aromatic singlet at ı  6.61 (H-5) showed a 2J  cor-
relation to  the carbonyl at 181.4 (C-4), a quaternary carbon at 157.1
(C-2) and a 3J correlation to the quaternary carbons at 111.5 (C-5)
and 131.1 (C-1′).

This indicated that the aromatic ring was attached to a  ben-
zene ring at C-1′. The signals at 4.90 (1H, dd, 13.5, 0.5 Hz) and 1.50
(6-H) were indicative of a  1,1-dimethylprop-2-enyl side chain in
the molecule. The assignment of all 1H  and 13C resonances as well
as the moiety of the attachment of 1,1-dimethylprop-2-enyl side
chain at C-2 was achieved by  the HMBC experiment. In addition, a
methoxy group at ı 4.06 demonstrated a 3J  correlation to a  quater-
nary carbon at 162.9 and confirmed its placement at C-3. These data
together with analysis of the COSY spectrum revealed compound
2 to be hyperenone A  (Fig. 1), which was previously isolated from
Hypericum mysorense Heyne, but its 13C data were not reported [23].
Here we publish the 13C NMR  data for hyperenone A for the first
time based on extensive 1D- and 2D-NMR experiments (Table 1).

3.2. Effect of both compounds on Staphylococcus aureus

Compounds 1  and 2  were tested for their ability to inhibit
the growth of S. aureus strains. Both of the compounds showed
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Fig. 1. Structures of hypercalin B (1) and hyperenone A (2).

significant antibacterial activity, with a  range of  MIC  values from
0.5 mg/L to 128 mg/L (Table 2).

3.3. Growth inhibition of Mycobacterium spp.

Both compounds were evaluated for their antibacterial activity
against M. tuberculosis H37Rv and M. bovis BCG on solid agar media
at different concentrations (10, 25, 50, 75 and 100 mg/L) in  a  six-
well plate. Compound 1 was  found to be  inactive for both species,
whilst compound 2  was  active with MIC values >75 mg/L for both
species. At  100 mg/L, compound 2  showed complete growth inhibi-
tion, whereas at 75 mg/L reduced growth was  observed compared
with the negative control (Fig. 2).

3.4. Escherichia coli JM109 killing curves

To evaluate whether the compounds’ selectivity affected slow-
growing mycobacteria in  comparison with fast-growing bacteria,
whole-cell experiments were carried out. Comparative time mea-
surement of E. coli growth after exposure to  a  high concentration of

Fig. 2. Effect of compound 2 on the growth of mycobacterial species using a  spot culture growth inhibition assay. Approximately 500 Mycobacterium bovis BCG and Mycobac-
terium  tuberculosis H37Rv cells were spotted on  solidified Middlebrook 7H10 agar containing different concentrations of compound 2 in a  six-well plate. Pictures were taken
using a digital camera after 14  days of inoculation.
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Fig. 3. Effect of compound 2 on MurE enzyme activity. The x-axis represents the
different concentrations of the compound tested in the assay and the y-axis repre-
sents the percent inhibition at different concentrations of the compound. The assay
was  performed in triplicate.

compounds, typically 200 mg/L, was determined by  measuring the
OD600. Compounds 1  and 2 were inactive against Gram-negative
E. coli JM109.

3.5. Macrophage RAW 264.7 cytotoxicity

To determine whether the isolated compounds were toxic to
mammalian cells, a  cytotoxicity assay using RAW 264.7 cells at
a serially diluted range of assay concentrations (3.125–200 mg/L)
was performed and the cell viability was calculated. The result
revealed that 100% eukaryotic cell viability was observed either
up to 50 mg/L of compound 1  or up to 100 mg/L of compound 2
(Supplementary Fig. 1).

3.6. Mycobacterium tuberculosis MurE enzyme inhibition

Inhibition of recombinant M.  tuberculosis MurE was assayed
under different concentrations of isolated compounds using the
colorimetric detection of phosphate, which has been shown to  be
stoichiometrically coupled to  m-DAP ligation [10,24].  Compound 1
did not inhibit MurE, whilst compound 2 showed 7%, 77% and 83%
inhibition at 100, 500 and 1000 �M concentrations, respectively,
having a 50% inhibitory concentration (IC50) of 320 �M (Fig. 3).

4. Discussion

The Hypericum genus is a  valuable source of new phytochemicals
and antibacterial compounds [13].  Compounds isolated from this
group of plants have been shown to  demonstrate antistaphylococ-
cal activity [25,26] as well as many other biological activities such
as antifungal properties [27]. Compound 1,  which was  previously
isolated from H. calycinum,  exhibited in  vitro growth inhibitory
activity against the Co-115 human colon carcinoma cell line [20].
Compound 2 was previously isolated from H. mysorense. Here we
show for the first time significant activity of these compounds with
MIC  values of 0.5–128 mg/L and 2–128 mg/L, respectively, against
a panel of S. aureus strains, some of which are meticillin-resistant
and multidrug-resistant (MDR) (Table 2). With the exception of
EMRSA-15, compound 1  was slightly more active against all of
the S. aureus strains compared with compound 2. The strains
included SA-1199B, a  MDR  strain that overexpresses the NorA
efflux mechanism, the best characterised antibiotic pump in  this
species. SA-1199B also possesses a  gyrase mutation that, in addition
to NorA, confers a  high level of resistance to  certain fluoro-
quinolones. Against this strain, both compound 1 (MIC =  0.5 mg/L)
and compound 2  (MIC =  2 mg/L) were more active than the con-
trol antibiotic norfloxacin (MIC =  32 mg/L). For MDR  strain XU212,

which possesses the Tet(K) efflux transporter and is  resistant
to  both tetracycline and meticillin, compound 1  showed bet-
ter inhibitory activity (MIC =  2 mg/L) compared with the positive
control antibiotics (Table 2). Both compounds 1  and 2 showed mod-
erate activity against a  standard S. aureus strain (ATCC 25923) as
well as RN4220, which possesses the MsrA macrolide efflux pump,
but were less active than the control antibiotics. Compound 1 was
slightly more active against EMRSA-16 compared with EMRSA-
15, one of the major EMRSA strains occurring in  UK hospitals. In
addition, compound 2  (MIC =  2 mg/L) was marginally more active
against SA-1199B than the fluoroquinolone ciprofloxacin control
(MIC = 8 mg/L).

The in vitro antibacterial activity of compounds 1  and 2 did not
inhibit the growth of E. coli and both were non-toxic to mammalian
cells. Compound 2  was evaluated against the pathogenic M. tuber-
culosis H37Rv and the vaccine strain M.  bovis BCG (Fig. 2) and was
shown to be active at 100 mg/L for both species. Compounds with a
higher degree of lipophilicity may  play an important role in antimy-
cobacterial activity. The mycobacterial cell wall contains lipophilic
substances such as mycolic acid, thus lipophilic compounds would
therefore have the advantage of better penetration through the cell
wall to  inhibit the growth of mycobacteria.

There is  an ongoing effort to  find inhibitors of  Mur  enzymes
involved in  peptidoglycan biosynthesis to target different bacte-
rial diseases. Phosphonates, phosphinates and sulphonamides are
amongst the inhibitors of MurC, MurD, MurE and MurF. Sova et al.
[28] evaluated a  series of phosphorylated hydroxyethylamines as a
new type of small-molecule inhibitor of Mur  ligases and found that
the IC50 values of these inhibitors were in the micromolar range,
making them a  promising starting point for the development of
multiple inhibitors of Mur  ligases as potential antibacterial agents.
Towards identifying the inhibitors of these enzymes, compounds
extracted from H.  acmosepalum were tested against MurE of M.
tuberculosis.  Of the two compounds tested, compound 2 showed a
good dose-dependent inhibition of MurE enzyme activity. Although
the precise antibacterial mode of action of compound 2 remains
unknown, it is  possible that its activity could be  due to  MurE
enzyme inhibition. However, this hypothesis needs further inves-
tigation. Availability of the three-dimensional structure of  MurE of
M.  tuberculosis facilitates further optimisation of this compound to
improve its potency through fragment-based screening or docking
studies [10,24]. This increases the chance of developing a  natural
product into a  potential antimycobacterial compound with a novel
mechanism of action.

To conclude, here we report the antibacterial activity of  com-
pounds 1 and 2 against a  panel of S. aureus,  M. tuberculosis H37Rv
and M.  bovis BCG bacteria. In addition, both of the compounds
were non-cytotoxic to  mammalian cells. Furthermore, compound 2
demonstrated specific dose-dependent inhibition of  MurE enzyme
activity of M. tuberculosis. As there is a lack of antibacterial com-
pounds targeting Mur  ligase enzymes, further research in  this
respect is required. The antibacterial activity of  these compounds
represents a  promising starting point for further development.
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The widespread interest in the use of Hypericum perforatum
(St. John0s Wort) in mild to moderate depression has

attracted much attention in investigating the bioactive metabo-
lites from other species in the Hypericum genus. The acylphlor-
oglucinol hyperforin is the best characterized acylphloroglucinol
from this genus in terms of its bioactivity and has been shown to
be the major antibacterial constituent in H. perforatum1 and
active against Staph. aureus and MRSA strains at concentra-
tions as low as 0.1 mg/L.2 Other acylphloroglucinol deriva-
tives with antibacterial activities have been isolated and
characterized from this genus.3,4 Notable among these acylph-
loroglucinols are the antibacterial drummondins from Hyper-
icum drummondii, which are filicinic acid derivatives displaying
MIC values as low as 0.39 mg/L.5 This study is part of ongoing
research in our group to identify antibacterial metabolites from
various Hypericum species.

These levels of activity, coupled with interesting acylphlor-
oglucinol chemistry, which is often complex, prompted us
to screen a range of Hypericum species collected from the
UK National Collection at the Royal Botanic Gardens Kew
at Wakehurst Place.8 This led to the isolation and evaluation
of the antibacterial properties of a series of new acylphlor-
oglucinol natural products (1�5) from Hypericum olympicum.
This species is a small herb with typical yellow Hypericum
flowers.

The simplicity of compound 1, coupled with its level of activity
against a range of methicillin-resistant Staph. aureus (MRSA) and
multidrug-resistant (MDR) strains of Staph. aureus, shows the

value of this class as antibacterial drug leads, which could be
further developed into antibiotics to treat resistant strains.

Special Issue: Special Issue in Honor of Gordon M. Cragg
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ABSTRACT: New antibacterial acylphloroglucinols (1�5)
were isolated and characterized from the aerial parts of the
plant Hypericum olympicum L. cf. uniflorum. The structures
of these compounds were confirmed by extensive 1D- and
2D-NMR experiments to be 4,6-dihydroxy-2-O-(300,700-dimethyl-
200,600-octadienyl)-1-(20-methylbutanoyl)benzene (1), 4,6-dihy-
droxy-2-O-(700-hydroxy-300,700-dimethyl-200,500-octadienyl)-1-(20-
methylbutanoyl)benzene (2), 4,6-dihydroxy-2-O-(600-hydroxy-
300,700-dimethyl-200,700-octadienyl)-1-(20-methylbutanoyl)benzene
(3), 4,6-dihydroxy-2-O-(600-hydroperoxy-300,700-dimethyl-200,700-
octadienyl)-1-(20-methylbutanoyl)benzene (4), and 4,6-dihydroxy-2-O-(600,700-epoxy-300,700-dimethyloct-200-enyl)-1-(20-methylbu-
tanoyl)benzene (5). These new natural products have been given the trivial names olympicins A�E (1�5). All compounds were
evaluated against a panel of methicillin-resistant Staph. aureus and multidrug-resistant strains of Staph. aureus. Compound 1
exhibited minimum inhibitory concentrations (MICs) of 0.5�1 mg/L against the tested Staph. aureus strains. Compounds 2 to 5
were also shown to be active, with MICs ranging from 64 to 128 mg/L. Compound 1 was synthesized using a simple four-step
method that can be readily utilized to give a number of structural analogues of 1.
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’RESULTS AND DISCUSSION

Compound 1 was isolated as a pale yellow oil from the
n-hexane extract ofH. olympicum L. cf. uniflorum. TheHR-ESIMS
indicated an [M � H]� ion at m/z 345, suggesting a molecular
formula of C21H30O4. The

1H and 13C NMR data (Table 1)
were indicative of an acylphloroglucinol with a terpene sub-
stituent. The 1H NMR spectrum showed two signals for
hydroxy groups, one of which was highly deshielded and
hydrogen-bonded (δ 14.02) and the other of which appeared
as a broad singlet at δ 5.32. Other signals observed in the 1H
NMR spectrum included two meta-coupled aromatic protons
(δ 5.98 d, J = 2.5 Hz; 5.92 d, J = 2.5 Hz), two olefinic protons
(δ 5.51 m; 5.10 m), one methine (δ 3.66 m), four methylene
groups, three methyl singlets (δ 1.74, 1.69, 1.62), one methyl
doublet (δ 1.12, J = 6.5 Hz), and one methyl triplet (δ 0.89, J =
7.5 Hz). The 13C NMR spectrum displayed signals for six
aromatic carbons, three of which were highly deshielded,
implying that these carbons were attached to electron-with-
drawing groups. The pattern of these signals suggested a 1,3,5-
trihydroxybenzene (phloroglucinol) structure. In the HMBC
spectrum the hydrogen-bonded proton showed a 2J correla-
tion with the carbon to which it was directly attached (δ 167.5,
C-6) and 3J correlations with an aromatic methine carbon
(δ 96.5, C-5) and a quaternary aromatic carbon (δ 105.0, C-1),
confirming the position of the hydroxy group. The other
aromatic hydrogen at δ 5.92 was then placed at C-3, as it
was meta-coupled to H-5. This was further confirmed by
HMBC correlations between this proton and C-1, C-5, and

a deshielded carbon (δ 161.9, C-4). The second hydroxy group
was therefore placed between the aromatic protons at C-4.

The substituent at C-1 included a methine multiplet (δ 3.66,
H-20), a methylene multiplet (δ 1.37, 1.80, H2-30), a methyl
triplet (δ 0.89, H3-40), and a methyl doublet (δ 1.12, H3-50). In
the COSY spectrum, the methylene (H2-30) was coupled to the
methyl triplet (H3-40), and the methine multiplet (H-20) was
coupled to the methyl doublet (H3-50). The HMBC spectrum
revealed cross-peaks between this methyl doublet and C-20, C-30,
and a carbonyl carbon (δ 210.4, C-10), which could interact with
the hydroxy group at C-6 via a hydrogen bond and be responsible
for the downfield resonance of this hydroxy group. This con-
firmed the 2-methylbutanoyl side-chain at C-1.

The final substituent at C-2 included an oxymethylene group
(δ 4.57 d, J = 6.5 Hz, C-100), which showed long-range 1H�13C
correlations with a deshielded aromatic carbon (δ 162.6, C-2)
and two carbons associated with an olefinic group (δ 118.2, C-200;
δ 142.3, C-300). In the HMBC spectrum, an olefinic proton
(δ 5.51 m) at C-200 was coupled to the carbon of a methyl moiety
(δ 16.7, C-1000) and to a methylene carbon (δ 39.5, C-400) via
three bonds. This methylene group (δ 2.13 m, H-400) showed 2J
correlations with C-300 and C-500 (δ 26.3) and 3J correlations
with C-200 and C-600 (δ 123.6). Two methyl singlets (δ 1.62,
1.69) were coupled to C-600 and a quaternary carbon associated
with this olefinic carbon (δ 132.0, C-700), therefore completing
the substituent at C-2. This side-chain consisted of 10 carbons,
including two olefinic and three methyl groups, and was char-
acteristic of a geranyl group. The COSY and NOESY spectra also

Table 1. 1H (500 MHz) and 13C NMR (125 MHz) Spectroscopic Data and 1H�13C Long-Range Correlations for 1�3 Recorded
in CDCl3

1 2 3

position 1H (J, Hz) 13C 2J 3J 1H (J, Hz) 13C 2J 3J 1H (J, Hz) 13C 2J 3J

1 105.0 105.9 105.9

2 162.6 162.4 162.4

3 5.92 d (2.5) 91.5 C-4 C-1, C-5 5.90 d (2) 91.7 C-4 C-1, C-5 5.92 d (2) 91.6 C-1

4 161.9 162.1 161.9

5 5.98 d (2.5) 96.5 C-6 C-1, C-3 5.99 d (2) 96.6 C-6 C-1, C-3 5.98 d (2) 96.6 C-3

6 167.5 167.5 167.6

10 210.4 210.3 210.3

20 3.66 m 46.1 3.63 m 46.1 3.64 m 46.1

30 1.37 m, 1.80 m 26.8 1.37 m, 1.80 m 26.9 1.37 m, 1.80 m 26.8

40 0.89 t (7.5) 11.8 C-30 C-20 0.88 t (7.5) 11.9 C-30 C-20 0.88 t (7.5) 11.9 C-30 C-20

50 1.12 d (6.5) 16.6 C-200 C-10 , C-30 1.12 d (7) 16.7 C-20 C-10 , C-30 1.12 d (6.5) 16.7 C-20 C-10 , C-30

100 4.57 d (6.5) 65.7 C-200 C-3, C-300 4.58 d (6.5) 65.6 C-200 C-300 4.57 d (6.5) 65.6 C-300

200 5.51 m 118.2 C-400 , C-1000 5.30 m 119.6 5.53 dt 118.7

300 142.3 140.5 141.9

400 2.13 m 39.5 C-300 , C-500 C-200 , C-600 2.81 d (6.5) 42.2 C-300 , C-500 C-200 , C-600 2.15 m 35.5

500 2.10 m 26.3 C-400 , C-600 C-300 5.68 m 128.4 1.75 26.8 C-400 C-300

600 5.10 m 123.6 5.66 d (15) 135.9 4.08 t (6.5) 75.5

700 132.0 82.2 147.2

800 1.62 s 17.7 C-700 C-600 , C-900 1.35 s 24.3 C-700 C-600 , C-800 4.95 s, 4.87 t 111.4 C-600

900 1.69 s 25.7 C-700 C-600 , C-800 1.35 s 24.3 C-700 C-600 , C-800 1.76 s 16.7 C-700 C-600 , C-800

1000 1.74 s 16.7 C-300 C-200 , C-400 1.74 s 16.8 C-300 C-200 1.74 s 17.6 C-300 C-200 , C-400

4-OH 5.32 bs

6-OH 14.02 s C-1 C-2, C-6 14.00 s C-6 C-1, C-5 13.99 s C-1, C5
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provided evidence for the geranyl side-chain. Both double bonds
were assigned the trans-configuration on the basis of the nature of
the biosynthesis of a geranyl side-chain from two isoprene units.
This was also supported by an NOE correlation between H-200
and H2-400. The

1H and 13C NMR data on the geranyloxy side-
chain showed good agreement with reported data.7

The position of the O-geranyl substituent was assigned as
ortho to the 2-methylbutanoyl group on the basis of the HMBC
correlations as described and also the observation that the meta-
coupled aromatic protons were nonequivalent. The configura-
tion at the C-20 stereogenic center can be identified by comparing
the specific rotation of this compound with that of the synthetic
compound S1, which was synthesized from (+)-(S)-2-methyl-
butanoic acid (Figure 1). The specific rotations for 1 and S1
were found to be [α]D

22 +6.0 (c 0.25, CHCl3) and [α]D
22 +6.0

(c 0.30, CHCl3), respectively. The data implied that the stereo-
genic center in the natural product 1 was of the S-configuration.
Compound 1 was therefore identified as the new natural product
(S)-4,6-dihydroxy-2-O-(300,700-dimethyl-200,600-octadienyl)-1-(20-
methylbutanoyl)benzene and given the trivial name olympicin A.
A patent was filed for this compound for its application as a
potential antibacterial agent.8

Compound 2was isolated as a pale yellow oil from the CH2Cl2
extract of H. olympicum L. cf. uniflorum. High-resolution ESIMS
gave an [M +H]+ ion atm/z 363, indicating a molecular formula
of C21H30O5. The

1H and 13C NMR spectroscopic data (Table 1)
were similar to those of compound 1. The 1H NMR signals
indicated the presence of a 2-methylbutanoyl phloroglucinol
nucleus with one highly deshielded hydrogen-bonded hydroxy
group (δ 14.00), two meta-coupled aromatic protons (δ 5.90 d,
J = 2 Hz, H-3; 5.99 d, J = 2 Hz, H-5), one methine multiplet
(δ 3.63, H-20), one methylene (δ 1.37 m, 1.80 m, H2-30), one
methyl triplet (δ 0.88, J = 7.5 Hz, H3-40), and onemethyl doublet
(δ 1.12, J = 7.5 Hz, H3-50). The

13C NMR signals were again
indicative of a phloroglucinol moiety with six aromatic carbons,
comprising three deshielded quaternary carbons (δ 167.5, C-6;
162.4, C-2; 162.1, C-4), one quaternary carbon at δ 105.9 (C-1),
and two methines at δ 96.6 (C-5) and 91.7 (C-3). The presence
of a carbonyl carbon (δ 210.3, C-10), one methine (δ 46.1, C-20),
one methylene (δ 26.9, C-30), and two methyl carbon signals
(δ 11.9, C-40; 16.7, C-50) again suggested a 2-methylbutanoyl side-
chain in 2. The structure of the 2-methylbutanoyl-phloroglucinol
nucleus was further confirmed by HMBC correlations, which
were described earlier in the structural elucidation of compound 1.

The remaining signals in the 1H NMR spectrum included
three olefinic protons (δ 5.30 m, H-200; 5.68 m, H-500; 5.66 d,

J = 15 Hz, H-600), two methylene doublets including one shifted
downfield at δH 4.58 (J = 6.5 Hz, H2-100) and one at δ 2.81 (J =
6.5 Hz, H2-400), two equivalent methyl groups integrating to six
protons (δ 1.35 s, H3-800, H3-900), and an additional methyl
singlet (δ 1.74, H3-1000). The remaining signals in the 13C NMR
spectra included one quaternary olefinic carbon (δ 140.5, C-300),
three olefinic methines (δ 119.6, C-200; 128.4, C-500; 135.9,
C-600), an oxygenated quaternary carbon (δ 82.2, C-700), two
methylenes (δ 65.6, C-100; 42.2, C-400), two equivalent methyl
carbons at δ 24.3 (C-800, C-900), and a further methyl carbon at δ
16.8 (C-100). An oxymethylene (δ 4.58 d, H2-100) was coupled to
the olefinic proton at δ 5.30 (H-200) in the COSY spectrum. It
also displayed 1H�13C 2J correlation to the olefinic carbon at δ
119.6 (C-200) and 3J correlation to a quaternary olefinic carbon
(δ 140.5, C-300) to which a methyl group (δ 1.74 s, H3-1000) was
directly attached. The C-1000 methyl group was correlated to a
methylene carbon at δC 42.2 (C-400) in the HMBC spectrum,
thus placing the methylene group (δ 2.81 d, H2-400) next to C-300.
This methylene doublet in turn displayed 1H�13C correlations
to four olefinic carbons, confirming its position between the two
olefinic bonds. An olefinic multiplet at δH 5.68 (H-500) was
placed between the methylene group (H2-400) and the olefinic
doublet (δ 5.66, H-600), as they showed correlations in the COSY
spectrum. The splitting of the olefinic multiplet (δ 5.68, H-500)
was due to the fact that the signal was split by both the
neighboring methylene (H2-400) and the C-600 olefinic proton.
The olefinic proton at H-600 appeared as a clear doublet because
the signal was only split by the neighboring H-500. The large
coupling constant between H-500 and H-600 (J = 15 Hz) indicated
that these two protons were in a trans-configuration. The
equivalent methyl groups (δ 1.35 s, 6 H, H3-800, H3-900) at the
terminus of the side-chain were directly attached to a quaternary
carbon (δ 82.2, C-700), which was shifted downfield by a hydroxy
group directly attached to this carbon. This connection was
supported by HMBC correlations between the methyl singlet
and C-700 and the olefinic carbon at C-600. This completed the
structural elucidation of compound 2. The specific rotation of
this compound was found to be [α]D

22 +5.8 (c 0.22, CHCl3),
which might again imply that C-20 was of an S-configuration
(synthetic compound S1, [α]D

22 +6.0 (c 0.30, CHCl3)). Com-
pound 2 was therefore identified as 4,6-dihydroxy-2-O-(700-
hydroxy-300,700-dimethyl-200,500-octadienyl)-1-(20-methylbutanoyl)-
benzene, assigned as olympicin B, and is described here for the
first time.

Compound 3was isolated as a pale yellow oil from theCH2Cl2
extract of H. olympicum. The HR-ESIMS gave an [M�H]� ion

Figure 1. Synthesis of compound S1.
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atm/z 361, suggesting amolecular formula of C21H30O5. The
1H

and 13C NMR spectroscopic data (Table 3) were again similar to
those of compound 1. The common signals in the 1H NMR
spectrum included one highly deshielded hydrogen-bonded
hydroxy group (δ 13.99, 6-OH), two meta-coupled aromatic
protons (δ 5.92 d, J = 2 Hz, H-3; 5.98 d, J = 2 Hz, H-5), one
methine (δ 3.64 m, H-20), one methylene (δ 1.37 m, 1.80 m,
H2-30), one methyl triplet (δ 0.88 t, J = 7.5 Hz, H3-40), and one
methyl doublet (δ 1.12 d, J = 6.5 Hz, H3-50). In the 13C NMR
spectrum, signals suggesting a (2-methylbutanoyl)phlorogluci-
nol nucleus were again seen, including three deshielded qua-
ternary aromatic carbons (δ 167.6, C-6; 162.4, C-2; 161.9, C-4),
one quaternary aromatic carbon (δ 105.9, C-1), two methine
aromatic carbons (δ 91.6 C-3; 96.6, C-5), one carbonyl carbon
(δ 210.3, C-10), one methine (δ 46.1, C-20), one methylene
(δ 26.8, C-30), and two methyl carbons (δ 11.9, C-40; 16.7,
C-60). HMBC correlations further confirmed the structure
of the (2-methylbutanoyl)phloroglucinol nucleus and were
similar to those described in the structural elucidation of
compound 1.

The 1H NMR signals for the side-chain at the 2-O position
consisted of four methylenes, including one shifted downfield
(δ 4.57 d, J= 6.5Hz,H2-100) and an exo-methylene (δ 4.87 t, 4.95 s,
H2-800), one olefinic proton (δ 5.53 dt, H-200), one deshielded
methine triplet (δ 4.08, J = 6.5 Hz, H-600), and two methyl
singlets (δ 1.76, H3-900; 1.74, H3-1000). Ten carbons were
accountable for this side-chain, again indicative of a geranyl
moiety. These included twomethines (δ 118.7, C-200; 75.5, C-600),
four methylenes (δ 65.6, C-100; 35.5, C-400; 26.8, C-500; 111.4,

C-800), two quaternary olefinic carbons (δ 141.0, C-300; 147.2,
C-700), and two methyl carbons (δ 16.7, C-900; 17.6, C-1000).

The oxymethylene group showed HMBC correlations with an
olefinic carbon at δ 118.7 (C-200) and COSY correlations to the
olefinic proton associated with this carbon (δ 5.53). A methyl
singlet at δ 1.74 (H3-1000) showed HMBC correlations with
C-200, an olefinic carbon to which it was directly attached
(δ 141.9, C-300), and to a methylene carbon at δ 35.5 (C-400).
The methylene protons at C-400 were coupled to another
methylene group (δ 1.75 m), which was coupled to a methine
triplet (δ 4.08, J = 6.5 Hz, H-600), as shown in the COSY
spectrum. This triplet was shifted downfield and was attached
to a carbon at δ 75.5 (C-600), indicating that a hydroxy group
should be attached here, and this was supported by the mass
spectrum. The remaining methyl group (δ 1.76) was placed at
C-700, as it exhibited a 2J HMBC correlation to a quaternary
carbon at δ 143.3 (C-700) and 3J correlations to the oxygenated
methine carbon (C-600) and to an olefinic carbon at δ 111.4
(C-800) bearing two exo-methylene protons. The specific rotation
of 3 was [α]D

22 +2.5 (c 0.41, CHCl3). Although it showed the
same direction of rotation as S1, the configuration of 3 could not
be determined, as two stereogenic centers were present in this
compound. Compound 3 was therefore identified as the new
natural product 4,6-dihydroxy-2-O-(600-hydroxy-300,700-dimeth-
yl-200,700-octadienyl)-1-(20-methylbutanoyl)benzene and was
given the trivial name olympicin C.

Compound 4was isolated as a pale yellow oil from theCH2Cl2
extract of H. olympicum L. cf. uniflorum. High-resolution ESIMS
gave an [M�H]� ion atm/z 377, indicating a molecular formula

Table 2. 1H (500MHz) and 13CNMR (125MHz) Spectroscopic Data and 1H�13C Long-Range Correlations of 4 and 5 Recorded
in CDCl3

4 5

position 1H (J, Hz) 13C 2J 3J position 1H (J, Hz) 13C 2J 3J

1 105.9 1 105.5

2 162.4 2 162.3

3 5.91 d (2.5) 91.7 C-1, C-5 3 6.02 d (2.5) 92.7 C-1, C-5

4 162.0 4 162.8

5 5.98 d (2.5) 96.6 C-6 C-1, C-3 5 5.98 d (2.5) 96.8 C-3

6 167.5 6 167.6

10 210.3 10 210.0

20 3.63 m 46.1 20 3.63 m 46.1

30 1.35 m, 1.80 m 26.8 30 1.38 m, 1.81 m 26.5

40 0.88 t (7.5) 11.9 C-30 C-20 40 0.90 t (7.5) 12.0 C-30 C-20

50 1.11 d (6) 16.6 C-20 C-10 , C-30 50 1.1 d (7) 16.6 C-20 C-10 , C-30

100 4.58 d (6.5) 65.6 C-200 C-300 100 4.67 m 66.4

200 5.52 m 119.2 200 5.50 m 121.9

300 141.2 300 138.5

400 2.21 m 35.2 400 2.30 m 37.0

500 1.75 m 26.8 500 1.65 m, 1.90 m 26.5

600 4.32 t 89.0 600 2.77 dt 65.1

700 143.3 700 59.1

800 5.02 s, 5.05 t 114.6 C-600 , C-900 800 1.31 s 18.9 C-700 C-600 , C-900

900 1.75 s 17.2 C-700 C-600 , C-800 900 1.34 s 24.6 C-700 C-600 , C-800

1000 1.75 s 16.6 C-300 C-200 , C-400 1000 1.76 s 16.0 C-300 C-200 , C-400

4-OH 5.32 bs 1-OH 13.95 s C-1, C-5

6-OH 13.99 s C-6 C-1, C-5 5-OH 6.90 bs
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ofC21H30O6. The
1H and 13CNMRdata (Table 2) for compound

4 were similar to those of compound 3. The characteristic 1H
NMR features of a (2-methylbutanoyl)phloroglucinol were again
seen in this compound, including one highly deshielded hydro-
gen-bonded hydroxy group (δ 13.99, 6-OH), two meta-coupled
aromatic protons (δ 5.91 d, J = 2.5 Hz, H-3; 5.98 d, J = 2.5 Hz,
H-5), one methine (δ 3.63 m, H-20), one methylene (δ 1.35 m,
1.80 m, H2-30), one methyl triplet (δ 0.88, J = 7.5 Hz, H3-40), and
one methyl doublet (δ 1.11, J = 6 Hz, H3-50). Signals in the

13C
NMR spectrum accounting for a (2-methylbutanoyl)phloroglu-
cinol nucleus consisted of three deshielded quaternary aromatic
carbons (δ 167.5, C-6; 162.3, C-3; 162.0, C-4), one quaternary
aromatic carbon (δ 105.9, C-1), two aromatic methine carbons
(δ 91.7, C-3; 96.6, C-5), one carbonyl carbon (δ 210.3, C-10),
one methine (δ 46.1, C-20), one methylene (δ 26.8, C-30), and
two methyl carbons (δ 11.9, C-40; 16.6, C-50). The connection
of these protons and carbons was made through HMBC studies
and was identical to those seen in the structural elucidation of
compound 1.

The 1H NMR signals for the side-chain at the 2-O position
consisted of four methylenes, including an oxymethylene (δ 4.58
d, J = 6.5 Hz, H2-100) and an exo-methylene (δ 5.02 s, 5.05 t,
H2-800), one olefinic proton (δ 5.52 dt, H-200), one deshielded
methine triplet (δ 4.32, J = 6.5 Hz, H-600), and two overlapping
methyl singlets (δ 1.75, 6H, H3-900, H3-1000). Ten carbon signals
were observed in the 13C NMR spectrum for this side-chain,
including two methines (δ 89.0, C-600; 119.2, C-200), four
methylenes (δ 65.6, C-100; 35.2, C-400; 26.8, C-500; 114.6, C-800),
two quaternary olefinic carbons (δ 141.2, C-300; 143.3, C-700),
and two methyl carbons (δ 17.2, C-900; 16.6 C-1000). These
signals were indicative of a geranyl derivative and were again
similar to those of compound 3.

The oxymethylene group (δ 4.58, H2-100) exhibited HMBC
correlations with two carbons at δC 119.2 (C-200) and 141.2

(C-300) and COSY correlation with the olefinic proton at C-200.
The methyl singlet at δ 1.74 (H-1000) showed a 2J HMBC
correlation to the olefinic carbon to which it was directly attached
(C-300) and 3J HMBC correlations to C-200 and a methylene
carbon at δ 35.2 (C-400). The methylene protons at C-400 (2.21
m) were coupled to another methylene group (δ 1.75 m, H-500),
which was coupled to a methine triplet (δ 4.32, H-600), as shown
in the COSY spectrum. This triplet was shifted downfield and
was attached to a carbon at δ 89.0 (C-600), indicating that an
electron-withdrawing group with a stronger deshielding effect
than a hydroxy group was present at this carbon (δC 75.5 for
hydroxy-bearing C-600 in compound 3). This chemical shift was
characteristic of a hydroperoxy-bearing methine. The molecular
formula for this compound (C21H30O6) indicated that it had
an extra oxygen when compared to that of compound 3
(C21H30O5). The remaining methyl group (δH 1.75, H-900)
was placed at C-700 (δC 143.3), as the methyl singlet showed
HMBC correlations to this carbon, the hydroperoxy-bearing
carbon (C-600), and the exo-methylene carbon at δC 114.6
(C-800). This was further confirmed by HMBC correlations
between the exo-methylene group and C-600 and C-900. This
completed the structural elucidation of compound 4. Like S1 and
other acylphloroglucinols isolated from H. olympicum L. cf.
uniflorum, the specific rotation of compound 4 showed a positive
value ([α]D

22 +2.7 (c 0.32, CHCl3)). However, two stereogenic
centers (C-20 and C-600) were present in 4, and thus the
configuration at each stereogenic center could not be determined
by direct comparison with the specific rotation of S1. A further
experiment using a starch-iodide test strip (Fisher) was con-
ducted to confirm the presence of the hydroperoxide group in
this compound. A starch-iodide test strip was dipped into a
CHCl3 solution of compound 4 (approximately 2 mg/mL) and
showed a positive color reaction (light brown). CHCl3 was used
as a negative control and did not result in any color change. A
CHCl3 solution of mCPBA (20 mg/mL) was used as a positive
control, and it turned the test strip dark blue. When a lower
concentration of mCPBA was used (approximately 2 mg/mL),
the test strip turned light brown, implying that the color change
was dependent on the concentration of the hydroperoxide
present. Compound 4 was therefore identified as 4,6-dihy-
droxy-2-O-(600-hydroperoxy-300,700-dimethyl-200,700-octadienyl)-
1-(20-methylbutanoyl)benzene (olympicin D) and is reported
here for the first time.

Compound 5was isolated as a pale yellow oil from theCH2Cl2
extract ofH. olympicum L. cf. uniflorum. Themolecular formula of
compound 5 was C21H30O5, indicated by an [M + H]+ ion at
m/z 363 in the high-resolution ESIMS. The 1H NMR spectrum
(Table 2) revealed signals typical of a (2-methylbutanoyl)phlor-
oglucinol, including a broad signal accounting for a hydroxy
group (δ 6.90, 4-OH), two meta-coupled aromatic protons
(δ 6.02 d, J = 2.5, H-3; 5.98 d, J = 2.5, H-5), a methine multiplet
(δ 3.63, 1H,H-20), and amethylene group (δ 1.38m, 1.81m,H2-30).
More interestingly, duplication of the following signals was
observed: a highly deshielded hydrogen-bonded singlet (δ 13.95,
6-OH), a methyl triplet (δ 0.90, J = 7.5, H3-40), and a methyl
doublet (δ 1.13, J = 7, H3-50). The carbon signals corresponding
to the phloroglucinol nucleus included three deshielded aromatic
carbons (δ 167.6, C-6; 162.3, C-2; 162.8, C-4), a quaternary
aromatic carbon (δ 105.5, C-1), and two aromatic methines
(δ 92.7, C-3; 96.8, C-5). Duplication of the signals in the 13C
NMR spectrum was also observed for the 2-methylbutanoyl side-
chain: a carbonyl carbon (δ 210.1 and 210.0, C-10), a methine

Table 3. MIC (μM) Values of Compound 1 and Control
Antibiotics against Staph. aureus, Mycobacterium species,
P. aeruginosa, and Salmonella enterica serovar Typhimurium

strain control

control

(μM)

compound 1

(μM)

S. aureus

SA-1199B norfloxacin 100 2.9

XU212 tetracycline 288 2.9

RN4220 erythromycin 349 2.9

ATCC25923 norfloxacin 3.1 2.9

EMRSA-15 oxacillin 79 1.45

EMRSA-16 oxacillin 1276 2.9

Mycobacterium

M. smegmatis ATCC 14468 isoniazid; ethambutol 14.6; 2.4 11.6

M. fortuitum ATCC 6841 isoniazid; ethambutol 29.2; 2.4 23.2

M. smegmatis MC2 2700 isoniazid; ethambutol 14.6; 2.4 11.6

M. phlei ATCC 11758 isoniazid; ethambutol 14.6; 2.4 11.6

P. aeruginosa

K 1119 norfloxacin 6.2 >1 mM

K 767 norfloxacin 6.2 >1 mM

S. enterica serovar

Typhimurium

L 354 tetracycline 2.3 >1 mM

L 10 tetracycline 2.3 >1 mM
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(δ 46.09 and 46.12, C-20), amethylene (δ 26.93 and 26.96, C-30),
and two methyl carbons (δ 11.96 and 12.00, C-40; 16.52 and
16.55, C-50). The HMBC correlations observed for the acylph-
loroglucinol nucleus of this compound were identical to those of
compound 1 and were as described previously. The duplication
of NMR signals was indicative of the presence of two rotamers,
and this phenomenon has been observed in some natural pro-
ducts, including acylphloroglucinols.9 In the case of acylphlor-
oglucinols, two isomers in rotameric forms were possible: one
with the acyl chain above the plane of the phloroglucinol and the
other below the plane. Molecular modeling calculation was
carried out for this compound. Since two relatively stable con-
formations were possible, two different energy minima were
expected. However, there was only one energyminimumobserved
in the calculation.

The 1H NMR signals for the side-chain at the 2-O position
included three methylenes (δ 4.67 m, H2-100; 2.30 m, H2-400; 1.65
m, 1.90 m, H2-500), one olefinic proton (δ 5.50 m, H-200), one
deshielded oxymethine (δ 2.77 dt, H-600), and three methyl
singlets (δ 1.34 s, H3-800; 1.31 s, H3-900; 1.76 s, H3-1000). Ten
carbon signals were observed in the 13C NMR spectrum for this
side-chain, including three methylenes (δ 66.4, C-100; 37.0, C-400;
26.5, C-500), an olefinic carbon (δ 121.9, C-200), an oxymethine
(δ 65.1, C-600), and three methyl carbons (δ 24.6, C-800; 18.9,
C-900; 16.0, C1000).

Due to the small quantity of the compound, signals in the
HMBC spectrum were very weak. The COSY spectrum and the
structures of the other related derivatives isolated from this plant
played an important role in the structural elucidation of this
compound. As with the other acylphloroglucinols, the oxymethy-
lene group (δ 4.67 m, H2-100) was placed at C-2 of the
acylphloroglucinol. The oxymethylene protons showed a COSY
correlation with the olefinic proton (δ 5.50 m, H-200), thus
placing the olefinic proton at C-200. The methyl group shifted
downfield at δH 1.76 (H3-1000) showed a

2JHMBC correlation to
a quaternary olefinic carbon at δ 138.5 (C-300) and 3J HMBC
correlations to C-200 and a methylene carbon at δ 37.0 (C-400).
The methylene protons at C-400 (δ 2.30 m) showed a COSY
correlation to a further methylene group (δ 1.65 m, 1.90 m,
C-500), which was coupled to an oxymethine, as revealed by the
COSY spectrum (δ 2.77 dt, H-600). The remainingmethyl groups
at δ 1.34 (H3-800) and 1.31 (H3-900) showed HMBC correlations
to δ 18.9 (C-900) and 24.6 (C-800), respectively, indicating that
the methyl groups were geminal to each other. These methyl
groups also correlated to a quaternary carbon at δ 59.1 (C-700)
and the oxymethine carbon (C-600). The 13C NMR chemical
shifts of C-600 and C-700 were indicative of an epoxy moiety,10

and the 1H and 13C NMR data of this side-chain showed
close agreement with the corresponding substituent of 60,70-
epoxygeranyloxypsoralen.10 Again, this compound showed a
positive specific rotation ([α]D

22 +2.6 (c 0.19, CHCl3)). However,
due to the presence of two stereogenic centers (C-20 andC-600) in
the molecule, the configuration at the stereocenter could not be
determined by direct comparison with that of S1. Compound 5
was therefore identified as the new 4,6-dihydroxy-2-O-(600,700-
epoxy-300,700-dimethyloct-200-enyl)-1-(20-methylbutanoyl)benzene
and was given the trivial name olympicin E.

Olympicin A (1) displayed exceptional activity against all of
the Staph. aureus strains tested, with MIC values ranging from
0.5 to 1 mg/L (Table 3). It was more active than the control
antibiotics against the MDR and epidemic strains and as active as
norfloxacin with the standard susceptibility testing strain (ATCC

25923). The activity of olympicin A seemed to be unaffected by
the MDR mechanisms, as shown by the fairly consistent MIC
values against the different effluxing strains. It was also active
against fourMycobacterium strains at MIC values ranging from 4
to 8 mg/L, but was not as active as the control antibiotics.
Olympicin A was not active against any of the Gram-negative
species at 512 mg/L. This may result from the impermeability of
the outer membrane of the Gram-negative bacteria, which pre-
vents the influx of chemicals from the surrounding environment
into the cells, or may be due to the different efflux pumps these
bacteria express.

Compounds 2�5 (olympicins B�E) were moderately active
against the Staph. aureus strains, with MICs ranging from 64 to
128 mg/L. The simple nature of olympicin A and the ease of its
synthesis, coupled with its activity toward Gram-positive strains
of Staph. aureus, some of which are effluxing and methicillin-
resistant, make this chemotype worthy of further evaluation, and
synthetic efforts are underway to optimize its antibacterial action.
The need for new topical antibacterials, particularly those used in
the decolonization of MRSA from patients, offers a potential use
for these simple acylphloroglucinols, particularly given the resis-
tance occurring to conventional agents such as mupirocin and
fusidic acid.

’EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
measured on a Bellingham and Stanley ADP 200 polarimeter. UV
spectra were recorded on a Thermo Electron Corporation Helios
spectrophotometer, and IR spectra were recorded on a Nicolet 360
FT-IR spectrophotometer. NMR spectra were recorded on a Bruker
AVANCE 500 MHz spectrometer. Chemical shift values (δ) are
reported in ppm, relative to appropriate internal solvent standard, and
J values are given in Hz. Mass spectra were recorded on a FinniganMAT
95 high-resolution, double-focusing, magnetic sectormass spectrometer.
Accurate mass measurement was achieved using voltage scanning of the
accelerating voltage. This was nominally 5 kV, and an internal reference
of heptacosa was used. Resolution was set between 5000 and 10 000.
Plant Material. The aerial parts of H. olympicum L. cf. uniflorumN.

Robson (accession number 1969-31184) were collected from the Royal
Botanic Garden at Wakehurst Place, Surrey, which forms part of the
National Hypericum Collection.
Extraction and Isolation.Dried, powdered plant material (937 g)

was sequentially extracted with 3.5 L of n-hexane, CH2Cl2, and MeOH
using a Soxhlet apparatus. The n-hexane andCH2Cl2 extracts were active
at a concentration of 32 and 16 mg/L, respectively, whereas the MeOH
extract was active at 512 mg/L. The n-hexane extract (15.2 g) was
fractionated by VLC (silica gel PF254+366; Merck) using a step-gradient
solvent system from 100% n-hexane to 100% EtOAc with a 10%
increment and a final MeOH wash. VLC fractions 6 to 8 were active
against SA-1199B with an MIC value of 64 mg/L. They displayed
similar TLC profiles and were combined (total of 842.0 mg). The
combined fraction was separated by Sephadex LH-20 (Amersham
Biosciences) chromatography, giving five fractions eluted with
CHCl3/MeOH (1:1) and one fraction eluted with MeOH. The
fraction eluted with MeOH (80.9 mg) was active at an MIC of 1 mg/L.
Compound 1 (29.1 mg) was isolated from this fraction using pre-
parative TLC (silica; toluene/EtOAc/HOAc, 80:18:2, Rf = 0.62, yield
0.0031%).

A portion (2.5 g) of the CH2Cl2 extract was applied to a Sephadex
LH-20 column, giving five fractions eluted with CHCl3/MeOH (1:1)
and one fraction eluted with MeOH. Fractions 4 to 6 exhibited excellent
antibacterial activity at 0.5 mg/L. They showed similar TLC profiles and
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were combined, giving 62.0 mg. The combined fraction was directly
purified by p-TLC (silica; toluene/EtOAc/HOAc, 75:23:2), yielding
compounds 2 (4.2 mg, Rf = 0.48, yield 0.00045%), 3 (3.8 mg, Rf = 0.44,
yield 0.00041%), and 4 (1.8 mg, Rf = 0.34, yield 0.00019%). Sephadex
fraction 3 (140.8 mg) was active at 512mg/L. It was further separated by
SPE on a silica gel column using a step-gradient system from 100%
n-hexane to 100% EtOAc. SPE fraction 8 (17.8 mg), which was eluted
with 70% EtOAc in n-hexane, was purified by p-TLC (silica; toluene/
EtOAc/HOAc, 75:23:2), yielding compound 5 (1.3 mg, Rf = 0.57, yield
0.00013%). All compounds gave an orange color reaction with vanillin-
H2SO4 spray on a TLC plate.
4,6-Dihydroxy-2-O-(300,700-dimethyl-200,600-octadienyl)-1-(20-methyl-

butanoyl)benzene (1), olympicin A: pale yellow oil; [α]D
22 +6.0 (c 0.25,

CHCl3); UV (CHCl3) λmax (log ε) 240 (4.05), 289 (4.35) nm; IR νmax

(thin film) cm�1 3348, 2968, 2931, 1624, 1593, 1448, 1377, 1216, 1162,
1099, 826; 1H NMR and 13C NMR (CDCl3) see Table 1; HR-ESIMS
(m/z) 345.2056 [M � H]� (calcd for C21H30O4, 345.2071).
4,6-Dihydroxy-2-O-(700-hydroxy-300,700-dimethyl-200,500-octadienyl)-

1-(20-methylbutanoyl)benzene (2), olympicin B: pale yellow oil; [α]D
22

+5.8 (c 0.12, CHCl3); UV (CHCl3) λmax (log ε) 240 (4.26), 290
(3.62) nm; IR νmax (thin film) cm�1 3338, 2967, 2934, 2873, 1620,
1594, 1448, 1217; 1H NMR and 13C NMR (CDCl3) see Table 1;
HR-ESIMS (m/z) 363.2168 [M +H]+ (calcd for C21H30O5, 363.2172).
4,6-Dihydroxy-2-O-(600-hydroxy-300,700-dimethyl-200,700-octadienyl)-

1-(20-methylbutanoyl)benzene (3), olympicin C: pale yellow oil; [α]D
22

+2.5 (c 0.41, CHCl3); UV (CHCl3) λmax (log ε) 240 (4.44), 288
(4.90) nm; IR νmax (thin film) cm�1 3357, 1734, 1653, 1558, 1540,
1506, 1457; 1H NMR and 13C NMR (CDCl3) see Table 1; HR-ESIMS
(m/z) 363.2163 [M + H]+ (calcd for C21H30O5, 363.2172).
4,6-Dihydroxy-2-O-(600-hydroperoxy-300 ,700-dimethyl-200 ,700-octadienyl)-

1-(20-methylbutanoyl)benzene (4), olympicin D: pale yellow oil; [α]D
22

+2.7 (c 0.32, CHCl3); UV (CHCl3) λmax (log ε) 240 (4.05), 289
(4.35) nm; IR νmax (thin film) cm�1 3397, 2970, 2928, 1622, 1594,
1456, 1217; 1H NMR and 13C NMR (CDCl3) see Table 2; HR-ESIMS
(m/z) 379.2120 [M + H]+ (calcd for C21H30O6, 379.2121).
4,6-Dihydroxy-2-O-(600 ,700-epoxy-300 ,700-dimethyloct-200-enyl)-1-(20-

methylbutanoyl)benzene (5), olympicin E: pale yellow oil; [α]D
22 +2.6

(c 0.19, CHCl3); UV (CHCl3) λmax (log ε) 240 (4.05), 289 (3.68) nm;
IR νmax (thin film) cm

�1 3376, 2970, 2934, 1622, 1593, 1447, 1217; 1H
NMR and 13C NMR (CDCl3) see Table 2; HR-ESIMS (m/z) 363.2181
[M + H]+ (calcd for C21H30O5, 363.2166).
Synthesis of Compound 1. (S)-2-Methylbutanoyl Chloride (7)

(ref 11). (S)-2-Methylbutanoic acid (6; 10 g, 97.91 mmol) and SOCl3
(10.71 mL, 146.9 mmol, 1.5 equiv) were heated together at 80 �C under
reflux for 2 h. Distillation of the reaction mixture afforded (S)-2-
methylbutanoyl chloride (10.63 g, 88.21 mmol, 90%): colorless liquid;
[α]D

22 +10.1 (c 0.54, CHCl3); bp 119�120 �C; 1H NMR and 13C NMR
(CDCl3) see Supporting Information.
(S)-2-Methyl-1-(2,4,6-trihydroxyphenyl)butan-1-one (9) (ref 12). AlCl3

(46.43 g, 351.8 mmol, 4.1 equiv) was added to a stirred suspension
of phloroglucinol (8; 10.81 g, 85.8 mmol, 1 equiv) in CS2 (50 mL).
Nitrobenzene (40mL) was added to the solution over 30min. The solution
was heated under reflux at 55 �C for 30 min. A solution of 7 (10.34 g,
85.8 mmol) dissolved in 5 mL of nitrobenzene was added to the reaction
mixture over 30 min, followed by heating for another 30 min. The reaction
mixturewas allowed to coolwith stirring and then poured into an ice�water
bath (400mL). Then 100mL of 3MHCl was added. The organic solvents
were removed under reduced pressure, and the oily residue containing the
acylphloroglucinol was extracted into Et2O. After the removal of the Et2O,
the crude productwas purified byVLCusing silica. The fraction elutingwith
6:4 n-hexane/EtOAc was identified to be the title compound, isolated as a
pale yellow oil (9.71 g, 46.19mmol, 54%): [α]D

22 +8.5 (c 0.35, CHCl3); UV
(CHCl3) λmax (log ε) 240 (4.17), 290 (3.97) nm; IR νmax (thin film) cm

�1

3297, 1628, 1602, 1222; 1HNMR and 13CNMR (CDCl3), see Supporting

Information;HR-ESIMS (m/z) 209.0813 [M�H]� (calcd forC11H14O4,
209.0814).

(S)-1-(2,4-Bis[(tert-butyldimethylsilyl)oxy]-6-hydroxyphenyl)-2-
methylbutan-1-one (10) (ref 13). Acylphloroglucinol 9 (9.71 g, 46.19
mmol) was dissolved in 150 mL of dry acetone. Imidazole (3.43 g, 138.6
mmol, 3 equiv) was added to the solution, and the reaction mixture
stirred for 5 min before the addition of TBDMS-Cl (14.61 g, 97.0 mmol,
2.1 equiv). The reaction mixture was stirred for 2 h at room temperature.
The reaction mixture was diluted with CHCl3 and washed with 1MHCl
(150 mL). The solvent was removed under reduced pressure, and the
crude product purified by VLC over silica gel to afford TBDMS-
protected phloroglucinol 10 in the fraction eluted with 9:1 n-hexane/
EtOAc. The title compound was isolated as a pale yellow oil (16.4 g,
37.26 mmol, 81%): [α]D

22 +4.9 (c 0.39, CHCl3); UV (CHCl3) λmax

(log ε) 239 (4.26), 290 (4.23) nm; IR νmax (thin film) cm�1 3276, 2973,
1688, 1572, 1531, 1256, 1131, 1072, 850; 1H NMR and 13C NMR
(CDCl3), see Supporting Information; HR-ESIMS (m/z) 437.2554
[M � H]� (calcd for C23H42O4Si2, 437.2549).

(S)-4,6-Dihydroxy-2-O-(300 ,700-dimethyl-200,600-octadienyl)-1-(20-
methylbutanoyl)benzene (S1), Olympicin A (ref 13). TBDMS-pro-
tected acylphloroglucinol 10 (6.6 g, 15.0mmol) was dissolved in 100mL
of dry DMF, to which anhydrous K2CO3 was added (3.1 g, 22.5 mmol,
1.5 equiv). The mixture was stirred for approximately 5 min before the
addition of geranyl bromide (3.43mL, 18mmol, 1.2 equiv). Themixture
was heated at 80 �C for 3 h with stirring. The reaction mixture was
poured over H2O and extracted with CHCl3. The solvent in the organic
layer was removed under reduced pressure. The crude product was
purified by chromatography over silica gel by VLC. Compound S1 was
eluted with 9:1 n-hexane/EtOAc, and removal of the solvents under
reduced pressure yielded the title compound as a pale yellow oil. All
spectral data were identical to those of the natural product 1, and the
overall yield was 1.6%.
Antibacterial Assay with Staphylococcus aureus. Unless

otherwise stated, all chemicals were obtained from Sigma-Aldrich
Company Ltd., UK. Cation-adjusted Mueller-Hinton broth was ob-
tained from Oxoid and was adjusted to contain 20 and 10 mg/L of Ca2+

and Mg2+, respectively. The Staph. aureus strains used in this study
included ATCC 25923, SA-1199B, RN4220, XU212, EMRSA-15, and
EMRSA-16. ATCC 25923 is a standard laboratory strain sensitive to
antibiotics.14 SA-1199B overexpresses the NorA MDR efflux pump.15

RN4220 possesses the MsrA macrolide efflux protein.16 XU212 is a
Kuwaiti hospital isolate that is a MRSA strain possessing the TetK
tetracycline efflux pump.14 EMRSA-1517 and EMRSA-1618 are epidemic
strains in the U.K.Mycobacterium species used in this study included the
fast-growing speciesM. smegmatisATCC14468,M. fortuitumATCC6841,
and M. phlei ATCC11758. All were obtained from the National
Collection of Type Cultures (NCTC). M. smegmatis MC22700, which
possesses the M. tuberculosis fatty acid synthase I gene (Fas 1), was
obtained from Zimhony et al.19 Two wild-type Gram-negative bacteria
were used in this study, namely, Pseudomonas aeruginosa K767 and
Salmonella typhimurium L354, and both were obtained from the NCTC.

Staph. aureus, P. aeruginosa, and S. typhimurium strains were cultured
on nutrient agar (Oxoid) and incubated for 24 h at 37 �C prior to MIC
determination. Mycobacterium species were cultured on Columbia agar
(Oxoid) supplemented with 7% defibrinated horse blood (Oxoid) and
were subcultured and incubated for 72 h at 37 �C prior to the assay. An
inoculum density of 5� 105 colony forming units of each bacterial strain
was prepared in normal saline (9 g/L) by comparison with a 0.5
MacFarland turbidity standard. The inoculum (125 μL) was added to
all wells, and the microtiter plate was incubated at 37 �C for the
corresponding incubation time. For MIC determination, 20 μL of a 5
mg/mL methanolic solution of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyltetrazolium bromide (MTT) was added to each of the wells and
incubated for 20 min. Bacterial growth was indicated by a color change
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from yellow to dark blue. The MIC was recorded as the lowest concentra-
tion at which no growth was observed.14
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1. ABSTRACT 
 
 Mycobacteria are a group of aerobic, non-motile, 
acid fast bacteria that have a characteristic cell wall 
composed of a mycolyl-arabinogalactan-peptidoglycan 
complex. They display different phenotypic attributes in 
their growth, color and biochemistry. Tuberculosis (TB) is 
defined as the infection with Mycobacterium tuberculosis 
complex and was declared a global health emergency 
principally because of the appearance of multidrug-resistant 
strains and the associated risk of infection in immune-
compromised population. There is an urgent clinical need 
for novel, potent and safe anti-TB drugs. Natural products 
have been used since antiquity for treating diverse 
complaints and novel pharmacophores are discovered every 
year. Two of the most potent used antimycobacterials, the 
rifamycins and streptomycin, were first detected in 
Streptomyces bacteria. Plants are also the source of an 
exquisite variety of antimicrobials that can lead to useful 
therapeutics in the future. In this review, natural 
preparations used since antiquity for treating tuberculosis 
are described, together with a rapid view of the 20th century 
antibiotic development against TB. Finally a summary of 
the most potent recent natural antimycobacterials is 
displayed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

It has been hypothesized that mycobacteria 
existed in the Jurassic geological period (1-2), however the 
imperfection of the fossil register and the difficulty of 
observing microorganisms in petrifications make the 
probable date of appearance of mycobacteria purely 
speculative. DNA from the Mycobacterium tuberculosis 
complex has been found in the bones of an extinct long-
horned bison in Wyoming dating from 18,000 years ago 
(3). In Egyptian (4000 BC) and in Peruvian human 
mummies (1000 BC) mycobacterial DNA characteristic of 
the tuberculosis complex has also been found (4-5). 
Tuberculosis (TB) has been a dreadful disease since human 
history incipiency appearing in all geographical populations 
at all times. We should not forget the disastrous outbreak at 
the end of 19th century which may recall us today on the 
necessity of having a constant alertness towards the 
disease. Many famous writers, philosophers and poets 
(John Keats, Franz Kafka, Edgar Allan Poe, George 
Orwell, Karl Marx), artists (Paul Gauguin, Amadeo 
Modigliani), composers (Frederic Chopin, Carl PE Bach), 
and political leaders (Simon Bolivar, Cardinal Richelieu, 
King Tutankhamen of Egypt) succumbed to the disease (6). 
It was also the source of inspiration for literature, arts and  
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other human activities, and the pieces “The Magical 
Mountain” by Thomas Mann or the painting “Misery” by 
Cristobal Rojas clearly evidence this relation.   
 

Today we encounter Mycobacterium species 
persisting in fish, amphibians, reptiles, birds, and mammals 
and their ubiquity in organisms as well as in the soil and the 
water, reflect their ancient past (7). It is possible that 
through their evolution, mycobacteria had to face nutrient 
depletion or poisonous environments and we can 
hypothesize that their complex cell wall is the consequence 
of such an overwhelming paleo-environment. Recently 
Streptomyces and Mycobacterium species were found to 
have a similar lifecycle (8) and perhaps Streptomyces 
developed the production of antibiotics as an alternative 
tactic to overcome highly competitive microbial 
environments. Mycobacteria is one of the most 
unsusceptible microorganisms against chemical injury, and 
the impermeability, thickness and low fluidity of its cell 
wall extensively contributes to its natural resistance against 
chemical agents (9).  

 
The M. tuberculosis complex is a set of 

evolutionary closely related slow growing mycobacterial 
species, all containing the mobile insertion sequence 
IS6610 in their genome (10), and causing TB disease in 
humans and other mammals. TB is nowadays a growing 
global health problem since the numbers of human cases 
are increasing all around the planet. For 2009 the World 
Health Organization reported more than 9.4 million new 
cases and more than 1.6 million deaths (11). The main 
factors aggravating the issue are the massive appearance of 
drug resistant strains of M. tuberculosis: multi-drug 
resistant (MDR), resistant to isoniazid and rifampicin, and 
extensively-drug resistant (XDR), resistant to isoniazid, 
rifampicin, any fluoroquinolone and at least one second-
line injectable drug, and HIV co-infection (12). Although 
there is an increasing funding trend for TB drug research 
(13) it is not clear whether there are enough novel chemical 
entities entering the pipeline to assure a new full 
chemotherapeutic regimen in the next decade (14-15). 
Novel drugs must comply with three conditions: safety, 
potency sufficient to shorten treatment and prevent rapid 
emergence of resistance, and absence of interaction with 
antiretroviral therapy. To achieve these goals several 
pharmaceutical companies (GlaxoSmithKline, Sanofi-
Aventis, AstraZeneca, Bayer, Novartis) have entered in 
collaboration with academics from universities and small 
companies (FASgen Inc, Lupin Limited, Otsuka, Sequella 
Inc, Cumbre Pharmaceuticals) with the financial help of the 
TB Alliance (consortium sponsored by the Bill and 
Melinda Gates Foundation), for establishing the dynamic 
partnership necessary for urgently developing a new, 
effective and safe chemotherapy of TB. 
 
3. ANCIENT TIMES 
 

M. tuberculosis has infected Homo sapiens from 
the very beginning of human history (16). “Phthisis” 
(wasting) was the Greek name of the disease and 
“consumption” is a French-derived word (originally from 
the Latin word “consumere”) which translates one of the 

features of the disease: the depletion of the body (17). In 
ancient Egypt, Greece and in the Roman Empire, the use of 
natural scents and essential oils was widespread, used often 
for baths and cleaning purposes and these practices can be 
considered as the beginning of aromatherapy. The 
Egyptians used cedar-wood oil and natural resins and 
ointments in a mixture known as “cedrium” for embalming 
and protecting the corpses from microorganisms and 
preventing the deleterious effects of oxygen and water (18). 
The Greek and the Roman civilizations inherited the 
medicinal legacy of the Egyptians and they increased our 
knowledge of medicinal plants enormously, notably with 
Pedanius Dioscorides´ (40-90 AD) famous book De 
Materia Medica. These ancient civilizations were also well 
aware of terrible diseases. 

 
Hippocrates (460-376 BC) described phthisis as 

being almost always fatal, and recommended a special diet 
based on milk, wine and bread (19). Aristotle (384-322 BC) 
deducted the contagious nature of phthisis and Pliny (23-79 
AD) attributed curative properties to pine forests (20). 
Propolis, the resinous material produced by bees from plant 
exudates, was used in ancient Greece for treating infections 
including tuberculosis (21), however its efficacy is still not 
conclusive (22).  

 
Historically garlic (Allium sativum) has been one 

of the most useful natural medicines ever described and it 
has been employed by several ancient civilizations for 
different purposes (23). In ancient Greece, Rome, India and 
China it was used for treating infections and respiratory 
ailments, among other applications. More recently it has 
been proved that garlic inhibits the growth of almost all 
species of mycobacteria (24). Diallylthiosulfinate or allicin 
(1) (Figure 1, Table 1) is the phytochemical responsible for 
the antimicrobial action of garlic and it is generated by the 
enzyme alliin lyase from S-allylcysteine-S-oxide (alliin) 
when garlic cloves are crushed (25). However due to the 
instability of allicin further degradation products like 
ajoenes, vinyldithiin and sulfides (26) have to be taken into 
account when estimating the in vitro and in vivo activity of 
allicin. The minimum inhibitory concentration (MIC) of 
allicin has been reported to be 25 mg/L against both 
susceptible and isoniazid-resistant strains (27). RNA 
synthesis in Salmonella typhimurium was demonstrated to 
be inhibited by allicin (Figure 5) (28). Moreover allicin was 
shown to be toxic for mammalian phagocytic cells at a 
concentration higher than 100 µM, but at a lower 
concentration it decreases the expression of endogenous 
antigen for M. tuberculosis 85B together with TNF-γ, 
acting at the mRNA level (29-30). These results show that 
allicin has a dual action, acting directly on the 
microorganism by inhibiting its growth but also exerting an 
immunomodulatory action on the host. Furthermore other 
types of interesting antimycobacterials have been isolated 
from Allium species, such as the pyridine-N-oxides (31).  

 
Chocolate, known also as “the food of the Gods”, 

is obtained from the roasted seeds of the South American 
shrub Theobroma cacao (Sterculiaceae). The drink 
obtained from the slight roasting of the seeds is said to have 
healing properties that can alleviate those who are suffering  
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Table 1. Antimycobacterial data (MIC, SI) and targets of promising natural scaffolds and antibiotics  
Antimycobacterial data Natural 

product 
class 

Compound 
MIC on 
M. 
tuberculosi
s or 
specified 
(mg/L) 

Selectivity 
index in 
relation to 
mammalian 
cells 
 (SI = 
GIC50 / 
MIC)  

Molecular antimycobacterial target  Referen
ces 

Allicin (1) 25 0.65 RNA synthesis inhibition (27, 29) 
Licochalcone A (2) 20 nd Unknown (41) 
Glabridin (3) 30 nd Unknown (42) 
Caespitate (4) 100 nd Unknown (46) 
(E)-phytol (5) 2 nd Unknown (48) 
Lawsone (6) 100 nd Unkownn (51) 
(3R,8S,9Z)-Falcarindiol (7) 8 Mb 0.6 Unknown (54) 

 

Berberine (8) 25 Ms nd Exact mechanism unknown (59, 61) 
Benzylpenicillin (9) > 512 Mf nd Peptidoglycan biosynthesis inhibition  (77) 
Streptomycin (10) 1 nd 16S rRNA of 30S ribosomal subunit (85) 
Kanamycin (11) 2 nd 16S rRNA of 30S ribosomal subunit (93) 
Amikacin (12) 0.75 nd 16S rRNA of 30S ribosomal subunit (97) 
Cycloserine (13) 25 nd Alanine racemase (Alr) and L-ala:D-ala ligase (Ddl) (105) 
Rifampicin (14) 0.25 nd Β-subunit of RNA polymerase (RpoB) (114) 
Capreomycin (15) 2 nd 70S ribosomal subunit (118) 

Antibiotics 

Clarithromycin (16) 8 nd 50S ribosomal subunit (128) 
(R/S)-2-methoxydecanoic acid (17) 44 1.5 Unknown (161) 
2-octadecynoic acid (18) 2.5 Mb nd Unknown (163) 
Micromolide (19) 1.5 63 Unknown (166) 
24,25-Epoxycyclo-artan-3-one (20) 8 9 Unknown (168) 
3-Epi-lupeol (21) 4 15 Unknown (172) 
Saringosterol-24-epimers (22) 0.125 1024 Unknown (173) 

Lipids, 
sterols and 
triterpenoids 

Stigmast-5,22-dien-3β-ol-7-one (23) 4 95 Unknown (174) 
Dehydrocostus lactone (24) 2 nd Unknown (183) Terpenoids 
12-Demethyl-multicauline (25) 0.46 nd Unknown (186) 
7-Methyljuglone (26) 0.5 30 Micothiol disulfide reductase (Mtr) (189- 

192) 
Engelhardione (27) 0.2 nd Unknown (199) 
Bakuchiol (28) 20 Mb nd Unknown (202) 

Phenolics 

Preussomerin (29) 3 6 Unkown (206) 
Ascididemin (30) 0.1 0.4 Mycobactin biosynthesis (MtbB) (209-

210) 
Sampangine (31) 0.2 Mi 24 Unknown (212) 
Evocarpine (32) 2 Ms nd Unknown (214) 
Hirsutellone A (33) 0.78 64 Unknown (216) 

Alkaloids 

6-Hydroxy-manzamine E (34) 0.4 11 Unknown (217) 
Mb M. bovis BCG; Mi M. intracellulare; Ms M. smegmatis; Mf M. fortuitum. nd no data 
 
from tuberculosis (32). There is no information about the 
antimycobacterial activity of the pyrones, pyrazines, furans 
and other products formed during the roasting of the cocoa 
beans; however a report in 2008 showed that roasted cocoa 
beans have radical scavenging (antioxidant) and 
antibacterial activities (33).  

 
In Ayurvedic medicine, two plants have been 

used since antiquity for treating tuberculosis: Tylophora 
asthmatica (Asclepiadaceae) and Ocimum sanctum 
(Lamiaceae) (34). Leaves of Tylophora asthmatica also 
recorded as Tylophora indica, are a major source of 
phenanthroindolizine alkaloids (35) however reports of the 
anti-tubercular activity of this type of alkaloid have not 
been found, probably because they have not been tested or 
because they are inactive. Ocimum sanctum is known by 
the local communities as “Tulsi” or holy basil and the 
extract of this plant has shown inhibition of M. tuberculosis 
growth, but again no active compound has yet been isolated 
(36). Another plant widely used in traditional Ayurvedic 
medicine is Adathoda vasica (Acanthaceae) known as 
“Vasaka” for curing bronchitis, leprosy, tumors, fever,  

 
gonorrhea and tuberculosis among other ailments (37). The 
water extract of the leaves of this plant was shown to have 
antimycobacterial activity but a detailed phytochemical 
evaluation is lacking (38). “Mandukaparni” or “Gotu Kola” 
are names given to the Ayurvedic rejuvenator plant 
Centella asiatica (Apiaceae) which has been recommended 
for tuberculosis, leprosy, diarrhea, inflammation, and 
psoriasis among several ailments (39). Asiaticoside and 
other triterpene glycosides have been isolated from the 
roots of Centella asiatica, and there is one report of its 
inhibitory activity against M. leprae and M. tuberculosis 
(40), showing an MIC value greater than 16 mg/L with no 
mention of cytotoxicity. Licorice or Glycyrrhiza glabra 
(Fabaceae) is another old traditional herb described in 
Ayurveda, both as a medicinal and as a flavoring resource. 
Licochalcone A (2) was isolated from Chinese licorice 
roots and was initially thought to be responsible for the 
antimycobacterial activity of the plant, having an MIC less 
than 20 mg/L against species of the M. tuberculosis 
complex (41). However, later it was found that another 
phytochemical with an interesting antimycobacterial profile 
could also contribute to the antimycobacterial properties of 
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Figure 1. Chemical structure of some active 
antimycobacterial natural products obtained from ancient 
medicinal plants. 
 
this plant. This compound, glabridin (3), was isolated from 
the ethyl acetate extract of the roots of  Glycyrrhiza glabra 
collected in India and it showed an MIC of 30 mg/L against 
M. tuberculosis H37Rv (42).  

 
Traditionally in Africa, species of the genus 

Helichrysum (Asteraceae) have been used for the treatment 
of respiratory disorders and tuberculosis (43-44). Whilst 
some compounds have been isolated from these species, 
none have shown potent inhibition of mycobacterial growth 
(45). Until now, the most active compound found in 
Helichrysum caespititium is caespitate (4) which has an 
MIC value of 100 mg/L against M. tuberculosis (46). In a 
review of the plants used in South African traditional 
medicine for treating mycobacterial infections, several 
species of the Helichrysum genus are reported to be used 
for treating coughs and TB (47). Interestingly the 
Asteraceae family is recorded to have prominent 
application for coughs, chest and respiratory complaints 
related to TB symptomatology and therefore the Asteraceae 
species should be considered for bio-guided phytochemical 
studies. The infusion of the leaves of the Kenyan shrub 
Leucas volkenssii (Lamiaceae) has been used as a remedy 
for asthma, bronchitis and other lung diseases. A bioguided 
phytochemical study showed the presence of several 
lipophilic components with very potent inhibition of 
mycobacterial growth. In particular (E)-phytol (5) showed 
an MIC value of 2 mg/L against M. tuberculosis H37Rv in a 
radiorespirometric assay (48). The leaves of Lawsonia 

inermis (Lythraceae) produce a dye known as “Henna” 
which has been widely used for body art since antiquity and 
was reported as a treatment for leprosy (49). An infusion of 
the leaves is able to reduce the number of lesions by 30% in 
relation to the control, notably in the kidneys and liver, in 
guinea pigs infected with M. tuberculosis (50). The 
phytochemicals assumed to be responsible for the activity 
are of quinoid nature such as lawsone (6) which has 
demonstrated an MIC value close to 100 mg/L against M. 
tuberculosis (51). The antimycobacterial activity of 
naphthoquinones has motivated a deeper research focusing 
on the determination of the chemical features essential for 
their activity, leading to active derivatives which will be 
discussed later. 

 
In China, during the 28th Century BC, Shen 

Nong wrote a book titled “Pen-T´sao” (translated as “The 
Herbal”) describing hundreds of herbal medicines and 
poisons mostly tested directly on himself (52). The herb 
known as “Bai-Zhi” corresponds to Angelica dahurica 
(Apiaceae) used for the relief of headaches, colds and 
infections (53). An active polyacetylene known as (3R,8S)-
falcarindiol (7) has been isolated from the roots of this 
plant, displaying an MIC value as low as 8 mg/L against M. 
fortuitum (54) and M. bovis BCG. Moreover falcarindiol 
has also a marked mammalian cytotoxicity of the same 
order of magnitude as the antibacterial activity (55), 
therefore preventing its use as antimicrobial. The molecular 
target of falcarindiol is still unknown although several 
studies point to an induction of anti-oxidant enzymes at low 
concentrations which are beneficial but with a reversion of 
the effect at higher concentrations (56-57). The rhizome of 
Coptis chinensis (Ranunculaceae) know as “Huang Lian” 
which means “yellow connection” is a very bitter root that 
has been extensively used for treating diarrhea, nausea, 
insomnia, and cleaning abscesses, furuncles, burns and 
other lesions (58). The active principle found in the “Huang 
Lian” rhizome is the quaternary alkaloid berberine (8), 
which has an MIC of 25 mg/L against fast-growing M. 
smegmatis but has a higher MIC against pathogenic 
mycobacteria such as M. avium (MIC 50 mg/L) and M. 
bovis BCG (MIC 200 mg/L) (59). Berberine is a compound 
with multiple biological activities, acting as 
immunomodulatory being able to activate macrophages 
(60), it also intercalates in DNA (61) and it prevents the 
adherence of microorganisms to the cells (62).  

 
During the obscure period of the Middle Ages 

(5th to 15th Century) very little advance of biosciences was 
achieved. The clergy kept the knowledge of the herbs in the 
convents and also the majority of medieval people were 
analphabet. By the turn of the 16th Century and the 
introduction of liberal Renaissance ideas notably in the arts, 
coupled to the discovery of a new continent, logical and 
scientific thinking started to appear again. South American 
Cinchona bark and Ipecacuanha root were transported to 
Europe for treating malaria and dysentery respectively. 
Dysentery was a common problem in the days of 
unsanitary urban settings in which people would throw 
dirty water and rubbish into the streets. Some scientific 
spirits tried to demystify the real world by inventing novel 
instruments and postulating novel theories to explain it.
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Figure 5. Mycobacterial cell diagram showing the principal biochemical pathways and natural product inhibitors. 
 

 Notably the experimental sciences: physics with 
Galileo Galilei (1564-1672), Johannes Kepler (1571-1630) 
and Isaac Newton (1643-1727) and chemistry with Robert 
Boyle (1627-1691), Antoine Lavoisier (1743-1794) and 
Jacob Berzelius (1779-1848) started to shape the thinking 
of academics in Europe, providing novel ideas for 
structuring a modern view of the world. 
 
4. DISCOVERY OF ANTIBIOTICS  
 
 Louis Pasteur (1822-1895) was a French chemist, 
microbiologist, immunologist and biotechnologist who 
brilliantly tackled many important problems of the 
biosciences of the epoch. Amongst his most important 
achievements are the foundation of chemical 
stereochemistry, the introduction of the germ theory of 
diseases, the demonstration of microbial fermentation and 
the setting of the first vaccines against virus and bacteria 
(63). Together with Antony van Leeuwenhoek (1632-
1723), the first to observe under the microscope 
“animalcules” or microorganisms, Louis Pasteur is 
considered the father of microbiology. Later Joseph Lister 
(1827-1912), an English surgeon, was convinced by the 
experiments of his French contemporary, of the necessity 
of an aseptic technique in surgery and he was the first 
physician to use antiseptic (64). Lister used carbolic acid, 
which is known today as phenol, and he described it, in 
1867, as a “volatile organic compound which appears to 
exercise a peculiarly destructive influence upon low forms 
of life” (65). The word “antibiosis” was used for the first 
time in 1889 by Pasteur´s pupil Paul Vuillemin (1861-
1932) for describing the action of one organism against 
another one in mixed cultures (66). The pioneer work of 
chemotherapy can be ascribed to Paul Ehrlich (1854-1915) 
who was the first to notice that certain dyes colored 
selectively certain animal and bacterial cells while others 
did not. He realized that it may be possible to produce 
chemical compounds (dye like) known as “magic bullets” 
that selectively kill the bacterium while not killing the 
humans infected with the bacterium (67). With the help of 
Sahachiro Hata (1873-1938), the team chemically modified 
several dyes and salvarsan-606, an organo-arsenical 
compound, was successfully identified as a compound able 
to kill Treponema pallidum, the spirochaete bacterium that 
cause syphilis, without harming the host (68). This was the 
start of the chemotherapeutic era.  

Undoubtedly a major breakthrough in the history 
of Medicine was the demonstration of the bacterial etiology 
of TB in Berlin in 1882 by the German physician Robert 
Koch (1843-1910) (69). He proposed “Koch´s Postulates” 
which are in fact a rational experimental design for proving 
that a bacterium is the cause of a disease (70). The first 
postulate establishes that in every case of the disease, the 
infecting organisms must be present. It must be possible 
also to isolate the microorganism causing the disease from 
a host carrying the disease and to grow it in pure culture. 
Then it must be shown that after inoculation of the pure 
culture on a healthy susceptible host, the disease appears. 
Finally the organism causing the disease must be re-
isolated from the experimentally infected host. Although 
the French military physician Jean-Antoine Villemin 
(1827-1892) had already demonstrated that TB was 
contagious using rabbits (71), it was Robert Koch who 
isolated, cultured and stained M. tuberculosis. He 
successfully inoculated guinea pigs and re-isolated the 
mycobacterial strain from the organs of the sick animals. 
Finally Koch was the first to prepare tuberculin, an 
extracellular protein mixture extracted from cultures of M. 
tuberculosis, which he claimed erroneously to be the cure 
of TB as a vaccine (72), but which was shown to be a very 
useful diagnostic test developed years later by Clemens von 
Pirquet (1874-1929) and established finally by Charles 
Mantoux (1877-1947). 

 
Although Ehrlich´s salvarsan was effective in 

curing spirochaetal infection it was also considerably toxic 
and undesirable side effects were common (73). However it 
was used globally as the only cure for syphilis until the 
advent of the first antibiotic. In 1928, the Scottish 
microbiologist Alexander Fleming (1881-1955) discovered 
a lysogenic effect on an abandoned Petri dish of 
staphylococci contaminated by the fungi Penicillium 
notatum, when returning from a holiday. By analytical 
observation, he hypothesized that the fungi produced a 
chemical which diffused slowly on the plate and attempted 
to isolate the potent compound. The substance was soluble 
in ethanol but not in water, discarding the possibility of a 
lysogenic protein such as lysozyme (74). Ernst Chain 
(1906-1979) and Howard Florey (1898-1968) were able to 
isolate around 1940, a mildly pure brown penicillin sample 
from a fermented culture of the fungi. It was however 
Gerhard Domagk (1895-1964) and his team who 
experimentally obtained the first agent active against
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Figure 2. Antibiotics used in the treatment of 
mycobacterial diseases (except benzylpenicillin) developed 
from natural products discovered in the antibiotic era. 
 
streptococci (the microbes causing bacterial sore throat) 
and staphylococci. Synthesized in 1932 by I.G. 
Farbenindustrie, the so called “Prontosil Rubrum”, was the 
first sulfonamide ever used on patients, and it saved 6-year 
old Domagk´s daughter, Hildegard, from arm amputation 
following a streptococcal infection (75). From natural 
sources, other antimicrobials were soon discovered such as 
gramicidin and tyrocidine isolated by the French 
microbiologist René Dubos (1901-1982) from cultures of 
the soil inhabitant Bacillus brevis (76). However these 
compounds were either inactive against M. tuberculosis or 
the concentration needed to kill the bug was so high that 
toxicity hindered their use. 

 
The penicillins, cephalosporins, carbapenems 

and monobactams are arguably the most important group of 
antibiotics, characterized by the presence of the fused β-
lactam which prevent the final crosslinking and 
polymerization steps of the biosynthesis of peptidoglycan 
(Figure 5). Benzylpenicillin or penicillin G (9) (Figure 2, 
Table 1) was the first naturally occurring β-lactam to be 
discovered, however it has a weak activity against 
mycobacteria (>512 mg/L for M. fortuitum) (77) due to the 
fact that mycobacteria produce chromosomally encoded β-
lactamases (78). It has been suggested therefore that a 
mixture of a β-lactamase inhibitor (clavulanic acid) 

together with a β-lactam might be useful for treatment of 
TB and other mycobacterial diseases (79-81) however 
conclusive clinical studies are still expected. Clavulanic 
acid has been hypothesized to have also a direct effect on 
the cell wall facilitating the entry of β-lactams to the 
periplasmic space (82).  

 
The first natural product to be successfully used 

for curing TB patients was streptomycin (10), an 
aminoglycoside isolated from Streptomyces griseus by 
Selman Waksman (1888-1973) and Albert Schatz (1922-
2005) at Rutgers University in 1943 (83). The word 
“antibiotic” was clarified by Waksman to delimit the group 
of “chemical substances, produced by microorganisms, 
which have the capacity to inhibit the growth of and even 
to destroy bacteria and other microorganisms” (66). 
Waksman places emphasis on the selective character of the 
antibiotics, some of them been able only to kill a specific 
type of microorganisms while others have a wider spectrum 
of activity. In March 1944, streptomycin was tested on 
animals by Merck & Co in the Mayo Clinic and in 1946 the 
UK Medical Research Council performed a randomized 
trial of streptomycin on young individuals with acute, 
bacteriologically proven pulmonary TB, achieving cure 
rates of 100% (84). The impact of streptomycin was seen as 
miraculous particularly on children with TB meningitis; 
however the joy was soon eclipsed as many children 
relapsed after a few months of treatment. It was evident 
that M. tuberculosis had become resistant to streptomycin. 
The MIC of streptomycin for susceptible M. tuberculosis 
strains is between 1-2 mg/L and between 25-50 mg/L for 
resistant strains; with 30 mg/L being the critical 
concentration, defined as the concentration able to inhibit 
95% of the wild-type strains while not inhibiting the 
resistant strains (85). A study by the British bacteriologist 
Dennis Mitchison (born in 1919) showed that 
streptomycin-resistant variants appeared in populations of 
M. tuberculosis that had never been exposed to the drug 
with a discontinuous distribution (86). At low populations 
(less than 106 cells), all the bacteria were susceptible to 2 
mg/L of streptomycin, however when the population 
reached 109 cells, several hundreds of cells were able to 
grow at 10 mg/L of streptomycin and around 1-2 cells at a 
concentration of 100 or 1000 mg/L of streptomycin. These 
bacterial populations are commonly found in TB lesions 
and therefore in monotherapy, resistance develops quite 
rapidly. It is recognized today that the molecular target of 
streptomycin is the small ribosomal unit known as S12 
codified by the rpsL gene, which contains several 
mutations in streptomycin resistant strains of M. 
tuberculosis (87).  

 
In 1940, Frederick Bernheim discovered that the 

TB bacillus doubled the uptake of oxygen when sodium 
salicylate was present in the media (88). We have to remind 
the reader that salicin is the glycoside of salicylic alcohol, 
occurring naturally in many Salix species (Salicaceae). 
Bernheim published a second paper disclosing that 2,3,5-
triiodobenzoate and nicotinic acid inhibited the growth of 
M. tuberculosis (89). It was the Swedish chemist Jörgen 
Lehmann (1898-1989) who, after reading the 1940 paper of 
Bernheim, realized that this meant that salicylic-type 
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structures had some specific effect “on the internal 
workings of the tuberculosis bacterium – something that 
might be significant for its very life” (67). Allied with the 
small Swedish pharmaceutical company Ferrosan, he 
predicted that the presence of an amino group in the para 
position of the carboxylic acid of salicylic acid would have 
an inhibitory effect of TB bacillus. By December 1943, 
with minute amounts of the drug, Lehman confirmed that 
he was indeed correct (67). The MIC of p-aminosalicylic 
acid is 0.3-1 mg/L against M. tuberculosis H37Rv, and it 
has proven to be a very effective second-line anti-TB agent 
despite its irritant and nauseous side effects (90).  

 
After the Second World War, Japan organized 

the “Japan Antibiotics Research Association” in order to 
recruit experts in microbiology, fermentation and natural 
product chemistry for the manufacture of penicillin (91). In 
the golden era of antibiotics (1950-1965), several Japanese 
groups started exploratory research in microbial products 
disclosing a vast array of antibiotic classes such as colistin 
(1950), variotin (1951), trichomycin (1952) gramicidin J 
(1952), kitasamycin (1953) and the mikamycins (1956). In 
1957 Hamao Umezawa (1914-1986) isolated kanamycin 
(11) from Streptomyces kanamyceticus (92) and was soon 
established as the drug of choice for treatment of 
streptomycin-resistant TB. The MIC of kanamycin against 
M. tuberculosis H37Rv is close to 2 mg/L and it inhibits 
protein synthesis by tightly binding to 16S rRNA of the 
30S ribosomal unit (Figure 5) (93). Kanamycin-resistant 
strains have an MIC value of more than 200 mg/L and this 
resistance can be caused by three different mechanisms: 
enzymatic aminoglycoside modification, specific 
methylation of the rRNA or mutation in the 16S rRNA 
codifying gene rrs (94). The clinical adverse reactions of 
aminoglycosides are typically nephrotoxicity and 
ototoxicity caused by a perturbation of the membrane 
function of the cells, leading to damage of the renal tubule 
and the vestibule followed by hearing loss (95). Amikacin 
(12) a semisynthetic derivative of kanamycin was 
synthesized in 1972, in order to generate an analog of 
kanamycin with activity towards kanamycin-resistant 
strains (96). N-acetylation, O-phosphorylation and O-
adenylation are mechanisms for the enzymatic modification 
of aminoglycosides rendering them inactive, and amikacin 
was developed in order to prevent N-acylation. Amikacin 
has an MIC between 0.5-1 mg/L against M. tuberculosis 
H37Rv and has been shown to be superior to kanamycin 
with a bactericidal activity at 2 mg/L (97). It has also been 
demonstrated that all amikacin-resistant strains are resistant 
to kanamycin, but not all kanamycin-resistant strains are 
resistant to amikacin supposing a more difficult step for the 
bacteria to become resistant to amikacin (98). A typical 
mutation conferring resistance to both kanamycin and 
amikacin occurs in the rrs gene, replacing adenine in 
position 1401 for guanine. 

 
   It is not clear whether the German group 

supervised by Gerhard Domagk or the North American 
team at Squibb and Hoffman-La-Roche were the first to 
test the activity of the isomers of nicotinic acid (99). Based 
on early observations that nicotinamide (vitamin B3) had 
anti-tubercular properties, researchers worldwide were 

exploring this particular class of nitrogen heterocycle 
simultaneously (100). Both pyrazinamide and isoniazid 
were developments of the same chemical lead. Although 
Roche and Squibb held the patent for isoniazid, they did 
not retain the exclusive rights and granted production 
licenses to reliable pharmaceutical companies in order to 
increase the coverage and the supply of the drug all over 
the world (101). Today it is recognized that isoniazid is the 
most popular anti-tubercular agent, for M. tuberculosis is 
extremely sensitive to this synthetic chemical, admittedly 
as a consequence of a pleiotropic effect (102-103). It has 
been demonstrated that flavonols can significantly reduce 
isoniazid resistance in rapid growing mycobacteria (104).  

 
Almost at the same time, another interesting 

antitubercular compound made its appearance. Cycloserine 
(13) was isolated in 1952 from Streptomyces orchidaceus 
by Commercial Solvents Corp. This isoxazolidinone has 
wide spectrum of activity against Gram-positive and Gram-
negative bacteria and particularly against mycobacteria. 
Cycloserine inhibits two enzymes alanine racemase (Alr) 
and D-alanine D-alanine ligase (Ddl) of the peptidoglycan 
biosynthesis pathway (105). The MIC of cycloserine is 25 
mg/L against the H37Rv strain. Despite being an efficient 
agent, its severe toxicity has limited its widespread use and 
it is included as a second line drug (106). There are also 
other antibiotics acting on the cytoplasmic steps of the 
biosynthesis of peptidoglycan. Fosfomycin is an inhibitor 
of the MurA ligase of Escherichia coli, forming an adduct 
with a cysteine residue of the protein (107). In the MurA of 
M. tuberculosis, the critical residue is an aspartic acid and it 
is assumed that Mycobacterium has innate resistance to 
fosfomycin. Another interesting antibiotic is bacitracin 
which has a more pronounced inhibitory effect on M. 
smegmatis than M. tuberculosis (108). It functions by 
sequestering undecaprenol phosphate by forming a 
complex together with a bound divalent metal cation, 
therefore preventing its binding with a phosphatase and 
finally inhibiting peptidoglycan biosynthesis (109).  

 
Streptomyces mediterranei was initially obtained 

from a pine forest soil sample near Nice in 1959 in France 
by Lepetit Research Laboratories (110). The name of the 
derived antibiotic rifamycin was coined from a French 
popular movie of the time “Rififi”, perhaps translating the 
difficult and complex isolation and characterization of the 
active products. The isolated rifamycins A, B, C, D and E 
were separated according their mobility in paper 
chromatography (111). The  naturally occurring rifamycin 
B can be oxidized reversibly to rifamycin O which then 
loses a glycolic acid molecule liberating rifamycin S, which 
is very active (112). However these naturally occurring 
rifamycins have poor solubility in water and low 
absorption, and therefore cannot be administered orally. 
Several hundred rifamycin analogues were prepared by 
Lepetit and Ciba and it was found that the introduction of a 
formyl group (or another unsaturated substituent) in 
position 3 usually increased the antibacterial activity of the 
initial rifamycin. In 1966 rifampicin (14) was finally 
formulated as an oral, safe and effective anti-TB drug 
(111). Rifampicin acts on the β-unit of RNA polymerase 
(Figure 5) codified by rpoB, preventing DNA translation to 
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RNA. Crystals of the Thermus aquaticus RNA polymerase 
bound to rifampicin were obtained by the soaking 
technique and showed that rifampicin binds to a deep 
pocket within the DNA/RNA channel around 12 Å from 
the active site, therefore preventing elongation of the RNA 
polymer (113). The MIC of rifampicin is 0.1-0.4 mg/L for 
M. tuberculosis H37Rv (114). Almost all of the mutations 
conferring rifampicin resistance occur on rpoB (> 98%) 
notably in the region from 513 to 531 amino acids which 
provide high levels of resistance. There are other analogues 
of rifampicin such as rifabutin and rifapentine, but resistant 
M. tuberculosis strains can show cross-resistance, rendering 
these compounds ineffective (115).  

 
Capreomycin (15) is a cyclic pentapeptide 

antibiotic isolated by Herr and collaborators from 
Streptomyces capreolus in 1960 (116). It is a water soluble 
compound with close chemical and biological properties to 
viomycin and the tuberactomycin antibiotics (117). 
Commercially available capreomycin occurs as a mixture 
of closely related IA and IB differing by the presence of 
serine in capreomycin IA instead of alanine in IB. The MIC 
of capreomycin IA is 2 mg/L against M. tuberculosis H37Rv 
and it is also active against M. avium complex species 
(118). The importance of capreomycin resides on its ability 
to inhibit the growth of multi-drug resistant strains and 
non-replicative forms (119). Although the exact mechanism 
of action is still unknown, it is clear that it interacts with 
the ribosome by inhibiting translation and therefore protein 
synthesis. By using microarrays, the translational response 
of M. tuberculosis was studied, and the results showed that 
several genes are up-regulated following capreomycin 
exposure, notably the genes related to information 
pathways involved in the translational system, most 
encoding ribosomal proteins and t-RNA or r-RNA (120). 
The tlyA gene, although not essential, is thought to codify 
for a protein able to alter ribosomal proteins and plays a 
role in M. tuberculosis resistance to capreomycin (121). 
This antibiotic has the same toxicity profile as the 
aminoglycosides causing ototoxicity and nephrotoxicity, 
but can also cause renal tubulopathy characterized by 
alkalosis (122). Another interesting glycopeptide is 
vancomycin, which shows an MIC of 40 mg/L against the 
H37Rv strain and is thought to act by a pleiotropic 
mechanism, because several biochemical pathways are 
induced after exposure to inhibitory and sub-MIC levels of 
the antibiotic (123).  

 
Pikromycin was the first macrolide antibiotic 

extracted from a natural source. It was isolated from 
Streptomyces venezuelae, taken from a Venezuelan soil 
sample in 1947. This species of Streptomyces also produces 
the important antibiotic chloramphenicol (124). The term 
“macrolide” was introduced in 1957 by Robert B. 
Woodward (1917-1979) as a shortcut of macrolactone 
glycoside to designate a class of polyketide antibiotics 
composed by a macrolactone ring bound with one or 
several aminosugar units (125). Pikromycin is a 14-
membered macrolide reported for the first time in 1950 
having weak activity against Gram-positive bacteria (126). 
Two years later, McGuire and collaborators isolated 
erythromycin A from Saccharopolyspora erythraea with an 

increased activity against Gram-positive and Gram-
negative bacteria including Legionella pneumophila, 
Mycoplasma pneumoniae and Chlamydia spp (127). The 
second generation of macrolides was developed for 
increasing the bioavailability and pharmacokinetic profile 
of erythromycin (125). Clarithromycin (16) was prepared 
by a short sequence of chemical transformations from 
erythromycin, providing modifications that confer greater 
resistance towards acid-catalyzed inactivation. It has also 
increased lipophilicity which enhances tissue penetration 
and has been therefore effective against intracellular 
pathogens such as Heamophilus influenzae and M. 
tuberculosis. Clarithromycin shows an MIC value of 8 
mg/L against the H37Rv strain (128), however there are 
reports of much weaker activity of clarithromycin against 
clinical isolates, with MIC values above 64 mg/L (129). In 
general clarithromycin is much more active against M. 
avium (MIC 8 mg/L), M. kansasii (MIC 0.5 mg/L) and M. 
ulcerans (MIC 2 mg/L) (130). Presently there is an 
increasing interest in developing further the macrolide class 
for increasing its potency specifically against M. 
tuberculosis (131-132).  

 
There are several antibiotics that display 

inhibition on lipid biosynthesis of M. tuberculosis and this 
pathway may be important for future TB drug 
development. Thiolactomycin, isolated in 1982 from a 
Nocardia species (133), has shown an MIC of 
approximately 26 mg/L for the H37Rv strain (134). The 
mechanism of action has been reported to be by inhibition 
of β-ketoacyl-ACP synthases, KasA and KasB, which are 
necessary enzymes for the biosynthesis of mycolic acids. 
Cerulenin was initially obtained from Cephalosporium 
caerulens in 1963 and this compound demonstrated 
antimycobacterial activity, having an  MIC value between 
3.0-6.25 mg/L against M. tuberculosis, 1.5 mg/L against M. 
smegmatis, and 12.5 mg/L against M. kansasii (135). 
Different lipidic patterns were observed in treated cells of 
M. bovis BCG, M. avium and M. smegmatis in comparison 
with the controls, revealing that cerulenin acts on lipid 
biosynthesis. Platensimycin is another interesting antibiotic 
acting on lipid biosynthesis discovered in 2006 from 
Streptomyces platensis (136). By using an antisense method 
for comparing the level of RNA expression of fatty acid 
biosynthesis genes against controls after exposure to a wide 
range of natural extracts, Merck Co. found that an extract 
from a soil sample from Africa contained amounts of an 
active amide named platensimycin (137). The MIC of this 
compound against M. tuberculosis H37Rv is around 12 
mg/L and it acts by inhibiting β-ketoacyl-ACP synthases 
just as thiolactomycin (138).  

 
5. NOVEL ANTIMYCOBACTERIAL SCAFFOLDS 
FROM NATURAL SOURCES 
 

   In this part of the review we focus our attention 
on the natural products that are potent enough (MIC < 5 
mg/L) to be considered as hits for generating novel 
antimycobacterial leads, displaying also an acceptable 
selectivity towards M. tuberculosis H37Rv (SI >10). Several 
bioguided studies have appeared in the literature showing 
inhibitory data for the isolated natural products, but only a
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Figure 3. Fatty acids, lipids and terpenoidal natural 
products with antimycobacterial activity. 
 
small fraction contains information about the non-specific 
toxicity towards mammalian cells. We insist on the fact that 
the MIC values only show the potency of the compound 
against bacterial viability but do not demonstrate 
selectivity. There are many chemicals which are highly 
toxic for both prokaryotic and eukaryotic cells and 
conversely there are other compounds which are mildly 
active as antibacterials yet having very low or no toxicity 
towards mammalian cells. These compounds would be 
easily ignored in a screening where only the MIC value is 
considered for compound selection and further 
development. Thus the determination of the half growth 
inhibitory concentration (GIC50) against mammalian cells 
on early stages of drug discovery is likely to increase the 
impact of the first-time reported hits. An excellent review 
from 2005, emphasizes the importance of determining the 
cytotoxicity as early as possible (139). Many papers 
include the MIC of potent antimycobacterial compounds 
but lack the cytoxicity information, making the 
examination and comparison of hits a rather flawed and 
non-standardized procedure. A commentary from 2001 
established that a promising hit should show a selectivity 
index (SI), defined as the ratio between the GIC50

 on 
mammalian cells and the MIC on pathogenic mycobacteria, 
of more than 10 (140). That means that a preliminary hit 
must be selectively active against mycobacteria at least one 
order of magnitude in comparison with the degree they 

affect mammalian cells. Isoniazid is until now an 
“unbeatable” control, as it has a selectivity index superior 
to 40,000 (141). The 2001 commentary also encourages 
rapid determination of the viability of Mycobacterium 
inside the macrophages treated by inhibitors, in order to 
have a better picture of the intracellular action of the 
compound, the effective killing concentration inside the 
cell, and the transport mechanisms from the exterior to the 
interior of the mammalian cells (140).  

 
There are few reviews on the antimycobacterial 

activity of natural products, some focusing on certain type 
or origin of metabolites such as terpenoids (142), marine 
natural products (143) and alkaloids (144) while others 
specialize on the coverage of plant metabolites (145) and 
others include many classes of natural products (146-148). 

 
Mycobacteria has a complex and well-organized 

system for lipid acquisition and trafficking, being able to 
capture lipids from the host and utilize them as carbon 
source and energy (149-151). Around one tenth of all the 
functional genes of the genome of M. tuberculosis are 
related to lipids (152). Many mycobacterial proteins acting 
on lipid substrates have been predicted from the genome, 
involved in fatty acids degradation (118 open reading 
frames (ORFs)), lipid biosynthesis (65 ORFs), esterases 
and lipases (38 ORFs) and fatty acid transport (2 ORFs). 
Therefore it is not surprising that several lipid-like 
molecules have been found to have an inhibitory effect on 
the growth of M. tuberculosis. 

 
There are early reports of the inhibitory action of 

oleic acid on TB bacilli from 1926 to 1950 by Boissevain, 
Platonov, Bergstrom, Dubos and others (153). In 1948, Sattler 
and Youmans noted that the wetting agent Tween 80 was able 
to inhibit the growth of M. tuberculosis specially when the 
inoculum size was small (154). The effect can be reversed if 
oleic acid is eliminated from impure Tween 80 or if albumin is 
added to the medium. As Tween 80 can be hydrolyzed by the 
bacteria to produce minute amounts of oleic acid, it can have 
inhibitory effects in the absence of albumin. By 1977 it was 
found that a free carboxylic acid was required for 
antimycobacterial activity, being their esters inactive (155). 
The most bactericidal fatty acid was found to be myristic acid 
(C14:0). Against rapid growing mycobacteria such as M. 
aurum, M. parafortuitum, M flavescens and M. gilvum, lauric 
acid (C12:0) was found to have an MIC value close to 6.25 
mg/L (156). It has been demonstrated that activated 
macrophages release around six times more fatty acids than 
their normal non-activated macrophages, suggesting that 
macrophages can perform antimycobacterial functions without 
phagocytosis (157). Against mycobacteria belonging to the M. 
avium complex, the fatty acids lauric (C12:0), oleic (C18:1) 
and linolenic (C18:3) have comparable potency (158). When 
using a bioguided isolation method, one has to be aware that 
fatty acids frequently occur in lipophilic extracts and therefore 
dereplication procedures of active lipophilic extracts is 
recommended for avoiding isolating already known active 
components.  

 
Interestingly ozonized sunflower oil (Oleozon) 

was found to have antibacterial properties with an MIC of 
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950 mg/L against M. tuberculosis H37Rv and other 
mycobacteria (159). The concentration may seem high in 
comparison with potent antibiotics but it must be 
remembered that the mixture is simple culinary oil and it 
has therefore little toxicity. The presumed mechanism of 
action of these fatty acids is by insertion into the mycolic or 
phospholipid layers of the bacterial cell walls, therefore 
altering their permeability and function (156).  

 
The structural type of 2-methoxyfatty acids 

obtained from marine symbiotic sponges such as the 
Caribbean Callyspongia fallax were discovered to possess 
antimycobacterial properties (160-161). In a synthetic 
approach the C8-C14 2-methoxyfatty acids were prepared 
and demonstrated activity in the order C10>C12>C14>C8, 
with 2-methoxydecanoic acid (17) (Figure 3, Table 1) 
showing an MIC of 40-48 mg/L against the H37Rv strain 
having an SI above 1.5 (161-162). Interestingly the close 
relative 2-alkyne fatty acids displayed higher 
antimycobacterial activity (163). The proposed mechanism 
of action is inhibition of mycobacterial fatty acid 
biosynthesis and degradation when toxic levels of the 
compound are attained, but paradoxically, at non-toxic 
levels, the alkyne fatty acids may be used for the bacteria to 
synthesize their mycolic acids. The most active, 2-
octadecynoic acid (18) displayed an MIC value of 1.2 mg/L 
and 2.5 mg/L against M. smegmatis mc2155 and M. bovis 
BCG respectively. Unfortunately there is no mention of the 
cytotoxicity of the alkyne fatty acids. Other natural fatty 
acids and lipids have been reported as inhibitors of 
mycobacterial growth such as the oropheic acids from 
Mitrephora glabra (Annonaceae) (164), or maracin and 
maracen from the bacterium Sorangium cellulosum (165) 
both with MICs around 12 mg/L but again lacking 
cytotoxicity data.  

 
From the stem bark of the Vietnamese tree 

Micromelum hirsutum (Rutaceae), the lactone derived from 
oleic acid, micromolide (19) was isolated and shown to be 
a potent inhibitor of M. tuberculosis growth with an MIC of 
1.5 mg/L against the H37Rv strain (166). The selectivity 
index was calculated to be 63 and it is considered quite a 
good lead for an unmodified natural product. A report from 
2008 published the stereoselective synthesis of the 
enantiomers of micromolide and several analogue 
structures with polar groups in the acyclic side chain (167). 
The data showed that all of the derivatives prepared were 
less active than the parent compound, indicating that the 
stereochemistry of the double bond and the lipophilicity of 
the side chain are the main structural factors contributing to 
the antimycobacterial activity. The alkenyl unsaturated 
motif is a particular chemical feature of several natural 
antimycobacterials suggesting that lipophilic chains of 
natural products are essential for activity, probably because 
it allows to diffuse and cross the mycobacterial cell wall. 

 
Another group of important antimycobacterial 

natural products related to the lipids is the class formed by 
sterols and triterpenes. The first potent phytochemicals of 
this class to be identified were the cycloartanes isolated 
from Borrichia frutescens (Asteraceae), an herb occurring 
in the saline coastal marshes in the USA (168). In that early 

paper, the MIC of 24,25-epoxycycloartan-3-one (20) was 
reported to be 8 mg/L against M. tuberculosis H37Rv, 
having a selectivity index close to 9 in epithelial kidney 
cells from the African green monkey (Vero cells). In 1999, 
two papers describing anti-TB natural products of this class 
appeared from the same research group (169-170). From 
the aerial parts of the Kenyan plant Ajuga remota 
(Lamiaceae), ergosterol-5,8-endoperoxide was isolated as a 
colorless powder showing an MIC of 1 mg/L against the 
virulent H37Rv strain. Hydroxykulactone, isolated as 
colorless oil, showed an MIC of 4 mg/L against the same 
virulent strain. However there is no data regarding the 
toxicity on mammalian cells and therefore it is difficult to 
assess whether they have any specificity towards 
mycobacteria or they are cytotoxic compounds. The 
Caribbean sea sponge Svenzea zeai (Dictyonellidae) 
contains two abeo-sterols named parguesterols which are 
active against mycobacteria having an MIC value between 
8 and 12 mg/L with an SI between 6.5 and 4.3 in relation to 
Vero cells (171). 3-Epilupeol (21) obtained from the 
medicinal Chinese flowers of Chrysanthemum morifolia 
(Asteraceae) was found to be a growth inhibitor of the 
H37Rv strain with an MIC value of 4 mg/L and a SI of 15 
against Vero cells (172), constituting a promising scaffold 
for future development. From the Chilean brown algae 
Lessonia  nigrescens (Laminariales), the sterol 
saringosterol (22) was found to be impressively selective 
against M. tuberculosis having an MIC of 0.125 mg/L for 
the 24R epimer and 1.0 mg/L for the 24S epimer, with a 
very low toxicity (IC50>128 mg/L) against Vero cells (173). 
The calculated SI is above 1024 for the 24R epimer and 
128 for the 24S epimer, evidencing very high 
mycobacterial specificity for an unmodified natural product 
and constituting therefore a very interesting lead for further 
development. Surprisingly after 10 years of the publication 
of this hit, there are no reports on the evaluation of the 
compound in a more real setting such as ex vivo or in vivo 
models of TB infection. There is no data pertaining to its 
pharmacodynamic or pharmacokinetic profile or data on its 
mechanism of action or even the activity of chemical 
analogues. In order to increase the impact of this hit, 
several questions still need to be addressed. The 
stigmastane sterols from Thallia multiflora (Maranthaceae) 
have also been found to be potent and selective 
antimycobacterials. Stigmast-5-en-3β-ol-7-one, stigmast-4-
ene-6β-ol-3-one, stigmast-5,22-dien-3β-ol-7-one (23) and 
stigmast-4,22-dien-6β-ol-3-one have MIC values between 1 
and 4.2 mg/L and showed selectivity indexes above 95 
against Vero cells (174). There are other active interesting 
steroidal natural products such as aegicerin (H37Rv MIC 
1.6-3.2 mg/L) isolated from the Peruvian plant Clavijera 
procera (Theophrastaceae) (175) and the steroidal 
endoperoxides from Ruprechtia trifolia (Polygonaceae) 
(176) both having potent metabolites but lacking 
cytotoxicity information. 

 
Essential oils are volatile extracts obtained by 

steam distillation typically from aromatic plants, and they 
are mainly composed of monoterpenoids (177). The 
components of essential oils have shown inhibitory effects 
but these apolar substances also display toxic effects such 
as phototoxicity, abortive and cancerogenic activities (178- 
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Figure 4. Phenolic and alkaloidal natural products with 
potent antimycobacterial activity. 

 
180). Among the sesquiterpenoids there are structures with 
mild activity (MIC~50 mg/L) such as the sesquiterpene 
lactones costunolide and parthenolide which are also 
cytotoxic (181-182). The sesquiterpene lactone 
dehydrocostus lactone (24) from Saussurea lappa 
(Asteraceae) was found to have a significant MIC value 
around 2 mg/L against M. tuberculosis H37Rv (183) but is 
also cytotoxic with an GIC50 between 2.5 and 3.5 mg/L 
against the cancer line cells HepG2, HeLa and OVCAR-3 
(184). 11α-hydroxycinnamosmolide, isolated from the 
South African plant Warburgia salutaris (Canellaceae) 
showed an MIC value of 40 mg/L against M. bovis BCG 
and inhibited mycobacterial N-acetyl-transferase enzyme 
(185). From the roots of Turkish Salvia multicaulis 
(Lamiaceae), several diterpenoids with antimycobacterial 
activity have been isolated (186). The quinones 12-
demethylmulticauline (25), 2-demethylmultiorthoquionone 
and 12-methyl-5-dehydroacetylhorminone showed MIC 
values of 0.46 mg/L, 1.2 mg/L and 0.89 mg/L against 
the H37Rv strain respectively. However there is no 
mention about the cytotoxicity of these diterpenoids. 
From the berries of Turkish Juniperus excelsa 
(Cupressaceae), the diterpenoid sclareol was found to 
inhibit M. tuberculosis H37Rv growth at 6 mg/L (187) 
however in another paper, it was found to be toxic having 

the ability to arrest the cell cycle in human breast cancer 
cells (188).  
 

Several naphthoquinones isolated mainly from 
Euclea species (Ebenaceae) have been found to be 
inhibitors of M. tuberculosis growth (189-190). The 
activity of 2-hydroxynaphthoquinone (lawsone) has already 
been discussed earlier in this review. The MIC values of 
plumbagin, crassiflorone and diospyrone have been 
determined on M. tuberculosis H37Rv, being inferior to 5 
mg/L (191), however no information of the mammalian 
cytotoxicity was given. In a report from 2007, lawsone (6), 
menadione and juglone showed an MIC below or equal to 5 
mg/L, but the compounds were cytotoxic against Vero 
cells, showing a SI below 2 (192). Nonetheless the research 
team also synthesized several analogue structures finding 
that 7-methyljuglone (26) (Figure 4, Table 1) displayed a 
potent 0.5 mg/L MIC against the H37Rv strain and had an 
SI of around 30. The researchers also found that the 
naphthoquinones had some affinity for the mycothiol 
disulfide reductase of M. tuberculosis, an enzyme 
necessary for maintaining the balance of mycothiol, the 
Actinomycete analogue of glutathione necessary for 
surviving under exogenous and endogenous oxidative stress 
(Figure 5) (193-195). Quite a few analogues of plumbagin 
have been recently synthesized, some of which show 
promising anti-TB activity but the cytotoxicity information 
is lacking (196). The lapachones (α and β-pyran 
naphthoquinones) are interesting antimycobacterial natural 
products isolated from Tabebuia species (Bignoniaceae) 
and several analogues have been developed with interesting 
properties but the relative toxicity of these compounds is 
still unknown (197). Some terpenoid quinones have also 
been isolated from Plectranthus species and they displayed 
antitubercular activity however the selectivity index was 
calculated to be below 10 (198).  

 
From the roots of the Asian plant Engelhardia 

roxbhurgiana (Juglandaceae) several secondary metabolites 
with antitubercular properties were isolated (199). A 
diphenyl ether ketone named engelhardione (27) has been 
reported to have an MIC of 0.2 mg/L against the virulent 
laboratory strain of M. tuberculosis but there is no 
information about its cytotoxicity. Other antimycobacterial 
metabolites have been obtained from this plant such as 3-
methoxyjuglone (H37Rv MIC 0.2 mg/L), 4-
hydroxytetralone (H37Rv MIC 4.0 mg/L) and 
engelharquinone (90-221387 MIC 30 mg/L) but again no 
information about the specificity was provided (200).  

 
 Lipophilic phenols such as 6-paradol and 6-
shogaol have shown inhibitory activity against M. chelonei, 
M. smegmatis, M. intracellulare and M. xenopi, having an 
MIC value between 10 and 15 mg/L but there is no mention 
about toxicity on mammalian cells (201). Bakuchiol (28) 
isolated from the seeds of Psoralea corilifolia 
(Papilionaceae) was found to be active against M. aurum 
and M. bovis BCG with an MIC of 16 mg/L and 21 mg/L 
respectively but inactive against M. smegmatis showing an 
MIC above 400 mg/L (202). However in another study the 
GIC50 of this phenol against the human cancer lines AGS 
and HeLa was 1.5 mg/L and 1.8 mg/L respectively (203). 
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 Phloroglucinol derivatives have also been 
reported to display inhibition of the growth of 
mycobacteria. The drummondins D-F isolated from 
Hypericum drummondii (Hypericaceae) showed inhibitory 
activity towards M. smegmatis with MIC values between 
1.56 and 3.12 mg/L (204). This class of compound has also 
been reported to have cytotoxic effects on leukemia and 
tumoral cell lines with a GIC50 in the same order of 
magnitude (205).  

 
From the lichen fungus Microsphaeropsis spp. 

collected in Thailand, various preussomerins have been 
isolated and found to inhibit the growth of mycobacteria. 
Preussomerin (29) was reported to display an MIC value 
between 1.56 and 3.12 mg/L against M. tuberculosis H37Ra, 
having a SI close to 6 (206). Osthrutin is a geranyl 
coumarin isolated from Peucedanum ostruthium (Apiaceae) 
that has significant antimycobacterial activity against fast 
growing mycobacteria such as M. aurum, M. smegmatis, M. 
phlei and M. fortuitum (207).  

 
The pentacyclic aromatic pyridoacridone 

alkaloid, ascididemin (30) is a natural product isolated from 
marine tunicate Didemnum spp (208). The MIC of this 
compound against M. tuberculosis H37Rv is an astonishing 
0.1 mg/L however the GIC50 on Vero cells is even lower 
(0.04 mg/L), making the compound less active for M. 
tuberculosis than for mammalian cells (209). This example 
shows the importance of the toxicity assay when evaluating 
compounds for growth inhibition against bacteria. An 
analogue tetraquinone of ascididemin with a 
dimethylamino-ethenyl chain has a much higher 
mycobacterial specificity showing an MIC of 0.39 mg/L 
with a SI of 15 in relation to Vero cells. Using microarray 
experiments it was found that this compound induces 
mycobactin biosynthetic genes (210) indicating that the 
compound interferes with iron uptake (Figure 5) which was 
confirmed by an increase in the MIC when the 
mycobacteria was grown in a medium containing an excess 
of iron, and a decrease of the MIC when the mycobactin 
gene (mtbB) was deleted. The aza-oxoaporphine alkaloid 
sampangine (31), isolated from the aromatic Ylang-ylang 
tree Cananga odorata (Annonaceae) (211) has been 
reported to display an MIC value of 0.2 mg/L against M. 
intracellulare (212). The GIC50 of sampangine was 
established to be 4.76 mg/L on Vero cells, having therefore 
a selectivity index of 23.8 (213). From the unripe fruit of 
Evodia rutaecarpa (Rutaceae) a new class of lipophilic 
quinolones was reported to have antimycobacterial activity 
(214). In particular the alkaloid (32) showed an MIC of 2 
mg/L against rapid growing M. smegmatis, M. fortuitum 
and M. phlei. The aporphine alkaloids are also interesting 
antimycobacterial skeletons, and recently 3-
methoxynordomesticine hydrochloride was found to have 
an MIC value around 5 mg/L against M. tuberculosis 
H37Rv and M. bovis BCG (215). The alkaloid inhibited the 
MurE ligase of M. tuberculosis and displayed a selectivity 
index close to 12 in relation to murine macrophages 
RAW264.7 cells. 
 

Hirsutellone alkaloids isolated from the 
pathogenic fungi Hirsutella nivea have been found to be 

potent antimycobacterials (216). Hirsutellone A (33) 
displayed an MIC of 0.78 mg/L against M. tuberculosis 
H37Ra strain, showing a GIC50 higher than 50 mg/L against 
Vero cell, therefore recording a promising SI above 64. 
Another interesting alkaloid scaffold is related to the 
manzamines which have been isolated from the Indonesian 
sponge Acanthostrongylophora sp. The alkaloid 6-
hydroxymanzamine E (34) had a potent antitubercular 
activity with an MIC value of 0.4 mg/L against M. 
tuberculosis H37Rv and a GIC50 of 4.3 mg/L on Vero cells, 
evidencing a selectivity index of 10.75 (217).  
 
6. PERSPECTIVE 
 

Several interesting antimycobacterial hits have 
been discovered in natural products screening projects such 
as the saringosterol epimers, micromolide, sampangine and 
the hirsutellones which share high potency and selectivity 
towards mycobacteria. These hits should be studied 
thoroughly for their mechanism of action, for their 
inhibitory activity on ex vivo or in vivo infection assays, as 
well as for structure-activity relationships. Determining 
their mechanism of action provides a starting point for the 
elaboration of analogues by rational design, and could also 
unlock previously neglected antimicrobial molecular 
targets. It should also be said that chemical biodiversity 
screening programmes and bioprospection projects should 
be kept running if we aim to maintain fueling the anti-TB 
drug pipeline. 

 
Minute amount of bioactive metabolites in their 

natural sources is often a limitation for detailed biological 
evaluation. Therefore synthetic procedures should be 
developed in early stages of lead identification research, as 
this enables the generation not only of higher amounts of 
bioactive material but also analogue structures, precursors 
and derivatives which allow chemical space exploration 
and identification of essential pharmacophore scaffolds.  
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Objectives: The aim of this study was to comprehensively evaluate the antibacterial activity and MurE inhibition
of a set of N-methyl-2-alkenyl-4-quinolones found to inhibit the growth of fast-growing mycobacteria.

Methods: Using the spot culture growth inhibition assay, MICs were determined for Mycobacterium tuberculosis
H37Rv, Mycobacterium bovis BCG and Mycobacterium smegmatis mc2155. MICs were determined for Mycobac-
terium fortuitum, Mycobacterium phlei, methicillin-resistant Staphylococcus aureus, Escherichia coli and Pseudo-
monas aeruginosa using microplate dilution assays. Inhibition of M. tuberculosis MurE ligase activity was
determined both by colorimetric and HPLC methods. Computational modelling and binding prediction of the
quinolones in the MurE structure was performed using Glide. Kinetic experiments were conducted for under-
standing possible competitive relations of the quinolones with the endogenous substrates of MurE ligase.

Results: The novel synthetic N-methyl-2-alkenyl-4-quinolones were found to be growth inhibitors of M. tuber-
culosis and rapid-growing mycobacteria as well as methicillin-resistant S. aureus, while showing no inhibition for
E. coli and P. aeruginosa. The quinolones were found to be inhibitory to MurE ligase of M. tuberculosis in the
micromolar range (IC50 �40–200 mM) when assayed either spectroscopically or by HPLC. Computational
docking of the quinolones on the published M. tuberculosis MurE crystal structure suggested that the uracil rec-
ognition site is a probable binding site for the quinolones.

Conclusions: N-methyl-2-alkenyl-4-quinolones are inhibitors of mycobacterial and staphylococcal growth, and
show MurE ligase inhibition. Therefore, they are considered as a starting point for the development of increased
affinity MurE activity disruptors.

Keywords: 4-quinolones, Mur ligase inhibitors, M. tuberculosis

Introduction

Tuberculosis (TB) is a contagious disease caused by infection with
species belonging to the Mycobacterium tuberculosis complex.1

This slow-growing acid-fast bacterium exerts a tremendous
impact on current global health.2 Staphylococcus aureus is also

a major concern, as this pathogen is the most common cause
of bacterial infection worldwide3 and methicillin-resistant
S. aureus (MRSA) strains remain difficult to treat,4 despite the
approval of agents such as linezolid, quinupristin/dalfopristin
and daptomycin over the last decade. Infection with drug-resist-
ant M. tuberculosis strains is extremely serious, prolonging

# The Author 2011. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.
org/licenses/by-nc/2.5), which permits unrestricted non-commercial use, distribution, and reproduction in anymedium, provided the original work
is properly cited.
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treatment time, decreasing the probability of cure and increasing
the cost of treatment.5 The current anti-TB chemotherapy must
be administered for 6 months for drug-susceptible strains and
for ≥2 years for multidrug-resistant (MDR) or extensively drug-
resistant (XDR) infections. Outbreaks of drug-resistant pathogens
are more and more frequent everywhere, and it would be cata-
strophic if these pathogens develop total drug resistance.6,7

Novel chemical entities are therefore required for treating drug-
resistant strains. They must be potent enough to reduce the
length of treatment and to prevent the emergence of resistance,
but they must also be safer than second-line drugs and not inter-
fere with antiretroviral therapy.8 Screening for novel mechanisms
of action seems a reasonable strategy to develop inhibitors
against MDR, XDR and totally drug-resistant strains of M. tubercu-
losis, as the resulting compounds may have a disrupting effect
on pathways or enzymes that have never been targeted before.

Natural products are a primordial source of bioactive chemical
scaffolds that have been therapeutically exploited for a large
number of diseases.9 Plants and microorganisms have developed
many successful secondary metabolites for protection against
microbial infection. Antibiotics are, by definition, produced by
microorganisms10 and are one of the most valuable antimicrobial
classes, as they gained bacteria-killing competence by targeting
essential biochemical pathways through centuries of microbial
evolution. b-Lactams, glycopeptides, bacitracin, fosfomycin and
cycloserine are all antibiotics targeting the peptidoglycan biosyn-
thetic pathway.11 Peptidoglycan is an essential bacterial cell wall
polymer that is responsible for cell shape and serves as contain-
ment for cytoplasmic pressure. Because it is a well-validated
pathway, there is growing interest in developing small molecule
inhibitors that target novel proteins of this biosynthetic route.12

Mycobacterial peptidoglycan is the sustaining mesh that
supports the mycolyl-arabinogalactan complex and is therefore
considered an indispensable building block.13 Mur ligases are
cytoplasmic enzymes that perform the biosynthesis of uridine-
diphosphate-N-acetylmuramyl-L-Ala-D-Glu-m-DAP-D-Ala-D-Ala
(UDP-MurNAc-pentapeptide) from uridine-diphosphate-N-acetyl-
glucosamine (UDP-NAcGlc).14 ATP-dependent Mur ligases C, D, E
and F are able to sequentially add the amino acids forming the
pentapeptide chain, and have been shown to act by a similar
mechanism to folylpolyglutamate synthetase.15 The MurE ligase
of M. tuberculosis preferentially adds meso-diaminopimelic acid
(m-DAP) to the g-carboxyl group of glutamic acid in UDP-
MurNAc-L-Ala-D-Glu.16,17 Natural product inhibitors have been
already reported by us18 and increasing efforts are being made
to develop specific inhibitors of this enzyme.

The approach used in this work was to comprehensively
evaluate the bioactivity of five synthetic evocarpine-related qui-
nolones. The compounds belonging to this class have been
shown to be effective inhibitors of rapid-growing Mycobacterium
species.19 N-methyl-2-alkenyl-4-quinolones were tested against
slow- and rapid-growing mycobacterial species (M. tuberculosis
H37Rv, Mycobacterium bovis BCG, Mycobacterium smegmatis,
Mycobacterium fortuitum and Mycobacterium phlei). The antibac-
terial activity was also recorded against two epidemic strains of
commonly prevalent MRSA (EMRSA-15 and -16) and two Gram-
negative bacteria and the cytotoxicity was evaluated against
murine macrophages, in order to assess the specificity of the qui-
nolones in whole cell experiments. In our in-house MurE screen-
ing programme of potential inhibitors, these quinolones were

shown to inhibit M. tuberculosis MurE ligase activity when
assayed colorimetrically. This finding was further confirmed by
HPLC quantification of UDP-MurNAc-tripeptide, the product of
the MurE reaction. The quinolones were computationally mod-
elled and docked into the published M. tuberculosis MurE
protein X-ray structure (PDB:2wtz) to propose a probable
binding site. The docking results and the competition exper-
iments of quinolone 2 with MurE ligands suggest that they
bind to a specific hydrophobic pocket close to the uracil-
binding site that could be exploited to generate a novel class
of antimycobacterials.

Materials and methods

Reagents
Isoniazid, norfloxacin, kanamycin, resazurin, Tween 80, glycerol, m-DAP,
ATP, bis-trispropane, magnesium chloride, Luria–Bertani broth, Mueller–
Hinton broth, RPMI-1640, L-glutamine, heat-inactivated fetal calf
serum, DMSO and ammonium formate were purchased from Sigma–
Aldrich. Middlebrook 7H9, Middlebrook 7H10, and oleic acid, albumin,
dextrose and catalase supplement (OADC) were obtained from BD Diag-
nostics. The MurE substrate UDP-MurNAc-L-Ala-D-Glu was purchased from
the BaCWAN synthetic facility (University of Warwick, UK).

Synthesis of N-methyl-2-alkenyl-4-quinolones 1–5
The N-methyl-2-alkenyl-4-quinolones 1–5 were obtained using a syn-
thetic route recently reported.19 The quinolone alkaloids with a cis-unsa-
turated aliphatic side chain (1 and 2) were prepared by the reaction of
cis-unsaturated methyl ketones with N-methyl isatoic acid anhydride in
the presence of lithium diisopropylamide (LDA). Trans-a,b-unsaturated
methyl ketones were used to prepare alkaloids 3–5 using the same
type of condensation with N-methyl isatoic acid anhydride in the pres-
ence of LDA. The identity of the quinolone alkaloids and their correspond-
ing intermediates was confirmed by analysis of 1D- and 2D-NMR
spectroscopy and liquid chromatography–electrospray ionization–mass
spectrometry data. Spectroscopic data of quinolones 1–5 are provided
as Supplementary data at JAC Online.

Bacterial strains and cells
M. tuberculosis H37Rv (ATCC 27294), M. bovis BCG (ATCC 35734), M. smeg-
matis mc2155 (ATCC 700084), M. fortuitum (ATCC 6841), M. phlei (ATCC
11758), Escherichia coli JM109 (ATCC 53323), Pseudomonas aeruginosa
(ATCC 25668) and murine RAW264.7 macrophages (ATCC TIB71) were
used in this study. EMRSA-15 and -16 were gifts from Dr Paul Stapleton
(School of Pharmacy, University of London, UK). Competent E. coli
BL21(DE3)pLysS cells (New England Biolabs, UK) were used for overprodu-
cing MurE ligase of M. tuberculosis H37Rv.

Drug susceptibility
The spot culture susceptibility assay for M. tuberculosis H37Rv, M. bovis BCG
and M. smegmatis mc2155 species was performed as described pre-
viously.20 Briefly, Middlebrook 7H9 mycobacterial cultures were serially
diluted to 105 cfu/mL. A 5 mL aliquot of the diluted culture (�500 viable
cells) was spotted onto 5 mL of solidified Middlebrook 7H10 agar
medium, supplemented with 10% (v/v) OADC in a six-well plate containing
various concentrations of compounds 1–5. A negative control containing
only DMSO was included in each plate. A six-well plate containing various
concentrations of isoniazid was also used as a positive control. Following
incubation at 378C for 2 weeks for slow growers and 3 days for M.
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smegmatis, the MIC was determined as the concentration at which there
was no visible mycobacterial growth. Microdilution-based methods using
Mueller–Hinton broth for S. aureus, and Luria–Bertani broth for E. coli
and P. aeruginosa were employed for the MIC determination of the quino-
lones.18 Kanamycin and norfloxacin were used as positive controls. Sus-
ceptibilities of M. fortuitum and M. phlei were assessed as reported
previously21 in a microdilution assay in cation-adjusted Mueller–Hinton
broth using isoniazid as a positive control.

Cytotoxicity towards RAW264.7 macrophages
RAW264.7 macrophages (National Collection of Type Cultures) were
maintained in RPMI-1640 medium supplemented with 2 mM L-glutamine
and 10% heat-inactivated fetal calf serum, in a humidified incubator con-
taining 5% CO2, at 378C, and passaged twice before the assay. The cell
suspension was adjusted to 5×105 cells/mL and the assay was per-
formed in 96-well cell culture flat-bottom plates (Costar 3596; VWR) in
triplicate. Firstly, 2 mL of the 10 g/L stock solution of compounds 1–5
was added to 200 mL of RPMI-1640 medium in the first row and then
2-fold serially diluted. In each well, 100 mL of diluted macrophage cells
was added. After 48 h of incubation, the monocytes were washed
twice with PBS and fresh RPMI-1640 medium was added. The plates
were then revealed with 30 mL of a freshly prepared and filter-sterilized
aqueous 0.01% resazurin solution, and incubated overnight at 378C.
The following day, fluorescence was measured at 590 nm with excitation
at 560 nm using a Fluostar Optima microplate reader (BMG LABTECH).

MurE ligase inhibition assay
The MurE protein of M. tuberculosis was overexpressed in E. coli
BL21(DE3)pLysS and purified as previously reported.17,18 The phosphate
colorimetric detection method was performed for the preliminary
screen of the small molecules. Additionally, M. tuberculosis MurE inhi-
bition was assayed using HPLC analysis. A solution containing 25 mM
bis-trispropane buffer (pH 8.5), 5 mM MgCl2, 100 mM UDP-MurNAc-dipep-
tide, 250 mM ATP and 1 mM m-DAP was prepared in water as the
enzyme–substrate mixture. Quinolones 1–5 were dissolved in DMSO at
a concentration of 25, 8.3, 2.5, 0.83, 0.25 and 0.083 mM, and 2 mL was
dispensed into 0.5 mL Eppendorfs. MurE enzyme was added to the
enzyme–substrate mixture at a final concentration of �40 nM, and
48 mL of the mixture was rapidly added to each Eppendorf and incubated
at 378C for 30 min. The reaction was stopped by denaturing the protein
at 1008C using a block heater for 10 min. The content was centrifuged
for homogenization at 4000 rpm for 30 s and then transferred to
200 mL glass inserts (Supelco) fitted to HPLC vials that were analysed
directly by HPLC (Agilent 1100 series) using an octadecylsilane RP-18
column (4.6 mm×250 mm×5 mm, Jones chromatography) eluting iso-
cratically with a buffer of 50 mM ammonium formate (pH 4.0) and at
a flow rate of 0.5 mL/min. The products of the reaction were detected
at 268 nm and 220 nm simultaneously using a diode array detector
system. A calibration curve was constructed for the tripeptide and
confirmed a good linearity (R2¼0.9978) of the signal at 268 nm to the
concentration of UDP-MurNAc-tripeptide. Activity controls at 0%
(without enzyme) and 100% (with enzyme) were included.

Docking the MurE protein structure
The protein was prepared using the protein preparation wizard of the
Maestro software (Schrödinger Software Suite 2009) from the PDB:2wtz
file downloaded from the RCSB Protein Data Bank web site (http://pdb.
org/pdb/explore/explore.do?structureId=2wtz). Chain B was selected
and the peptide plane of Thr-298 was rotated to prevent overlapping
with His-307. All of the residues were left charged as expected at a
working pH of 8.5, except for Glu-198, which was set uncharged. The

modified residue N6-carboxylysine-262 was appropriately recognized.
The docking grid was built as a centroid of 30 Å, choosing the residues
fundamental for the binding of the substrate according to the PDBsum
LigPlot diagram,22 such as Ala-69, Thr-85, Thr-86, Thr-195, Glu-198,
Ser-222 and His-248. The ligands 1–5 were drawn using Chemdraw, con-
verted into sdf format with BabelGUI and, lastly, were all processed using
LigPrep at pH 8.5+1.0. Docking was performed with Glide23 using stan-
dard precision scoring and varying amide bond conformations.

Kinetic competition assays
Different concentrations of 2 (1000, 300, 100, 30 and 0 mM) were
prepared separately with different concentrations of the MurE sub-
strates: UDP-MurNAc-dipeptide (300, 100, 30, 10 and 3 mM); m-DAP
(300, 100, 30, 10 and 3 mM); and ATP (300, 100, 30, 10 and 3 mM).
The formation of the UDP-MurNAc-tripeptide product was followed
by HPLC after 30 min of reaction. The conditions of the reaction and
the analytical system were exactly the same as those described
earlier for the HPLC inhibition assay. The experiments were performed
in duplicate, and the total amount formed was calculated from the
area under the peak (retention time �7 min) using the calibration
curve and divided by the time (30 min) to obtain the velocity in
mM/min.

Results

Bacterial growth inhibition and cytotoxicity

All of the synthesized N-methyl-2-alkenyl-4-quinolones (1–5)
(Figure 1a) were significantly active in susceptibility testing on
rapid-growing mycobacteria. They also showed growth inhibition
of slow-growing mycobacteria (M. tuberculosis H37Rv and
M. bovis BCG), having an MIC value between 5 and 25 mg/L
(Table 1). The quinolones were more active against rapid-
growing species, showing an MIC value between 0.5 and
10 mg/L. The growth of the highly problematic EMRSA strains
was also notably inhibited, revealing MIC values in the range of
0.5–4 mg/L. Moreover, the quinolones did not show any signifi-
cant inhibition at 50 mg/L for E. coli, behaving similarly to the
control, isoniazid. The MIC values of 1–5 for E. coli were
.1000 mg/L and for P. aeruginosa they were .256 mg/L.
These compounds were moderately cytotoxic towards macro-
phage RAW264.7 cells, having a 50% growth inhibition concen-
tration (GIC50) of between 24 and 112 mg/L (Table 1). The
selectivity index (SI), defined as the GIC50 value divided by the
MIC, varied between 1.0 and 5.6 for M. tuberculosis, but was
much higher for S. aureus (SI: 9.75–112).

M. tuberculosis MurE ligase inhibition

MurE ligase activity in the presence of compounds was assayed
by HPLC quantification of the product (UDP-MurNAc-L-Ala-D-Glu-
m-DAP) formed after 30 min and by the phosphate colorimetric
detection method. Clearly, all of quinolones 1–5 showed inhi-
bition of MurE [Figures 1b and S1 (Figure S1 is available as Sup-
plementary data at JAC Online)], displaying an IC50 value of
95–207 mM when determined by HPLC and of 36–72 mM when
analysed by the phosphate detection colorimetric method
(Table 1). Quinolone 2 was the most active MurE inhibitor, with
an IC50 value of 95 mM, as can be inferred from the chromato-
grams at different concentrations of the inhibitor (Figure 1b).
The difference between the MurE inhibition values determined
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by the phosphate and HPLC methods had a consistent value for
all of the quinolones.

Docking of the quinolones in the MurE structure

The MurE substrate UDP-MurNAc-L-Ala-D-Glu used as a self-dock
test23 was effectively docked in the same orientation as the pub-
lished MurE-substrate crystal structure (PDB:2wtz), displaying a
GlideScore of 29.92 kcal/mol. The root mean square distance
of the heavy atoms of the UDP-MurNAc-L-Ala-D-Glu substrate in
the docked and crystal structures was 3.09 Å, indicating a
good preparation of the protein and adequate docking par-
ameters. Our results suggested that all of the quinolones inter-
acted in a similar fashion to a pocket located near the uracil
recognition site (Figure 2a) of the Rossmann fold in domain 1
of MurE.14 According to the calculated hydrophilicity surface of
the protein (Figure 2b), the quinolone was attracted to the lipo-
philic patches on the protein surface. The GlideScore for quino-
lones 1–5 was in the range of 22.46 to 24.51 kcal/mol, with
quinolone 4 having the highest score in absolute value. This

range indicated a rather weak binding, as can be observed in
the orientations with a single hydrogen bond participating in
the interaction (via the hydroxyl group of Thr-176 to the tertiary
nitrogen atom of the quinolone in Figure 2c).

Kinetic competition between the quinolones
and MurE substrates

The velocity of formation of the MurE product in the presence of
quinolone 2 displayed a dependence on the concentration of the
UDP-MurNAc-dipeptide substrate. At a high concentration of
UDP-MurNAc-dipeptide (300 and 100 mM), the velocity decreased
with an increase in the concentration of the quinolone
(Figure 3a). For these two concentrations, the fitted lines con-
verge to a point of intersection, therefore indicating competitive
inhibition between the UDP-MurNAc-dipeptide and the quino-
lone.24 However, at a low concentration of UDP-MurNAc-dipep-
tide (30, 10 and 3 mM), the velocity of MurE product formation
was independent of the concentration of the quinolone. For the
two other substrates, namely ATP (Figure 3b) and m-DAP
(Figure 3c), the change in the velocity was less drastic when
varying the concentration of the quinolone, and the curves had
the same tendency without converging to a point of intersection,
indicating uncompetitive inhibition.24

Discussion
Initially isolated as the active antimycobacterial entities from the
fruits of the traditional Chinese medicinal tree Evodia rutaecarpa
(Rutaceae),25 the N-methyl-2-alkenyl-4-quinolone chemotype
was further exploited by synthetic methods in order to explore
chemical variation and improve activity.19 A group of these
chemical entities, which showed the highest activity on rapidly
growing mycobacteria, were selected for a comprehensive bio-
logical evaluation. We found that these compounds were
growth inhibitors of mycobacterial species and the highly proble-
matic EMRSA strains, being also inhibitors of the MurE ligase of
M. tuberculosis. The MIC indicated that these compounds are
notable antibacterials, particularly against EMRSA-15 and -16,
which are regularly encountered in UK hospitals.26 The macro-
phage SI in relation to the H37Rv strain for the quinolones was
considerably low (SI,10);27 however, the SI in relation to
EMRSA-15 and -16 was much higher (SI range 9.75–112), indi-
cating a promising selectivity. Moreover, the compounds did
not show inhibition of E. coli growth up to a high dose and
they are probably innocuous to bacterial gut flora. It was also
noted that the cytotoxicity was reduced when the linear
alkenyl chain was extended, suggesting an interesting relation
for differential selectivity.

The 4-quinolone nucleus is a specific class of compound that
has attracted and continues to attract significant interest from
the pharmaceutical industry, principally because of the impact
of the fluoroquinolones, which inhibit both DNA gyrase and
topoisomerase IV,28 and the anticancer 2-phenyl-4-quinolones
targeting tubulin.29 In comparison to the fluoroquinolones, the
compounds of the present study lack a carboxyl group at position
C-3, which is considered to be essential for DNA gyrase inhi-
bition,30 and therefore a further mechanism of action must be
assumed. Moreover, this class of chemicals may also be
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Figure 1. Structure of N-methyl-2-alkenyl-4-quinolones 1–5 and
isoniazid (INH), and HPLC MurE inhibitory activity of quinolone 2. (a)
Chemical structure of the synthesized quinolones showing the
modifications on the alkenyl chain. (b) HPLC chromatograms at 268 nm
of the product (UDP-MurNAc-tripeptide) and the substrate (UDP-
MurNAc-dipeptide) of the reaction catalysed by M. tuberculosis MurE in
the presence of different concentrations of quinolone 2.
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exploited for the discovery and development of bacterial Mur
ligase inhibitors. Using both colorimetric and HPLC methods, it
was found that the compounds reproducibly inhibited in vitro
the ligase activity of MurE from M. tuberculosis. Comparing
1 and 2, a slight influence on MurE inhibition was observed for
the position of the double bond in the alkenyl chain. Furthermore,
the percentage of inhibition when determined using the
phosphate colorimetric method was slightly higher than when
compared with the HPLC method, probably because of a small
decoupling between phosphatase and ligase activities.

For the computational prediction of the binding of potential
ligands to a protein, it is advisable to use a 3D structural
model of atomic resolution,31 typically below 2 Å. However, in
the absence of structures of MurE from M. tuberculosis below
2 Å resolution, we used the available published model at 3 Å
as a preliminary basis for assessing probable binding sites. Inter-
estingly, quinolones 1–5 were predicted to bind to a hydrophobic
pocket located near the uridine recognition site in domain 1 of
the enzyme. The GlideScore was low (�24 kcal/mol) in compari-
son with general reported values for inhibitors (�210 kcal/
mol);32 however, considering the weak interactions between
the quinolones and the protein, it is not surprising to observe
low GlideScore values. This also indicates that there is space
for improvement in the search for chemical and steric comple-
mentarities, and the possibility of using this lipophilic cavity for
rational drug design. We hypothesize that the aliphatic lipophilic
chain of 1–5 interacts with the buried hydrophobic residues
of MurE ligase, probably inducing a change in the conformation
that prevents binding to UDP-MurNAc-dipeptide. In order to
gain further evidence of this possibility, a kinetic competition
experiment showed that at a low concentration of the
dipeptide, the velocity of the reaction was unaltered by the
concentration of the inhibitor. At low concentration of the dipep-
tide substrate, the majority of the enzyme was free and,

(a)

(b) (c)

Figure 2. Lowest GlideScore docking pose of quinolone 4 interacting with
MurE (PDB:2wtz) of M. tuberculosis.17 (a) Presumed binding pocket of the
quinolones (in yellow) near the uracil recognition site of UDP-MurNAc-
dipeptide (in magenta). (b) Protein surface showing the high
hydrophobicity (in red) of the quinolone binding pocket calculated using
UCSF Chimera software.34 (c) MurE residues that may interact with the
quinolones: Thr-176, Ala-168, Gln-45, His-66 and Thr-61. This figure
appears in colour in the online version of JAC, and in black and white in
the print version of JAC.

Table 1. MICs for different species of bacteria, GIC50 and SI for macrophage cells and MurE IC50 of the synthetic quinolones 1–5

Compound

MIC in mg/L (mM)
Murine

macrophages
M. tuberculosis

MurE

M. tuberculosis
H37Rv M. bovis BCG

M. smegmatis
mc2155 M. fortuitum M. phlei

S. aureus

GIC50

(mg/L) SI

IC50 (mM)

EMRSA-15 EMRSA-16
phosphate-

based method
HPLC

method

1 25 (70.7) 10 (28.3) 10 (28.3) 0.5 (1.41) 0.5 (1.4) 1 (2.8) 0.5 (1.4) 24+9 1.0 52+22 159+6
2 10 (28.3) 10 (28.3) 10 (28.3) 1 (2.83) 1 (2.8) 1 (2.8) 0.5 (1.4) 39+12 3.9 36+16 95+9
3 25 (84.0) 25 (84.0) 5 (16.8) 2 (6.72) 1 (3.4) 4 (13.4) 2 (6.72) 39+11 1.6 70+25 207+6
4 10 (30.7) 5 (15.3) 5 (15.3) 1 (3.06) 0.5 (1.5) 2 (6.12) 2 (6.12) 40+7 4.0 72+23 187+8
5 20 (58.9) 10 (29.4) 10 (29.4) 1 (2.94) 1 (2.9) 2 (5.8) 1 (2.9) 112+10 5.6 52+20 140+5
Isoniazid 0.1 (0.73) 0.1 (0.73) 5 (18.5) 1 (3.65) 4 (15) ND ND .500 .5000 .1000 .1000

ND, not determined.
The MIC of norfloxacin was 0.5 and 256 mg/L for EMRSA-15 and -16, respectively.
The SI was calculated by dividing the GIC50 by the MIC for M. tuberculosis H37Rv.
IC50 and GIC50 values are shown +SD.
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therefore, according to our results, the conformation of the free
MurE enzyme has low interaction with the quinolones. However,
when the concentration of the dipeptide substrate was high,
most of the enzyme formed the enzyme–substrate complex,
which, in agreement with the induced-fit theory,33 has a differ-
ent protein conformation. Our results suggested that this
induced-fit enzyme–substrate conformation of MurE interacted
with the quinolones and when this conformation occurred, inhi-
bition of ligase activity took place. This novel type of MurE inhibi-
tor can be included as a starting point in virtual and fragment
screening MurE projects that may help in the detection of struc-
ture–activity relationships. Structural modifications of a particu-
larly interesting MurE inhibitor pharmacophore can potentially
lead to potent and selective antibacterials in the near future.
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ABSTRACT: Seventeen diterpenes featuring the dolabellane skeleton
(1-17) were isolated from the organic extracts of the brown alga
Dilophus spiralis. Seven compounds are new natural products (1, 3, 5, 6,
11, 14, 15) and eight are structurally revised (2, 4, 7-10, 12, 13),
among which three are reported for the first time from anatural source (4,9,
10). The structure elucidation and the assignment of the relative
configurations of the isolated natural products were based on detailed analyses of their spectroscopic data. The structure of
metabolite 10was confirmed by single-crystal X-ray diffraction analysis, whereas the absolute configurations of compounds 2, 4-10,
12, and 13 were determined using the modified Mosher's method on the semisynthetic product 18 and chemical interconversions.
The antibacterial activities of compounds 1-18were evaluated against six strains of Staphylococcus aureus, including multidrug- and
methicillin-resistant variants.

Brown algae of the family Dictyotaceae are widely distributed
in the tropical and subtropical waters of the world, found

mainly in the Atlantic, Pacific, and Indian Oceans, the Caribbean
and Mediterranean Seas, and the Sea of Japan. They have been
the subject of extensive studies in the last five decades, having
yielded almost 500 new secondary metabolites to date. The majority
of these natural products are sesquiterpenes and diterpenes of normal
or mixed biosynthesis, often exhibiting antibacterial, antiviral, cyto-
toxic, algicidal, antifouling, antifeedant, and/or ichthyotoxic activity.1,2

In the course of our continuing research aimed at the isolation
of bioactive natural products frommarine organisms found along
the coastlines of Greece, we undertook a thorough investigation
of the chemical composition of Dilophus spiralis (Montagne) Hamel
(syn. ligulatus). Previously, we reported the isolation and struc-
tural characterization of five new dolastanes, one new 2,6-cyclo-
xenicane, and several known metabolites from D. spiralis.3,4 Herein,
we describe the isolation and structure elucidation of 17 dola-
bellanes (1-17) from the same algal specimens and the evalua-
tion of their antibacterial activities against six strains of Staphylococcus
aureus, some of which are resistant, via multidrug efflux. Seven
compounds are new natural products (1, 3, 5, 6, 11, 14, 15) and
eight are structurally revised (2, 4, 7-10, 12,13), amongwhich three
are reported for the first time from a natural source (4, 9, 10).

’RESULTS AND DISCUSSION

Specimens of the brown alga D. spiralis, collected on Elafo-
nissos Island, Greece, were exhaustively extracted with CH2Cl2

and MeOH, and the organic extracts were subsequently sub-
jected to a series of chromatographic separations to allow for the
isolation of compounds 1-17.

Compounds 1-3, isolated as oils, displayed molecular ion
peaks at m/z 286 (EIMS), corresponding to C20H30O. The
absorption band at 1735 cm-1 in their IR spectra indicated the
presence of a carbonyl group, while their 13C NMR spectra
revealed 20 carbon signals, which were assigned to five quater-
nary carbon atoms, four methines, seven methylenes, and four
methyls, as determined by DEPT experiments. The structural
elements displayed in the 1H and 13C NMR spectra of 1-3
(Tables 1 and 2) included four methyl groups on quaternary
carbons (δH/C 0.91/17.5, 1.48/15.8, 1.54/18.1, and 1.77/18.2
for 1; δH/C 1.09/18.3, 1.51/15.7, 1.53/16.5, and 1.70/22.8 for 2;
δH/C 0.93/21.9, 1.66/23.5, 1.63/17.2, and 1.76/25.0 for 3), one
1,1-disubstituted double bond (δH/C 4.81, 4.93/113.5, δC 144.7
for 1; δH/C 4.64, 4.91/112.1, δC 144.7 for 2; δH/C 4.58, 4.91/
113.3, δC 148.0 for 3), two trisubstituted double bonds (δH/C
4.70/122.8, δC 134.6 and δH/C 4.86/125.3, δC 136.1 for 1; δH/C
5.12/122.8, δC 136.6 and δH/C 4.84/128.3, δC 133.0 for 2; δH/C
4.69/122.4, δC 137.4 and δH/C 5.13/125.4, δC 134.9 for 3), and
a ketone functionality (δC 221.8 for 1; δC 222.8 for 2; δC 226.3
for 3). Because the carbonyl group and the three carbon-carbon
double bonds accounted for four of the six degrees of unsaturation,
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the molecular structures of 1-3 were determined as bicyclic.
Analyses of their 2D NMR spectra resulted in the establishment
of the same planar structure, suggesting that the three compounds
were stereoisomers. Specifically, the long-range coupling between
H3-19 and H2-20 observed in the COSY spectrum indicated the
presence of an isopropenyl group, whereas the correlations
of C-18 with H-12 and H3-19, as well as of C-12 with H3-19 and
H2-20 in theHMBC spectrum, fixed its position. The cross-peaks
of H-11/H-12 andH-12/H2-13 observed in the COSY spectrum,
in combination with the HMBC correlations of C-1, C-12, and
C-14 with H-11 and H2-13, identified the five-membered ring.
Furthermore, the correlations of C-3 and C-4 with H2-2, H2-5,
and H3-16, of C-7 and C-8 with H2-6, H2-9, and H3-17, and of
C-1 and C-11 with H2-2 and H2-10 displayed in the HMBC
spectrum, in conjunction with the COSY correlations of H2-2/
H-3, H2-5/H2-6, H2-6/H-7, H2-9/H2-10, and H2-10/H-11,
concluded the assignment of the 11-membered ring. Finally,
the HMBC correlations of H3-15 with C-1, C-11, and C-14 placed
the aliphatic methyl on C-1. The relative configurations of the
stereogenic centers and the geometries of the double bonds of
metabolites 1-3 were assigned on the basis of interactions observed
in their NOESY spectra. The NOE enhancements of H-11/
H3-19, H-12/H3-15, H-12/H-20β, and H3-19/H-20R evident in
the NOESY spectrum of 1 suggested the trans fusion of the two
rings and indicated that H-12 was trans- and cis-oriented relative
to H-11 and H3-15, respectively. The geometries of the Δ3 and

Δ7 double bonds were determined as 3E,7E on the basis of the
NOE interactions of H-2R/H3-16, H-2β/H-3, H-3/H3-15, H-7/
H-9β, and H-9R/H3-17. This was further supported by the fact
that C-16 and C-17 resonated at lower frequencies (δC 15.8 and
18.1, respectively). In contrast, the intense NOE enhancement of
H-11/H-12 displayed in the NOESY spectra of 2 and 3, in con-
junction with the observed NOE cross-peaks of H-2R/H-11,
H-2β/H3-15, H-12/H-20R, and H3-19/H-20β for 2 and of H-3/
H-11, H-3/H-13R, H-12/H-13R, H-12/H3-19, H-13β/H-20β,
H3-15/H-20β, and H3-19/H-20R for 3, suggested the trans
fusion of the two rings and the cis- and trans-orientation of
H-12 in relation toH-11 andH3-15, respectively. The geometries
of theΔ3 andΔ7 double bonds in 2were determined as 3E,7E on
the basis of the NOE interactions of H-2R/H3-16, H-2R/H3-17,
H-2β/H-3, H-3/H-7, and H-3/H3-15, as in the case of 1, which
was further supported by the fact that C-16 and C-17 resonated
at lower frequencies (δC 15.7 and 16.5, respectively). However,
the geometries of theΔ3 andΔ7 double bonds in 3were determined
as Z and E, respectively, on the basis of the NOE cross-peaks of
H-3/H3-16, H2-6/H3-17, H-7/H-9β, H-7/H-10β, and H-10β/
H3-15. This was further verified by the fact that C-16 and C-17
resonated at higher (δC 23.5) and lower (δC 17.2) frequencies,
respectively. On the basis of the above-mentioned data, meta-
bolite 1 was identified as (1R,3E,7E,11S,12R)-14-oxo-3,7,18-
dolabellatriene, 2 as its epimer at C-12, and 3 as the geometrical
isomer of 2 at Δ3. The spectroscopic and physical characteristics
of 2 were identical to those of a previously reported dolabellane,
although its structure was established as that of compound 1.5,6 A
closer examination of the details of that work revealed that the
relative configuration of C-12 had been erroneously assigned, based
on rather tenuous evidence prior to the introduction of 2DNMR
experiments. Possible reasons for the misassignment of the
relative configuration of C-12 might include a misinterpretation
of the results of the lanthanide-induced shift experiments used to
determined the relative orientation of H3-15 and the isopropenyl
group and the fact that the relative orientation of H-11 and H-12
was established on the basis of their coupling constant alone
without the use of NOE correlations.

Compound 4, obtained as a yellowish oil, displayed a profile
closely resembling those of metabolites 1-3. Its spectroscopic
and physical characteristics were the same as those of a semisyn-
thetic product reported in the literature, whose structure had
been mistakenly assigned, concerning the relative configuration
of C-12, on the basis of the original misassignment regarding
compound 2.7 Indeed, the NOE enhancements of H-2R/H-11,
H-2β/H3-15, H-11/H-12, H-12/H-20R, and H3-19/H-20β, as
in the case of 2, suggested the trans fusion of the two rings and
indicated that H-12 was cis- and trans-oriented relative to H-11 and
H3-15, respectively. Thus, metabolite 4was identified as the 14-deoxo
derivative of 2, reported for the first time as a natural product.

Compound 5, isolated as a colorless oil, had the molecular
formula C20H32O, as calculated from the HRFABMS measure-
ments. Analysis of the spectroscopic data of 5 (Tables 1 and 2)
showed a high degree of similarity with metabolite 4. In agree-
ment with the molecular formula, it was clear that the difference
was the presence of one hydroxy group. This was verified from
the signals of an oxygenated methine (δH/C 3.90/81.8) evident
in the 1H and 13CNMR spectra, as well as the absorption band at
3370 cm-1 in the IR spectrum. The hydroxy group was placed at
C-14 due to the heteronuclear correlations of C-14 with H-11,
H-12, H2-13, and H3-15. The relative configurations of the
stereogenic centers C-1, C-11, and C-12 and the geometries of

303



215 dx.doi.org/10.1021/np1006586 |J. Nat. Prod. 2011, 74, 213–222

Journal of Natural Products ARTICLE

the double bonds at C-3 and C-7 were established by analysis of
the key correlations displayed in the NOESY spectrum of 5, in
accordance with those of 4. The NOE enhancements of H-2β/
H-14 andH-14/H3-15 suggested a cis-relationship betweenH-14
and H3-15 and determined the relative configuration of C-14
as S*. Therefore, metabolite 5 was identified as the 14S-hydroxy
derivative of 4.

Compound 6, with the molecular formula C22H34O2, as deduced
from the HRFABMS measurements, was obtained as a colorless
oil. Its 1H and 13C NMR spectra (Tables 1 and 2) were rather
similar to those of 5, with the most prominent difference being
the replacement of the hydroxy group by an acetoxy group. The
shift of H-14 to higher frequencies (δH 4.91), in conjunction with
the presence of an acetoxy group, as suggested by an ester
carbonyl (δC 171.0) and an acetoxy methyl (δH/C 2.03/21.2),
was indicative of the acetylation of the hydroxy group at C-14.
The correlations observed in the homo- and heteronuclear
experiments supported the proposed structure of 6 as the acetyl
derivative of 5. The relative configuration and the geometry of
the double bonds of 6, found in accordance with those of 5, were
established by analysis of its NOESY spectrum.

Compounds 7-9, obtained as oils, exhibited spectroscopic
and physical characteristics consistent with those of dolabellanes
already reported in the literature, whose structures had been

incorrectly assigned, concerning the relative configuration of
C-12, on the basis of the original misassignment regarding com-
pound 2.5,6 Inspection of the NOESY spectra of 7-9 revealed
cross-peaks of H-2R/H-12, H-2β/H-3, H-3/H3-15, H-11/H-12,
H-12/H-20R, and H3-19/H-20β, thus determining the same
relative configurations for C-1, C-11, and C-12 as in 2-6.
Metabolite 9 is reported for the first time as a natural product.

Compounds 10 and 11, isolated as white crystals and a colorless
oil, respectively, displayed molecular ion peaks at m/z 302 (EIMS),
corresponding to C20H30O2. The structural elements displayed
in the 1H and 13C NMR spectra of 10 and 11 (Tables 3 and 4)
exhibited a high degree of similarity with those of metabolite 7. In
agreement with the molecular formula, it was obvious that they
were both isomers of the latter. Analyses of their 2D NMR
spectra resulted in the establishment of the same planar structure,
implying that 10 and 11 were stereoisomers. In this case, the
trisubstituted double bond remained between carbons C-3 and
C-4, as in 1-3, whereas the epoxide function was placed between
carbons C-7 and C-8, on the basis of the HMBC correlations of
C-5, C-6, C-8, and C-9 withH-7 and both C-7 andC-8 withH2-6,
H2-9, and H3-17. The relative configuration and the geometry of
the double bond of both metabolites were assigned on the basis
of interactions observed in their NOESY spectra. The intense
NOE enhancement of H-11/H-12 established the same relative

Table 1. 1H NMR Data (400 MHz, CDCl3) of Compounds 1, 3-6, and 18

position 1 (J in Hz) 3 (J in Hz) 4 (J in Hz) 5 (J in Hz) 6 (J in Hz) 18 (J in Hz)

2 R 2.35, dd (14.6, 6.6) 1.95, m R 2.19, m R 2.23, m R 2.30, m R 2.10, m

β 1.93, dd (14.6, 6.6) β 1.67, m β 1.72, m β 1.66, m β 1.79, m

3 4.70, dd (6.6, 6.6) 4.69, dd

(11.6, 2.9)

5.13, dd

(11.4, 4.4)

5.10, dd

(10.8, 3.8)

5.09, dd

(11.1, 4.0)

5.09, dd (8.4, 6.4)

5 a 2.08, m a 2.29, m a 2.22, m a 2.19, m a 2.21, m 2.12, m

b 2.01, m b 1.78, m b 2.05, m b 2.05, m b 2.08, m

6 a 2.17, m 2.19, m a 2.28, m a 2.28, m a 2.27, m a 2.22, m

b 2.11, m b 2.03, m b 2.03, m b 2.05, m b 2.08, m

7 4.86, dd (7.5, 7.5) 5.13, dd

(7.7, 7.7)

4.84, m 4.87, dd

(10.8, 1.8)

4.86, m 4.83, dd (9.8, 4.2)

9 R 2.03, m R 2.15, m a 2.11, m a 2.10, m a 2.11, m a 2.05, m

β 1.75, m β 1.80, m b 1.88, m b 1.77, m b 1.85, m b 1.87, m

10 a 1.49, m R 1.62, m a 1.31, m a 1.34, m a 1.33, m a 1.36, m

b 1.37, m β 1.18, m b 1.23, m b 1.23, m b 1.22, m b 1.18, m

11 1.99, m 2.55, ddd

(8.9, 7.9, 1.5)

1.74, m 1.93, m 1.92, m 1.84, m

12 2.53, ddd

(11.3, 11.3, 7.9)

2.87, dd

(8.9, 8.9)

2.61, ddd

(10.0, 6.8, 6.8)

2.90, ddd

(9.9, 7.6, 7.6)

2.85, ddd

(9.5, 7.4, 7.4)

2.56, ddd

(12.4, 7.8, 6.4)

13 a 2.36, dd (18.5, 7.9) R 2.31, dd (18.2, 8.9) a 1.64, m a 1.95, m a 2.02, m R 1.99, ddd

(12.4, 6.4, 6.4)

b 2.23, dd (18.5, 11.3) β 2.48, d (18.2) b 1.56, m b 1.65, m b 1.64, m β 1.64, ddd

(12.4, 12.4, 9.8)

14 a 1.52, m 3.90, dd (6.3, 6.3) 4.91, dd (6.0, 4.2) 3.72, dd (9.8, 6.4)

b 1.42, m

15 0.91, s 0.93, s 1.06, s 1.03, s 1.10, s 0.96, s

16 1.48, s 1.66, s 1.51, s 1.52, s 1.52, s 1.50, s

17 1.54, s 1.63, s 1.51, s 1.53, s 1.51, s 1.49, s

19 1.77, s 1.76, s 1.70, s 1.70, s 1.72, s 1.71, s

20 R 4.81, brs R 4.91, brs R 4.64, brs R 4.63, brs R 4.64, brs R 4.68, brs

β 4.93, brs β 4.58, brs β 4.82, brs β 4.82, brs β 4.85, brs β 4.87, brs

OAc 2.03, s
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Table 3. 1H NMR Data (400 MHz, CDCl3) of Compounds 9-11 and 13-15

position 9 (J in Hz) 10 (J in Hz) 11 (J in Hz) 13 (J in Hz) 14 (J in Hz) 15 (J in Hz)

2 R 1.41, dd (14.2, 11.0) R 2.15, m 2.15, m a 2.11, m a 2.09, m 5.20, d (15.9)

β 1.78, dd (14.2, 2.4) β 1.83, dd (13.1, 3.9) b 1.67, m b 1.73, m

3 2.89, dd (11.0, 2.4) 5.38, dd (11.4, 3.9) 4.73, m 4.98, dd (7.2, 7.2) 4.93, m 5.13, dd (15.9, 7.8)

4 2.03, m

5 R 2.14, m 2.27, m a 2.53, m 2.08, m 2.08, m a 1.52, m

β 1.24, m b 1.88, dd (14.0, 7.4) b 1.34, m

6 R 2.32, m R 1.56, m a 2.03, m a 2.13, m a 2.14, m a 2.12, m

β 2.16, m β 1.90, m b 1.44, m b 2.10, m b 2.10, m b 2.08, m

7 5.03, brd (10.7) 2.72, brd (10.0) 2.88, m 4.86, dd (6.7, 6.7) 4.95, m 4.98, dd (9.8, 5.4)

9 R 2.00, m R 2.01, m a 2.02, m 2.12, m a 2.11, m R 1.99, m

β 2.19, m β 1.28, m b 1.55, m b 1.83, m β 1.57, m

10 a 1.39, m 1.42, m R 1.51, m 1.50, m a 1.64, m a 1.42, m

b 1.28, m β 1.37, m b 1.27, m b 1.23, m

11 1.95, m 2.14, m 2.52, m 1.52, m 1.67, m 1.37, m

12 2.77, ddd (11.7, 7.0, 7.0) 2.94, ddd (7.9, 7.7, 7.7) 2.89, m 1.72, m 2.27, m

13 a 2.03, m 2.40, m a 2.54, m a 1.65, m a 1.68, m a 1.76, m

b 1.57, m b 2.29, dd (18.4, 9.0) b 1.33, m b 1.42, m b 1.50, m

14 4.84, dd (7.1, 3.2) a 1.44, m a 1.57, m a 1.72, m

b 1.37, m b 1.43, m b 1.41, m

15 1.29, s 1.08, s 0.96, s 0.97, s 0.97, s 0.85, s

16 1.23, s 1.64, s 1.67, s 1.54, s 1.48, s 0.91, d (6.8)

17 1.56, s 1.27, s 1.33, s 1.53, s 1.55, s 1.46, s

18 1.85, m

19 1.70, s 1.73, s 1.79, s 1.21, s 0.93, d (6.8) 1.70, s

20 R 4.63, brs R 4.69, brs R 4.95, brs 1.23, s 0.97, d (6.6) R 4.68, brs

β 4.87, brs β 4.96, brs β 4.61, brs β 4.70, brs

OAc 2.01, s

Table 2. 13C NMR Data (50 MHz, CDCl3) of Compounds 1, 3-6, and 18

position 1 3 4 5 6 18

1 53.0, C 50.6, C 46.5, C 48.3, C 49.2, C 48.9, C

2 35.2, CH2 38.0, CH2 43.4, CH2 35.0, CH2 35.2, CH2 40.0, CH2

3 122.8, CH 122.4, CH 125.8, CH 124.2, CH 124.4, CH 124.5, CH

4 134.6, C 137.4, C 134.5, C 135.4, C 135.4, C 134.9, C

5 39.3, CH2 31.7, CH2 39.9, CH2 39.9, CH2 39.8, CH2 39.8, CH2

6 25.0, CH2 25.2, CH2 24.4, CH2 24.4, CH2 24.9, CH2 24.6, CH2

7 125.3, CH 125.4, CH 127.3, CH 126.8, CH 127.3, CH 127.2, CH

8 136.1, C 134.9, C 133.9, C 134.4, C 133.9, C 134.1, C

9 37.1, CH2 36.0, CH2 37.7, CH2 36.8, CH2 37.3, CH2 38.2, CH2

10 29.9, CH2 23.8, CH2 24.4, CH2 26.3, CH2 24.4, CH2 24.1, CH2

11 43.3, CH 41.7, CH 41.8, CH 42.0, CH 41.8, CH 41.4, CH

12 49.9, CH 41.4, CH 51.0, CH 46.0, CH 47.1, CH 44.4, CH

13 42.0, CH2 47.1, CH2 28.5, CH2 37.6, CH2 35.0, CH2 37.7, CH2

14 221.8, C 226.3, C 42.1, CH2 81.8, CH 83.3, CH 80.3, CH

15 17.5, CH3 21.9, CH3 24.3, CH3 22.3, CH3 22.6, CH3 16.9, CH3

16 15.8, CH3 23.5, CH3 15.6, CH3 15.5, CH3 15.6, CH3 15.7, CH3

17 18.1, CH3 17.2, CH3 16.7, CH3 17.7, CH3 17.0, CH3 16.4, CH3

18 144.7, C 148.0, C 146.9, C 146.4, C 145.7, C 145.6, C

19 18.2, CH3 25.0, CH3 23.5, CH3 23.3, CH3 23.3, CH3 23.3, CH3

20 113.5, CH2 113.3, CH2 111.2, CH2 112.4, CH2 112.2, CH2 112.1, CH2

OAc 171.0, C

OAc 21.2, CH3
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configurations for C-1, C-11, and C-12 as in 7. The NOE
interactions of H-3/H-7, H-7/H3-15, H-11/H3-17, and H3-16/
H3-17 for 10 and the cross-peaks of H-7/H-10β, H-10β/H3-15,
H-11/H3-17, and H3-16/H3-17 for 11 suggested that the oxyge-
nated methine H-7 was cis- and trans-oriented relative to H3-15
and H3-17, respectively, and established the relative configura-
tion of C-7 and C-8 as 7S*,8S*. The geometry of the double bond
at C-3 was established as E in 10 on the basis of the NOE
enhancements of H-2R/H3-16, H-2β/H-3, and H-3/H3-15,
which was further supported by the fact that C-16 resonated at
lower frequencies (δC 15.9). On the contrary, the geometry of
theΔ3 double bond was established as Z in 11 on the basis of the
NOE enhancements of H-3/H-11 and H-3/H3-16, which was
further verified by the fact that C-16 resonated at higher
frequencies (δC 23.8). Thus, the geometrical isomers 10 and
11 were identified as positional isomers of 7. The proposed
structure of 10 was confirmed by single-crystal X-ray diffraction
analysis (Figure 1).8 The spectroscopic and physical character-
istics of compound 10 were identical to those of a semisynthetic
product reported in the literature, whose structure had been
erroneously assigned concerning the relative configuration of
C-12 on the basis of the original misassignment regarding com-
pound 2, while the relative configurations of C-7 and C-8 were
not established.5

Compound 12, obtained as a yellowish oil, possessed spectro-
scopic and physical characteristics congruent with those of a
previously reported dolabellane, whose structure had been
incorrectly assigned concerning the relative configuration of
C-12 due to the overlap of H-7 and H-12 and the misinterpreta-
tion thereafter of the NOE correlations observed.9 The NOE
enhancements of H-2R/H3-16, H-2β/H-3, H-3/H-7, H-3/H3-
15, H-7/H3-15, H-11/H-12, H-12/H-20R, and H3-19/H-20β,
more easily distinguishable in 1D NOE experiments, indicated
the same relative configurations for C-1, C-7, C-8, C-11, and

C-12 and the geometry of the Δ3 double bond as in the case
of 10.

Compound 13, isolated as a colorless oil, displayed spectro-
scopic and physical characteristics identical to those of a pre-
viously reported dolabellane, whose structure had been erroneously
assigned, concerning the relative configuration of C-12, on the
basis of the original misassignment regarding compound 2.7 As in
the case of metabolites 2-12, the NOE enhancement of H-11/
H-12 indicated the same relative configurations for C-1, C-11,
and C-12.

Compound 14, with the molecular formula C20H34O, as
deduced from the HRFABMS measurements, was obtained as a
colorless oil. The structural characteristics evident in the 1H
and 13C NMR spectra included three singlet methyls (δH/C
0.97/24.3, 1.48/15.6, and 1.55/17.4), two doublet methyls

Table 4. 13C NMR Data (50 MHz, CDCl3) of Compounds 9-11 and 13-15

position 9 10 11 13 14 15

1 46.7, C 52.8, C 50.1, C 46.7, C 44.5, C 45.1, C

2 35.6, CH2 37.1, CH2 38.0, CH2 38.7, CH2 41.8, CH2 136.5, CH

3 63.9, CH 122.1, CH 122.8, CH 124.6, CH 124.2, CH 132.7, CH

4 62.0, C 136.9, C 137.5, C 133.0, C 133.8, C 38.5, CH

5 38.8, CH2 37.9, CH2 27.7, CH2 39.5, CH2 39.0, CH2 35.3, CH2

6 24.2, CH2 23.6, CH2 25.1, CH2 24.9, CH2 24.3, CH2 27.8, CH2

7 126.5, CH 64.9, CH 62.5, CH 126.5, CH 124.4, CH 127.2, CH

8 133.8, C 61.2, C 62.2, C 135.3, C 135.9, C 133.2, C

9 37.1, CH2 36.2, CH2 35.0, CH2 39.2, CH2 37.7, CH2 40.5, CH2

10 23.2, CH2 23.3, CH2 23.7, CH2 31.5, CH2 23.0, CH2 24.9, CH2

11 42.0, CH 41.9, CH 42.5, CH 41.7, CH 45.6, CH 55.1, CH

12 47.7, CH 43.3, CH 40.9, CH 60.2, CH 87.3, C 54.1, CH

13 34.3, CH2 42.0, CH2 46.9, CH2 26.4, CH2 30.5, CH2 27.3, CH2

14 83.1, CH 222.3, C 224.7, C 41.1, CH2 39.5, CH2 39.8, CH2

15 22.5, CH3 18.0, CH3 21.3, CH3 23.2, CH3 24.3, CH3 20.7, CH3

16 15.9, CH3 15.9, CH3 23.8, CH3 16.4, CH3 15.6, CH3 22.6, CH3

17 16.3, CH3 19.1, CH3 21.7, CH3 16.5, CH3 17.4, CH3 16.6, CH3

18 145.0, C 144.6, C 147.0, C 73.3, C 35.0, CH 147.5, C

19 22.8, CH3 23.4, CH3 25.2, CH3 26.5, CH3 18.7, CH3 18.5, CH3

20 112.1, CH2 113.4, CH2 114.2, CH2 30.8, CH3 17.9, CH3 110.4, CH2

OAc 170.9, C

OAc 21.2, CH3

Figure 1. ORTEP drawing of compound 10. Displacement ellipsoids
are shown at 30% probability.
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(δH/C 0.93/18.7 and 0.97/17.9), two trisubstituted double
bonds (δH/C 4.93/124.2, δC 133.8 and δH/C 4.95/124.4, δC
135.9), and an oxygenated quaternary carbon (δC 87.3). The
spectroscopic data of 14 (Tables 3 and 4) closely resembled
those of 13. In this case, the hydroxy group was placed at C-12, as
indicated by the HMBC correlations of C-12 with H-11, H2-13,
H3-19, and H3-20 and the COSY cross-peaks of H-18 with both
H3-19 and H3-20. The geometries of the Δ3 and Δ7 double
bonds were determined as 3E,7E due to the fact that C-16 and
C-17 resonated at lower frequencies (δC 15.6 and 17.4, re-
spectively). On the basis of the interaction of H-11/H3-19
observed in the NOESY spectrum, measured in C6D6 because
there was partial overlapping of key NMR signals in CDCl3, the
relative configurations of C-1, C-11, and C-12 were established as
1R*,11R*,12R*.

Compound 15, obtained as a colorless oil, displayed an ion
peak at m/z 272.2495 (HRFABMS), corresponding to C20H32

and consistent with [M]þ. Analysis of the spectroscopic data of
15 (Tables 3 and 4) showed a high degree of similarity with
metabolite 4, and with an identical molecular formula, it was
obvious that the two were isomers. In the 1H NMR spectrum
three singlet methyls (δH 0.85, 1.46, and 1.70), one doublet
methyl (δH 0.91), an exomethylene group (δH 4.68 and 4.70),
and three olefinic methines (δH 4.98, 5.13, and 5.20) were
evident, suggesting that the difference between the two mole-
cules was the replacement of a trisubstituted double bond by a
1,2-disubstituted one. The 1,2-disubstituted double bond was
placed between C-2 and C-3 on the basis of the COSY cross-
peaks of H-2/H-3, H-3/H-4, H-4/H2-5, and H-4/H3-16 and the
correlations of C-1 and C-15 with H-2, as well as of C-3, C-4, and
C-5 with H3-16. Inspection of the NOESY spectrum of 15
revealed the interaction of H-12/H3-15, which led to the

determination of the relative configurations of C-1, C-11, and
C-12 as 1R*,11S*,12R*. Furthermore, the NOE enhancements of
H-2/H-11, H-2/H3-16, H-11/H3-17, H-3/H-7, and H-3/H3-15
established the relative configuration of C-4 as R* and the
geometries of the double bonds at C-2 and C-7 as 2E,7E. The
latter conclusion was also supported by the large coupling
constant of H-2/H-3 (15.9 Hz) and the fact that C-17 resonated
at lower frequencies (δC 16.6).

Reduction of metabolite 2 yielded both epimeric alcohols at
C-14 (5 and 18), while acetylation of metabolite 5 afforded 6.
Furthermore, epoxidation of metabolite 4 yielded monoepoxides
8 and 12 (Scheme 1). Semisynthetic compounds 5, 6, 8, and 12
were identical in all respects to the natural products, whereas 18
was not detected as a natural product during the chromato-
graphic separations. In the previous reports on compounds 2, 4,
7-10, and 13, several chemical interconversions were used to

Scheme 1. Chemical Interconversions Performeda Correlating Compounds 2, 4-10, 12, 13, and 18

aReagents and conditions: (i) NaBH4, MeOH, 1 h; (ii) NaBH4, EtOH, 2 h; (iii) Ac2O, pyridine, overnight; (iv) m-CPBA, benzene, 45 min; (v) Ac2O,
pyridine, 70 �C, 16 h; (vi) POCl3, pyridine, 0 �C, 20 min; (vii) N2H4 3H2O, N2H4 3 2HCl, TEG, 130 �C, 1.5 h, KOH, 170 �C, 2 h; (viii) m-CPBA,
benzene, 30 min.

Figure 2. ΔδS-R values (ppm) for the C-14 MTPA derivatives of 18 in
CDCl3.
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correlate them, and it was proven that the relative configurations
of the asymmetric centers C-1, C-11, and C-12 remained un-
changed (Scheme 1).5,7 In the present study it was shown using
the observed NOE enhancements that the relative configuration
of C-12 of these compounds should be inverted, a fact that was
also verified through the single-crystal X-ray diffraction analysis
of 10. The absolute configuration of 18 was determined by
application of a modified Mosher's method.10 When 18 was
treated with (R)- and (S)-MTPA chloride, the secondary hy-
droxy group at C-14 reacted to give the (S)- and (R)-MTPA
derivatives (18a and 18b), respectively. The 1H NMR chemical
shifts of 18a and 18b were assigned by analysis of 1H NMR,
HSQC, and COSY spectra. The calculation of theΔδS-R values,
shown in Figure 2, clearly defined the absolute configuration of
C-14 as R and, subsequently, on the basis of its relative config-
uration, established the absolute configuration of 18 as depicted.
Because compounds 2, 4-10, 12, 13, and 18were clearly correlated
through the chemical interconversions described above, the
absolute configurations of 2, 4-10, 12, and 13 are also as shown.
The absolute configurations of metabolites 1, 3, 11, 14, and 15
were not determined, but on the basis of biogenetic considera-
tions they are expected to be the same.

In addition to metabolites 1-15, two known natural products
were isolated and identified as (1R,2E,4R,7E,11S,12R)-18-hy-
droxy-2,7-dolabelladiene (16) and (1R,2E,4R,7E,10S,11S,12R)-
10-acetoxy-18-hydroxy-2,7-dolabelladiene (17) by comparison
of their spectroscopic and physical characteristics with those
reported in the literature.11 Even though the absolute configura-
tions of 16 and 17 were not established, they are expected to be
the same as those of 1-15 on the basis of a common biogenetic
route. Furthermore, the 1H and 13C NMR chemical shifts for
compounds 4, 9, 10, and 13 are presented in Tables 1-4, supple-
menting the relevant literature, since only a few characteristic 1H
NMR resonances were available.

Comprehensive examination of the spectroscopic data for
compounds 1-12, 15, and 18, as well as for other previously

described dolabellanes featuring an isopropenyl group,12,13 re-
vealed that the chemical shift of C-19 is very characteristic of the
orientation of methine H-12 relative to H-11 and H3-15. Specifically,
when H-12 is cis- and trans-oriented in relation to H-11 and H3-
15, respectively, C-19 resonates at higher frequencies (δC 22.5 to
25.5), whereas when H-12 is trans- and cis-oriented relative to
H-11 and H3-15, respectively, C-19 resonates at lower frequen-
cies (δC 18.0 to 19.5).

Compounds 1-18 were evaluated for their antibacterial
activities against a panel of six strains of Staphylococcus aureus.
These included a standard laboratory strain (ATCC 25923), two
epidemic MRSA strains (EMRSA-15 and EMRSA-16), a macro-
lide-resistant variant (RN4220), and two multi-drug-resistant
effluxing strains (SA1199B and XU212). According to the results
of the antibacterial activity assessment (Table 5), the most active
compound against all tested bacterial strains was the semisyn-
thetic alcohol 18, with MIC values in the range 2-4 μg/mL.
Interestingly, metabolite 5, which is the epimer of 18 at C-14,
exhibited moderate activity against strain EMRSA-16 with aMIC
value of 8 μg/mL, but only weak activity against the other strains,
with MIC values ranging from 32 to 128 μg/mL. Metabolite 14
was moderately active against all tested strains, with MIC values
in the range 8-16 μg/mL, while compounds 2, 4, 12, 13, and 16
displayed moderate activity only against strain EMRSA-16, with
MIC values between 4 and 16 μg/mL, but weak or no activity
against the other strains. Thus, it seems that strain EMRSA-16 is
fairly susceptible to dolabellane diterpenes. It is worth noting that
the majority of the dolabellanes that demonstrated antibacterial
activity against the tested strains possessed a hydroxy group,
whereas the presence of a ketone functionality at C-14 rendered
the dolabellanes inactive.

’EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
measured on a Perkin-Elmer model 341 polarimeter with a 1 dm cell.

Table 5. Antibacterial Activitiesa of Compounds 1-18

compound ATCC 25923 EMRSA-15 EMRSA-16 RN4220 SA1199B XU212

1 inactiveb inactiveb inactiveb inactiveb inactiveb inactiveb

2 inactiveb inactiveb 16 inactiveb 128 inactiveb

3 inactiveb inactiveb inactiveb inactiveb inactiveb inactiveb

4 64 128 16 128 128 128

5 128 64 8 64 32 64

6 inactiveb inactiveb inactiveb inactiveb inactiveb inactiveb

7 inactiveb inactiveb inactiveb 128 inactiveb inactiveb

8 inactiveb inactiveb 32 inactiveb inactiveb inactiveb

9 32 128 32 64 64 128

10 inactiveb inactiveb inactiveb inactiveb inactiveb inactiveb

11 inactiveb inactiveb inactiveb inactiveb inactiveb inactiveb

12 inactiveb 128 4 inactiveb inactiveb inactiveb

13 32 32 8 64 32 64

14 8 8 8 8 16 16

15 inactiveb inactiveb inactiveb inactiveb inactiveb inactiveb

16 64 64 16 64 64 64

17 inactiveb inactiveb 64 inactiveb inactiveb inactiveb

18 4 2 2 4 2 4

norfloxacin 0.5 0.5 128 0.5 32 8
a Expressed as MIC (in μg/mL). bMIC > 128 μg/mL.
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UV spectra were obtained on a Shimadzu UV-160A spectrophotometer.
IR spectra were obtained on a Paragon 500 Perkin-Elmer spectrometer.
NMR spectra were recorded on Bruker AC 200 and Bruker DRX 400
spectrometers. Chemical shifts are given on a δ (ppm) scale using TMS
as internal standard. The 2D experiments (HSQC, HMBC, COSY,
NOESY) were performed using standard Bruker pulse sequences. High-
resolution mass spectrometric data were provided by the University of
Notre Dame, Department of Chemistry and Biochemistry, Notre Dame,
IN, USA. Low-resolution EI mass spectra were measured on a Hewlett-
Packard 5973 mass spectrometer. Column chromatography separations
were performed with Kieselgel 60 (Merck). HPLC separations were
conducted using a CECIL 1100 Series liquid chromatography pump
equipped with a GBC LC-1240 refractive index detector, using the
following columns: (i) Spherisorb S10W (Phase Sep, 25 cm� 10 mm),
(ii) Econoshpere Silica 10u (Grace, 25 cm� 10 mm), and (iii) Chiralcel
OD 10μm(Daicel Chemical Industries Ltd., 25 cm� 10mm). TLCwas
performed with Kieselgel 60 F254 (Merck aluminum support plates), and
spots were detected after spraying with 15% H2SO4 in MeOH reagent
and heating at 100 �C for 1 min. The lyophilization was carried out in a
Freezone 4.5 freeze-dry system (Labconco).
Plant Material. Specimens of Dilophus spiralis were collected by

hand on Elafonissos Island (GPS coordinates 36�300 N, 22�580 E), south
of Peloponnese, Greece, at a depth of 0.1-1 m, in April 2004. A voucher
specimen of the alga has been deposited at the Herbarium of the
Department of Pharmacognosy and Chemistry of Natural Products,
University of Athens (ATPH/MO/159).
Extraction and Isolation. Specimens of the freeze-dried alga

(272 g) were exhaustively extracted with CH2Cl2 and subsequently with
MeOH at room temperature. Evaporation of the solvents in vacuo
afforded two dark green oily residues. The CH2Cl2 residue (9.2 g) was
subjected to vacuum column chromatography on silica gel, using cyclo-
hexane with increasing amounts of EtOAc, followed by EtOAc with
increasing amounts of MeOH as the mobile phase, to yield 15 fractions
(A1-A15). Fractions A1 (100% cyclohexane, 131.4 mg) and A2 (10%
EtOAc in cyclohexane, 18.3 mg) were separately and repeatedly purified
by normal-phase HPLC, using n-hexane (100%) as eluent, to afford
4 (39.6 mg) and 15 (0.9 mg). Fraction A3 (20% EtOAc in cyclohexane,
1.17 g) was further fractionated by gravity column chromatography on
silica gel, using cyclohexane with increasing amounts of EtOAc as the
mobile phase, to yield 21 fractions (A3a-A3u). Fraction A3b (1%
EtOAc in cyclohexane, 355.7 mg) was subjected to gravity column
chromatography on silica gel, using cyclohexane with increasing
amounts of CH2Cl2, followed by CH2Cl2 with increasing amounts of
EtOAc as themobile phase, to afford 11 fractions (A3b1-A3b11). Fractions
A3b8 (100% CH2Cl2, 55.6 mg) and A3b9 (50% EtOAc in CH2Cl2,
195.6 mg) were separately purified by normal-phase HPLC, using
cyclohexane/EtOAc (99:1) and subsequently n-hexane/EtOAc (99:1)
as eluent, to yield 2 (185.6 mg), 3 (2.8 mg), and 6 (1.9 mg). Fractions
A3c (1% EtOAc in cyclohexane, 162.9 mg) and A3d (1% EtOAc in
cyclohexane, 55.3 mg) were separately purified by normal-phase HPLC,
using n-hexane/EtOAc (98:2 and subsequently 99:1) as eluent, to afford
1 (1.1 mg), 2 (96.5 mg), 3 (1.5 mg), 8 (29.1 mg), and 14 (0.8 mg).
Fractions A3i (2% EtOAc in cyclohexane, 81.7 mg) and A3j (2% EtOAc
in cyclohexane, 28.2 mg) were purified separately by normal-phase HPLC,
using cyclohexane/EtOAc (95:5) as eluent, to yield 16 (21.2 mg).
Fraction A3l (10% EtOAc in cyclohexane, 81.9 mg) was subjected to
gravity column chromatography on silica gel, using cyclohexane with
increasing amounts of EtOAc as the mobile phase, to afford 10 fractions
(A3l1-A3l10). Fraction A3l6 (6% EtOAc in cyclohexane, 7.6 mg) was
purified by normal-phase HPLC, using cyclohexane/EtOAc (90:10) as
eluent, to yield 5 (1.4 mg). Fraction A4 (30% EtOAc in cyclohexane,
3.58 g) was further fractionated by vacuum column chromatography on
silica gel, using cyclohexane with increasing amounts of EtOAc, followed
by EtOAc with increasing amounts of MeOH as the mobile phase, to

afford nine fractions (A4a-A4i). Fraction A4b (10%EtOAc in cyclohexane,
46.1 mg) was purified by normal-phase HPLC, using cyclohexane/
EtOAc (98:2) as eluent, to yield 1 (0.4 mg), 2 (12.8 mg), 8 (2.2 mg),
12 (0.4 mg), and 13 (1.2mg). Fraction A4c (20% EtOAc in cyclohexane,
812.3 mg) was subjected to gravity column chromatography on silica gel,
using cyclohexane with increasing amounts of EtOAc, followed by EtOAc
with increasing amounts of MeOH as the mobile phase, to afford 23
fractions (A4c1-A4c23). Fractions A4c2 (1% EtOAc in cyclohexane,
174.3 mg), A4c3 (1% EtOAc in cyclohexane, 129.8 mg), and A4c4 (1%
EtOAc in cyclohexane, 9.9mg) were separately purified by normal-phase
HPLC, using n-hexane/EtOAc (97:3) and subsequently n-hexane/
2-propanol (99.5:0.5) as eluent, to yield 1 (1.4 mg), 2 (144.8 mg),
3 (2.7 mg), 8 (2.4 mg), and 12 (7.8 mg). Fractions A4c10 (2% EtOAc
in cyclohexane, 17.0 mg), A4c11 (3% EtOAc in cyclohexane, 10.8 mg),
A4c12 (5% EtOAc in cyclohexane, 18.7 mg), A4c13 (7% EtOAc in
cyclohexane, 47.0 mg), A4c14 (10% EtOAc in cyclohexane, 46.6 mg),
A4c15 (12% EtOAc in cyclohexane, 138.5 mg), A4c16 (20% EtOAc in
cyclohexane, 13.3 mg), and A4c17 (20% EtOAc in cyclohexane, 24.7 mg)
were separately purified by normal-phase HPLC, using cyclohexane/
EtOAc (90:10) and subsequently n-hexane/2-propanol (90:10, 87:13,
and 82:18) as eluent, to afford 5 (16.3 mg), 7 (27.2 mg), 9 (13.6 mg), 10
(17.6 mg), 11 (5.2 mg), and 16 (0.9 mg). The MeOH residue (32.8 g)
was subjected to vacuum column chromatography on silica gel, using
cyclohexane with increasing amounts of EtOAc, followed by EtOAc with
increasing amounts of MeOH as the mobile phase, to yield 14 fractions
(B1-B14). Fraction B1 (10% EtOAc in cyclohexane, 51.0 mg) was purified
by normal-phase HPLC, using n-hexane (100%) as eluent, to afford 4 (13.3
mg). Fraction B3 (20% EtOAc in cyclohexane, 361.0mg) was repeatedly
purified by normal-phase HPLC, using cyclohexane/EtOAc (90:10)
and subsequently n-hexane/2-propanol (86:14 and 83:17) as eluent, to
yield 2 (3.3 mg), 5 (9.0 mg), 9 (5.4 mg), 11 (3.8 mg), 16 (2.4 mg), and
17 (0.9 mg).

(1R,3E,7E,11S,12R)-14-Oxo-3,7,18-dolabellatriene (1): colorless oil;
[R]D20-76 (c 0.09, CHCl3); UV (CHCl3) λmax (log ε) 245.5 (2.96) nm;
IR (thin film) νmax 2971, 2916, 1735, 1275 cm-1; 1H NMR data, see
Table 1; 13C NMR data, see Table 2; EIMS 70 eV m/z (rel int %) 286
(22), 271 (22), 253 (10), 243 (6), 228 (6), 213 (9), 203 (7), 189 (43),
175 (23), 161 (22), 147 (28), 135 (42), 121 (42), 107 (85), 91 (87), 79
(79), 67 (100), 53 (53); HRFABMS m/z 286.2303 [M]þ (calcd for
C20H30O, 286.2297).

(1R,3Z,7E,11S,12S)-14-Oxo-3,7,18-dolabellatriene (3): yellowish oil;
[R]D20-98 (c 0.09, CHCl3); UV (CHCl3) λmax (log ε) 241.8 (2.28) nm;
IR (thin film) νmax 2958, 2920, 1734, 1454 cm

-1; 1H NMR data, see
Table 1; 13C NMR data, see Table 2; EIMS 70 eV m/z (rel int %) 286
(11), 271 (15), 253 (3), 243 (6), 229 (4), 217 (7), 203 (8), 189 (28), 175
(19), 163 (55), 150 (75), 135 (100), 121 (39), 107 (57), 93 (57), 81 (49),
67 (48), 55 (34); HRFABMS m/z 287.2366 [M þ H]þ (calcd for
C20H31O, 287.2375).

(1R,3E,7E,11S,12S)-3,7,18-Dolabellatriene (4): yellowish oil; [R]D20

þ41.0 (c 0.10, CHCl3); UV (CHCl3) λmax (log ε) 243.8 (2.57) nm; IR
(thin film) νmax 2930, 2854, 1645, 1454 cm-1; 1H NMR data, see
Table 1; 13C NMR data, see Table 2; EIMS 70 eV m/z (rel int %) 272
(38), 257 (26), 243 (4), 229 (33), 215 (10), 203 (12), 189 (35), 175
(43), 161 (54), 147 (63), 135 (75), 121 (90), 107 (93), 93 (100), 81
(73), 79 (72), 67 (67), 55 (47); HRFABMSm/z 272.2493 [M]þ (calcd
for C20H32, 272.2504).

(1R,3E,7E,11S,12S,14S)-14-Hydroxy-3,7,18-dolabellatriene (5): colorless
oil; [R]D20þ44 (c 0.06, CHCl3); UV (CHCl3) λmax (log ε) 244.0 (2.48) nm;
IR (thin film) νmax 3370, 2936, 2360, 1290 cm

-1; 1HNMRdata, seeTable 1;
13CNMR data, see Table 2; EIMS 70 eVm/z (rel int %) 288 (5), 270 (12),
255 (22), 227 (17), 213 (12), 201 (15), 191 (38), 173 (25), 163 (41), 145
(51), 135 (76), 121 (81), 107 (94), 95 (86), 81 (100), 67 (64), 55 (69);
HRFABMS m/z 288.2479 [M]þ (calcd for C20H32O, 288.2453).
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(1R,3E,7E,11S,12S,14S)-14-Acetoxy-3,7,18-dolabellatriene (6): colorless
oil; [R]D20 þ29 (c 0.07, CHCl3); UV (CHCl3) λmax (log ε) 241.4
(2.27) nm; IR (thin film) νmax 2967, 2920, 1734, 1538 cm-1; 1H
NMR data, see Table 1; 13C NMR data, see Table 2; EIMS 70 eV m/z
(rel int %) 330 (1), 315 (1), 288 (1), 270 (50), 255 (46), 241 (8), 227
(31), 213 (17), 201 (20), 187 (32), 173 (42), 159 (55), 145 (69), 133
(93), 119 (100), 105 (69), 91 (67), 81 (54), 67 (42), 55 (43);
HRFABMS m/z 330.2535 [M]þ (calcd for C22H34O2, 330.2559).
(1R,3S,4S,7E,11S,12S,14S)-14-Acetoxy-3,4-epoxy-7,18-dolabelladiene

(9): yellowish oil; [R]D20 þ47.8 (c 0.25, CHCl3); UV (CHCl3) λmax

(log ε) 243.0 (2.18) nm; IR (thin film) νmax 2962, 2907, 1734, 1243 cm
-1;

1HNMRdata, see Table 3; 13CNMRdata, see Table 4; EIMS 70 eVm/z
(rel int %) 346 (1), 328 (8), 286 (61), 271 (28), 268 (27), 253 (25), 243
(19), 228 (33), 213 (29), 201 (41), 187 (51), 173 (47), 159 (62), 145
(79), 133 (100), 119 (92), 105 (96), 91 (81), 79 (49), 67 (25), 55 (31);
HRFABMS m/z 346.2488 [M]þ (calcd for C22H34O3, 346.2508).
(1R,3E,7S,8S,11S,12S)-7,8-Epoxy-14-oxo-3,18-dolabelladiene

(10): colorless crystals; [R]D20 -66.4 (c 0.19, CHCl3); UV (CHCl3)
λmax (log ε) 241.5 (2.24) nm; IR (thin film) νmax 2966, 2925, 2859,
1733, 1457 cm-1; 1H NMR data, see Table 3; 13C NMR data, see
Table 4; EIMS 70 eV m/z (rel int %) 302 (39), 284 (78), 269 (41), 241
(19), 233 (14), 227 (16), 215 (31), 205 (24), 187 (57), 173 (45), 163
(92), 159 (57), 150 (58), 145 (63), 135 (90), 119 (75), 105 (94), 91
(100), 79 (69), 67 (58), 55 (50); HRFABMS m/z 303.2325 [MþH]þ

(calcd for C20H31O2, 303.2324).
(1R,3Z,7S,8S,11S,12S)-7,8-Epoxy-14-oxo-3,18-dolabelladiene (11):

colorless oil; [R]D20 -13.0 (c 0.25, CHCl3); UV (CHCl3) λmax (log ε)
242.5 (2.16) nm; IR (thin film) νmax 2935, 1733, 1275 cm

-1; 1H NMR
data, see Table 3; 13C NMR data, see Table 4; EIMS 70 eV m/z (rel
int %) 302 (14), 284 (63), 269 (22), 256 (11), 241 (15), 215 (25), 205
(20), 187 (58), 173 (40), 163 (96), 159 (55), 150 (53), 145 (68), 135
(80), 119 (80), 105 (97), 91 (100), 79 (68), 67 (55), 55 (49);
HRFABMS m/z 303.2330 [Mþ H]þ (calcd for C20H31O2, 303.2324).
(1R,3E,7E,11R,12R)-12-Hydroxy-3,7-dolabelladiene (14): colorless

oil; [R]D20 þ16 (c 0.09, CHCl3); UV (CHCl3) λmax (log ε) 242.5
(2.23) nm; IR (thin film) νmax 3330, 2958, 2877, 1276 cm

-1; 1H NMR
data, see Table 3; 13C NMR data, see Table 4; 1H NMR (400 MHz,
C6D6) δ 5.03 (1H,m,H-3), 5.02 (1H,m,H-7), 2.15 (1H, m,H-9a), 2.14
(1H, m, H-2a), 2.09 (2H, m, H-6), 2.05 (2H, m, H-5), 1.90 (1H, ddd,
13.8, 12.3, 1.9Hz, H-9b), 1.80 (1H, dd, 14.9, 5.2 Hz, H-2b), 1.75 (1H,m,
H-18), 1.71 (1H, m, H-10a), 1.67 (1H, m, H-11), 1.64 (1H, m, H-14a),
1.54 (1H, m, H-13a), 1.53 (3H, s, H-17), 1.46 (3H, s, H-16), 1.39 (1H,
m, H-14b), 1.30 (1H, m, H-13b), 1.29 (1H, m, H-10b), 1.07 (3H, s,
H-15), 0.93 (3H, d, 6.7 Hz, H-20), 0.88 (3H, d, 6.8 Hz, H-19); EIMS 70
eV m/z (rel int %) 290 (1), 272 (12), 257 (10), 247 (3), 229 (25), 216
(4), 201 (5), 189 (18), 175 (9), 161 (30), 149 (20), 135 (100), 121 (71),
107 (54), 93 (49), 81 (31), 67 (27), 55 (20); HRFABMSm/z 290.2629
[M]þ (calcd for C20H34O, 290.2610).
(1R,2E,4R,7E,11S,12R)-2,7,18-Dolabellatriene (15): colorless oil;

[R]D20 -21 (c 0.03, CHCl3); UV (CHCl3) λmax (log ε) 242.2 (2.53)
nm; IR (thin film) νmax 2948, 2920, 1538 cm-1; 1H NMR data, see
Table 3; 13C NMR data, see Table 4; EIMS 70 eV m/z (rel int %) 272
(32), 257 (25), 243 (5), 229 (68), 215 (10), 201 (13), 190 (25), 175
(73), 161 (47), 147 (71), 133 (60), 121 (67), 107 (100), 93 (83), 81
(74), 67 (57), 55 (50); HRFABMS m/z 272.2495 [M]þ (calcd for
C20H32, 272.2504).
Reduction of 2. Compound 2 (48.0 mg) was treated with NaBH4

(50.0 mg) in MeOH (10 mL) and left under constant stirring at room
temperature for 1 h. The reaction was quenched by the addition of H2O
(3 mL), and the mixture was evaporated in vacuo. The residue was
purified by normal-phase HPLC, using cyclohexane/EtOAc (90:10) as
eluent, to obtain 5 (7.3 mg) and 18 (31.2 mg).
(1R,3E,7E,11S,12S,14R)-14-Hydroxy-3,7,18-dolabellatriene (18): colorless

oil; [R]D20 þ12.0 (c 0.10, CHCl3); UV (CHCl3) λmax (log ε) 244.0

(2.31) nm; IR (thin film) νmax 3389, 2926, 2360, 1279 cm
-1; 1H NMR

data, see Table 1; 13C NMR data, see Table 2; EIMS 70 eV m/z (rel int
%) 288 (8), 270 (14), 255 (12), 245 (6), 227 (13), 220 (14), 205 (12),
189 (21), 173 (17), 163 (56), 149 (40), 135 (79), 121 (78), 107 (92), 95
(84), 81 (100), 67 (63), 55 (70); HRFABMS m/z 288.2426 [M]þ

(calcd for C20H32O, 288.2453).
Epoxidation of 4. A solution of m-chloroperbenzoic acid (20.0 mg)

in benzene (1 mL) was added dropwise to a solution of compound
4 (20.0 mg) in benzene (2 mL), and the mixture was left under constant
stirring at room temperature for 30 min. The reaction was quenched by
the addition of 10% Na2SO3 (3 mL), and the mixture was partitioned
between the aqueous and the organic layer. The organic layer was
washed with 5% NaHCO3 and subsequently H2O. After evaporation of
the organic layer in vacuo, the residue was purified by normal-phase HPLC,
using n-hexane/2-propanol (99.75:0.25) as eluent, to afford 8 (6.3 mg)
and 12 (5.9 mg).
Acetylation of 5. Compound 5 (2.8 mg) was treated with Ac2O

(1 mL) in pyridine (1 mL) and left under constant stirring at 70 �C for
16 h. The reaction was quenched by the addition ofH2O (1mL), and the
mixture was evaporated in vacuo. The residue was purified by normal-
phase HPLC, using cyclohexane/EtOAc (99:1) as eluent, to obtain
6 (2.3 mg).
Preparation of MTPA Derivatives of 18. Compound 18

(3.3 mg) was treated with (R)-MTPA chloride (5 μL) in freshly
distilled dry pyridine (1 mL) and left under constant stirring at room
temperature for 16 h. The reaction was quenched by the addition of
H2O (1 mL) and CH2Cl2 (3 mL), and the mixture was partitioned
between the aqueous and the organic layer. After evaporation of the
organic layer in vacuo, the residue was purified by normal-phase
HPLC, using cyclohexane/EtOAc (95:5) as eluent, to give the (S)-
MTPA derivative (18a, 3.2 mg). The (R)-MTPA derivative (18b,
2.4 mg) was prepared with (S)-MTPA chloride and purified in the
same manner.

(S)-MTPA Derivative of 18 (18a): 1H NMR (400 MHz, CDCl3)
δ 7.53 (2H, m, Ar-H), 7.39 (3H, m, Ar-H), 5.07 (1H, dd, 9.2, 6.0 Hz,
H-3), 4.97 (1H, dd, 9.1, 7.1 Hz, H-14), 4.89 (1H, brs, H-20a), 4.79 (1H,
dd, 9.5, 4.1 Hz, H-7), 4.66 (1H, brs, H-20b), 3.55 (3H, s, OMe), 2.65
(1H, m, H-12), 2.24 (1H, m, H-6a), 2.18 (1H, m, H-5a), 2.17 (1H, m,
H-2R), 2.15 (1H, m, H-13β), 2.08 (1H, m, H-6b), 2.07 (1H, m, H-5b),
2.02 (1H, m, H-9a), 1.90 (1H, m, H-2β), 1.89 (1H, m, H-9b), 1.88 (1H,
m, H-11), 1.81 (1H, m, H-13R), 1.70 (3H, s, H-19), 1.50 (3H, s, H-16),
1.47 (3H, s, H-17), 1.34 (1H, m, H-10a), 1.16 (1H, m, H-10b), 0.83
(3H, s, H-15).

(R)-MTPA Derivative of 18 (18b): 1H NMR (400 MHz, CDCl3)
δ 7.51 (2H, m, Ar-H), 7.39 (3H, m, Ar-H), 5.10 (1H, dd, 9.3, 6.6 Hz,
H-3), 4.92 (1H, dd, 8.9, 7.0 Hz, H-14), 4.86 (1H, brs, H-20a), 4.80 (1H,
dd, 8.5, 3.7 Hz, H-7), 4.62 (1H, brs, H-20b), 3.52 (3H, s, OMe), 2.65
(1H, ddd, 13.3, 7.1, 7.1 Hz, H-12), 2.24 (1H, m, H-6a), 2.21 (1H, m,
H-2R), 2.17 (1H, m, H-5a), 2.14 (1H, m, H-13β), 2.08 (1H, m, H-6b),
2.07 (1H, m, H-5b), 2.02 (1H, m, H-9a), 1.90 (1H, m, H-2β), 1.89 (1H, m,
H-9b), 1.88 (1H, m, H-11), 1.68 (1H, m, H-13R), 1.67 (3H, s, H-19),
1.51 (3H, s, H-16), 1.47 (3H, s, H-17), 1.34 (1H, m, H-10a), 1.16
(1H, m, H-10b), 0.94 (3H, s, H-15).
Single-Crystal X-ray Analysis of 10. Compound 10 crystallized

after slow evaporation of a saturated solution of EtOAc/CHCl3 (1:1) as
colorless blocks. Single-crystal X-ray diffraction data were collected at
120 K on a Nonius Kappa CCD diffractometer with graphite-mono-
chromated Mo KR radiation (λ = 0.71073 Å) using the Nonius Collect
Software. The space group was determined on the basis of the systematic
absences and confirmed by the successful structure solution and refinement.
The structure was solved by direct methods and refined based on F2 using
the WINGX package. All non-hydrogen atoms were refined with
anisotropic thermal parameters, whereas all hydrogen atoms were
located in the calculated positions and refined in a rigid group model.
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In the absence of atoms with significant anomalous scattering, the absolute
configuration of 10 was indeterminate.
Crystallographic Data of 10: C20H30O2,M = 302.4, 0.52 � 0.24 �

0.22 mm, T = 120(2) K, orthorhombic, space group P212121(#19) with
a = 7.7877(11) Å, b= 13.9979(13) Å, c = 15.5830(16) Å,V= 1698.73(3)
Å3, Z = 4, Z0 = 1,Dcalcd = 1.183 Mg/m3, μ = 0.074 mm-1, F(000) = 664,
2θmax = 55.00�, 16 541 collected reflections, 3866 independent reflections
(Rint = 0.0467), R1 = 0.0450,wR2 = 0.0939, GoF = 0.994 for 2997 reflections
(201 parameters) with I> 2σ(I),R1 = 0.0722,wR2 = 0.1080,GoF= 0.994 for
all 3866 reflections,max./min. residual electron densityþ0.182/-0.179 eÅ3.
Evaluation of Antibacterial Activity. Standard strain ATCC

25923 and strain XU212, which possesses the gene encoding the TetK
tetracycline efflux protein, were provided by Dr. E. Udo. Strain SA1199B,
which possesses the gene encoding the NorA quinolone efflux protein,
was a generous gift of Prof. G.W. Kaatz. Strain RN4220, which possesses
the gene encoding the MsrA macrolide efflux protein, was provided by
Dr. J. Cove. The epidemic methicillin-resistant strains EMRSA-15 and
EMRSA-16 were obtained from Dr. P. Stapleton. All strains were
cultured on nutrient agar and incubated for 24 h at 37 �C prior to the
determination of minimum inhibitory concentration (MIC) values. Com-
pounds 1-18 were dissolved in DMSO and subsequently diluted
in Mueller-Hinton broth (MHB) to give a starting concentration of
512 μg/mL. Bacterial inocula equivalent to the 0.5 McFarland turbidity
standard were prepared in normal saline for each strain and diluted to
a final inoculum density of 5 � 105 cfu/mL. MHB supplemented with
10 mg/L Mg2þ and 20 mg/L Ca2þ (125 μL/well) was dispensed into
wells 1-11 of each row of 96-well microtiter plates. The compound
solution (125 μL) was added to the first well of each row and was serially
diluted across the row, leaving well 11 empty for growth control. The
final volume was dispensed into well 12, which being free of MHB or
inoculum served as the sterility control. The inoculum (125 μL/well)
was added to wells 1-11 of each row, and the microtiter plates were
incubated for 18 h at 37 �C. The lowest concentration at which no
bacterial growth was observed was recorded as the MIC. The observa-
tion was confirmed by the addition of a 5 mg/mLmethanolic solution of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
20 μL/well) and further incubation for 20 min at 37 �C. Bacterial growth
was indicated by a color alteration from yellow to dark blue. Norfloxacin
was used as a positive control. The highest concentration of DMSO
remaining after dilution (3.125% v/v) caused no inhibition of bacterial
growth. All samples were tested in triplicate. Culture media were obtained
from Oxoid, whereas all other chemicals were obtained from Sigma-Aldrich.
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Pharmaceutical and Biological Chemistry, The School of Pharmacy, University of London, London WC1N 1AX, UK

*Corresponding author. Tel: +44-(0)207-631-6355 (office)/+44-(0)207-079-0799 (lab); Fax: +44-(0)207-631-6246; E-mail: s.bhakta@bbk.ac.uk
†Present address: Escuela de Bacteriologı́a y Laboratorio Clı́nico, Facultad de Salud, Universidad Industrial de Santander, Carrera 32 No. 29–31,

Bucaramanga, Colombia.

Received 22 April 2010; returned 14 June 2010; revised 6 July 2010; accepted 22 July 2010

Objectives: New anti-mycobacterial entities with novel mechanisms of action are clinically needed for treating
resistant forms of tuberculosis. The purpose of this study was to evaluate anti-tubercular activity and selectivity
of seven recently isolated natural products from Colombian plants.

Methods: MICs were determined using a liquid medium growth inhibition assay for Mycobacterium tuberculosis
H37Rv and both solid and liquid media growth inhibition assays for Mycobacterium bovis BCG. Escherichia
coli growth inhibition and mammalian macrophage cell toxicity were evaluated to establish the degree of
selectivity of the natural product against whole cell organisms. Enzymatic inhibition of ATP-dependent MurE
ligase from M. tuberculosis was assayed using a colorimetric phosphate detection method. The most active
compound, 3-methoxynordomesticine hydrochloride, was further investigated on M. bovis BCG for its inhibition
of sigmoidal growth, acid-fast staining and viability counting analysis.

Results: Aporphine alkaloids were found to be potent inhibitors of slow-growing mycobacterial pathogens
showing favourable selectivity and cytotoxicity. In terms of their endogenous action, the aporphine alkaloids
were found inhibitory to M. tuberculosis ATP-dependent MurE ligase at micromolar concentrations. A signifi-
cantly low MIC was detected for 3-methoxynordomesticine hydrochloride against both M. bovis BCG and
M. tuberculosis H37Rv.

Conclusions: Considering all the data, 3-methoxynordomesticine hydrochloride was found to be a potent anti-
tubercular compound with a favourable specificity profile. The alkaloid showed MurE inhibition and is considered
an initial hit for exploring related chemical space.

Keywords: TB, aporphine alkaloids, MurE inhibitors

Introduction
Tuberculosis (TB) is an ancient and contagious disease caused by
infection with Mycobacterium tuberculosis complex.1,2 It causes
characteristic necrotic and caseotic lesions, notably in the lungs,
but it may also affect the skin, lymph nodes, brain and almost
every other organ. More than 9.3 million new cases and 1.8 million
deaths were notified globally in 2008 according to the latest WHO
report.3 TB was declared to be a global health emergency because
of the increase in HIV co-infection and the appearance of

multidrug-resistant and extensively drug-resistant strains (MDR-
and XDR-TB).4 A TB burden also occurs as a consequence of low
compliance due to the long and complex TB regimen and the lack
of treatment or adapted treatment derived from the absence of
appropriate health programmes.5,6Newanti-mycobacterial entities
with novel mechanisms of action are clinically needed for treating
resistant forms of TB. A global effort among all sectors of society
is required for controlling the burden of TB.7

Natural products are crucial sources of new antimicrobials
because of their amazing chemical diversity and their validation

# The Author 2010. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved.
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through centuries of evolution.8,9 It is usual for plants (or
microbes) to fight against environmental infections using their
chemical arsenal of secondary metabolites and therefore many
types of different structures have been reported to display an
antimicrobial function.10,11 Colombian Lauraceae, Magnoliaceae
and Piperaceae species have been recently studied as sources
for bioactive metabolites that might be useful in agricultural
and medicinal applications. Ethno-medicinal Ocotea macrophylla
Kunth (Lauraceae),12 endangered Dugandiodendron argyrotri-
chum Lozano (Magnoliaceae),13,14 spicy Piper hispidum Kunth15

and aromatic Piper eriopodon CDC (Piperaceae) were included
in this study for evaluating the anti-tubercular activity of some
of their constitutive natural products.

The strategy used in this investigation was to screen the
purified natural compounds for growth inhibition against two
slow-growing mycobacteria (Mycobacterium bovis BCG and
M. tuberculosis H37Rv) and against gut bacteria (Escherichia coli)
and mammalian macrophages (RAW264.7), in order to gain an
idea of their mycobacterial specificity in whole cell experiments.
Given the availability of recently characterized ATP-dependent
MurE ligase from M. tuberculosis16 of the peptidoglycan biosyn-
thetic pathway, the activity of the enzyme was recorded in the
presence of the natural products. The gene encoding for this
enzyme occurs as a single copy in the M. tuberculosis genome17

and was found to be essential for bacterial growth and survi-
val.18,19 Furthermore, a detailed study in M. bovis BCG involving
the growth curve, acid-fast staining and viability counting was
undertaken for the most active compound. To the best of our
knowledge, this is the first instance in which a natural product
is reported to have inhibitory activity against MurE ligase from
any organism.

Materials and methods

Natural products and organisms
Natural products 1 and 2 were previously isolated from O. macrophylla,12

4 and 5 from D. argyrotrichum13,14 and 6 from P. hispidum.15 In this
study, compound 3 was obtained in 75% yield by HCl treatment from
compound 1 in ethanol and column chromatography on silica gel with
CH2Cl2-AcOEt (97:3). 1H and 13C NMR spectroscopy and the two-
dimensional techniques of correlation spectroscopy (COSY), heteronuc-
lear multiple quantum coherence (HMQC) and heteronuclear multiple
bond coherence (HMBC) were used to assign unambiguously the
signals at d 10.49 (1H, s) and 9.67 (1H, s) to the diastereoisomeric hydro-
gens on the positively charged nitrogen atom. The absolute configuration
of C-6a was assigned as (S) due to a negative Cotton effect at 280 nm
and a positive effect at 240 nm in the circular dichroism spectrum. The
exact mass of the compound was determined by high-resolution electro-
spray ionization mass spectrometry in positive mode, obtaining the
pseudo-molecular ion [M+H]+ at 343.1440 m/z, corresponding to a mol-
ecular formula of C19H20NO5. Compound 7 was obtained abundantly
from an ethanolic extract of the leaves of P. eriopodon CDC. Briefly,
60 g of ethanolic extract from 1.2 kg of dried leaves was fractioned
using Soxhlet extraction with petroleum ether, chloroform and methanol.
The petroleum extract (30 g) was subjected to flash chromatography on
silica gel, eluting with a toluene/ethyl acetate gradient. Fraction 3 was
further purified by column chromatography on silica gel eluting with pet-
roleum ether/toluene (4:6) to obtain 5.7 g of pure gibbilimbol-B (7). The
chemical structure was identified by analysis of the 1H and 13C NMR
spectra, which correlated exactly with reported data.20 Boldine was
purchased from Sigma-Aldrich.

M. tuberculosis H37Rv (ATCC 27294), M. bovis BCG (ATCC 35734), E. coli
JM109 (ATCC 53323), Pseudomonas putida KT2442 (ATCC 47054), Staphy-
lococcus aureus (ATCC 25923) and murine RAW264.7 macrophages (ATCC
TIB71) were used in this study.

Recombinant MurE overexpression and purification
M. tuberculosis MurE (Rv2158c) was overexpressed in E. coli BL21(DE3)-
pLysS and purified using a reported protocol.16 Briefly, transformed
E. coli pSBC1 was grown in 1 L of Luria-Bertani broth in the presence of
kanamycin until the optical density at 600 nm (OD600) reached 0.6 and
expression was induced with 1 mM IPTG at 208C for 18 h. The cells
were harvested, resuspended in lysis buffer and lysed by sonication on
ice.16 The cytoplasmic extract was separated from cell debris by ultracen-
trifugation and loaded onto an Ni2+-NTA affinity column pre-equilibrated
with lysis buffer. Elution with 100 mM imidazole and concentration by
molecular weight filtration (10 kDa cut–off) afforded 8 mg of recombi-
nant MurE.

Liquid culture-based microplate assay
The method employed was adapted from reported protocols.21,22 Briefly,
200 mg of bacilli from a 14–28 day culture of M. tuberculosis H37Rv in
Löwenstein-Jensen slopes was diluted (1:10) in sterile water and
further diluted (1:100) in Middlebrook 7H9 (BD Diagnostics) broth sup-
plemented with 10% oleic acid/albumin/dextrose/catalase supplement
(OADC; BD Diagnostics) and 0.2% glycerol. The same dilution procedure
was performed for M. bovis BCG from a liquid culture having a cell
density of 108 cfu/mL. The final cell density added to the microplates
was 105 cfu/mL. From a sterile DMSO stock of the compounds at
50 g/L, a solution in liquid medium was prepared at 512 mg/L (final con-
centration of DMSO 0.5%). Rifampicin was included as a positive control
at 8 mg/L. To a 96-well microplate, 100 mL of liquid medium was added
and then the compounds were serially diluted 2-fold. An aliquot of
100 mL of the inoculum was added and the plates were sealed. Agitation
was carried out manually every day, and after 6 days of incubation at
378C the plates were carefully uncovered and 22 mL of a freshly prepared
mixture (10:12) of 5 g/L methyl thiazolyl tetrazolium (MTT) and 20%
Tween-80 was added. For M. bovis BCG, 30 mL of freshly prepared
aqueous solution containing 0.05% resazurin and 0.1% Tween-80 was
added to each well. Results were observed the next day after incubation
at 378C.

Solid plate-based spot culture growth inhibition assay
The spot culture growth inhibition assay was performed as reported else-
where.23 An aliquot of 5 mL of Middlebrook 7H10 (BD Diagnostics) sup-
plemented with 0.2% glycerol and 10% OADC was added to a six-well
microplate along with 5 mL of natural compounds in a solution of
DMSO at a concentration of 50, 25, 10, 5, 1 and 0 g/L. Isoniazid was
included at 1, 0.5, 0.2, 0.1, 0.05 and 0 g/L. Afterwards, 5 mL of an appro-
priately diluted mid-log phase (106 cfu/mL) M. bovis BCG culture was
carefully dispensed into the centre of each well. Results were observed
after 2 weeks of incubation at 378C.

Antibacterial assay against E. coli, P. putida and S. aureus
A seed culture of E. coli JM109 was prepared in Luria-Bertani broth and
grown overnight at 378C with shaking at 200 rpm. Then to each tube
5 mL of a 100×diluted culture (106 cfu/mL) and 20 mL of the compounds
at 50 g/L stock concentration were added to make a final concentration
of 200 mg/L. Controls of isoniazid and kanamycin at the same concen-
tration and two negative controls (with and without DMSO, final concen-
tration 0.1%) were included. The cells were incubated with agitation at
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200 rpm and OD600 was measured each hour up to the stationary phase.
The MICs against E. coli, P. putida and S. aureus were determined in dupli-
cate using a microdilution resazurin technique from 512 to 1 mg/L of the
natural products following the CLSI (formerly NCCLS) guidelines.24 Kana-
mycin was used as a positive control for Gram-negative bacteria and nor-
floxacin for Gram-positive bacteria.

Mammalian macrophage cytotoxicity assay
RAW264.7 macrophages were maintained in RPMI medium and passaged
twice before the assay. The cells were detached using lidocaine–EDTA and
mechanical tapping. Cell viability for macrophages was performed using a
trypan blue assay and the cell density was adjusted to 105 cells/mL with
RPMI. To a 96-well microplate, 2 mL aliquots of the 10 g/L natural
product stocks in DMSO were added. Then 200 mL of RPMI was added to
the first row and serially diluted 2-fold. Finally, 100 mL of diluted macro-
phage cells was added. After 48 h of incubation, the cells were washed
with PBS twice. Fresh RPMI medium was added and then the plates
were revealed with 30 mL of freshly prepared 0.01% resazurin solution.25

A positive control of digitonin was used in the assay. The plates were incu-
bated overnight and the next day spectrofluorometric detection was per-
formed at 590 nm after excitation at 560 nm. The assay was carried out in
duplicate on different days. In addition, microscopic observation of treated
and untreated cells was performed at×400 magnification.

M. tuberculosis MurE activity inhibition assay
M. tuberculosis MurE activity was assayed as reported previously.16 The
assay mixture contained 25 mM bis-trispropane buffer at pH 8.5, 5 mM
MgCl2, 100 mM UDP-MurNAc-dipeptide (BaCWAN, University of Warwick,
UK), 250 mM ATP and 1 mM meso-diaminopimelic acid. The compounds
were dissolved in DMSO at concentrations of 25, 8.3, 2.5, 0.83, 0.25
and 0.083 mM and 2 mL aliquots were added to half area 96-well
plates. The reaction was initiated by the addition of MurE enzyme at a
final concentration of 40 nM to the assay mixture, 48 mL of the mixture
was added to each well and the plate was incubated at 378C for
30 min. Phosphate release was determined in triplicate using the Pi Color-
Lock Gold kit (Innova Biosciences) reagents. Isoniazid was included as
negative control at the same concentrations. A control reaction was per-
formed with all the components except the enzyme. Absorbance at
635 nm was measured and percentage inhibition was calculated using
a negative control (0% activity) and enzyme reaction (100% activity).

M. bovis BCG growth curve, acid-fast staining
and viability counting
To roller bottles, 100 mL of Middlebrook 7H9 containing 0.2% glycerol,
0.05% Tween-80 and 10% albumin/dextrose/catalase supplement
(ADC; BD Diagnostics) was added. Compound 3 dissolved in DMSO was
added to the roller bottles at final concentrations of 5, 2.5, 1 and
0 mg/L. A 1:100 inoculation from a first-passage M. bovis BCG culture in
supplemented 7H9 was performed and the bottles were incubated at
378C, rolling at 2 rpm. OD600 measurements were taken every 24 h for
2 weeks using an appropriate blank. Serial 10-fold dilutions in Middleb-
rook 7H9 were performed from 1.2 OD600 culture until 10210 dilution;
100 mL aliquots of these dilutions were spread in duplicate on fresh Mid-
dlebrook 7H10 medium supplemented with 0.2% glycerol and 10%
OADC. Counting of single colonies allowed calculation of initial viable bac-
terial density. To two pairs of glass slides, 50 mL of liquid culture was
added and the slides were dried at 1108C for 20 min. The fixed slides
were stained with a Tb-color Staining Kit (Merck) using fuchsin, EtOH–
HCl and malachite green, and they were observed under the microscope
at×1000 magnification.

Results

Growth inhibition of Mycobacterium spp.

Natural products 1–7 (Figure 1) were screened for growth
inhibition against M. tuberculosis H37Rv in liquid medium and
M. bovis BCG in solid and liquid media (Table 1). Interestingly, anti-
tubercular activity was more pronounced for the polar and mildly
acidic alkaloid 3 (MIC≤5 mg/L) when compared with more
basic compound 1 (MIC≥25 mg/L) and N-methoxycarbonyl-
substituted 2 (MIC≥50 mg/L). The diastereoisomeric erythro and
threomixture of austrobailignan-6 (5) showed inhibition of myco-
bacterial growth in liquid and solid media and themeso and threo
mixture of dihydroguaiaretic acid (4) was inactive (Table 1).
2′,4′,6′-Trimethoxydihydrochalcone (6) showed partial inhibition
at 50 mg/L and, interestingly, gibbilimbol-B (7) completely inhib-
ited M. bovis BCG growth in solid medium at 25 mg/L with signifi-
cant effects at 10 mg/L. Boldine, a natural aporphine alkaloid
structurally related to 3-methoxynordomesticine, was shown to
be inactive, having an MIC greater than 50 mg/L.

Antibacterial activity on E. coli, P. putida and S. aureus

To appraise whether the compounds selectively affected slow-
growing mycobacteria in comparison with fast growing bacteria,
whole-cell experiments were performed. Comparative time
measurement of E. coli growth after exposure to high concen-
trations of compounds, typically 200 mg/L, was evaluated by
measuring OD600 (Figure 2a). Potent anti-tubercular alkaloids
1–3 showed a similar profile (among the alkaloids 1–3, only 3
is shown in Figure 2a), and weakly affected E. coli growth at
concentrations at least 20 times their MIC on mycobacteria. Dia-
stereoisomeric mixture 4 inhibited E. coli growth, as deduced
by the small OD600 difference between the start and the end
of the experiment. Diastereoisomers 5, dihydrochalcone 6 and
phenol 7 were moderate growth inhibitors of E. coli. Using the
microdilution technique, all the natural compounds were inactive
against Gram-negative (E. coli and P. putida) and Gram-positive
bacteria (S. aureus) except phenol 7, which significantly inhibited
the growth of S. aureus (J. D. Guzman, D. R. Muñoz, W. A. Delgado,
L. E. Cuca, S. Gibbons and S. Bhakta, unpublished results).

Macrophage RAW264.7 cytotoxicity

Growth inhibitory concentration 50 (GIC50) was calculated for all
of the natural compounds (Table 1). Microscopic slides of
RAW264.7 cells at a concentration of 50 mg/L were observed.
Viability in the presence of 1–3 demonstrated moderate cytotox-
icity. For the alkaloids, the selectivity index (SI¼GIC50/MIC)
showed a value ranging from 0.5 to 12, compound 3 being the
most specific (SI¼12). Microscopic observation showed that 1
did not affect macrophages at 50 mg/L, although 3 showed
some growth inhibition at the same concentration. Moreover,
macrophages were strongly susceptible to flavonoid 6 and mod-
erately susceptible to phenol 7 and lignans 4 and 5 (Table 1).

M. tuberculosis MurE inhibition

Overexpressed and purified recombinant M. tuberculosis protein
MurE was assayed under different concentrations of natural pro-
ducts using colorimetric detection of phosphate, which has been
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Figure 1. Chemical structures of 3-methoxynordomesticine (1), N-methoxycarbonyl-3-methoxynordomesticine (2), 3-methoxynordomesticine
hydrochloride (3), dihydroguaiaretic acid meso and erythro diastereoisomers (4), austrobailignan-6 threo and erythro diastereoisomers (5),
2′,4′,6′-trimethoxydihydrochalcone (6), gibbilimbol-B (7) and boldine.

Table 1. MICs, GIC50, SI and MurE IC50 of natural compounds 1–7

Natural
products

MIC (mg/L)

GIC50 for
RAW264.7 (mg/L) SIa

IC50 for M. tuberculosis
MurE (mM) [mg/L]

M. tuberculosis H37Rv, MTT
microtitre assay21

M. bovis BCG

spot culture growth
inhibition assay23

resazurin
microtitre assay22

1 64 25 64 62+5 0.97 67+11 [22.9]
2 128 50 256 67+7 0.52 75+15 [30.0]
3 4 5 16 47+6 12 57+14 [19.5]
4 .128 .50 256 43+13 ,0.34 .1000 [.330]
5 128 50 128 45+6 0.35 286+33 [93.9]
6 .128 .50 .256 10+8 ,0.078 .1000 [.300]
7 128 25 128 36+8 0.28 184+16 [42.8]
Isoniazid 0.125 0.05 0.0625 .500 .4000 .1000 [.137]
Rifampicin 0.25 ND ND ND ND .500 [.411]

ND, not determined.
aThe SI was calculated by dividing the GIC50 for RAW264.7 by the MIC for M. tuberculosis H37Rv.
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shown to be stoichiometrically coupled to meso-diaminopimelic
acid ligation.16 A consistent MurE inhibition was observed for
aporphine alkaloids 1–3, all having IC50 values of less than
100 mM (Table 1). Boldine was not inhibitory to MurE even at

higher concentrations (IC50.1 mM). Natural products 5 and 7
showed moderate MurE inhibition and compounds 4 and 6
were inactive. Known anti-TB drugs were also tested against
MurE inhibition, but none showed activity (isoniazid and rifampi-
cin were included as controls).

Alteration in mycobacterial growth curve, acid-fast
staining and viability counting

The growth curve of M. bovis BCG in the presence of different con-
centrations of 3-methoxynordomesticine hydrochloride (3) cor-
roborated the high activity (MIC,5 mg/L) observed in liquid
and solid culture (Figure 2b). After five days of growth
(OD�1.2) cells were acid-fast stained and counted for viability.
Not a single acid-fast cell was observable in the 5 mg/L treated
sample. Alkaloid 3 decreased by more than 7-log the number
of colony forming units (Figure 2c) at 5.0 mg/L, indicating a bac-
tericidal effect.

Discussion
The in vitro growth of bacteria on solid and in liquid media rep-
resents two different physiological states of the microorganism.
In solid medium mycobacteria grow more slowly than in liquid
medium and the bacilli are restricted to a surface as opposed
to a liquid medium, where there is aeration and constant move-
ment. Differences between the activity of the compounds or
antibiotics may exist in liquid and solid media. In this work,
apolar natural products such as compounds 4, 5 and 7
showed significant differences in their MIC in liquid and solid
culture for the same species, M. bovis BCG. Moreover, in liquid
medium the MIC was presumably overestimated because of pre-
cipitation and hence reduced availability of the compounds in
Middlebrook 7H9 and LB broth. We must also consider the
longer incubation time for slow-growing mycobacteria, which
may increase the amount of precipitation for compounds with
low solubility in aqueous medium. On the other hand, the alka-
loids 1–3 showed a similar effect in liquid and solid media.
There are also reports of interaction of some natural compounds
with the MTT viability indicator, especially for flavonoids.26 In this
work dihydrochalcone 6 reduced the viability indicator MTT in the
absence of bacterial cells, introducing some ambiguity to the
MIC determination, hence subsequently a solid agar-based
screening was appropriately introduced.

The aporphine alkaloids 1–3 were found to be selective inhibi-
tors of slow-growing mycobacteria. Anti-mycobacterial activity
has previously been reported for structurally related piperolac-
tam and cepharadione aporphine alkaloids,27 suggesting a
promising anti-tubercular hit in related chemical space. More-
over, a recent paper has reported anti-inflammatory activity of
alkaloid 1 and, interestingly, also recorded a low antimicrobial
effect (MIC.256 mg/L) against E. coli, S. aureus and Candida
albicans,28 supporting mycobacterial selectivity for this metab-
olite. Interestingly, the closely related alkaloid boldine was inef-
fective as a MurE inhibitor as well as not showing any effect on
the in vitro growth inhibition of slow-growing mycobacteria, indi-
cating that substitution in the aryl rings and/or nitrogen atom is
essential for the anti-tubercular activity of aporphines. Dibenzyl-
butane lignan 5 was a moderate inhibitor of slow-growing
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Figure 2. Antimicrobial activity of natural products (3–7) against E. coli
and effect of 3-methoxynordomesticine hydrochloride (3) on liquid
culture of M. bovis BCG. (a) Growth curve of E. coli at 200 mg/L of the
natural compounds. (b) Growth curve of the bacilli under four different
concentrations (0, 1.0, 2.5 and 5.0 mg/L) of 3. (c) Bar diagram showing
the number of cfu/mL of liquid culture under different concentrations
of 3. Error bars show the SD of the mean.

Anti-mycobacterial screening of natural products from plants

2105

JAC

 at School of Pharm
acy on January 17, 2012

http://jac.oxfordjournals.org/
D

ow
nloaded from

 

316

http://jac.oxfordjournals.org/


mycobacteria, and related chemical structures have displayed
anti-tubercular activity,29 but are in some way cytotoxic as
they also inhibit DNA topoisomerases.30 All diastereomers of
dihydroguaiaretic acid 4 have shown potent antimicrobial
activity31 and this study confirmed this observation. Flavonoid
6 did not show significant inhibition of mycobacteria or E. coli,
but was surprisingly toxic to macrophages. Gibbilimbol-B 7 had
anti-mycobacterial properties, but lacked selectivity. O-arylated
catechol analogues of 7 have been reported as potent inhibitors
of the mycolic acid biosynthetic InhA enzyme, a recognized
target of isoniazid.32

To our understanding, this is the first report of MurE ligase
inhibition by natural products. The IC50 of the aporphine alkaloids
fell in the micromolar range and these initial hits may be
exploited in the future for constructing increased affinity
ligands. The fact that the MurE IC50 of the aporphine alkaloids
has the same order of magnitude as the GIC50 on macrophages
reveals that further structural improvement is needed in order to
make the alkaloids less toxic while increasing their affinity for the
enzyme. A synthetic route for these alkaloids has already been
described28 and consequently it is possible to generate closely
related analogues by varying a single chemical functionality in
order to gain structure–activity information. More detailed
studies involving fragment screening, inhibition kinetics and
structural molecular approaches are envisaged for augmenting
the impact of these hits. Additionally, we must consider the
analysis of muropeptides33 in treated bacilli at the sub-MIC of
the inhibitors for confirming pathway interference as the mode
of action of these alkaloids. We believe that the unique upper
leaflets (mycolyl-arabinogalactan) covalently bound to the
lower polymeric mesh (peptidoglycan) in the asymmetrical
model proposed by Minnikin and collaborators34 are most likely
to disappear when lower layers are attacked; thus, inhibitors of
a key peptidoglycan biosynthesis step have the potential to be
developed into a novel anti-TB chemotherapy.
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Structure and Antibacterial Activity of Brominated Diterpenes from the Red
Alga Sphaerococcus coronopifolius

by Vangelis Smyrniotopoulosa), Constantinos Vagiasa), Mukhlesur M. Rahmanb), Simon Gibbonsb),
and Vassilios Roussis*a)

a) Department of Pharmacognosy and Chemistry of Natural Products, School of Pharmacy, University of
Athens, Panepistimiopolis Zografou, GR-Athens 15771

(phone/fax: þ30-210-7274592; e-mail: roussis@pharm.uoa.gr)
b) Centre for Pharmacognosy and Phytotherapy, The School of Pharmacy, University of London,

29-39 Brunswick Square, London WC1N 1AX, UK

Four new tetracyclic brominated diterpenes, 1–4, were isolated from the organic extract of
Sphaerococcus coronopifolius, collected from the rocky coasts of Corfu Island. The structures of the new
natural products, as well as their relative configurations, were elucidated on the basis of extensive spectral
analyses, including 2D-NMR experiments. The isolated metabolites were evaluated for their
antibacterial activity against a panel of bacteria including multidrug-resistant (MDR) and methicillin-
resistant Staphylococcus aureus (MRSA) with MIC values in the range of 16–128 mg/ml.

Introduction. – The increasing problem of bacterial resistance to antibiotic therapy
and the growing number of pathogens resistant to several classes of antimicrobial drugs
has resulted in rising worldwide concern. Multidrug-resistant (MDR) and methicillin-
resistant Staphylococcus aureus (MRSA) has been a cause of hospital-acquired
infections, posing an increasing threat, as not only can the organism survive for long
periods in the environment, but it can colonize the skin, nose, and throat of patients and
healthcare staff, and is readily spread by direct contact [1].

The red alga Sphaerococcus coronopifolius is an unusual prolific source of an
extended variety of interesting diterpenes having di-, tri-, or tetracyclic skeletons, often
rearranged, most of which contain one or more Br-atoms [2–4]. A number of
halogenated metabolites have been suggested to function as chemical defense against
marine herbivores [5–7], and some of them have been proven to possess insecticidal
[8], antibacterial [9], antifungal [10], and antiviral activities [11].

In the course of our ongoing investigations toward the isolation of bioactive
metabolites from marine organisms of the Greek seas [12–14], we recently studied the
chemical composition of the red alga S. coronopifolius, collected from the west coast of
Corfu Island. In this report, we describe the isolation and structure elucidation of four
new diterpenes, 1–4, with a bromotetrasphaerol C-skeleton [15], all of which were
obtained from the organic extract of S. coronopifolius. The structures of the new
metabolites were elucidated by extensive spectroscopic analyses, and their relative
configurations were established by NOESY experiments.

All compounds were evaluated for antibacterial activity against a panel of
Staphylococcus aureus strains including multidrug-resistant (MDR) and methicillin-
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resistant Staphylococcus aureus (MRSA) using a microtitre plate-based minimum
inhibitory concentration (MIC) assay. The metabolites were found to possess
significant activities in comparison to the standard antibiotic norfloxacin.

Results and Discussion. – 1. Isolation and Structure Elucidation. The red seaweed S.
coronopifolius was collected in Palaiokastritsa Bay on the west side of Corfu Island.
Extensive chromatographic purification of the CH2Cl2/MeOH algal extract afforded
compounds 1–4.

Compound 1 was isolated as a colorless oil. The molecular formula C21H35BrO2 was
deduced from HR-FAB-MS in combination with the NMR data (Table 1). The CI-MS
ions at m/z 349/351 with relative intensities 1.2/1.0 ([MþH�MeOH�H2O]þ )
indicated the presence of one Br-atom, a MeO, and a OH group. In the IR spectrum,
the broad band at ñmax 3478 cm�1 supported the presence of a OH group, while the peak
at ñmax 1097 cm�1 indicated the presence of an ether moiety in the molecule. The
13C-NMR and DEPT spectra exhibited 21 signals corresponding to three quaternary C-
atoms, and seven CH, six CH2, and five Me groups. The 1H- and 13C-NMR spectra
displayed resonances for two Me groups (d(H/C) 0.94/23.5; 1.02/23.7) of an i-Pr group
linked to a CH group (d(H/C) 1.74–1.83/29.9) attached on another CH group (d(H/C)
1.20–1.26/52.4), two aliphatic singlet Me groups (d(H/C) 1.09/16.2 and d(H/C) 1.37/
29.3), one O-bearing Me group (d(H/C) 3.09/55.5), one O-bearing CH group (d(H/C)
3.42/89.1), one halomethine (d(H/C) 3.95/69.1) and three aliphatic CH groups (d(H/C)
2.22–2.26/36.9, 1.20/54.6 and 1.74/40.4), and six aliphatic CH2 groups (d(H/C) 1.53–
1.63, 1.44/27.8; 1.94, 1.21–1.27/27.0; 1.85, 1.11/38.6; 2.48, 2.00/30.7; 1.66, 1.50–1.60/43.9
and d(H/C) 1.80–1.84, 0.98–1.02/42.1). With four degrees of unsaturation, the
structure was suggested to contain four rings. All protonated C-atoms and their H-
atoms were assigned by the COSY and HSQC experiments. The structure elucidation
was assisted by analyses of the HMBC spectra. The correlation in the HMBC
experiments, of both Me(19) and Me(20) (d(H) 0.94 and 1.02) with C(4) (d(C) 52.4),
confirmed the position of the i-Pr group. The correlations of C(1) (d(C) 89.1) with the
MeO H-atoms Me(21) (d(H) 3.09) established C(1) as the point of attachment of the
MeO group. The position of the aliphatic CH2(15) was secured between C(2) and the
quaternary C-atom C(5), as depicted from the correlations of C(5) (d(C) 50.9) with
Ha�C(6) (d(H) 1.94), H�C(14) (d(H) 1.74), and Hb�C(15) (d(H) 0.98–1.02), of
Ha�C(15) (d(H) 1.80–1.84) with C(1) (d(C) 89.1), C(2) (d(C) 36.9), C(3) (d(C) 27.8),
C(4) (d(C) 52.4), and C(6) (d(C) 27.0), of Hb�C(15) (d(H) 0.98–1.02) with C(1) (d(C)
89.1) and C(6) (d(C) 27.0), and of C(15) (d(C) 42.1) with H�C(14) (d(H) 1.74). The
Br-atom was positioned at C(9), as indicated by the correlations of C(9) (d(C) 69.1)
with Ha�C(11) (d(H) 1.66), H�C(13) (d(H) 1.20), and Me(17) (d(H) 1.09).
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Moreover, the correlations between Me(16) (d(H) 1.37) with C(12) (d(C) 72.6), C(13)
(d(C) 54.6), and C(11) (d(C) 43.9), and of Me(17) (d(H) 1.09) with C(8) (d(C) 40.9),
C(7) (d(C) 38.6), C(9) (d(C) 69.1), and C(13) (d(C) 54.6), confirmed the positions of
the Me groups linked to quaternary C-atoms. Comparison of the NMR data of 1 with
reported values for bromotetrasphaerol [15] led to the assignment of the structure as 1-
methoxybromotetrasphaerol. The relative configuration of 1 was assigned on the basis
of NOESYexperiments. The strong NOE correlations of H�C(9)/Hb�C(7), H�C(9)/
H�C(13), H�C(9)/Hb�C(10), Hb�C(7)/Ha�C(15), Ha�C(15)/H�C(1), and
H�C(13)/H�C(1) established the relative configuration at C(1), C(2), C(5), C(9),
and C(13). The strong NOE correlations of Me(17)/Ha�C(10), Me(17)/Ha�C(6),
Me(20)/Ha�C(6), H�C(14)/Me(20), and H�C(14)/Me(17) determined the config-
uration at C(4), C(8), and C(14). The NOE correlations of Me(16)/H�C(1) and
Me(16)/Me(21) confirmed the equatorial configuration of Me(16). The large coupling-
constant values of the H-atom pairs Ha�C(6)/Hb�C(7), H�C(9)/Ha�C(10), and
H�C(13)/H�C(14) supported their trans-diaxial configuration, establishing the chair
conformation of the rings B and C. In view of the above-mentioned data, metabolite 1
was assigned as (1S*)-1-methoxybromotetrasphaerol.

Compound 2, purified by means of HPLC, was isolated as a white amorphous solid.
A combination of its 13C-NMR data (Table 1) and HR-FAB-MS measurements
suggested the molecular formula C20H33BrO2. The CI-MS peaks at m/z 349/351 with
relative intensities of 1.2/1.0 ([MþH�2H2O]þ ), atm/z 287 ([MþH�HBr�H2O]þ ),
and atm/z 269 ([MþH�HBr�2 H2O]þ ), indicated the presence of one Br-atom and
two OH groups. The 13C-NMR spectrum of 2 exhibited signals for 20 C-atoms with the
multiplicities of the C-atom signals determined from the DEPT spectra as: four singlets,
five doublets, seven triplets, and four quadruplets. Strong IR absorptions at ñmax

3468 cm�1 and 13C-NMR signals at d(C) 73.0 (C(12)) and d(C) 82.5 (C(4)) indicated
the presence of two tertiary OH groups. Among the other C-atoms, one was
brominated, resonating at d(C) 68.4 (C(9)). Furthermore, the 1H-NMR spectra
revealed signals due to a halomethine H-atom at d(H) 3.96 (H�C(9)), two Me groups
of an i-Pr group at d(H) 0.96 (Me(19)) and 1.07 (Me(20)) coupled to a CH group at
d(H) 1.96 (H�C(18)), and two singlet Me groups at d(H) 1.16 (Me(16)) and 1.14
(Me(17)). The structure elucidation was assisted by analyses of the HMBC spectra.
Comparison of the NMR data of 2 with reported values for bromotetrasphaerol [15]
showed close similarities and led to the assignment of the structure as the 4-OH isomer
of bromotetrasphaerol. The correlation in the HMBC spectra, between Me(19) (d(H)
0.96) and Me(20) (d(H) 1.07) with C(4) (d(C) 82.5), confirmed the position of the i-Pr
group on the quaternary C-atom C(4) bearing one of the OH groups. The relative
configuration of 2was elucidated on the basis of NOESYexperiments and was deduced
to be the same as in 1 and bromotetrasphaerol [15]. The NOE correlations of Ha�C(6)/
Me(19) and Me(19)/H�C(14) established the configuration at C(4). In view of the
above-mentioned data, metabolite 2 was named (4R*)-4-hydroxy-1-deoxybromote-
trasphaerol.

Compound 3, purified by means of HPLC, was isolated as a colorless oil. Both
13C-NMR data and HR-FAB-MS measurements supported the molecular formula
C20H33BrO2. The CI-MS peaks atm/z 349/351 with relative intensities 1.2/1.0 ([MþH�
2 H2O]þ ), at m/z 287 ([MþH�HBr�H2O]þ ), and at m/z 269 ([MþH�HBr�2
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H2O]þ ), indicated the presence of one Br-atom and two OH groups. The presence of
OH groups in the molecule was also supported by the intense and broad IR band at ñmax

3407 cm�1. The 13C-NMR spectrum of 3 (Table 2) exhibited signals for 20 C-atoms, with
the multiplicities of the C-atoms determined from the DEPT spectra, as: three
quaternary C-atoms, seven CH groups, six CH2 groups, and four Me groups. Among the
C-atoms, one was brominated, resonating at d(C) 68.4 (C(9)), and two were O-bearing,
resonating at d(C) 81.1 (C(3)) and d(C) 73.0 (C(12)). The 1H-NMR spectra displayed
signals for one O-bearing CH group at d(H) 3.44 (H�C(3)), one halomethine at d(H)
3.95 (H�C(9)), two Me groups of an i-Pr group at d(H) 1.05 (Me(19)) and 1.08
(Me(20)) attached to a CH group at d(H) 1.65 (H�C(18)), and two uncoupled Me
groups at d(H) 1.17 (Me(16)) and 1.11 (Me(17)), one of which was linked to an O-
bearing C-atom. With four degrees of unsaturation, the structure was suggested to
contain four rings. The NMR-data comparison of 3 with those of 1, 2, and
bromotetrasphaerol [15] showed minor differences only in ring A, suggesting that
metabolite 3 was the 3-hydroxy-1-deoxy derivative of bromotetrasphaerol. The
position of the secondary OH group at C(3) was established from correlations of
C(3) (d(C) 81.1) with H-atoms CH2(1) (d(H) 1.48–1.56), H�C(4) (d(H) 0.94), and
Ha�C(15) (d(H) 1.74), as well as of H�C(3) (d(H) 3.44) with C-atoms C(1) (d(C)
38.9), C(5) (d(C) 51.3), and C(18) (d(C) 28.7), observed in the HMBC spectrum. The
relative configuration of 3 was again assigned by NOE experiments. The NOE
correlations of H�C(3)/H�C(1), H�C(3)/H�C(18), and H�C(3)/Me(19) led the
relative configuration at C(3) (Fig.). Accordingly, the structure of metabolite 3 was
established as (3S*)-3-hydroxy-1-deoxy-bromotetrasphaerol.

Compound 4 was isolated, after purification by HPLC, as a colorless oil. The
molecular formula C20H32Br2O was deduced from HR-FAB-MS data in combination
with the NMR data (Table 2). The CI-MS ions at m/z 429/431/433 with relative
intensities 1.5/2.0/1.0 ([MþH�H2O]þ ), atm/z 349/351 with relative intensities 1.2/1.0
([MþH�HBr�H2O]þ ), and at m/z 269 ([MþH�2 HBr�H2O]þ ) indicated the
presence of two Br-atoms and a OH group. In the IR spectrum, the intense broad band
at 3475 cm�1 supported the presence of a OH group. The 13C-NMR exhibited 20 signals
corresponding to three quaternary C-atoms, seven CH groups, six CH2 groups, and four
Me groups. The 1H- and 13C-NMR spectra showed strong similarities with those of 3,
and the only difference was signals indicating the presence of two halomethines (d(H/
C) 3.73/60.1 and d(H/C) 3.94/68.0), instead of one brominated and one O-bearing CH
group. Due to the overlap of diagnostic signals in the CDCl3 1H-NMR spectrum, the
1H-NMR, COSY, HSQC, HMBC, and NOESY experiments were also recorded in
C6D6. Comparison of the NMR data of 4 with those of 3, led to the assignment of
the structure as 3-bromo-1-deoxybromotetrasphaerol. The correlations of C(3)
(d(C) 60.1) with CH2(1) (d(H) 1.10–1.14), H�C(4) (d(H) 1.82), and CH2(15)
(d(H) 1.51–1.58), as well as of H�C(3) (d(H) 3.56) with C(1) (d(C) 41.7),
C(15) (d(C) 41.0), and C(18) (d(C) 29.3) in the HMBC experiments secured the
position of the additional brominated CH(3) group. The relative configuration of 4 was
assigned on the basis of NOESYexperiments, and was deduced to be the same as of 3,
as indicated by the observed NOE correlations (Table 2). In view of the above-
mentioned data, metabolite 4 was identified as (3S*)-3-bromo-1-deoxybromotetra-
sphaerol.
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2. Antibacterial Activity. Metabolites 1–4 were evaluated for their antibacterial
activity against a panel of Staphylococcus aureus strains. These included a multidrug-
resistant (MDR) variant (SA1199B), a macrolide-resistant strain (RN4220), a
tetracycline-effluxing strain (XU212) which was also methicillin-resistant (MRSA),
and two epidemic MRSA strains (Table 3). The minimum inhibitory concentrations
(MICs) of 2–4 were found to be in the range of 16–128 mg/ml. The metabolites
exhibited activities which were 4- to 16-times stronger than the standard antibiotic,
norfloxacin, against EMRSA-16 (which expresses mecA and is resistant to methicillin).
Compounds possessing additional OH groups, i.e., 2 and 3, showed higher activity than
compounds bearing an additional bromine, i.e., 4, or a MeO group, i.e., 1. The minor

CHEMISTRY & BIODIVERSITY – Vol. 7 (2010)192

Figure. NOE Correlations and relative configuration for compound 3

Table 3. MICs of Compounds 1–4 and a Standard Antibiotic (Norfloxacin) in mg/ml against MDR and
Methicillin Resistant Staphylococcus aureus

SA1199B
(NorA)
MultiDrug
Resistant

RN4220
(MsrA)
Macrolide
Resistant

EMRSA-15
(mecA)
Epidemic
Methicillin
Resistant

ATCC
25943

XU212
(TetK, mecA)
Tetracycline,
Methicillin
Resistant

EMRSA-16
(mecA)
Epidemic
Methicillin
Resistant

1 128 – – 128 128 16
2 64 64 64 64 64 32
3 64 64 32 64 64 32
4 64 128 64 64 128 64
Nor 32 1 0.5 0.5 8 256

325



structural alterations in these tetracyclic brominated diterpenes that cause significant
variations in their antibacterial activity make these preliminary results a stimulus for
further structure–activity investigations.

This study was partially supported by the FP-39 EPAN program of theGreek Secretariat for Research
and Technology, and a �Kapodistrian� program of the University of Athens.

Experimental Part

General. Vacuum liquid chromatography (VLC): Kieselgel 60 (Merck). Gravity column chroma-
tography (GCC): Kieselgel 60H (Merck). TLC: Kieselgel 60 F254 aluminum support plates (Merck),
spots detected after spraying with 15% H2SO4 in MeOH reagent and charring. HPLC: Agilent 1100
model equipped with refractive-index detector and a Kromasil 100 C18 5u 25 cm�8 mmHPLC column.
Optical rotations: Perkin-Elmer model 341 polarimeter with a 10-cm cell. UV Spectra: Shimadzu UV-
160A spectrophotometer, in spectroscopic-grade CHCl3. IR Spectra: Paragon 500 Perkin-Elmer
spectrophotometer. NMR Spectra: Bruker AC 200 and Bruker DRX 400 spectrometers; chemical shifts
are given on a d [ppm] scale with TMS as internal standard; the 2D experiments (1H,1H-COSY, HSQC,
HMBC, NOESY) were performed using standardBrukermicroprograms. The structure in the Figurewas
generated and optimized (energy: 55.18 kcal) by HyperChemTM 7.0 molecular-modeling and simulation
software (force field: MMþ ; optimization algorithm: Polak-Ribiere). CI-MS: Thermo DSQ Mass
Detector using Direct Exposure Probe (DEP) and CH4 as the CI gas; HR-MS: by the University of
Notre Dame, Department of Chemistry and Biochemistry, Indiana, USA.

Plant Material. S. coronopifolius was collected by SCUBA diving in Palaiokastritsa Bay at the west
coast of Corfu Island, Greece, at a depth of 10–15 m in May, 2002. A specimen is deposited with the
Herbarium of the Laboratory of Pharmacognosy and Chemistry of Natural Products, University of
Athens (ATPH/MO/201).

Extraction and Isolation. S. coronopifolius was initially freeze-dried (291.4 g dry weight) and then
exhaustively extracted with CH2Cl2/MeOH 3 :1 at r.t. The combined extracts were concentrated to give a
dark green residue (8.20 g), which was later subjected to VLC on SiO2, using cyclohexane with increasing
amounts (10%) of AcOEt and finally MeOH as mobile phase. Fr. IIa (20% AcOEt in cyclohexane;
4.01 g) was subjected to GCC, using cyclohexane with increasing amounts (2%) of AcOEt as mobile
phase. The MeCN-soluble portion (173.4 mg) of Fr. XIb (50% AcOEt in cyclohexane) (199.6 mg) was
subjected to reversed-phase HPLC, using MeCN as mobile phase to yield pure compounds 1 (2.2 mg), 2
(4.1 mg), 3 (3.8 mg), and 4 (2.2 mg).

(1S*)-1-Methoxybromotetrasphaerol (¼ (1S*,2S*,3S*,4S*,5R*,8S*,9S*,12S*,13S*)-8-Bromo-2-meth-
oxy-5,9-dimethyl-13-(1-methylethyl)tetracyclo[10.2.1.03,12.04,9]pentadecan-5-ol ; 1). Colorless oil. [a]20D ¼
þ12.0 (c¼2.0, CHCl3). UV (CHCl3): 247 (2.80), 414 (2.61), 325 (2.32), 671 (2.18). IR (CHCl3): 3440,
2936. 1H- and 13C-NMR: Table 1. CI-MS: 399/401 (1 :1, [MþH]þ ), 381/383 (4 :5, [MþH�H2O]þ ), 365/
367 (1 :1), 349/351 (10 :9, [MþH�H2O�MeOH]þ ), 319 (7, [MþH�HBr]þ ), 301 (43, [MþH�
H2O�HBr]þ ), 287 (22, [MþH�MeOH�HBr]þ ), 269 (100, [MþH�H2O�MeOH�HBr]þ ), 253
(19), 199 (12), 120 (31), 81 (21). HR-FAB-MS: 397.1760 ([M�H]þ , C21H34

79BrOþ
2 ; calc. 397.1742).

(4R*)-4-Hydroxy-1-deoxybromotetrasphaerol (¼ (1R*,3S*,4S*,5R*,8S*,9S*,12R*,13R*)-8-Bromo-
5,9-dimethyl-13-(1-methylethyl)tetracyclo[10.2.1.03,12.04,9]pentadecane-5,13-diol ; 2). White amorphous
solid. [a]20D ¼ �14.3 (c¼3.4, CHCl3). UV (CHCl3): 247 (2.67). IR (CHCl3): 3468, 2942. 1H- and
13C-NMR: Table 1. CI-MS: 367/369 (3 :2, [MþH� 2O]þ ), 349/351 (11 :9, [MþH�2 H2O]þ ), 287 (18,
[MþH�H2O�HBr]þ ), 269 (100, [MþH�2 H2O�HBr]þ ), 213 (5), 199 (6), 161 (11), 121 (19), 91
(9). HR-FAB-MS: 367.1652 ([M�OH]þ , C20H32

79BrOþ ; calc. 367.1636).
(3S*)-3-Hydroxy-1-deoxybromotetrasphaerol (¼ (1R*,3S*,4S*,5R*,8S*,9S*,12R*,13S*,14S*)-8-

Bromo-5,9-dimethyl-13-(1-methylethyl)tetracyclo[10.2.1.03,12.04,9]pentadecane-5,14-diol ; 3) . Colorless
oil. [a]20D ¼ �5.1 (c¼3.2, CHCl3). UV (CHCl3): 247 (2.71). IR (CHCl3): 3408, 2942. 1H- and
13C-NMR: Table 2. CI-MS: 367/369 (7 :6, [MþH�H2O]þ ), 349/351 (18 :15, [MþH�2 H2O]þ ), 305
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(4, [MþH�HBr]þ ), 287 (30, [MþH�H2O�HBr]þ ), 269 (100, [MþH�2 H2O�HBr]þ ), 213 (6),
199 (9), 134 (17), 121 (19), 91 (10). HR-FAB-MS: 383.1575 ([M�H]þ , C20H32

79BrOþ
2 ; calc. 383.1586).

(3S*)-3-Bromo-1-deoxybromotetrasphaerol (¼ (1R*,3S*,4S*,5R*,8S*,9S*,12R*,13S*,14S*)-8,14-
Dibromo-5,9-dimethyl-13-(1-methylethyl)tetracyclo[10.2.1.03,12.04,9]pentadecan-5-ol ; 4). Colorless oil.
[a]20D ¼ �3.5 (c¼2.0, CHCl3). UV (CHCl3): 248 (3.02), 287 (2.25), 296 (2.14). IR (CHCl3): 3475, 2957.
1H- and 13C-NMR: Table 2. CI-MS: 429/431/433 (3 :4 :2, [MþH�H2O]þ ), 367/369 (10 :8, [MþH�
HBr]þ ), 349/351 (40 :37, [MþH�H2O�HBr]þ ), 287 (27, [MþH�2 HBr]þ ), 269 (100, [MþH�
H2O�2 HBr]þ ), 213 (7), 161 (9), 134 (11), 121 (16), 81 (12). HR-FAB-MS: 429.0783 ([M�OH]þ ,
C20H31

79Brþ2 ; calc. 429.0792).
Bacterial Strains and Antibiotic. A standard S. aureus strain ATCC 25923 and a clinical isolate

(XU212), which possesses the TetK efflux pump and is also a MRSA strain, were obtained from Dr. E.
Udo [16]. Strain RN4220, which has the MsrA macrolide efflux pump, was provided by Dr. J. Cove [17].
EMRSA-15 [18] and EMRSA-16 [19] were obtained from Dr. P. Stapleton. Strain SA1199B, which over-
expresses the NorA MDR efflux pump, was the gift of Prof. G. Kaatz [20]. Norfloxacin was obtained
from the Sigma Chemical Co. Mueller–Hinton broth (MHB ; Oxoid) was adjusted to contain 20 mg/l
Ca2þ and 10 mg/l Mg2þ .

Antibacterial Assay. Overnight cultures of each strain were made up in 0.9% saline to an inoculum
density of 5�105 cfu by comparison with aMcFarland standard. Norfloxacin was dissolved in DMSO and
then diluted in MHB to give a starting concentration of 512 mg/ml. Using Nunc 96-well microtitre plates,
125 ml of MHB were dispensed into wells 1–11. 125 ml of the test compound or the appropriate antibiotic
were dispensed into well 1 and serially diluted across the plate, leaving well 11 empty for the growth
control. The final volume was dispensed into well 12, which, being free of MHB or inoculum, served as
the sterile control. Finally, the bacterial inoculum (125 ml) was added to wells 1–11, and the plate was
incubated at 378 for 18 h. ADMSO control (3.125%) was also included. AllMIC values were determined
in duplicate. The MIC value was determined as the lowest concentration at which no growth was
observed. A methanolic soln. (5 mg/ml) of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT; Lancaster) was used to detect bacterial growth by a color change from yellow to blue.
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Introduction
!

Sri Lankan cinnamon or sweet cinnamon (Cinna-
momum zeylanicum Breyne) is one of the most
ancient medicinal plant materials and is men-
tioned in the Bible [1]. The Greek physician Dio-
scorides mentions the use of cinnamon as an
anti-inflammatory preparation and in combina-
tionwith honey for use as an antibacterial materi-
al to remove spots from the skin [2].
Powdered cinnamon bark has recently gained
popularity in Europe as a Herbal Medicinal Prod-
uct (HMP), particularly amongst patients with
type II diabetes, and this has led to a number of
recent articles on its use [3–8]. Sweet cinnamon
bark is rich in an essential oil which constitutes
0.5–2.5% w/w, and this oil is produced in consid-
erable quantity for the flavor and fragrance mar-
kets. The European Pharmacopeia states that cin-
namon oil should be comprised of 55–75% of
trans-cinnamaldehyde with less than 0.5% of cou-
marin, which is also present in other species of
Cinnamomum such as Chinese cinnamon (Cinna-
momum cassia Blume, syn. C. aromaticum), which
is less valuable and less commercially important
than the oil of the bark of sweet cinnamon.

Cinnamon oil and the main constituent of the oil,
trans-cinnamaldehyde (1), have been studied in-
tensively for their many pharmacological effects,
which include antifungal activity [9,10], antibac-
terial activity [11–13], food preservation [14],
antityrosinase activity [15], anti-inflammatory
action [16], potential in slowing the onset of Alz-
heimerʼs disease [17], and the regulation of glu-
cose and fatty acid metabolism [18–20].
Here we show that cinnamon oil and its main
component, trans-cinnamaldehyde, inhibit bacte-
rial acetyl-CoA carboxylase (ACC), and that these
findings may, in part, explain the activity of these
agents against bacteria and other microbes.

Materials and Methods
!

Materials
Coupling enzymes and substrates for the assay of
E. coli biotin carboxylase and carboxyltransferase
were from Sigma. trans-Cinnamaldehyde (> 99%
by GC) and 4-hydroxy-3-methoxy-cinnamalde-
hyde (98%) were obtained from Sigma-Aldrich
and cinnamon oil (batch number CIN0006/1000)
was obtained from Botanicals and Natural Prod-
ucts, Ltd. Moiramide B was a gift from Pfizer. Nor-
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floxacin (98% by TLC) was obtained from Sigma-Aldrich and 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
was obtained from MTT. Tris Buffer was from Acros Organics.

Bacterial strains and chemicals
Methicillin-resistant Staphylococcus aureus (MRSA) strain
XU212, a clinical isolate [21] which possesses the TetK efflux
pump, and the standard ATCC25923 strain was obtained from
Dr. E. Udo. Strain RN4220, which has the MsrA macrolide efflux
protein, was provided by J. Cove [22]. EMRSA-15 and EMRSA-16
[23] were obtained from Dr. Paul Stapleton. Strain SA1199B,
which overexpresses the NorA MDR efflux pump, was the gift of
Professor Glenn W. Kaatz [24]. Mueller-Hinton broth (MHB; Ox-
oid) was adjusted to contain 20mg/L Ca2+ and 10mg/L Mg2+.

GC‑MS analysis of the cinnamon oil
The oil was analyzed by GC‑MS on an Agilent 6890N GC system
coupled directly to a 5973 mass spectrometer. A volume of 1 mi-
croliter was injected using a split ratio (200:1) with an autosam-
pler at 24.79 psi and an inlet temperature of 250°C. The GC sys-
tem was equipped with an HP-Innowax polyethylene glycol
column of dimensions 60m× 250 µm with an internal diameter
of 0.25 µm film thickness. The oven temperature program was
60°C for the first 10 minutes, rising to 220°C at a rate of 4°C/
min and held for 10min, and then rising to 240°C at a rate of 1°C/
min. Helium was used as carrier gas at a constant flow of 1.2mL/
min. Spectrawere obtained by electron impact at 70 eV, scanning
from 35 to 550m/z. The percentage compositions of the individ-
ual components were obtained from electronic integration mea-
surements using flame ionization detection (FID, 250°C). n-Al-
kanes were used as reference points in the calculation of relative
retention indices (RRI). The identification of the compounds was
carried out using NIST®, Mass Finder® and Flavour® libraries by
comparing mass spectra and retention indices.

Antibacterial assays
Overnight cultures of each strain were made up in 0.9% saline to
an inoculum density of 5 × 105 cfu by comparison with a MacFar-
land standard. Norfloxacin was dissolved in DMSO and then di-
luted in MHB to give a starting concentration of 512 µg/mL. Using
Nunc 96-well microtiter plates, 125 µL of MHB were dispensed
into wells 1–11. A volume of 125 µL of the test compound or the
antibiotic norfloxacin was dispensed into well 1 and serially di-
luted across the plate, leaving well 11 empty for the growth con-
trol. The final volume was dispensed into well 12, which being
free of MHB or inoculum, served as the sterile control. Finally,
the bacterial inoculum (125 µL) was added to wells 1–11, and
the plate was incubated at 37°C for 18 h. A DMSO control
(3.125%) was also included. All MICs were determined in dupli-
cate. The MIC was determined as the lowest concentration at
which no growth was observed. A methanolic solution (5mg/
mL) of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliium
bromide was used to detect bacterial growth by a color change
from yellow to blue.

Assay of E. coli biotin carboxylase
Biotin carboxylase from E. coliwas isolated from a strain of E. coli
that was engineered to overexpress the gene (accC) coding for
the enzyme [25]. The activity of the purified enzyme was deter-
mined by measuring the production of ADP using a coupled en-
zyme assay of pyruvate kinase and lactate dehydrogenase as de-
scribed by Blanchard et al. [25].

Assay of E. coli carboxyltransferase
The carboxyltransferase component of E. coli ACC was isolated
from a strain of E. coli that was engineered to overexpress the
genes (accA and accD) coding for the enzyme [26]. The activity
of the enzyme was determined in the reverse direction using a
coupled enzyme assay where the production of acetyl-CoA was
coupled to the citrate synthase-malate dehydrogenase reactions
requiring NAD+ reduction [26]. The cinnamon constituents did
not inhibit either of the coupling enzymes.

Data analysis
Data for competitive and uncompetitive inhibition were fitted to
equations 1 and 2, respectively, using the programs of Cleland
[27]. In equations 1 and 2, v is the initial velocity, Vmax is themax-
imal velocity, A is the substrate concentration, I is the concentra-
tion of inhibitor, Km is the Michaelis constant, and Ki is the inhi-
bition constant.

v = Vmax ·A/[Km(1 + I/Ki) + A] (1)
v = Vmax ·A/[Km + A(1 + I/Ki)] (2)

Capillary electrophoresis assay of E. coli
carboxyltransferase
Capillary electrophoretic separations were performed using a P/
ACE MDQ with 32 Karat version 5.0 software from Beckman
Coulter, Inc. This instrument was equipped with a D2 lamp and a
photodiode array detector. Electropherograms for this work were
plotted at a wavelength of 260 nm. The enzyme assay was per-
formed off-line, and a sample of the reaction mixture was in-
jected hydrodynamically for 0.5 s at 5 psi. The separation was
performed in 50.0mM Tris Buffer, pH 8.85 with an applied volt-
age of 20.0 kV (322 V/cm) resulting in a current of 4.4 µA. The
fused silica capillary was purchased from Polymicro with an in-
ner diameter of 50 µm and a 360 µm outer diameter. The total
length of the capillary was 62 cm with a 50-cm length to the de-
tection window. The detection window was made by removing a
short section, less than 5mm, of the polyimide coating from the
capillary with a MicorSolv CE window maker.

Results and Discussion
!

Whilst there is a plethora of literature concerning the use of cin-
namon and its corresponding volatile oil as an antimicrobial sub-
stance, there is surprisingly little known about the mechanism of
the antibacterial action of the oil or the major natural products.
We therefore set out to investigate the oil (CO), its main constitu-
ent, trans-cinnamaldehyde (CA) (1) and the related commercially
available natural product analogue, 4-hydroxy-3-methoxy-
trans-cinnamaldehyde (2) (coniferaldehyde), as potential inhibi-
tors of acetyl-CoA carboxylase (l" Fig. 1). A commercially avail-
able batch of cinnamon oil was analyzed using GC‑MS and the
composition and chromatogram are given in l" Table 1 and
Fig. 2, respectively. These show the characteristic major constitu-
ent trans-cinnamaldehyde, which is consistently present in the
bark of sweet cinnamon (Cinnamomum zeylanicum) and along
with the absence of coumarin is a diagnostic feature of this crude
plant drug.
We first investigated the activity of the three components against
a panel of Staphylococcus aureus strains with all three natural
products displaying antibacterial activity with minimum inhibi-
tory concentration (MIC) values ranging from 64–512mg/L (l" Ta-
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ble 2). These strains included a standard laboratory strain
(ATCC25923) and several strains which are clinical isolates and
resistant to several antibiotics such as the multidrug-resistant
SA1199B (fluoroquinolone-effluxing), XU212 (tetracycline-ef-
fluxing) and EMRSA-15 and 16, the two most prevalent epidemic
methicillin-resistant strains from UK hospitals [23]. Given the ac-
tivity of trans-cinnamaldehyde (1) it is likely that it is the major
compound responsible for antibacterial action in cinnamon oil,
demonstrating the highest activity against EMRSA-16 with an
MIC of 64mg/L. To investigate the possible mechanism of action
for the antibacterial activity of trans-cinnamaldehyde (1) we ex-
amined the effect of cinnamon oil (CO), trans-cinnamaldehyde
(CA) (1) and 4-hydroxy-3-methoxy-trans-cinnamaldehyde (2)
on the activity of the antibiotic target acetyl-CoA carboxylase.
Acetyl-CoA carboxylase (ACC) catalyzes the first committed step
in fatty acid biosynthesis in all animals, plants and bacteria. The
enzyme requires the cofactor biotin and utilizes a two-step reac-
tion sequence shown in l" Fig. 3.
In the first half-reaction, biotin carboxylase catalyzes the ATP-de-
pendent carboxylation of biotin. In the next reaction, catalyzed
by the carboxyltransferase subunit, the carboxyl group is trans-
ferred to acetyl-CoA to make malonyl-CoA. In vivo, biotin is cova-
lently attached to the biotin carboxyl carrier protein (designated
as enzyme-biotin in l" Fig. 3). In bacteria each of the three com-

ponents of ACC are separate proteins where biotin carboxylase
and carboxyltransferase retain their enzymatic activity after pu-
rification and will utilize free biotin as a substrate in place of the
carrier protein [28]. In eukaryotes, all three functions of ACC are
combined within a single polypeptide.
The biotin carboxylase component of E. coli ACCwas not inhibited
by the cinnamon oil, trans-cinnamaldehyde, or the cinnamalde-
hyde analogue 4-hydroxy-3-methoxy-trans-cinnamaldehyde.
In contrast to the biotin carboxylase component, the carboxyl-
transferase component of E. coli ACC was inhibited by all three
materials tested. To test the inhibitory properties of cinnamalde-
hyde (1) and the cinnamon oil, a coupled enzyme assay was used
where the reduction of NAD+ can be measured based on the ab-
sorbance at 340 nm [26]. The reaction is run in the non-physio-
logical direction, which means that malonyl-CoA and biocytin
are the substrates. Biocytin is an analogue of biotin where lysine
is attached to the valeric acid carboxyl group. Biocytin has utility
in place of biotin for the coupled enzyme assay as it is more reac-
tive [26].
Using this assay, both cinnamaldehyde and cinnamon oil exhib-
ited competitive inhibition with respect to biocytin and, there-
fore, presumably bind in the biotin binding site (l" Fig. 4A,B).
Due to the high absorbance of both 1 and 2 at 340 nm, the kinetics
at only one concentration of inhibitor could be measured (i.e.,
higher concentrations of 1 and cinnamon oil masked the absor-
bance due to NADH production). The Ki for 1 was 3.8 ± 0.6mM.
By GC‑MS, the trans-cinnamaldehyde (CA) constitutes 70.9% of
the cinnamon oil by mass. Therefore, the Ki for 1 in the context
of CO was calculated to be 5.6 ± 0.8mM which is very close to
the Ki value determined for pure trans-cinnamaldehyde. In con-
trast to biocytin, both 1 and cinnamon oil exhibited uncompeti-
tive inhibition with respect to malonyl-CoA (l" Fig. 4C,D). The

Table 1 Relative retention indices and percentage area of cinnamon oil.

RRI Compounds % area

1000 Decane 0.2

1018 α-Pinene 0.4

1061 Camphene 0.1

1104 β-Pinene 0.1

1161 α-Phellandrene 0.6

1194 Limonene 0.9

1202 1,8-Cineole 1.6

1244 γ-Terpinene 0.1

1272 p-Cymene 1.4

1531 Dihydrolinalool 0.1

1534 Benzaldehyde 0.4

1545 Linalool 2.4

1556 trans-p-Menth-2-en-1-ol 0.1

1601 Β-Caryophyllene 0.3

1603 Terpinen-4-ol 0.5

1701 α-Terpineol 1.4

1794 Benzenepropanal 0.7

1847 Geraniol 0.1

1889 Benzyl alcohol 0.1

1955 Benzene-2-propenyl 0.1

2067 E-Cinnamaldehyde 70.9

2170 Cinnamyl acetate 9.1

2186 Eugenol 5.4

2298 Cinnamyl alcohol 0.4

2587 2-Methyl-naphthalen-1-ol 0.2

2798 Benzyl benzoate 1.3

98.9

Fig. 1 Structures of
trans-cinnamaldehyde
(1) and 4-hydroxy-3-
methoxy-trans-cinna-
maldehyde (2).

Fig. 2 GC chromatogram of the cinnamon oil used in this study.
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uncompetitive inhibition pattern with respect to malonyl-CoA is
consistent with trans-cinnamaldehyde (1) which is also present
in cinnamon oil binding in the biocytin binding site, given that
carboxyltransferase has an ordered addition of substrates with
malonyl-CoA binding first [26,29]. Since trans-cinnamaldehyde
binds in the biocytin binding site, malonyl-CoA must have previ-
ously bound to the enzyme before trans-cinnamaldehyde can
bind and inhibit turnover. Therefore, only at a saturating level of
malonyl-CoA (i.e., the y intercept) do the cinnamon derivatives
exhibit inhibition, whereas at a very low level of malonyl-CoA
(i.e., the slope) the cinnamon derivatives do not bind, and no
change is observed. As a positive control, the known carboxyl-
transferase inhibitor moiramide B [38] was used to exhibit inhi-
bition of activity in the same assay used to determine inhibition
by 1. Carboxyltransferase in the presence of 600 nMmoiramide B
shows 19% activity compared to uninhibited enzyme, and 0.9%
activity with 6 µM moiramide B present.
It is important to note that the inhibition of carboxyltransferase
by trans-cinnamaldehyde was not irreversible. The inhibition of
carboxyltransferase could have been the result of covalent modi-
fication of essential residues on the enzyme by the aldehyde
group of 1. This could feasibly occur through a classical “Mi-
chael-type” addition to the double bond which is alpha to the al-
dehyde. However, when 2mM of cinnamaldehyde were incu-
bated with carboxyltransferase, the activity was found not to de-
crease with time for a period of 30min. The lack of a time de-
pendence suggested that inhibition of carboxyltransferase by
trans-cinnamaldehyde is not due to covalent modification but in-
stead is simple reversible binding to the biocytin binding site.
Moreover, if 1 inhibited by randomly modifying amino acids in
the enzyme then biotin carboxylase would have been just as sus-
ceptible as carboxyltransferase.
The trans-cinnamaldehyde analogue 4-hydroxy-3-methoxy-
trans-cinnamaldehyde (2) (coniferaldehyde) could not be ana-
lyzed using the conventional coupled enzyme assay described
above because of its strong absorbance at 340 nm, which inter-
feres with the absorbance of NADH from the coupled reaction.
Therefore, to determine if 2 inhibited carboxyltransferase, an as-
say using capillary electrophoresis was developed. Capillary elec-
trophoresis is a separation technique based on differences in the
ratio of charge to hydrodynamic radius for analytes in a conduc-
tive solution. Capillary electrophoresis can be used to analyze en-
zyme kinetics and perform assays both on- and off-column [30,
31]. In this work the assay was performed off-column by sam-

pling the reaction mixture at intervals. Reaction mixtures of
20 µM malonyl-CoA, 4mM biocytin, and 114 µg/mL ACC were
sampled and analyzed at 0, 30, 60, and 90min in both the ab-
sence and presence of 20 µM of the inhibitor 4-hydroxy-3-me-
thoxy-trans-cinnamaldehyde. The mixture was sufficiently sepa-
rated such that malonyl-CoA, acetyl-CoA and 4-hydroxy-3-me-
thoxy-trans-cinnamaldehyde, when included, were baseline re-
solved in less than 10min. The reaction progress can be moni-
tored by the increase in the acetyl-CoA product peak and the de-
pletion of the substrate peak, malonyl-CoA, as seen in l" Fig. 5,
which shows the reaction progress in the absence of 4-hydroxy-
3-methoxy-trans-cinnamaldehyde. When this inhibitor was
present in the reaction mixture, less product formation and less
substrate depletion were observed (l" Fig. 6) compared to reac-
tions without the inhibitor. These results indicate that 4-hy-
droxy-3-methoxy-trans-cinnamaldehyde is also an inhibitor of
the carboxyltransferase component of E. coli ACC.
At first glance it is not immediately apparent why trans-cinna-
maldehyde would inhibit the carboxyltransferase component of
ACC. However, if this inhibition is examined from the context of
enzyme structure, it becomes obvious why it inhibits. Carboxyl-
transferase belongs to the crotonase superfamily of enzymes
whose members all catalyze reactions that generate enolate

Table 2 Minimum inhibitory concentrations of trans-cinnamaldehyde (1), cinnamon oil (CO), 4-hydroxy-3-methoxycinnamaldehyde (2) and norfloxacin in mg/L
against multidrug-resistant (MDR) and methicillin-resistant Staphylococcus aureus strains. Resistance mechanisms for each strain are given in parentheses.

Compounds SA1199B (NorA) RN4220 (MsrA) EMRSA-15 (mecA) ATCC25943 XU212 (TetK)/(mecA) EMRSA-16 (mecA)

1 128 128 256 126 128 64

CO 256 128 256 256 256 128

2 256 256 512 256 256 128

Norfloxacin 32 1 0.5 0.5 8 256

Fig. 4 Inhibition of carboxyltransferase by trans-cinnamaldehyde (A, C)
and cinnamon oil (B, D). When malonyl-CoA was the variable substrate (A,
B), biocytin was held constant at 2.0mM, and when biocytin was the vari-
able substrate (C, D), malonyl-CoAwas held constant at 0.1mM. The points
are the reciprocal of the experimental velocities, and the lines are derived
from the best fit of the data to either competitive inhibition (Equation 1) (A,
B) or uncompetitive inhibition (Equation 2) (C, D). Circles represent no in-
hibitor present; squares represent the presence of either 2.0mM cinna-
maldehyde (A, C) or 0.8 µg/mL cinnamon oil (B, D).

Fig. 3 Two-step reaction catalyzed by acetyl-CoA carboxylase.
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anion intermediates [32,33]. In carboxyltransferase the transfer
of the carboxyl group from carboxybiotin to acetyl-CoA involves
formation of enolate or enolate-like anions for both carboxybio-
tin and acetyl-CoA. To this end, both the α and β subunits of car-
boxyltransferase have evolved tertiary folds that stabilize oxyan-
ions. Acetyl-CoA binds to the β subunit, while carboxybiotin
binds to the α subunit, and the tertiary structure of both the α
and β subunits contain a similar α/β spiral core of two β-sheets
surrounded by α-helices, suggesting a gene duplication event.
Within the spiral core of both the α and β subunits of carboxyl-
transferase are oxyanion holes formed by main chain amides
from glycine residues [34]. The inhibition patterns indicate that
trans-cinnamaldehyde (1) binds to the biotin/biocytin binding
site. The binding is likely to involve the interaction of the carbon-
yl oxygen of 1 with the oxyanion hole in the α subunit.
Further support for this mechanism of inhibition of carboxyl-
transferase comes from the fact that other members of the croto-
nase superfamily of enzymes utilize cinnamaldehyde derivatives
as substrates. For example, hydroxycinnamoyl-CoA hydratase
lyase plays a role in the microbial degradation of phenolic com-
pounds by catalyzing the conversion of feruloyl-CoA into vanillin
[35]. Moreover, the crystal structure of enoyl-CoA hydratase (i.e.,
crotonase) was solved with 4-(N,N-dimethylamino)-cinnamoyl-
CoA bound in the active site [36]. The three-dimensional struc-
tures of both of these enzymes showed that the carbonyl oxygen
of the thioester, which is equivalent to the carbonyl oxygen in the
cinnamon derivatives used in this study, bound in the oxyanion
hole. Thus, the ability of other members of the crotonase super-
family of enzymes to bind structural analogues of trans-cinna-
maldehyde certainly makes the observation of cinnamaldehyde
binding weakly to carboxyltransferase not unexpected and also
suggests a possible mechanism of interaction.
The finding that cinnamon inhibits bacterial growth and the car-
boxyltransferase subunit of E. coli ACC does have implications for
pharmaceutical development. Both the biotin carboxylase [37]
and carboxyltransferase [38] subunits have been shown to be tar-
gets for antibiotic development. In fact, the natural product moir-
amide B inhibits carboxyltransferase with a Ki value of 5 nM and
has structural features similar to those of cinnamaldehyde [38].
However, moiramide B was too toxic for pharmaceutical use. Cin-
namaldehyde derivatives on the other hand could be used as an

initial lead for fragment-based drug design. Fragment-based drug
design has been used recently with increasing success to develop
pharmaceuticals [39]. The basic approach involves identifying
small molecules (< 250Da) that bind weakly to a target molecule,
and then through an iterative process of synthetic modification
and structure determination a more potent derivative of the ini-
tial fragment is developed. trans-Cinnamaldehyde could there-
fore be a promising starting fragment especially considering that
it is nontoxic.
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Ioniols I and II, Tetracyclic Diterpenes with Antibacterial Activity, from
Sphaerococcus coronopifolius

by Vangelis Smyrniotopoulosa), Constantinos Vagiasa), Mukhlesur M. Rahmanb), Simon Gibbonsb),
and Vassilios Roussis*a)

a) Department of Pharmacognosy and Chemistry of Natural Products, School of Pharmacy, University of
Athens, Panepistimiopolis Zografou, GR-Athens 15771

(phone/fax: þ30-210-7274592; e-mail: roussis@pharm.uoa.gr)
b) Centre for Pharmacognosy and Phytotherapy, The School of Pharmacy, University of London,

29-39 Brunswick Square, UK-London WC1N1AX

Two naturally occurring diterpenes featuring unprecedented tetracyclic skeletons, ioniols I and II (1
and 2, resp.), along with two previously reported metabolites 3 and 4, were isolated from the organic
extract of Sphaerococcus coronopifolius collected from the rocky coasts of Corfu island in the Ionian Sea.
The structures of the new natural products, as well as their relative configuration, were elucidated on the
basis of extensive spectral analysis, including 2D-NMR experiments. The isolated metabolites were
evaluated for their antibacterial activity against a panel of Staphylococcus aureus strains, which included
multidrug-resistant (MDR) and methicillin-resistant Staphylococcus aureus (MRSA) strains.

Introduction. – The cosmopolitan bright-red alga S. coronopifolius, generally
growing on rocks in shallow areas, has yielded a number of interesting brominated
diterpenes of diverse molecular architectures [1–3]. In the past, several halogenated
metabolites have been suggested to function as chemical defense against marine
herbivores, and some of them have been proven to possess antibacterial [4], insecticidal
[5], antifungal [6], and antiviral activities [7].

Bacterial resistance poses a major challenge for the development of new
antimicrobial agents, because infections from bacteria such as Staphylococcus aureus
have again become a serious threat in developed countries. These bacteria form
chronic, biofilm-based infections, which are challenging because bacterial cells living as
biofilms are more tolerant to antibiotics than their planktonic counterparts [8].

In the course of our ongoing investigations toward the isolation of bioactive
metabolites from marine organisms of the Greek seas [9] [10], we recently studied the
chemical composition of the red alga S. coronopifolius, collected from theWest coast of
Corfu island [11]. Herein, we describe the isolation and structure elucidation of two
new isomeric brominated diterpenes, 1 and 2, respectively, which feature unprece-
dented tetracyclic ring systems, along with the already described metabolites 3
(bromotetrasphaerol) [12], and 4 (coronopifoliol) [13], from the organic extract of S.
coronopifolius. The molecular structures of the novel compounds, named ioniols I and
II (1 and 2, resp.), were established by 1D- and 2D-NMR, IR, UV, and high-resolution
mass spectral measurements.
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All compounds were evaluated for antibacterial activity against a panel of
Staphylococcus aureus strains including multidrug-resistant (MDR) and methicillin-
resistant Staphylococcus aureus (MRSA) using a microtiter plate based minimum
inhibitory concentration (MIC) assay. Metabolites 2 and 4were found to possess highly
significant activity in comparison with the standard antibiotic, norfloxacin.

Results and Discussion. – S. coronopifolius seaweeds were collected in Palaiokas-
tritsa bay on theWest side of Corfu island, and the CH2Cl2/MeOH extract of the freeze-
dried algae were subjected to a series of gravity column chromatography fractionations
on silica gel using mixtures of cyclohexane/AcOEt as mobile phase, as well as reversed-
phase high pressure liquid chromatography (HPLC) separations, using MeCN as
eluent, to yield compounds 1–4 in pure form.

Metabolite 1 was isolated as a white amorphous solid, with [a]20D ¼ �44.2 (c¼4.8,
CHCl3). The HR-FAB-MS measurements suggested the molecular formula
C20H33BrO2 (m/z 288.2445 ([M�OH�Br]þ )), and the [MþH�2 H2O]þ peaks in
the CI-MS spectrum, at m/z 349 and 351 with relative intensities 29 :27, indicated the
presence of one Br atom and two OH groups in the molecule. The presence of OH
groups was supported by the intense and broad IR band at nmax 3358 cm�1. The
13C-NMR spectrum of 1 (Table 1) showed 20 resolved resonances, with the multi-
plicities of the C-atom signals determined from the DEPT spectra, corresponding to
three quaternary C, seven CH, six CH2 groups, as well as four Me groups. The 1H- and
13C-NMR spectra (CDCl3) of 1 confirmed the presence of a Br�CH group (d(H/C)
4.03/68.7), an O-bearing CH group (d(H/C) 4.14/72.8), and of an O-bearing quaternary
C-atom (d(C) 72.9). The four degrees of unsaturation required by the molecular
formula had to be accounted for by four rings. Due to overlapping of some diagnostic
signals in the 1H-NMR spectrum of 1 in CDCl3 the 1H-NMR, COSY, HSQC, HMBC,
and NOESY experiments were also recorded in C6D6. Partial structures from C(9) to
C(10) (A), C(6) to C(8) (B), also present in other previously reported metabolites of S.
coronopifolius, and substructure C were clearly revealed by the analysis of the
1H-NMR, COSY, TOCSY, and HSQC spectra of 1 (Fig. 1). Complementary HMBCs
(Table 1) allowed to confirm the structure of these fragments. Detailed analysis of the
H- and C-atom chemical shifts and of the correlations observed in the HMBC spectra
indicated the position of the three quaternary C-atoms that connect segmentsA, B, and
C, thus confidently establishing the gross structure shown for 1. In particular, the strong
correlations of C(4b), C(5), and C(6) with Me�C(5) showed that units B and C were
connected through the OH-bearing quaternary C-atom C(5). The connection of the
partial structures through the fully substituted C-atom C(8a) was determined from the
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HMBC cross peaks of C(4b), C(8), C(8a), and C(9) with Me�C(8a), as well as from
the correlations of C(9) and C(4b) with H�C(8). The remaining quaternary C-atom
C(10a) had to be linked to C(1), C(4a), C(10), and C(11) as depicted from the
correlations of C(10a) with H-atoms H�C(1), CH2(2), H�C(4), Ha�C(9) and
Ha�C(11), as well as of C(1), C(3), C(4), and C(10) with Ha�C(11), of C(1), C(3),
and C(10) with Hb�C(11), and of C(11) with H�C(1), H�C(3), H�C(4), H�C(4a),
and Ha�C(10). The relative configurations for the nine stereogenic centers of the
tetracyclic framework were assigned primarily on the basis of the 1H-NMR coupling
constants and NOESY experiments. The NOE correlations observed (Table 1, Fig. 2)
between H�C(8)/H�C(4b), H�C(8)/Hb�C(7), H�C(8)/Hb�C(9), Hb�C(9)/
H�C(4b), Hb�C(9)/Ha�C(11), H�C(4b)/Ha�C(11), Me�C(5)/H�C(4),
Me�C(5)/H�C(4b), Me�C(5)/Ha�C(6) and Me�C(5)/Hb�C(6), established the
relative configuration at C(4), C(4b), C(5), C(8), and C(10a). Moreover, Hb�C(11)
exhibited strong NOE correlations to both H�C(3) and H�C(1), showing the
homofacial orientation of the isopropyl side chain at C(1) and the OH group at C(3).
The strong correlations between Me�C(8a)/H�C(4a), Me�C(8a)/Ha�C(9), and
Me�C(8a)/Ha�C(7) determined the relative configuration at C(4b) and C(8a). The
large coupling constants of the H-atom pairs Hb�C(9)/Ha�C(10) (13.2 Hz), Ha�C(7)/

CHEMISTRY & BIODIVERSITY – Vol. 7 (2010)668

Fig. 1. Partial Structures of 1 and 2

Fig. 2. NOE Correlations and relative configuration for compound 1
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H�C(8) (13.2 Hz), Hb�C(6)/Ha�C(7) (13.2 Hz) and H�C(4a)/H�C(4b) (10.2 Hz)
supported their trans-diaxial configuration, establishing chair conformations for the
corresponding rings. In view of the above-mentioned data, ioniol I (1) was assigned as
the shown structure.

The structural characterization of metabolite 2 was carried out in an analogous
manner. Ioniol II (2) was isolated as a colorless oil, with [a]20D ¼ þ1.4 (c¼2.8, CHCl3),
possessing the same molecular formula as that of 1 (HR-FAB-MS: m/z 383.1570
([M�H]þ )), and similar MS and IR spectra, indicating the presence of the same
functional groups, as was also confirmed by the 1H- and 13C-NMR data (CDCl3) of 2
(Table 2). These showed signals for a Br�CH group (d(H/C) 3.98/68.6), an O-bearing
CH group (d(H/C) 3.55/73.5), and an O-bearing quaternary C-atom (d(C) 73.4).
Analyses of the COSY, HSQC, and HMBC spectra resulted in the unambiguous
assignment of all H- and C-atoms in the molecule. The NMR data of 2 showed close
similarities with those of 1 and 4 [13] suggesting the same C-atom skeleton and the
same relative configuration except for substructure C (Fig. 1). The HMBCs of C(4),
C(10a), and C(11) with H�C(2), of C(3), C(4a), C(10a), and C(11) with Ha�C(1),
and the correlation of C(2) with Hb�C(1), confidently established the gross structure
for metabolite 2. The relative configuration of 2 was elucidated on the basis of the
NOESY experiments. The NOE correlations observed (Table 2, Fig. 3) between
H�C(2)/Hb�C(4), H�C(2)/Ha�C(1), Ha�C(1)/H�C(4b), Hb�C(1)/H�C(11), and
Hb�C(1)/Hb�C(10) established the configuration at C(2), C(3), C(10a), and C(11).
Accordingly, the structure of 2 was elucidated as ioniol II.

The co-occurrence of compounds 1 and 2 with the previously described 3 and 4 in
the same organism indicated the possibility that they all derive from the common
metabolite bromosphaerol [12] [14], as illustrated in the proposed biogenetic pathway
(Scheme). Ioniol I (1) can biogenetically be derived from bromosphaerol (I) [14] by a
nucleophilic attack of the C¼C bond on the Br�CH2 C-atom, and a subsequent
nucleophilic substitution by a H2O molecule on the tetracyclic intermediate carboca-

Fig. 3. NOE Correlations and relative configuration for compound 2
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Table 2. NMR Data of Ioniol II (2). 1H-NMR at 400 MHz, 13C-NMR at 50.3 MHz; recorded in CDCl3 (d(H)
7.24, d(C) 77.0); chemical shifts are expressed in ppm and J values in Hz.

d(H) NOESY d(C) HMBC (C!H)

Ha�C(1) 2.34 (dd, J¼14.1, 7.4) H�C(2), H�C(4b),
Hb�C(9)

42.9 H�C(3), H�C(4a),
Ha�C(10), Hb�C(10)

Hb�C(1) 0.94 (br. d, J¼14.1) Hb�C(10), H�C(11)
H�C(2) 3.55 (br. d, J¼7.4) Ha�C(1), H�C(3),

Hb�C(4)
73.5 Hb�C(1), H�C(11),

Hb�C(4)
H�C(3) 1.99 (br. d, J¼5.8) H�C(2), H�C(11) 47.1 Ha�C(1), Ha�C(4),

Hb�C(4), H�C(4a),
H�C(11)

Ha�C(4) 1.80 (ddd,
J¼13.3, 10.8, 5.8)

H�C(4a) 30.6 H�C(2), H�C(4a),
H�C(11)

Hb�C(4) 0.85–0.93 (m) H�C(2), Me�C(5)
H�C(4a) 2.17 (ddd,

J¼11.2, 10.8, 7.0)
Ha�C(4), Me�C(8a),
H�C�C(11)

35.3 Ha�C(1), Hb�C(1),
H�C(3), H�C(4b),
H�C(11)

H�C(4b) 1.24 (d, J¼11.2) Ha�C(1), H�C(8) 51.4 H�C(4a), Ha�C(9),
CH2(6), Me�C(5),
Me�C(8a)

C(5) – – 73.4 CH2(6), Hb�C(7),
Me�C(5)

Ha�C(6) 1.57–1.63 (m) 43.7 Ha�C(7), Me�C(5)
Hb�C(6) 1.57–1.63 (m)
Ha�C(7) 2.46 (dddd,

J¼13.2, 12.9, 10.8, 7.4)
Me�C(8a) 30.8 CH2(6)

Hb�C(7) 2.03 (dq, J¼13.2, 3.7) H�C(8)
H�C(8) 3.98 (dd, J¼12.9, 3.7) H�C(4b), Hb�C(7),

Hb�C(9)
68.6 CH2(6), Ha�C(7),

Me�C(8a)
C(8a) – – 42.0 Hb�C(10), Me�C(8a)
Ha�C(9) 1.78 (ddd,

J¼13.3, 3.7, 3.3)
Hb�C(10), Me�C(8a) 38.8 Me�C(8a)

Hb�C(9) 1.11 (ddd,
J¼13.7, 13.3, 3.3)

Ha�C(1), H�C(8)

Ha�C(10) 1.89 (ddd,
J¼13.7, 13.3, 3.7)

Me�C(8a),
Meb�C�C(11)

27.3

Hb�C(10) 1.42 (dt, J¼13.3, 3.3) Hb�C(1), Ha�C(9)
C(10a) – – 49.6 Ha�C(1), H�C(2),

H�C(3), H�C(4a),
H�C(11), Ha�C(9)

H�C(11) 1.46 (br. d, J¼9.1) Hb�C(1), H�C(3) 54.5 Ha�C(1), H�C(2),
Mea�C�C(11),
Meb�C�C(11)

Me�C(5) 1.19 (s) Hb�C(4) 33.8
Me�C(8a) 1.20 (s) Ha�C(7), Ha�C(9),

Ha�C(10),
H�C(4a)

15.7 H�C(4b), H�C(8),
Hb�C(9)

H�C�C(11) 1.70 (dsept. , J¼9.1, 6.6) H�C(4a) 24.0 H�C(11), Mea�C�C(11),
Meb�C�C(11)

Mea�C�C(11)a) 0.90 (d, J¼6.6) 23.4 H�C(11), Meb�C�C(11)
Meb�C�C(11)a) 0.99 (d, J¼6.6) Ha�C(10) 23.9 H�C(11), Mea�C�C(11)

a) Positions may be interchanged.
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tion III. Rearrangement of III and addition of H2O can yield coronopifoliol (4) [13].
Carbocation II may rearrange to IV that by addition of H2O generates bromote-
trasphaerol (3) [12]. Alternatively, the intermediate carbocation IV can produce ioniol
II (2) by a rearrangement.

Metabolites 1–4 were evaluated for their antibacterial activity against a panel of
Staphylococcus aureus strains. These included a multidrug-resistant (MDR) variant
(SA1199B), a macrolide-resistant strain (RN4220), a tetracycline-effluxing strain
(XU212) which was a clinical isolate and methicillin-resistant (MRSA), and two
epidemic MRSA strains (EMRSA-15 and -16) (Table 3). The minimum inhibitory
concentrations (MICs) of 2 and 4 were found to be in the range of 16–64 mg/ml.
Metabolites 2, 3, and 4 exhibited activities close to those of the standard antibiotic,
norfloxacin, against SA-1199B (which expresses NorA), while 2 and 4 exhibited
activities 8 to 16 times stronger than norfloxacin, against EMRSA-16 (which expresses
mecA and is resistant to methicillin). The minor structural alterations in these
tetracyclic brominated diterpenes that cause significant variations in their antibacterial
activity make these preliminary results a stimulus for further structure–activity

investigations.

Experimental Part

General. Vacuum liquid chromatography (VLC): Kieselgel 60 (SiO2; Merck). Gravity column
chromatography (GCC): Kieselgel 60H (Merck). Thin layer chromatography (TLC): Kieselgel 60 F254

aluminum support plates (Merck); spots were detected after spraying with 15%H2SO4 inMeOH reagent
and charring. HPLC Separations: Agilent 1100model equipped with refractive index detector and a
Kromasil 100 C18 5m (250�8 mm) HPLC reversed-phase column. Optical rotations: Perkin-Elmer
model 341 polarimeter with a 10 cm cell. UV Spectra: in spectroscopic grade CHCl3 on a Shimadzu UV-
160A spectrophotometer. IR Spectra: Paragon 500 Perkin-Elmer spectrophotometer. NMR Spectra:
Bruker AC 200 and Bruker DRX 400 spectrometers; chemical shifts are given on a d [ppm] scale using
TMS as internal standard; 2D experiments (COSY, HSQC, HMBC, NOESY) were performed using
standard Bruker microprograms. The structures in Figs. 2 and 3 were generated and optimized (energy:
81.07 and 58.35 kcal/mol, resp.) by �HyperChemTM 7.0� molecular modelling and simulation software
(force field: MMþ ; optimisation algorithm: Polak-Ribiere). High-resolution mass spectral data were
provided by the University of Notre Dame, Department of Chemistry and Biochemistry, Indiana, USA.
CI-MS: Thermo DSQ Mass Detector using Direct Exposure Probe (DEP) and CH4 as the CI gas.

CHEMISTRY & BIODIVERSITY – Vol. 7 (2010)674

Table 3. MICs of Compounds 1–4 and a Standard Antibiotic (norfloxacin) in mg/ml against MDR and
Methicillin Resistance Staphylococcus aureus

Strains SA1199B
(NorA)
Multidrug
Resistant

RN4220
(MsrA)
Macrolide
Resistant

EMRSA-15
(mecA)
Epidemic
Methicillin
Resistant

ATCC
25943

XU212
(TetK, mecA)
Tetracycline,
Methicillin
Resistant

EMRSA-16
(mecA)
Epidemic
Methicillin
Resistant

1 – – – – – –
2 64 32 64 64 32 32
3 32 – 128 – – –
4 32 32 32 64 16 16
Norfloxacin 32 1 0.5 0.5 8 256
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Plant Material. S. coronopifolius was collected by SCUBA diving in Palaiokastritsa bay at the West
coast of Corfu island, Greece, at a depth of 10–15 m in May of 2002. A specimen was deposited with the
Herbarium of the Laboratory of Pharmacognosy and Chemistry of Natural Products, University of
Athens (ATPH/MO/201).

Extraction and Isolation. S. coronopifolius was initially freeze-dried (291.4 g dry weight) and then
exhaustively extracted with a mixture of CH2Cl2/MeOH (3 :1) at r.t. The combined extracts were
concentrated to give a dark green residue (8.20 g), which was later subjected to VLC on SiO2, using a
10% step gradient of cyclohexane/AcOEt elution sequence. Fr. IIa (20% AcOEt in cyclohexane; 4.01 g)
was subjected to GCC, using a 2% step gradient of cyclohexane/AcOEt. The MeCN-soluble portion
(173.4 mg) of Fr. XIb (50% AcOEt in cyclohexane; 199.6 mg) was subjected to reversed-phase HPLC,
using MeCN as mobile phase to yield pure compounds 1 (4.8 mg), 2 (3.4 mg), 3 (15.3 mg), and 4
(10.9 mg).

Ioniol I (¼ (1R*,3R*,4R*,4aR*,4bR*,5S*,8R*,8aR*,10aR*)-8-Bromododecahydro-5,8a-dimethyl-1-
(1-methylethyl)-1H-4,10a-methanophenanthrene-3,5-diol ; 1). White amorphous solid. [a]20D ¼ �44.2 (c¼
4.8, CHCl3). UV (CHCl3): 248 (1.99). IR (CHCl3): 3358 (OH), 2946, 1456, 758. 1H- and 13C-NMR:
Table 1. CI-MS: 367, 369 (13 :12, [MþH�H2O]þ ), 349, 351 (29 :27, [MþH�2 H2O]þ ), 305 (6, [M þ
H�HBr]þ ), 287 (68, [M þH�HBr�H2O]þ ), 269 (100, [M þH�HBr�2 H2O]þ ). HR-FAB-MS:
288.2445 ([M�OH�Br]þ , C20H32Oþ ; calc. 288.2453).

Ioniol II (¼ (2R*,3S*,4aR*,4bR*,5S*,8R*,8aR*,10aS*,11S*)-8-Bromododecahydro-5,8a-dimethyl-
11-(1-methylethyl)-1H-3,10a-methanophenanthrene-2,5-diol ; 2). Colorless oil. [a]20D ¼ þ1.4 (c¼2.8,
CHCl3). UV (CHCl3): 248 (2.84), 671 (1.22). IR (CHCl3): 3397 (OH), 2952, 2861, 752. 1H- and
13C-NMR: Table 2. CI-MS: 367, 369 (4 :3, [M þH�H2O]þ ), 349, 351 (16 :15, [M þ H�2 H2O]þ ), 287
(22, [M þ H�HBr�H2O]þ ), 269 (100, [M þ H�HBr�2 H2O]þ ). HR-FAB-MS: 383.1570 ([M�H]þ ,
C20H79

32BrOþ
2 ; calc. 383.1586).

Bacterial Strains and Antibiotic. A standard laboratory S. aureus strain (ATCC 25923) and a clinical
isolate (XU212), which possesses the TetK efflux pump and is also an MRSA strain, were obtained from
Dr. E. Udo [15]. Strain RN4220 which has the MsrA macrolide efflux pump was provided by Dr. J. Cove
[16]. EMRSA-15 [17] and EMRSA-16 [18] were obtained from Dr. P. Stapleton. Strain SA1199B which
over-expresses the NorA MDR efflux pump was a gift of Prof. G. Kaatz [19]. Norfloxacin was obtained
from the Sigma Chemical Co. Mueller–Hinton broth (MHB; Oxoid) was adjusted to contain 20 mg/l
Ca2þ and 10 mg/l Mg2þ .

Antibacterial Assay. Overnight cultures of each strain were made up in 0.9% saline to an inoculum
density of 5�105 cfu by comparison with aMcFarland standard. Norfloxacin was dissolved in DMSO and
then diluted in MHB to give a starting concentration of 512 mg/ml. Using Nunc 96-well microtitre plates,
125 ml of MHB were dispensed into wells 1–11. 125 ml of the test compound or the appropriate antibiotic
were dispensed into well 1 and serially diluted across the plate leaving well 11 empty for the growth
control. The final volume was dispensed into well 12, which being free of MHB or inoculum served as the
sterile control. Finally, the bacterial inoculum (125 ml) was added to wells 1–11, and the plate was
incubated at 378 for 18 h. A DMSO control (3.125%) was also included. All MICs were determined in
duplicate. The MIC was determined as the lowest concentration at which no growth was observed. A
MeOH soln. (5 mg/ml) of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Lancas-
ter) was used to detect bacterial growth by a color change from yellow to blue.

This study was partially supported by the FP-39 EPAN program of the Greek Secretariat for
Research and Technology.
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[3] S. Etahiri, V. Bultel-Poncé, C. Caux, M. Guyot, J. Nat. Prod. 2001, 64, 1024, and refs. cited therein.
[4] C. S. Vairappan, M. Suzuki, T. Abe, M. Masuda, Phytochemistry 2001, 58, 517.

CHEMISTRY & BIODIVERSITY – Vol. 7 (2010) 675

344



[5] K. A. El Sayed, D. C. Dunbar, T. L. Perry, S. P. Wilkins, M. T. Hamann, J. T. Greenplate, M. A.
Wideman, J. Agric. Food Chem. 1997, 45, 2735.

[6] M. V. D�Auria, L. G. Paloma, L. Minale, A. Zampella, C. Debitus, J. Perez, J. Nat. Prod. 1995, 58,
121.

[7] S. Sakemi, T. Higa, C. W. Jefford, G. Bernardinelli, Tetrahedron Lett. 1986, 27, 4287.
[8] T. Bjarnsholt, M. Givskov, Curr. Infect. Dis. Rep. 2008, 10, 22.
[9] E. Ioannou, A. Quesada, C. Vagias, V. Roussis, Tetrahedron 2008, 64, 3975.

[10] I. Kontiza, M. Stavri, M. Zloh, C. Vagias, S. Gibbons, V. Roussis, Tetrahedron 2008, 64, 1696.
[11] V. Smyrniotopoulos, C. Vagias, M. M. Rahman, S. Gibbons, V. Roussis, Chem. Biodiversity 2010, 7,

186.
[12] F. Cafieri, E. Fattorusso, L. Mayol, C. Santacroce, Tetrahedron 1986, 42, 4273.
[13] F. Cafieri, E. Fattorusso, L. Mayol, C. Santacroce, J. Org. Chem. 1985, 50, 3982.
[14] S. de Rosa, S. de Stefano, P. Scarpelli, N. Zavodnik, Phytochemistry 1988, 27, 1875.
[15] S. Gibbons, E. E. Udo, Phytother. Res. 2000, 14, 139.
[16] J. I. Ross, A. M. Farrell, E. A. Eady, J. H. Cove, W. J. Cunliffe, J. Antimicrob. Chemother. 1989, 24,

851.
[17] J. F. Richardson, S. Reith, J. Hosp. Infect. 1993, 25, 45.
[18] R. A. Cox, C. Conquest, C. Mallaghan, R. R. Maples, J. Hosp. Infect. 1995, 29, 87.
[19] G. W. Kaatz, S. M. Seo, C. A. Ruble, Antimicrob. Agents Chemother. 1993, 37, 1086.

Received November 17, 2008

CHEMISTRY & BIODIVERSITY – Vol. 7 (2010)676

345



Notes

Antibacterial Diterpenes from Plectranthus ernstii

Michael Stavri,† Alan Paton,‡ Brian W. Skelton,§ and Simon Gibbons*,†

Centre for Pharmacognosy and Phytotherapy, The School of Pharmacy, UniVersity of London, 29-39 Brunswick Square, London WC1N 1AX,
U.K., Herbarium, Royal Botanic Gardens, Kew, Richmond, Surrey, TW9 3DS, U.K., and Chemistry M313, School of Biomedical,
Biomolecular & Chemical Sciences, UniVersity of Western Australia, Crawley, 6009, Western Australia, Australia

ReceiVed September 16, 2008

Three new diterpenoids including two pimaranes (1 and 2) and a labdane (3) were isolated from the whole herb of
Plectranthus ernstii. The structures of these compounds were determined as rel-15(�),16-epoxy-7R-hydroxypimar-8,14-
ene (1) and rel-15(�),16-epoxy-7-oxopimar-8,14-ene (2), and compound 3 was elucidated as 1R,11S-dihydroxy-8R,13R-
epoxylabd-14-ene on the basis of single-crystal X-ray structural analysis. Compound 1 exhibited moderate antistaphy-
lococcal activity against a range of multidrug-resistant (MDR) and methicillin-resistant (MRSA) strains of Staphylococcus
aureus with a minimum inhibitory concentration (MIC) of 32 µg/mL. All three diterpenes exhibited antimycobacterial
activity against three strains of rapidly growing mycobacteria with MIC values ranging from 8 to 128 µg/mL.

Plectranthus ernstii Codd. belongs to the Lamiaceae family, and
the genus has been shown to be a rich source of diterpenes,
particularly of the abietane, labdane, and neoclerodane classes,1-3

and while the phytochemistry of the genus has been reviewed,4

this particular species does not appear to have been phytochemically
studied before. Many Plectranthus species are used as ornamentals
but also have economic and medicinal value, particularly in
infectious disease.5,6 Medicinal uses include the treatment of a range
of ailments, particularly digestive, skin, infective, and respiratory
problems.7 P. ernstii is a South African species and exists in several
forms including “Oribi”,8 which is cultivated widely in the UK as
an attractive house plant with pale blue spur-like flowers and
aromatic leaves. The ability of many Plectranthus species to
produce antibacterial metabolites, particularly of the diterpene class,
prompted us to investigate the chemistry and antibacterial activity
of extracts from this species. This paper details the characterization
of two new pimarane diterpenes (1 and 2) and a labdane diterpene
(3).

All of the isolated compounds were evaluated against a panel of
methicillin- and multidrug-resistant (MDR) Staphylococcus aureus
strains and selected species of rapidly growing mycobacteria
(RGM).

The aerial parts of P. ernstii were dried and extracted in a Soxhlet
apparatus. Compound 1 was isolated as a white, amorphous powder
from the n-hexane extract. The 1H and 13C NMR spectra (Table 1)
provided signals that were characteristic of a pimarane diterpene.9,10

By inspection of the HMBC and COSY spectra it could be

determined that compound 1 had connectivities of a pimarane
diterpene. From the HMBC data, a geminal pair of methyl groups
(H3-18 and H3-19) exhibited a 2J correlation to a quaternary carbon,
C-4, as well as 3J correlations to C-3 (CH2) and C-5, a methine
carbon. COSY correlations between H2-3 and H2-2 and also between
H2-2 and H2-1 were also observed. A methyl singlet (C-20) showed
a 2J correlation to C-10 and 3J correlations to C-1 (CH2) and two
methine carbons (C-5 and C-9), therefore completing ring A of
the pimarane skeleton. The methine hydrogen H-9, located at the
ring junction of rings B and C, provided 2J correlations to a
methylene carbon (C-11) and an olefinic quaternary carbon (C-8,
δC ) 141.7) as well as a 3J correlation to the olefinic partner C-14
(δC ) 130.2). The olefinic hydrogen of this carbon (H-14, δH )
5.43) provided a 3J correlation to a downfield methine carbon
positioned at C-7. Due to the downfield appearance of this carbon,
a hydroxy group was placed here. H-7 exhibited a COSY correlation
with a methylene group (H2-6), confirming its assignment, and also
a 3J correlation to C-5, completing ring B of the pimarane. The
olefinic hydrogen, H-14, also exhibited a 2J HMBC correlation to
C-13 along with 3J correlations to C-12 (CH2) and C-15, an
oxymethine carbon. A 2J HMBC correlation between H2-12 and
C-11 as well as a COSY coupling between these two sets of
methylene hydrogens completed ring C. A methyl singlet (C-17)
exhibited a 2J HMBC correlation to C-13 along with 3J correlations
to C-12, C-14, and C-15, fixing this methyl group here in
accordance with a pimarane skeleton. The oxymethine resonance
H-15 gave a COSY coupling to an oxymethylene pair of hydrogens
(H2-16). The HRESIMS of 1 suggested a pseudomolecular formula
of C20H33O2 [M + H]+ (305.2487). In addition to the hydroxy group
at C-7, this indicated that C-15 and C-16 were also linked together
by an epoxide bridge.

The relative configuration of 1 was determined by inspection of
the 1H and NOESY spectra. H-7 appeared as a triplet in the 1H
NMR spectrum with a coupling constant of 2.5 Hz, indicating that
this hydrogen should be in an equatorial position (�-oriented) and
therefore the hydroxy group should be axial (R-oriented). An NOE
between the olefinic hydrogen H-14 and the oxymethine proton
H-15 implied that this epoxide moiety should be in an equatorial
position (R) with the methyl group at position 17 in an axial and
�-orientation. A further NOESY correlation between H-14 and H-7
supported the previous assignment of this hydrogen as equatorial

* To whom correspondence should be addressed. Tel: +44-207-753-
5913. Fax: +44-207-753-5909. E-mail: simon.gibbons@pharmacy.ac.uk.
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(�). Compound 1 is therefore assigned as rel-15(�),16-epoxy-7R-
hydroxypimar-8,14-ene and is reported here for the first time.

Compound 2 was isolated from the n-hexane extract and
exhibited signals similar to those of compound 1, indicating the
presence of a further pimarane diterpene. The HRESIMS of 2
differed from that of 1 by a loss of two hydrogens with an m/z
303.2320 [M + H]+, indicating a pseudomolecular formula of
C20H31O2. The appearance of a quaternary carbon at δC ) 200.5
(C-7) provided evidence for the presence of a ketonic carbonyl.
The geminal pair of methyls (H3-18 and H3-19) yielded HMBC
signals to a methylene group (CH2-3), to a quaternary carbon (δC

) 33.1, C-4) to which they were directly attached, and to a methine
carbon (C-5). The methine hydrogen (H-5) associated with this
carbon provided correlations to both hydrogens of a downfield
methylene (δH ) 2.28 and 2.56, H2-6), placing this group here. A
2J HMBC correlation between H2-6 and C-7 enabled the positioning
of the ketonic carbonyl to be assigned at C-7. This was further
confirmed by a 3J HMBC correlation between the olefinic proton
H-14 (δH ) 6.61) and C-7. The remaining resonances of compound
2 were highly similar to those of 1 (Table 1), and again NOESY
correlations supported the assignment of identical configurations
at C-5, C-9, C-10, and C-13. Compound 2 was therefore assigned
as rel-15(�),16-epoxy-7-oxopimar-8,14-ene and is reported here for
the first time. Compounds 1 and 2 are structurally related to
pimarane diterpenes isolated from SalVia mellifera that possess an
intact 15-16 double bond.11

Compound 3 was isolated as a colorless oil from the n-hexane
extract and yielded 1H and 13C NMR signals indicative of a labdane
diterpene. By inspection of the HMBC and COSY spectra it could
be shown that compound 3 had the connectivities typical of a
labdane diterpene.5 By inspection of the HMBC and DEPT-135
data a methyl singlet (CH3-20) provided a 2J correlation to C-10
and 3J correlations to C-5 and C-9 (both CH) and an oxymethine
carbon (C-1). The hydrogen directly attached to this carbon
appeared as a double doublet (J ) 4.5, 11.0 Hz), placing it in an
axial orientation. This hydrogen coupled to two hydrogens of a
methylene group (C-2), which in turn coupled to a second group

of methylene protons (CH2-3). From the HMBC spectrum, a pair
of geminal methyl groups exhibited a 2J correlation to C-4 and 3J
correlations to C-3 and C-5, therefore completing ring A. The
methine signal, H-5, exhibited a COSY correlation to a methylene
group (H2-6), which in turn coupled to a second methylene group
(H2-7). A fourth methyl singlet (C-17) provided a 2J correlation to
an oxygen-bearing quaternary carbon (C-8) as well as 3J correlations
to C-7 and C-9, thus completing ring B of the labdane diterpene
nucleus. A fifth methyl singlet (C-16) exhibited a 2J correlation to
a second oxygen-bearing quaternary carbon (C-13) as well as 3J
correlations to a methylene group (C-12) and an olefinic carbon
(C-14). The olefinic hydrogen associated with this carbon (H-14)
provided COSY couplings to both hydrogens of an exo-methylene
group (H2-15), completing the olefin moiety. The methine hydrogen
at C-9 coupled to a deshielded proton (H-11, δH ) 4.37) and
together with the downfield appearance of C-11 indicated that a
hydroxy group should be placed here. The molecular weight
determined by HRESIMS (m/z 323.2597 [M + H]+) meant that
ring C of the labdane should be completed by an ether linkage
between the two oxygen-bearing quaternary carbons C-8 and C-13.
From the coupling constant of H-1 of 11.0 Hz this hydrogen must
be axial and R-oriented, placing the hydroxy group in an equatorial
position (�). Two 1,3 interactions between H-1 and H-5 and H-5
and H-9 placed these hydrogens in an R-orientation (axial). An NOE
between the H3-18 and both hydrogens of H2-3 placed this group
in an equatorial position (R). A 1,3 interaction between the axial
proton of H2-2 and H3-19 placed this methyl group in a �-orienta-
tion. NOEs between H3-19 and H3-20 as well as H3-20 and H3-17
placed these methyl groups cofacial in a �-orientation. A 1,3
interaction between H3-17 and H3-16 also placed this group on the
same face (�), leaving the olefin moiety to be R-oriented (equato-
rial). A large coupling constant for H-11 (9.0 Hz) would indicate
that H-11 should be axial (�), leaving the hydroxy group to be
R-oriented (equatorial). However, given the presence of several
bulky substituents on ring C, a number of conformations could be
adopted. To resolve this issue and assign configuration at C-11 and
all of the stereogenic centers, single-crystal X-ray structural analysis

Table 1. 1H and 13C NMR Data (500 and 125 MHz, CDCl3) for Compounds 1-3a

1 2 3

position 1H 13C 1H 13C 1H 13C

1 1.08 dt (3.5, 12.5) 39.1 1.11 dt (4.5, 13.0) 38.8 3.48 dd (4.5,11.0) 78.8
1.71 m 1.79 m

2 1.45 m 18.9 1.45 m 18.6 1.63 m 28.9
1.58 m 1.73 m

3 1.22 m 42.0 1.51 m 41.7 1.26 m 39.5
1.44 m 1.39 dt (3.5, 13.5)

4 32.8 33.1 32.8
5 1.57 m 46.9 1.47 m 50.0 0.83 m 55.7
6 1.58 m 29.3 2.28 dd (13.5, 18.5) 37.4 1.47 m 44.0

1.79 m 2.57 m 1.85 m
7 4.20 t (2.5) 73.2 200.5 1.49 m 20.2

1.64 m
8 141.7 137.3 75.4
9 2.13 m 46.5 2.05 m 51.2 1.54 d (5.5) 55.1
10 38.4 36.0 43.7
11 1.47 m 17.7 1.45 m 18.3 4.37 dt (6.0, 9.0) 65.6

1.76 m
12 1.35 dt (3.5, 13.0) 30.9 1.42 m 30.5 2.02 dd (9.0, 14.0) 40.3

1.43 m 1.57 m 2.27 dd (8.5, 14.0)
13 34.4 36.0 73.0
14 5.43 bs 130.2 6.61 bs 140.9 5.89 dd (10.5, 17.0) 147.1
15 2.80 dd (2.5, 4.0) 59.8 2.85 dd (2.5, 3.5) 59.0 4.95 dd (1.5, 11.0) 111.2

5.19 dd (1.5, 17.0)
16 2.56 dd (2.5, 4.5) 43.9 2.56 m 43.8 1.24 s 32.1

2.66 t (4.5) 2.66 t (4.0)
17 1.02 s 22.8 1.06 s 22.7 1.16 s 13.6
18 0.91 s 33.4 0.87 s 32.6 0.85 s 32.8
19 0.86 s 21.9 0.90 s 21.1 0.80 s 21.1
20 0.76 s 14.0 0.83 s 13.9 1.48 s 27.8

a Coupling constants (Hz) in parentheses.
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was conducted and 3 was crystallized from EtOAc (Figure 1). This
indicated that the hydroxy at C-11 is actually �-oriented and that
the C ring of 3 is a twist boat conformer. Compound 3 is therefore
assigned as 1R,11S-dihydroxy-8R,13R-epoxylabd-14-ene and is
reported here for the first time. Both the 1R and 11S hydroxy
analogues of compound 3 have been reported from Rhizophora
apiculata12 and Juniperus oxycedrus,13 respectively.

Certain diterpenes, such as totarol, have been shown to possess
multifaceted activities as potent antibacterials with minimum
inhibitory concentration values of 2 µg/mL and at the same time
behaving as efflux pump inhibitors.14 Several pimarane diterpenes
have also been reported as bacterial resistance modifying agents.15

All three compounds were therefore tested for antimycobacterial
activity against a panel of fast-growing mycobacteria (Table 2),
with 1 showing the greatest activity, ranging from 8 to 16 µg/mL,
whereas compounds 2 and 3 demonstrated only weak activity.
Compound 1 also exhibited moderate antistaphylococcal activity
against multidrug-resistant (MDR) and methicillin-resistant (MRSA)
strains of Staphylococcus aureus with a minimum inhibitory
concentration (MIC) of 32 µg/mL. Surprisingly the simple change
from 7-hydroxy (1) to 7-oxo (2) resulted in a loss of antistaphy-
lococcal activity, presumably as a result of increased lipophilicity
and poorer uptake. The activity against effluxing and MRSA strains
is noteworthy, and the use of standardized extracts containing these
components could find utility as topical antibacterial preparations,
particularly given their lipophilicity and the need for replacements
for mupirocin and fusidic acid creams, to which resistance is arising.

Experimental Section

General Experimental Procedures. Optical rotations were measured
on a Bellingham and Stanley ADP 200 polarimeter. IR spectra were
recorded on a Nicolet 360 FT-IR spectrophotometer and UV spectra

on a Thermo Electron Corporation Helios spectrophotometer. NMR
spectra were recorded on a Bruker AVANCE 500 MHz spectrometer.
Chemical shift values (δ) were reported in parts per million (ppm)
relative to appropriate internal solvent standard, and coupling constants
(J values) are given in hertz. Mass spectra were recorded on a Finnigan
MAT 95 high-resolution, double-focusing, magnetic sector mass
spectrometer. Accurate mass measurement was achieved using voltage
scanning of the accelerating voltage. This was nominally 5 kV, and an
internal reference of heptacosa was used. Resolution was set between
5000 and 10 000.

Plant Material. Plectranthus ernstii was purchased from Oakland
Nurseries (Burton-on-the-Wolds, Loughborough, UK). The material was
identified by A.P., and a voucher specimen (MS/SG/07/2006/PE) is
deposited at the Centre for Pharmacognosy and Phytotherapy.

Extraction and Isolation. The whole herb of P. ernstii (275 g) was
air-dried, coarsely powdered, and sequentially extracted with n-hexane
(3.5 L), CHCl3 (3.5 L), and MeOH (3.5 L) in a Soxhlet apparatus. The
n-hexane extract (8.7 g) was adsorbed onto silica gel (13 g) and
subjected to vacuum-liquid chromatography (VLC) on silica gel (130
g) eluting with n-hexane containing 10% increments of EtOAc to give
12 fractions (200 mL each). VLC fraction 5 (6:4 n-hexane-EtOAc)
was further fractioned by solid-phase extraction (SPE) on a normal-
phase column (silica, 60 g). Fraction 5, eluted with 8:2 hexane-EtOAc
(50 mL), was then fractioned by reversed-phase SPE (C18, 60 g) eluting
with H2O containing 10% increments of MeOH (50 mL) to give 11
fractions. Preparative TLC of fraction 10 on a reversed-phase TLC plate
using a 9:1 MeCN-H2O system afforded compound 1 (4.9 mg).
Compound 3 was isolated by reversed-phase preparative TLC of SPE
fraction 9 using a 95:5 MeCN-H2O system. This afforded 41.9 mg of
3. VLC fraction 4 of the n-hexane extract was subjected to SPE on a
silica normal-phase column (60 g) eluting with 9:1 n-hexane-EtOAc
(50 mL). Fraction 2 was then further fractioned by SPE in reversed-
phase mode (C18, 60 g) eluting with H2O containing 10% increments
of MeOH (50 mL) to give 11 fractions. Preparative TLC of SPE fraction
10 using an 8:2 MeCN-H2O system yielded compound 2 (6.9 mg).

Antibacterial Assay. Staphylococcus aureus ATCC 25923 was the
generous gift of E. Udo (Kuwait University, Kuwait). S. aureus RN4220
containing plasmid pUL5054, which carries the gene encoding the MsrA
macrolide efflux protein, was provided by J. Cove.16 S. aureus XU-
212, possessing the TetK tetracycline efflux protein, was provided by
E. Udo.17 SA-1199B, which overexpresses the norA gene encoding
the NorA MDR efflux protein, was provided by G. Kaatz.18 Mycobac-
terium species were acquired from the NCTC. All S. aureus strains
were cultured on nutrient agar and incubated for 24 h at 37 °C prior to
minimum inhibitory concentration (MIC) determination. Mycobacterial
strains were grown on Columbia Blood agar (Oxoid) supplemented
with 7% defibrinated horse blood (Oxoid) and incubated for 72 h at 37
°C. Bacterial inocula equivalent to the 0.5 McFarland turbidity standard
were prepared in normal saline and diluted to give a final inoculum
density of 5 × 105 cfu/mL. The inoculum (125 µL) was added to all
wells, and the microtiter plate was incubated at 37 °C for 18 h. The
MIC was recorded as the lowest concentration at which no bacterial
growth was observed as previously described.10

rel-15(�),16-Epoxy-7r-hydroxypimar-8,14-ene (1): white, amor-
phous powder; [R]16

D -84 (c 0.047, CHCl3); UV λmax (log ε) (CHCl3)
241 (2.61); IR (film) νmax 3526 (br), 2924, 2867, 1456, 1387, 1369,
1024, 787 cm-1; HRESIMS m/z 305.2487 [M + H]+ (calcd for
C20H33O2 m/z 305.2475); 1H and 13C NMR data, Table 1.

rel-15(�),16-Epoxy-7-oxopimar-8,14-ene (2): white, amorphous
powder; [R]16

D -43 (c 0.092, CHCl3); UV λmax (log ε) (CHCl3) 248
(3.97); IR (film) νmax 2961, 2920, 2864, 1684, 1616, 1457, 1388, 1262,
1218 cm-1; HRESIMS m/z 303.2320 [M + H]+ (calcd for C20H31O2

m/z 303.2318); 1H and 13C NMR data, Table 1.
1R,11S-Dihydroxy-8R,13R-epoxylabd-14-ene (3): colorless oil;

[R]16
D +18 (c 1.21, CHCl3); UV λmax (log ε) (CHCl3) 242 (2.14); IR

(film) νmax 3324 (br), 2938, 2864, 1456, 1369, 1067, 998, 755 cm-1;
HRESIMS m/z 323.2597 [M + H]+ (calcd for C20H35O3 m/z 323.2581);
1H and 13C NMR data, Table 1.

X-ray Crystallographic Data of 3. 3 ·H2O: C20H34O3, H2O, M )
340.49, monoclinic, a ) 6.8213(1) Å, b ) 12.9640(1) Å, c )
11.3897(1) Å, � ) 104.690(1)°, V ) 974.28(2) Å3, T ) 100(2) K,
space group P21, specimen: 0.23 × 0.20 × 0.06 mm3, µ ) 0.624 mm-1,
Dc (Z ) 2) ) 1.161 g cm-3, λ(Cu KR) ) 1.54178 Å, Tmin/max ) 0.80,
2θmax ) 134.4°. A total of 12 963 reflections were collected, of which
3441 were unique (Rint ) 0.0195); R1 ) 0.030, wR2 ) 0.083, S ) 0.94;

Figure 1. Molecular structure and numbering scheme of 3. The
non-hydrogen atom ellipsoids are shown at the 50% probability
level.

Table 2. Minimum Inhibitory Concentrations of Compounds
1-3 in µg/mL

strain 1 2 3 Nora Erythb Tetc Ethd

S. aureus SA-1199B (NorA) 32 e e 32
S. aureus RN4220 (MsrA) 32 e e 128
S. aureus XU-212 (TetK, mecA) 32 e e 128
S. aureus EMRSA-15 32 e e 2
S. aureus ATCC 25923 32 e e 0.5
Mycobacterium fortuitum 16 128 128 4
Mycobacterium phlei 8 64 128 2
Mycobacterium smegmatis 16 128 128 0.5

a Norfloxacin. b Erythromycin. c Tetracycline. d Ethambutol. e Not active
at 128 µg/mL.
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|∆Fmax| ) 0.20 e ·Å-3. Data collection was by means of an Oxford
Diffraction Gemini diffractometer. Following multiscan absorption
corrections the structure was determined and refined by full-matrix
refinement on F2 using the SHELXL 9719 program. Hydroxy and water
molecule H atoms were located and refined without restraints. The
remaining hydrogen atoms were placed in calculated positions and
refined as part of riding models. The absolute configuration was
determined by refinement of the Flack absolute structure parameter, x
) 0.09(12), and is as shown in Figure 1. (Full X-ray crystallographic
data are available as Supporting Information.) Crystallographic data
for the structure 3 (CCDC-702204) reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre. Copies
of the data can be obtained, free of charge, via the Internet at http://
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12
Union Road, Cambridge CB2 1EZ, U.K.; fax: +44 1223 336033;
e-mail: deposit@ccdc.cam.ac.uk).
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Bioactive Pyridine-N-oxide Disulfides from Allium stipitatum¶
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From Allium stipitatum, three pyridine-N-oxide alkaloids (1-3) possessing disulfide functional groups were isolated.
The structures of these natural products were elucidated by spectroscopic means as 2-(methyldithio)pyridine-N-oxide
(1), 2-[(methylthiomethyl)dithio]pyridine-N-oxide (2), and 2,2′-dithio-bis-pyridine-N-oxide (3). The proposed structure
of 1 was confirmed by synthetic S-methylthiolation of commercial 2-thiopyridine-N-oxide. Compounds 1 and 2 are new
natural products, and 3 is reported for the first time from an Allium species. All compounds were evaluated for activity
against fast-growing species of Mycobacterium, methicillin-resistant Staphylococcus aureus, and a multidrug-resistant
(MDR) variants of S. aureus. Compounds 1 and 2 exhibited minimum inhibitory concentrations (MICs) of 0.5-8 µg/
mL against these strains. A small series of analogues of 1 were synthesized in an attempt to optimize antibacterial
activity, although the natural product had the most potent in vitro activity. In a whole-cell assay at 30 µg/mL, 1 was
shown to give complete inhibition of the incorporation of 14C-labeled acetate into soluble fatty acids, indicating that it
is potentially an inhibitor of fatty acid biosynthesis. In a human cancer cell line antiproliferative assay, 1 and 2 displayed
IC50 values ranging from 0.3 to 1.8 µM with a selectivity index of 2.3 when compared to a human somatic cell line.
Compound 1 was evaluated in a microarray analysis that indicated a similar mode of action to menadione and 8-quinolinol
by interfering with the thioredoxin system and up-regulating the production of various heat shock proteins. This compound
was also assessed in a mouse model for in vivo toxicity.

The genus Allium is a rich source of bioactive natural products
and a prolific producer of sulfur-containing metabolites. Common
garlic (Allium satiVum L.) has a long history of use as an
antibacterial material, and the major active principle, allicin, was
isolated and characterized in the 1940s.1-3 Garlic was even used
clinically in the United States and known as Russian penicillin.4

We have been investigating extracts of bulbs from the Liliaceae
and Alliaceae families for their ability to produce antibacterial
compounds.5,6 The rationale is that it is highly likely that plants
produce defensive antimicrobial compounds in their subterranean
organs, given the richness of soil in terms of its microbial content.
Soil is rich in filamentous bacteria such as Streptomyces and
Mycobacterium, and it is conceivable that plants have evolved
defensive secondary metabolites with activity against these genera.
A number of species of the genus Allium have also been used
medicinally in Tajikistan and Uzbekistan for various uses including
the promotion of wound healing.7

There is a pressing need for new classes of antibacterials to deal
with emerging threats such as extensively drug-resistant (XDR)
tuberculosis and multidrug resistance (MDR) increasingly associated
with clinically relevant bacteria such as Staphylococcus aureus.

Plants are a relatively untapped source of antibacterial compounds,
and some of the examples in the literature are striking, in terms of
their preliminary in vitro potency.8,9 However, many of these studies
lack depth in terms of their biological evaluation, and in the majority
of cases there is little evaluation of mammalian cell cytotoxicity
or determination of potential mode of action. Unfortunately there
have been only a small number of new antibacterial substances
based on new carbon skeletons developed over the last 10 years,
and these include daptomycin, a lipopeptide, arguably from a well-
known class of natural product, and linezolid, a totally new
oxazolidinone class derived synthetically. Limited reports of
resistance to these new agents have been reported,10,11 and therefore
new classes of antibacterials would be valuable. There are several
compelling reasons to evaluate plants as a source of new antibacte-
rial agents. First, given the structural dissimilarity that exists
between many plant antibacterials and conventional antibiotics such
as tetracyclines, fluoroquinolones, and macrolides, it is possible that
these phytochemical antibacterials exert their effects through new
modes of action. Second, there are countless examples of ethno-
medical usage of plant extracts to treat topical and systemic bacterial
infections in many systems of traditional medicine.12

Given the need for new antibacterial substances and the pressing
problems of bacterial MDR, we have evaluated Allium stipitatum
Regel, which is grown horticulturally in Europe for its beautiful
spherical flowers with tightly packed umbels. Herein, we describe
the isolation, structure elucidation, and in-depth in vitro and in vivo
biological evaluation of new antibacterial pyridine-N-oxide disul-
fides isolated from the bulbs of this species.

Results and Discussion

Compound 1 was isolated as a colorless waxy solid from the
chloroform extract of A. stipitatum. The high-resolution ESIMS
indicated a [M + H]+ ion at m/z 174 and a [M + Na]+ ion at m/z
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196, suggesting a molecular formula of C6H8NOS2, and the
spectrum also gave the isotope pattern for two sulfur atoms. The
compound displayed a positive reaction with Dragendorff’s reagent
when analyzed by normal-phase TLC, indicating that it may be an
alkaloidal natural product.

The 1H spectrum (Table 1) displayed a deshielded methyl singlet
at δ 2.50 and four hydrogens indicative of an ABCD aromatic
system. The 13C NMR and DEPT-135 spectra (Table 1) showed
four methine aromatic carbons at δ 140.5-123.4, a deshielded
quaternary carbon at δ 153.4, and a methyl carbon at δ 22.1. Given
the deshielded nature of one of the hydrogens (δ 8.35, H-6) and
that the coupling constant for this resonance was typical for a
hydrogen R to the nitrogen of a pyridine,13 compound 1 could be
shown to be a pyridine ring-containing natural product. The
aromatic hydrogens of this system were identified by correlations
observed in the COSY spectrum. Specifically, a double-doublet of
H-3 (δ 8.07; J ) 8.0, 1.5 Hz) coupled to an H-4 triplet (δ 7.67; J
) 7.5 Hz), which coupled to a second triplet of H-5 (δ 7.38; J )
7.0 Hz), and finally coupled to the R H-6 doublet (δ 8.35; J )
6.5 Hz).

A methyl group appeared as a singlet at δ 2.50 displaying no
couplings to the remaining hydrogens and suggesting that it was
isolated from the aromatic nucleus. Its downfield appearance in
the 1H spectrum at 2.50 ppm indicated that it was slightly deshielded
and was attached to a heteroatom such as one of the sulfur atoms.
A weak correlation (4J) in the HMBC spectrum from the methyl
hydrogens to the quaternary carbon C-2 suggested it was in the
terminal position on a disulfide side-chain R to the nitrogen.
Furthermore, a NOE was also evident in the NOESY spectrum from
the methyl hydrogens to H-3. The aromatic hydrogen H-3 was
deshielded due to its positioning � to the nitrogen of the pyridine
ring and R to the disulfide side-chain. From the molecular formula
of 1, this left the placement of one oxygen atom in the structure of
1. This posed a dilemma, as there were three structural possibilities
that could exist without appreciably great differences in terms of
their NMR spectroscopic data. For example, the placement of the
oxygen atom on the nitrogen would give a pyridine-N-oxide natural
product (structure 1). However, placement of the oxygen could also
occur at the sulfur directly attached to the aromatic ring (1a) or to
the sulfur to which the methyl group was attached (1b), resulting

in thiosulfinate natural products that occur widely in the genus
Allium and include the well-known example allicin.14 This was
resolved by the synthesis of compound 1 by the simple method of
Kitson and Loomes.15 Briefly, commercially available 2-thiopyri-
dine-N-oxide was treated with base and reacted with S-methyl
methanethiosulfonate, resulting in S-methylthiolation of the thiol
to generate 2-(methyldithio)pyridine-N-oxide, which was identical
in terms of its spectroscopic and biological data with compound
1. Pyridine-N-oxides have not been described from the genus Allium
previously, and this is the first report of this compound as a natural
product. The compound is, however, the subject of two Japanese
patents.16,17 These describe the use of 1 for the disinfection of seeds
against Pyrenophora graminea16 and the use of this compound as
an antibacterial against a number of bacteria including Staphylo-
coccus aureus, Pyricularia oryzae, and Aspergillus niger.17

Compound 2 was isolated as a yellow oil from the chloroform
extract. The high-resolution ESIMS indicated a [M + H]+ ion at
m/z 220 and a [M + Na]+ ion at m/z 242, suggesting a molecular
formula of C7H10NOS3, differing from compound 1 by CH2S. The
ESIMS gave an isotope pattern for three sulfur atoms. The
compound also displayed a positive reaction with Dragendorff’s
reagent when analyzed by normal-phase TLC, and the NMR data
were very similar to those of 1. The 1H spectrum (Table 1) also
revealed the presence of four aromatic hydrogens with chemical
shifts and coupling patterns similar to those for 1, again indicative
of a substituted pyridine-N-oxide. A deshielded methyl singlet (δ
2.29) and a methylene singlet (δ 4.02) were evident. The 13C NMR
and DEPT-135 spectra indicated the presence of four aromatic
methine carbons at δ 140.3-123.8, a quaternary aromatic carbon
at δ 153.5, a methylene at δ 44.9, and a methyl at δ 15.7 (Table
1). The methyl singlet was again slightly deshielded (2.29 ppm),
indicating that it was attached to a sulfur atom. The deshielded
nature of the methylene resonance at 4.02 ppm was also suggestive
of attachment to at least one heteroatom, although oxygen could
be ruled out due to the upfield nature of the carbon resonance (44.0
ppm). The downfield appearance of this resonance could be
explained by attachment to two sulfur atoms. A correlation was
evident in the HMBC spectrum from the methyl hydrogens to this
methylene carbon. A 4J correlation from the methylene hydro-
gens to the quaternary carbon of C-2 was also evident, and this
was analogous to the 4J correlation seen in compound 1. These
data suggested that a 2-(methylthio)methyldithio side-chain (R-S-
S-CH2-S-CH3) was present in compound 2 and would account
for the additional CH2S seen in the molecular formula of 2, when
compared to 1. Both the methyl and methylene hydrogens displayed
NOE correlations to the H-2 aromatic hydrogen in the NOESY
spectrum. This is the first time the isolation and NMR data have
been described for 2-[(methylthiomethyl)dithio]pyridine-N-oxide
and the first reported isolation of the compound as a natural product.

Compound 3 was isolated as an orange oil from the chloroform
extract. The ESIMS indicated a [M + H]+ ion at m/z 253 and an
[M + Na]+ ion at m/z 275, suggesting a molecular formula of
C10H8N2O2S2. The only signals in the 1H spectrum were two doublet
and two triplet aromatic hydrogens, again supportive of a 1,2,3,4
splitting pattern. The 13C, DEPT-135, and HMQC spectra revealed
four methine aromatic carbons and a quaternary aromatic carbon,
indicating that 3 is a dimeric analogue of 1, but lacking the methyl
group. The presence of a monosubstituted pyridine ring system was
characterized through HMBC correlations. The H-4 triplet (δ 7.41;
J ) 7.0 Hz) and the H-6 doublet (δ 8.46; J ) 6.0 Hz) displayed 3J
correlations to the quaternary carbon C-2 (δ 147.3). Furthermore,
the coupling constant of H-6 was again indicative of a hydrogen R
to the nitrogen of a pyridine ring. H-3 displayed a 3J correlation to
C-5 (δ 123.5), and H-5, in turn, displayed a 3J correlation to C-3
(δ 121.8) and a 2J correlation to C-6 (δ 138.5). This completed the
assignment of the pyridine-N-oxide ring. Analysis of the ESIMS
data suggested that compound 3 is a dimer with a disulfide chain
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linking two pyridine-N-oxide rings in a symmetrical C-2-C-2′
linkage. This compound has been previously isolated from a
basidiomycete mushroom of the Cortinarius genus,18 and the
observed NMR data are in accordance with this report.

A series of methyl sulfide analogues were prepared and with
the natural products they were assayed against a panel of bacteria
(Table 2). Compounds 1-6 were highly active (MIC < 4 µg/mL)
against the three Staphylococcus aureus strains. These included a
multidrug-resistant strain that overexpresses the NorA efflux
transporter (SA1199B); a tetracycline-effluxing strain that is also
a MRSA (XU212); and EMRSA-15, one of the major epidemic
strains of MRSA responsible for bacteraemias in U.K. hospitals.19

The levels of activity of the natural products against this EMRSA
strain are particularly noteworthy at 0.5 µg/mL. The natural products
were also marginally more active than the synthetic compounds
against the fast-growing mycobacteria (FGM) (Table 2) with MIC
values in the range 2-16 mg/mL. Compounds 7 and 8 were either
inactive or only marginally active, indicating that the presence of
the disulfide moiety is not the only factor responsible for activity.
It is possible that this disulfide is strongly “activated” by the
presence of electron-withdrawing functional groups such as pyri-
dine, pyridine-N-oxide, pyrimidine, and quinoline, whereas phenyl
and thiophene are poorly electron-withdrawing and therefore have
little effect on the “reactivity” of the disulfide bond.

Both compounds 1 and 2 were evaluated against Mycobacterium
boVis BCG and Mycobacterium tuberculosis H37Rv (Figure 1) and
were shown to be highly active. Compound 1 is bactericidal against
nonreplicating cells of M. tuberculosis, with a concentration of 1.25
µg/mL, resulting in a 99% decrease in viable counts of anaerobically
adapted cells after one week of exposure.20 To investigate the
macromolecular processes that were affected by treatment with this
disulfide, we analyzed the effects on translation and fatty acid
synthesis. The disulfide structure stimulated us first to test the effect
of 1 on protein biosynthesis; however, application of 1 at 10-20-
fold of the MIC followed by incubation with 35S methionine yielded
no effect of 1 on 35S methionine incorporation into protein.
Therefore, protein biosynthesis is not affected by 1. We next
investigated the ability of 1 to inhibit the incorporation of labeled
acetate into soluble fatty acids. Replicating M. smegmatis bacilli
were treated with 1 at a concentration of 30 µg/mL for 2 h before
adding [1-14C] acetate for another 2 h followed by soluble lipid
extraction (which yields mostly fatty acids) and comparison of the
counts per minute to the untreated control as previously described.21

Incubation with 1 resulted in complete inhibition of acetate
incorporation into soluble lipids, indicating that this natural product
may inhibit fatty acid synthesis. The primary possibility for this

finding is that 1 inhibits FAS-I, which should be next tested by an
in vitro assay. The antibacterial activity against S. aureus (which
synthesizes fatty acids through a FAS-II system) then may be due
to inhibition of a FAS-II enzyme. Other possibilities that could
explain the observed results are inhibition of the enzyme acetyl-
CoA carboxylase AccD1, which mediates the formation of malonyl
CoA,22 or inhibition of the acyl-CoA condensation reaction with
malonyl-AcpM in a reaction catalyzed by mtFabH.23,24 However,
the possibility that the observed arrest in fatty acid synthesis is a
nonspecific result of a generalized toxic effect can not be excluded.

Microarray analysis of RNA extracted from cells treated with 1
revealed that transcriptional profiles elicited were similar to the
profiles generated during treatment of cells with compounds such
as menadione (9) and 8-quinolinol (10) that result in oxidative stress.
Genes that characterized the response to compound 1, menadione,
and 8-quinolinol included the thioredoxin system components
encoded by trxB2 and trxC as well as several genes associated with
the heat shock response such as clpB, sigH, dnaJ, dnaK, and hsp.
Other genes that have been found to be up-regulated during
treatment of M. tuberculosis at high temperatures25 were also up-
regulated, including RV0331, RV3463, RV3054c, and RV1334-
RV1335. These results suggest that compound 1 possibly generates
damaged proteins and other oxidative stress signals as part of its
mechanism of action.

Compound 1 was also evaluated in vivo, including efficacy in a
mouse model of TB infection. The maximum tolerated dose (MTD)
was determined using an escalating single dose of drug given to
mice by oral gavage. Acute adverse effects were observed at doses
of 100 and 300 mg/kg. No adverse effects, reactions, or toxicity
was observed at oral doses of 30 mg/kg (Table 3). Subsequently,
the efficacy of 1 was evaluated in mice at a dose of 30 mg/kg
administered via oral gavage in infected GKO C57BL/6 mice.26

Compound 1 was found to be inactive in that it did not effectively
reduce the bacterial numbers in the lungs and spleens with respect
to the untreated controls at the dose tested (Table 4).

Both compounds 1 and 2 showed significant activity in antipro-
liferative assays using MCF7 breast carcinoma and A549 non-small-
cell lung carcinoma cancer cells, as well as human colon adeno-
carcinoma HT29 cells (Table 5). They showed greater selectivity
to a human normal fibroblast cell line than the established clinical
anticancer agent cisplatin, indicating their potential for anticancer
activity, although at this stage no information is available on their
mechanism of action.

It is possible that compound 1, in being an N-oxide, is rapidly
excreted, and this would presumably be the main route of
metabolism of the parent pyridine methyldisulfide (4). Compound

Table 1. 1H, 13C, and HMBC NMR Data for 1 and 2

1 2

no. 1H 13C 2J 3J 1H 13C 2J 3J

2 153.4 153.5
3 8.07 dd (1.5, 8.0) 123.4 C-5 8.09 dd (1.5, 8.5) 140.3 C-5
4 7.67 t (1.0, 8.5) 130.6 C-3 C-2, C-6 7.64 t (1.5, 8.5) 130.4 C-3, C-5 C-2, C-6
5 7.38 t (1.5, 7.0) 123.9 C-6 C-3 7.37 t (2.0, 8.0) 123.8 C-6 C-3
6 8.35 d (6.5) 140.5 C-3, C-5 C-2, C-4 8.34 d (7.0) 124.0 C-5 C-2, C-4
3′ 2.50 22.1 C-2 4.02 s 44.9 C-2
5′ 2.29 s 15.7 C-7

Table 2. Minimum Inhibitory Concentration (MIC) Values of Compounds (µg/mL)

1 2 3 4 5 6 7 8 Nora Oxb Ethc Isod

M. fortuitum 8 8 16 8 8 4 >128 >128 -e -e 2 0.25
M. smegmatis 8 4 16 8 8 8 64 64 -e -e 32 0.25
M. smegmatis (mc2 2700) 8 4 -e -e -e -e -e -e -e -e -e -e

M. phlei 2 2 16 16 16 8 >128 >128 -e -e 2 128
S. aureus (SA-1199B) 2 1 1 2 2 4 128 128 32 0.25 -e -e

S. aureus (XU212) 1 1 1 4 4 4 >128 >128 16 128 -e -e

S. aureus (EMRSA-15) 0.5 0.5 0.5 2 2 4 >128 >128 0.5 32 -e -e

a Norfloxacin. b Oxacillin. c Ethambutol. d Isoniazid. e Not tested (-).
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4 displays a similar level of antibacterial activity to 1 and 2 and is
also likely to possess toxicity to mammalian cell lines. An
investigation of the activity of 4 in a mouse model of infection
and in a xenograft antitumor assay would be worthwhile to gauge
the in vivo utility of this class of compound.

Experimental Section

General Experimental Procedures. UV spectra were recorded on
a Thermo Electron Corporation Helios spectrophotometer, and IR
spectra were recorded on a Nicolet 360 FT-IR spectrophotometer. NMR
spectra were recorded on a Bruker AVANCE 500 MHz spectrometer.
Chemical shift values (δ) are reported in parts per million (ppm) relative
to appropriate internal solvent standard, and coupling constants (J
values) are given in Hz. Mass spectra were recorded on a Finnigan
MAT 95 high-resolution, double-focusing, magnetic sector mass
spectrometer. Accurate mass measurement was achieved using voltage

scanning of the accelerating voltage. This was nominally 5 kV, and an
internal reference of heptacosa was used. Resolution was set between
5000 and 10 000.

Plant Material. The fresh bulbs of Allium stipitatum were purchased
from Gee Tee Garden Products, Spalding, Lincolnshire, U.K., and a
voucher specimen (GO’D/017B) has been deposited in their herbarium.

Extraction and Isolation. A 4.43 kg quantity of macerated bulbs
was extracted exhaustively with hexane, chloroform, and methanol to
form three extracts with MIC values of 16, 8, and >512 µg/mL against
Mycobacterium fortuitum. The chloroform extract (4.9 g) was separated
on silica gel by VLC, eluting 11 fractions (200 mL) with hexane and
10% increments of ethyl acetate, followed by one 100% chloroform
fraction (300 mL) and a final 100% methanol wash (500 mL). The
final fraction (13) exhibited an MIC of 8 µg/mL against M. fortuitum.
Then, 1000 mg of VLC fraction 13, eluted in the 100% methanol wash,
was subjected to reversed-phase preparative HPLC (Waters XTerra Prep
MS C18 column, 10 µM, 19 × 300 mm, 100% water to 100%
acetonitrile from 2 to 15 min, 50 mL/min) to yield three peaks, eluting
at 10.4 (3, 361.1 mg), 12.8 (1, 250.5 mg), and 14.8 min (2, 72.1 mg).

2-(Methyldithio)pyridine-N-oxide (1): colorless, waxy solid; UV
(MeOH) λmax (log ε) 239.0 (4.37) nm; IR (film) νmax 3410 (br), 3090,
1463, 1419, 1260, 1220, 1138, 1079, 836, 760 cm-1; 1H and 13C NMR
(CDCl3, 500 and 125 MHz), see Table 1; HRESIMS m/z 174.0043 [M
+ H]+ (calcd for C6H8NOS2 174.0042).

2-[(Methylthiomethyl)dithio]pyridine-N-oxide (2): yellow oil; UV
(MeOH) λmax (log ε) 239.0 (4.18), 204.0 (4.00) nm; IR (film) νmax 3386
(br), 3096, 2916, 1418, 1259, 1221, 836, 760 cm-1; 1H and 13C NMR
(CDCl3, 500 and 125 MHz), see Table 1; HRESIMS m/z 219.9931 [M
+ H]+, 241.9751 [M + Na]+ (calcd for C7H10NOS3 219.9919).

2,2′-Dithio-bis-pyridine-N-oxide (dipyrithione, 3): yellow oil; UV
(MeOH) λmax (log ε) 266.0 (4.17), 240.5 (3.73) nm; IR (film) νmax 3420,
1647, 1558, 1379, 1022, 1000, 822, 760 cm-1; 1H and 13C NMR
(methanol-d4) in agreement with those published;18 HRESIMS m/z
253.0102 [M + H]+ (calcd for C10H9N2S2O2 253.0105).

Synthesis of Methyl Disulfides. Aromatic thiols (2-thiopyridine,
2-thiopyrimidine, 2-thioquinoline, thiobenzene, and 2-thiothiophene)
and S-methyl methanethiosulfonate were purchased from Sigma-
Aldrich, Gillingham, U.K. The method of Kitson and Loomes15 was

Figure 1. Effect of 1 and 2 on the growth of mycobacteria. (a) Growth of M. boVis BCG on solid agar at 37 °C in the presence of different
concentrations of compounds 1 and 2. The MIC values of compounds 1 and 2 are both 0.1 µg/mL (a) Approximately 103 M. boVis BCG
cells were spotted on solidified Middlebrook 7H10 agar containing different concentrations of 1 and 2 (0.01, 0.1, 0.5, 1, and 5 µg/mL) in
a six-well plate. Pictures of cultures that grew as spots were taken on the 14th day of inoculation using a BioDoc-ItTM imaging system.
(b) M. tuberculosis H37Rv was grown in the presence of similar concentrations of 1 and 2 as in (a) above. A comparison of inhibitory
effects of 1 and 2 on M. boVis BCG (black bars) versus M. tuberculosis H37Rv (open bars) is illustrated on the bar graphs.

Table 3. In Vivo Toxicity Data of 1 after 3-day Dosing in Mice

dose (mg/kg) days Rx % survival + comments

300 3 1/5 lethality after 2 days of dosing,
1/5 additional lethality after 3 days of dosing

100 3 transient lethargy after dosing
30 3 no adverse effects

Table 4. Bacterial Numbers in Lungs and Spleens of
Mycobacterium tuberculosis-Infected Mice at the Start of Treat-
ment (15 days after aerosol infection) and after 9 Days of Drug
Treatment (24 days after aerosol infection)

log10 CFU ( SEM

treatment regimen dose lung spleen

day 15, start of treatment
(pretreatment controls)

- 6.08 ( 0.06 4.00 ( 0.19

day 24, untreated controls - 8.13 ( 0.11 6.35 ( 0.13
day 24, isoniazid 25 5.33 ( 0.10 2.16 ( 0.26
day 24, 1 30 8.17 ( 0.11 6.17 ( 0.29
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adapted as follows. The appropriate thiol (2.5 mmol) was dissolved in
water (5 mL) containing NaOH (0.10 g, 2.5 mmol, 1 equiv). S-Methyl
methanethiosulfonate (0.315 g, 2.5 mmol, 1 equiv) was then added,
and the solution stirred for 1 h at room temperature. The cloudy
suspension formed was extracted with dichloromethane (20 mL). The
resulting dichloromethane solution was then dried with anhydrous
sodium sulfate, filtered, and concentrated under reduced pressure to
afford the pure disulfide.

2-(Methyldithio)pyridine (4): pale yellow oil; UV (MeOH) λmax

(log ε) 283.0 (3.66), 237.5 (3.93), 201.0 (3.82) nm; IR (film) νmax 1571,
1559, 1444, 1415, 1307, 1274, 1143, 1112, 1082, 1042, 985, 953, 755,
716 cm-1; 1H NMR (500 MHz, methanol-d4) δ 8.39 (1H, dt, J ) 5.2,
4.8 Hz), 7.77 (2H, m), 7.17 (1H, dt, J ) 9.6, 8.4 Hz), 2.47 (3H, s); 13C
NMR (125 MHz, methanol-d4) 161.2 (s), 150.6 (d), 139.2 (d), 122.3
(d), 120.8 (d), 23.4 (q); HRESIMS m/z 158.0103 [M + H]+ (calcd for
C6H7NS2 158.0098).

2-(Methyldithio)pyrimidine (5): yellow oil; UV (MeOH) λmax (log
ε) 238.5 (3.94) nm; IR (film) νmax 1558, 1546, 1372, 1189, 1166, 955,
800, 770, 741 cm-1; 1H (500 MHz, methanol-d4) δ 8.66 (2H, d, J )
4.8 Hz), 7.26 (t, J ) 5.2, 4.8 Hz), 2.54 s (3H, s); 13C NMR (125 MHz,
methanol-d4) δ 172.4 (s), 159.4 (d), 119.6 (d), 23.0 (q); HRESIMS
m/z 159.0051 [M + H]+ (calc for C5H6N2S2 159.0051).

2-(Methyldithio)quinoline (6): yellow oil; UV (MeOH) λmax (log
ε) 334.0 (3.84), 325.0 (3.79), 250.5 (4.39), 212.0 (4.62) nm; IR (film)
υmax 1615, 1582, 1553, 1492, 1447, 1291, 1137, 1103, 1087, 952, 939,
851, 815, 778, 744 cm-1; 1H NMR (500 MHz, CDCl3) δ 8.12 (1H, d,
J ) 8.8 Hz), 8.02 (1H, d, J ) 8.4 Hz), 7.87 (1H, d, J ) 8.8 Hz), 7.79
(1H, d, J ) 8.4 Hz), 7.71 (1H, t, J ) 8.4 Hz), 7.50 (1H, t, J ) 8.0 Hz),
2.56 (3H, s); 13C NMR (125 MHz, CDCl3) δ 160.4 (s), 148.3 (s), 137.1
(d), 130.3 (d), 128.5 (d), 127.9 (d), 126.4 (s), 126.2 (d), 117.3 (d),
23.5 (q); HRESIMS m/z 208.0256 [M + H]+ (calcd for C10H10NS2

208.0255).
2-(Methyldithio)benzene (7): pale yellow oil; UV (MeOH) λmax

(log ε) 239.0 (3.56), 205.0 (3.56) nm; IR (film) νmax 1576, 1475, 1437,
1305, 1136, 1067, 1022, 951, 735, 686 cm-1; 1H NMR (500 MHz,
CDCl3) δ 7.43 (2H, dd, J ) 5.2, 1.2 Hz), 7.25 (1H, dd, J ) 3.6, 1.2
Hz), 7.00 (2H, dd, J ) 5.2, 3.6 Hz), 2.55 (3H, s); 13C NMR (125 MHz,
CDCl3) δ 137.1 (s), 129.2 (d), 127.7 (d), 127.0 (d), 23.1 (q); ESIMS
m/z 156 [M + H]+ (calcd for C7H8S2 156).

2-(Methyldithio)thiophene (8): orange oil; UV (MeOH) λmax (log
ε) 311.5 (3.80), 240.0 (3.40), 203.5 (3.94) nm; IR (film) νmax 1397,
1327, 1303, 1250, 1214, 1133, 1083, 1023, 987, 950, 846, 742, 699
cm-1; 1H NMR (500 MHz, CDCl3) δ 7.55 (1H, dd, J ) 8.4, 1.2 Hz),
7.35 (1H, t, J ) 8.0 Hz), 7.26 (1H, bd, J ) 7.2 Hz), 2.46 (3H, s); 13C
NMR (125 MHz, CDCl3) δ 136.6 (s), 134.2 (d), 131.0 (d), 127.8 (d),
23.3 (q); ESIMS m/z 142 [M + H]+ (calcd for C6H6S2 142).

Antibacterial Assay with Fast-Growing Mycobacterium species
and Staphylococcus aureus. Mycobacterium species were acquired
from the NCTC, Salisbury, U.K. Strains were grown on Columbia blood
agar (Oxoid) supplemented with 7% defibrinated horse blood (Oxoid)
and incubated for 72 h at 37 °C prior to minimum inhibitory
concentration (MIC) determination. S. aureus strains were the generous
gift of Dr. Edet Udo (XU212), Prof. Glenn W. Kaatz (SA1199B), and
Dr. Paul Stapleton (EMRSA-15). Antibacterial assays were performed
as previously described.5,27 Ethambutol and isoniazid were used as
positive controls for the mycobacteria, and norfloxacin and oxacillin
were used as positive controls for the staphylococci.

Determination of MIC Value in M. boWis BCG and in M.
tuberculosis Using Spot-Culture Growth Inhibition Assays. M. boVis
BCG was cultured at 37 °C in an incubator with rotation at two
revolutions per minute in Middlebrook 7H9 broth supplemented with
10% (v/v) albumin-dextrose-catalase (ADC; Difco) and 0.05% Tween
80 until the midexponential phase (OD600 of 1.0). M. tuberculosis
H37Rv was grown at 37 °C in an incubator as standing culture in 30
mL unbreakable universals containing Middlebrook 7H9 broth supple-

mented with 10% (v/v) oleic acid-albumin-dextrose-catalase (OADC;
Difco) and 0.05% Tween 80 with occasional stirring until the
midexponential phase (OD600 of 0.6) was attained. For the quality
control of the mycobacterial cultures, they were stained each time with
a modified Ziehl-Neelsen staining protocol using a Tb-color kit, Bund
Deutscher Hebammen Laboratory (Karlsruhe, Germany), followed by
bright field microscopy.

To measure anaerobic cidal activity of the compounds, M. tuber-
culosis H37Rv (ATCC27294) was cultured in a self-generated oxygen-
depletion model as described by Wayne28 using 19.5 × 145 mm tubes
with a magnetic stirrer. Tubes were sealed with Teflon-lined caps and
subsequently with paraplast and incubated for 3 weeks at 37 °C on a
magnetic stirrer. The tubes were opened in an anaerobic chamber and
diluted 10-fold into anaerobic Dubos medium, and 1 mL volumes were
treated with various concentrations of the compound in 24-well plates.
Control cultures were treated with DMSO. Positive and negative drug
controls were metronidazole and isoniazid, respectively. The plates were
sealed in anaerobic bags and incubated for 7 days at 37 °C. Serial
dilutions were subsequently plated on 7H11 Middlebrook agar to
monitor bacterial survival.

For the spot-culture growth inhibition assay,20 bacilli in the culture
were serially diluted in order to give a final concentration of 103 cells/
mL. Then, 5 µL of the diluted culture was spotted onto 5 mL of
Middlebrook 7H10 agar medium, supplemented with 10% (v/v) OADC
in a six-well plate containing various concentrations of compounds 1
and 2, and incubated at 37 °C for 14 days. A well with no compound
as a positive control was also used. MIC was determined as the lowest
concentration at which there is no growth.

Sulforhodamine B Short-Term Cytotoxicity Assay. Short-term
growth inhibition was measured using the SRB assay as described
previously.29 Briefly, cells were seeded (4000 cells/wells) into the wells
of 96-well plates in DMEM and incubated overnight at 37 °C and 5%
CO2 to allow the cells to attach. Subsequently, cells were exposed to
freshly made solutions of compounds at increasing concentrations of
0.1 to 25 µM in quadruplicate and incubated for a further 96 h.
Following this, the cells were fixed with ice-cold trichloroacetic acid
(TCA) (10% w/v) for 30 min and stained with 0.4% SRB dissolved in
1% acetic acid for 15 min. All incubations were carried out at room
temperature. The IC50 value, the concentration required to inhibit cell
growth by 50%, was determined from the mean absorbance at 540 nm
for each drug concentration expressed as a percentage of the control
for untreated well absorbance.

Microarray Analysis. M. tuberculosis H37Rv (ATCC 27294) was
grown in 7H9 Middlebrook medium supplemented with 0.2% glycerol,
0.5% bovine serum albumin fraction V, 0.05% Tween 80, 0.08% NaCl,
and 0.2% glucose to an OD650nm of 0.3 and was treated with either 2,
5, or 10 µg/mL of compound 1 or an equivalent amount of DMSO for
6 h before harvesting cells for RNA isolation. RNA was isolated and
labeled cDNA synthesized, and microarray hybridizations and microar-
ray analysis were performed as described by Boshoff et al.30 Genes
that were predictive for various treatment groups were determined by
a class prediction software developed by Tibshirani et al.31

Maximum Tolerated Dose (MTD). C57BL/6 female mice were
orally administered (by gavage) a single dose of drug at 30, 100, or
300 mg/kg, using three mice per dose. Mice were observed postad-
ministration at 4 and 6 h and then twice daily for the duration of the
study (1 week).

Evaluation of in Vivo Efficacy against M. tuberculosis. Eight- to
10-week-old female specific-pathogen-free C57BL/6-Ifngtm1ts mice
(gamma interferon gene-disrupted [GKO] mice) were purchased from
Jackson Laboratories, Bar Harbor, ME. Mice were infected via low-
dose aerosol exposure to M. tuberculosis Erdman using a Middlebrook
aerosol generation device (Glas-Col Inc., Terre Haute, IN), and the
short-course mouse model was performed as described previously. One
day postinfection, three mice were sacrificed to verify the uptake of

Table 5. Short-Term Cytotoxicity Data for Compounds 1, 2, and Cisplatin (IC50) in Human Breast, Lung, and Colorectal Cancer Cell
Lines and Normal Human Fibroblast Cell Linea,b

human breast cancer (MCF7) human lung cancer (A549) human colorectal cancer (HT29) lung fibroblast (WI38)
selectivity index

(WI38IC50/ MCF7 IC50)

1 0.35 0.22 1.84 0.8 2.3
2 0.39 0.78 c 0.89 2.3
cisplatin 0.76 2.47 3.27 1 1.4

a Data expressed in µM. b Cells were exposed to compounds for 96 h and stained with sulforhodamine B. c Not determined.
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50 to 100 CFU of bacteria per mouse. Negative control mice remained
untreated. An isoniazid (INH) control group (isoniazid administered
via oral gavage at 25 mg/kg/day) was included in each study. Each
treatment group consisted of five mice. Treatment was started 14 days
postinfection and continued for nine consecutive days. Five infected
mice were killed at the start of treatment as pretreatment controls. Drugs
were administered daily by oral gavage using 0.5% methyl cellulose
(200 µL volume).

Statistical Analysis. The viable counts were converted to logarithms,
which were then evaluated by a one-way ANOVA test, followed by a
multiple comparison analysis of variance by a one-way Tukey test
(SigmaStat software program). Differences were considered significant
at the 95% level of confidence.
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Marijuana (Cannabis satiVa) has long been known to contain antibacterial cannabinoids, whose potential to address
antibiotic resistance has not yet been investigated. All five major cannabinoids (cannabidiol (1b), cannabichromene (2),
cannabigerol (3b), ∆9-tetrahydrocannabinol (4b), and cannabinol (5)) showed potent activity against a variety of
methicillin-resistant Staphylococcus aureus (MRSA) strains of current clinical relevance. Activity was remarkably tolerant
to the nature of the prenyl moiety, to its relative position compared to the n-pentyl moiety (abnormal cannabinoids),
and to carboxylation of the resorcinyl moiety (pre-cannabinoids). Conversely, methylation and acetylation of the phenolic
hydroxyls, esterification of the carboxylic group of pre-cannabinoids, and introduction of a second prenyl moiety were
all detrimental for antibacterial activity. Taken together, these observations suggest that the prenyl moiety of cannabinoids
serves mainly as a modulator of lipid affinity for the olivetol core, a per se poorly active antibacterial pharmacophore,
while their high potency definitely suggests a specific, but yet elusive, mechanism of activity.

Several studies have associated the abuse of marijuana (Cannabis
satiVa L. Cannabinaceae) with an increase in opportunistic infec-
tions,1 and inhalation of marijuana has indeed been shown to
interfere with the production of nitric oxide from pulmonary
macrophages, impairing the respiratory defense mechanisms against
pathogens and causing immunosuppression.2 The association of C.
satiVa with a decreased protection against bacterial infections is
paradoxical, since this plant has long been known to contain
powerful antibacterial agents.3 Thus, preparations from C. satiVa
were investigated extensively in the 1950s as highly active topical
antiseptic agents for the oral cavity and the skin and as antituber-
cular agents.3 Unfortunately, most of these investigations were done
at a time when the phytochemistry of Cannabis was still in its
infancy, and the remarkable antibacterial profile of the plant could
not be related to any single, structurally defined and specific
constituent. Evidence that pre-cannabidiol (1a) is a powerful plant
antibiotic was, nevertheless, obtained,4 and more recent investiga-
tions have demonstrated, to various degrees, antibacterial activity
for the nonpsychotropic cannabinoids cannabichromene (CBC, 2),5

cannabigerol (CBG, 3b),6 and cannabidiol (1b),7 as well as for the
psychotropic agent ∆9-tetrahydrocannabinol (THC, 4b).7 These
observations, and the inactivity of several noncannabinoid con-
stituents of C. satiVa as antibacterial agents, suggest that cannab-
inoids and their precursors are the most likely antibacterial agents
present in C. satiVa preparations.8 However, differences in bacterial
strains and end-points make it difficult to compare the data reported
in these scattered studies, and the overall value of C. satiVa as an
antibacterial agent is therefore not easy to assess.

There are currently considerable challenges with the treatment
of infections caused by strains of clinically relevant bacteria that
show multidrug-resistance (MDR), such as methicillin-resistant
Staphylococcus aureus (MRSA) and the recently emerged and
extremely drug-resistant Mycobacterium tuberculosis XDR-TB.
New antibacterials are therefore urgently needed, but only one new

class of antibacterial has been introduced in the last 30 years.9

Despite the excellent antibacterial activity of many plant secondary
metabolites10 and the ability of some of them to modify the
resistance associated with MDR strains11 and efflux pumps,12 plants
are still a substantially untapped source of antimicrobial agents.

These considerations, as well as the observation that cross-
resistance to microbial and plant antibacterial agents is rare,10 make
C. satiVa a potential source of compounds to address antibiotic
resistance, one of the most urgent issues in antimicrobial therapy.
To obtain structure-activity data and define a possible microbio-
cidal cannabinoid pharmacophore, we investigated the antibacterial
profile of the five major cannabinoids, of their alkylation and
acylation products, and of a selection of their carboxylic precursors
(pre-cannabinoids) and synthetic positional isomers (abnormal
cannabinoids).

Results and Discussion

The antibacterial cannabinoid chemotype is poorly defined, as
is the molecular mechanism of its activity. Since many simple
phenols show antimicrobial properties, it does not seem unreason-
able to assume that the resorcinol moiety of cannabinoids serves
as the antibacterial pharmacophore, with the alkyl, terpenoid, and
carboxylic appendices modulating its activity. To gain insight into
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the microbiocidal cannabinoid pharmacophore, we have investigated
how the nature of the terpenoid moiety, its relative position
compared to the n-pentyl group, and the effect of carboxylation of
the resorcinyl moiety are translated biologically, assaying the major
cannabinoids and a selection of their precursors and regioisomeric
analogues against drug-resistant bacteria of clinical relevance.
Within these, we have selected a panel of clinically relevant
Staphylococcus aureus strains that includes the (in)famous EMRSA-
15, one of the main epidemic methicillin-resistant strains,13 and
SA-1199B, a multidrug-resistant strain that overexpresses the NorA
efflux mechanism, the best characterized antibiotic efflux pump in
this species.14 SA-1199B also possesses a gyrase mutation that, in
addition to NorA, confers a high level of resistance to certain
fluoroquinolones. A macrolide-resistant strain (RN4220),15 a tet-
racycline-resistant line overexpressing the TetK efflux pump
(XU212),16 and a standard laboratory strain (ATCC25923) com-
pleted the bacterial panel.

∆9-Tetrahydrocannabinol (THC, 4b), cannabidiol (CBD, 1b),
cannabigerol (CBG, 3b), cannabichromene (CBC, 2), and cannab-
inol (CBN, 5) are the five most common cannabinoids.17 They could
be obtained in high purity (>98%) by isolation from strains of C.
satiVa producing a single major cannabinoid (THC, CBD, CBG),
by total synthesis (CBC),6 or by semisynthesis (CBN).18 Their
antimicrobial properties are listed in Table 1. All compounds
showed potent antibacterial activity, with MIC values in the 0.5-2
µg/mL range. Activity was exceptional against some of these strains,
in particular the multidrug-resistant (MDR) SA-1199B, which has
a high level of resistance to certain fluoroquinolones. Also
noteworthy is the potent activity demonstrated against EMRSA-
15 and EMRSA-16, the major epidemic methicillin-resistant S.
aureus strains occurring in U.K. hospitals.13,19 These activities
compare highly favorably with the standard antibiotics for these
strains. The potent activity against strains possessing the NorA and
TetK efflux transporters suggests that cannabinoids are not sub-
strates for the most common resistance mechanisms to current
antibacterial agents, making them attractive antibacterial leads.

Given their nonpsychotropic profiles, CBD (1b) and CBG (3b)
seemed especially promising, and were selected for further
structure-activity studies. Thus, acetylation and methylation of their
phenolic hydroxyls (compounds 1c-e and 3c-e, respectively) were
both detrimental for activity (MIC >100 µg/mL), in accordance
with the essential role of the phenolic hydroxyls in the antibacterial

properties. However, in light of the potent activity of the monophe-
nols CBC (2), THC (4b), and CBN (5), it was surprising that
monomethylation of the diphenols CBD (1b) and CBG (3b) was
so poorly tolerated in terms of antibacterial activity.

Cannabinoids are the products of thermal degradation of their
corresponding carboxylic acids (pre-cannabinoids).17 Investigation
of the antibacterial profile of the carboxylated versions of CBD,
CBG, and THC (compounds 1a, 3a, and 4a, respectively) showed
a substantial maintenance of activity. On the other hand, methylation
of the carboxylic group (compounds 1f and 3f, respectively) caused
a marked decrease of potency, as did esterification with phenethyl
alcohol (compounds 1g and 3g, respectively). This operation is
associated with a potentiation of the antibacterial properties of
phenolic acids, as exemplified by phenethyl caffeate (CAPE), the
major antibacterial from propolis, compared to caffeic acid.20

Remarkably, the synthetic abnormal cannabinoids abn-CBD (6)21

and abn-CBG (7)22 showed antibacterial activity comparable to,
although slightly less potent than, their corresponding natural
products, while olivetol (10) showed modest activity against all
six strains, with MICs of 64-128 µg/mL, and resorcinol (11) did
not exhibit any activity even at 256 µg/mL. Thus, the pentyl chain
and the monoterpene moiety greatly enhance the activity of
resorcinol.

Taken together, these observations show that the cannabinoid
antibacterial chemotype is remarkably tolerant to structural modi-
fication of the terpenoid moiety and its positional relationship with
the n-pentyl chain, suggesting that these residues serve mainly as
modulators of lipid affinity, and therefore cellular bioavailability.
This view was substantiated by the marked decrease of activity
observed when the antibacterial activity of CBG (3b) was compared
to that of its polar analogue carmagerol (8).23 The results against
the resistant strains confirm this suggestion, and it is likely that the
increased hydrophilicity caused by the addition of two hydroxyls
greatly reduces the cellular bioavailability by substantially reducing
membrane permeability. Conversely, the addition of a further prenyl
moiety, as in the bis-prenylated cannabinoid 9,21 while increasing
membrane solubility, may result in poorer aqueous solubility and
therefore a lower intracellular concentration, similarly leading to a
substantial loss of activity. A single unfunctionalized terpenyl
moiety seems therefore ideal in terms of lipophilicity balance for
the antibacterial activity of olivetol derivatives. The great potency
of cannabinoids suggests a specific interaction with a bacterial
target, whose identity is, however, still elusive.

Given the availability of C. satiVa strains producing high
concentrations of nonpsychotropic cannabinoids, this plant repre-
sents an interesting source of antibacterial agents to address the
problem of multidrug resistance in MRSA and other pathogenic
bacteria. This issue has enormous clinical implications, since MRSA
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is spreading throughout the world and, in the United States, currently
accounts for more deaths each year than AIDS.24 Although the use
of cannabinoids as systemic antibacterial agents awaits rigorous
clinical trials and an assessment of the extent of their inactivation
by serum,25 their topical application to reduce skin colonization
by MRSA seems promising, since MRSA resistant to mupirocin,
the standard antibiotic for this indication, are being detected at a
threatening rate.26 Furthermore, since the cannabinoid anti-infective
chemotype seems remarkably tolerant to modifications in the prenyl
moiety, semipurified mixtures of cannabinoids could also be used
as cheap and biodegradable antibacterial agents for cosmetics and
toiletries, providing an alternative to the substantially much less
potent synthetic preservatives, many of which are currently
questioned for their suboptimal safety and environmental profile.27

Experimental Section

General Experimental Procedures. IR spectra were obtained on a
Shimadzu DR 8001 spectrophotometer. 1H NMR (300 MHz) and 13C
NMR (75 MHz) spectra were obtained at room temperature with a JEOL
Eclipse spectrometer. The spectra were recorded in CDCl3, and the
solvent signals (7.26 and 77.0 ppm, respectively) were used as reference.
The chemical shifts (δ) are given in ppm, and the coupling constants
(J) in Hz. Silica gel 60 (70-230 mesh) and Lichroprep RP-18 (25-40
mesh) were used for gravity column chromatography. Reactions were
monitored by TLC on Merck 60 F254 (0.25 mm) plates and were
visualized by UV inspection and/or staining with 5% H2SO4 in ethanol
and heating. Organic phases were dried with Na2SO4 before evaporation.
All known cannabinoids were identified according to their physical and
spectroscopic data.28 Semisynthetic cannabinoids 1c-f, and 3c-f were
prepared and identified according to their corresponding literature
references.22,29,30 Synthetic [abnormal (6,21 76) and polyprenyl (9)21]
cannabinoids were synthesized and characterized according to the
literature.

Plant Material. The three strains of Cannabis satiVa used for the
isolation of THC, CBD, and CBG came from greenhouse cultivation
at CRA-CIN, Rovigo (Italy), where voucher specimens are kept for
each of them, and were collected in September 2006. The isolation
and manipulation of all cannabinoids were done in accordance with
their legal status (License SP/101 of the Ministero della Salute, Rome,
Italy).

Isolation of Cannabinoids (1b, 3b, 4b). The powdered plant
material (100 g) was distributed in a thin layer on cardboard and heated
at 120 °C for 2 h in a ventilated oven to affect decarboxylation, then
extracted with acetone (ratio solvent to plant material 3:1, ×3). The
residue (6.5 g for the CBD chemotype, 4.1 g for the CBG chemotype,
7.4 g for the THC chemotype) was purified by gravity column
chromatography on silica gel (ratio stationary phase to extract 6:1) using
a petroleum ether-ether gradient. Fractions eluted with petroleum
ether-ether (9:1) afforded 1b (628 mg, 0.63%, from the CBD

chemotype) and 3b (561 mg, 0.56%, from the CBG chemotype),
precipitated from hot hexane to obtain white powders. Crude THC (3.2
g, 3.2%, from the THC chemotype) was obtained as a greenish oil,
part of which (400 mg) was further purified by RP-18 flash chroma-
tography with methanol-water (1:1) as eluant, affording 4b as a
colorless oil (315 mg).

Isolation of Pre-cannabinoids (1a, 3a, 4a). The powdered plant
material (100 g) was extracted with acetone (ratio solvent to plant
material 5:1, ×3). After removal of the solvent, the residue (7.7 g for
the CBD chemotype, 4.9 g for the CBG chemotype, 7.9 g for the THC
chemotype) was fractionated by vacuum chromatography on RP-18
silica gel (ratio stationary phase to extract 5:1) using methanol-water
(75:25) as eluant. Fractions of 100 mL were taken, and those containing
pre-cannabinoids were pooled, concentrated to ca. half-volume at 30
°C, saturated with NaCl, and extracted with EtOAc. After removal of
the solvent, the residue was further purified by gravity column
chromatography on silica gel (ratio stationary phase to crude compound
5:1) using a petroleum ether-EtOAc gradient (from 8:2 to 5:5) to afford
1.59 g (1.6%) of 1a from the CBD chemotype, 0.93 g (0.93%) of 3a
from the CBG chemotype, and 2.1 g (2.1%) of 4a from the THC
chemotype. All pre-cannabinoids were obtained as white foams that
resisted crystallization.

Synthesis of CBC (2) and CBN (5). CBG (2) was synthesized from
olivetol,6 and CBN was prepared from THC (6) by aromatization with
sulfur.18

Mitsunobu Esterification of Pre-cannabinoids (synthesis of 3g
as an example). To a cooled (ice bath) solution of 3a (360 mg, 1.1
mmol) in dry CH2Cl2 (4 mL) were added sequentially phenethyl alcohol
(92 µL, 0.76 mmol, 0.75 molar equiv), triphenylphosphine (TPP) (220
mg, 0.84 mmol, 0.80 molar equiv), and diisopropyldiazodicarboxylate
(DIAD) (228 µL, 1.1 mmol, 1 molar equiv). At the end of the addition,
the cooling bath was removed, and the reaction was stirred at room
temperature. After 16 h, the reaction was worked up by evaporation,
and the residue was dissolved in toluene and cooled at 4 °C overnight
to remove most of the TPPO-dihydroDIAD adduct. The filtrate was
evaporated and purified by gravity column chromatography on silica
gel (10 g, petroleum ether as eluant) to afford 126 mg (32%) of 3g.
Under the same reaction conditions, the yield of 1g from 1a was 26%.

Pre-cannabigerol Phenethyl Ester (3g): colorless foam; IR νKBr
max

3746, 3513, 3313, 1715, 1589, 1421, 1274, 1164, 980, 804, 690 cm-1;
1H NMR (300 MHz, CDCl3) δ 12.08 (1H, s), 7.25 (5H, m), 6.02 (1H,
s), 5.98 (1H, s), 5,25 (1H, br t, J ) 7.0 Hz), 5.01 (1H, br t, J ) 6.5
Hz), 4.56 (2H, t, J ) 6.6 Hz), 3.40 (2H, d, J ) 7.3 Hz), 3.1 (2H, t, J
) 6.6 Hz), 2.7 (2H, t, J ) 6.6 Hz), 2.05 (4H, m), 1.79 (3H, s), 1.65
(3H, s), 1.57 (3H, s), 1.24 (6H, m), 0.88 (3H, t, J ) 7.1 Hz); 13C NMR
(75 MHz, CDCl3) δ 172.1 (s), 162.7 (s), 159.5 (s), 148.8 (s), 139.1 (s),
137.4 (d), 132.1 (s), 128.8 (d), 126.8 (d), 125.9 (d), 121.5 (d), 111.5
(s), 110.8 (s), 65.8 (t), 39.8 (t), 36.6 (t), 35.0 (t), 32.0 (t), 31.5 (t), 26.5
(t), 25.8 (q), 22.2 (t), 17.8 (q), 16.3 (q), 14.2 (q); CIMS m/z [M + H]
465 [C30H40O4 + H].

Table 1. MIC (µg/mL) Values of Cannabinoids and Their Analogues toward Various Drug-Resistant Strains of Staphylococcus
aureusa,b

compound SA-1199B RN-4220 XU212 ATCC25923 EMRSA-15 EMRSA-16

1a 2 2 2 2 2 2
1b 1 1 1 0.5 1 1
2 2 2 1 2 2 2
3a 4 2 4 4 2 4
3b 1 1 1 1 2 1
3f 64 c 64 c c c

4a 8 4 8 4 8 4
4b 2 1 1 1 2 0.5
5 1 1 1 1 1 c
6 1 1 1 1 1 1
7 2 1 0.5 1 2 c
8 32 32 16 16 16 32
10 64 64 64 128 64 64
norfloxacin 32 1 4 1 0.5 128
erythromycin 0.25 64 >128 0.25 >128 >128
tetracycline 0.25 0.25 128 0.25 0.125 0.125
oxacillin 0.25 0.25 128 0.125 32 >128

a Compounds 1c-g, 3c-e, 3g, and 9 exhibited MIC values of >128 µg/mL for all organisms in which they were evaluated. b Compound 11
exhibited MIC values of >256 µg/mL for all organisms in which they were evaluated. c Not tested.
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Pre-cannabidiol Phenethyl Ester (1g): colorless oil; IR (KBr) νmax

3587, 3517, 3423, 3027, 1642, 1499, 1425, 1274, 1172, 1143, 980,
894 cm-1; 1HNMR (300 MHz, CDCl3) δ 12.13 (1H, s), 6.23 (5H, m),
6.48 (1H, s), 6.19 (1H, s), 5,55 (1H, s), 4.52 (3H, m), 4.4 (1H, s), 4.08
(1H, br s), 3.08 (2H, t, J ) 7.0 Hz), 2.7 (2H, m), 2.11 (1H, m), 1.78
(3H, s), 1.71 (3H, s), 1.5 (4H, m), 1.28 (6H, m), 0.88 (3H, t, J ) 6.9
Hz); 13C NMR (75 MHz, CDCl3) δ 172.2 (s), 171.5 (s), 163.5 (s), 160.0
(s), 148.8 (s), 147.0 (s), 145.9 (s), 140.2 (s), 137.4 (s), 128.7 (d), 126.7
(d), 124.0 (d), 114.4 (t), 112.3 (d), 105.8 (s), 65.6 (t), 46.6 (d), 39.1
(t), 37.0 (d), 31.9 (d), 31.5 (t), 27.8 (t), 25.3 (q), 22.6 (t), 21.9 (t), 18.5
(q), 14.1 (q); CIMS m/z [M + H] 463 [C30H38O4 + H].

Bacterial Strains and Chemicals. A standard S. aureus strain
(ATCC 25923) and a clinical isolate (XU212), which possesses the
TetK efflux pump and is also a MRSA strain, were obtained from E.
Udo.16 Strain RN4220, which has the MsrA macrolide efflux pump,
was provided by J. Cove.30 EMRSA-1513 and EMRSA-1619 were
obtained from Paul Stapleton. Strain SA-1199B, which overexpresses
the NorA MDR efflux pump, was the gift of Professor Glenn Kaatz.14

Tetracycline, norfloxacin, erythromycin, and oxacillin were obtained
from Sigma Chemical Co. Oxacillin was used in place of methicillin
as recommended by the NCCLS. Mueller-Hinton broth (MHB; Oxoid)
was adjusted to contain 20 mg/L Ca2+ and 10 mg/L Mg2+.

Antibacterial Assays. Overnight cultures of each strain were made
up in 0.9% saline to an inoculum density of 5 × 105 cfu by comparison
with a MacFarland standard. Tetracycline and oxacillin were dissolved
directly in MHB, whereas norfloxacin and erythromycin were dissolved
in DMSO and then diluted in MHB to give a starting concentration of
512 µg/mL. Using Nunc 96-well microtiter plates, 125 µL of MHB
was dispensed into wells 1-11. Then, 125 µL of the test compound or
the appropriate antibiotic was dispensed into well 1 and serially diluted
across the plate, leaving well 11 empty for the growth control. The
final volume was dispensed into well 12, which being free of MHB or
inoculum served as the sterile control. Finally, the bacterial inoculum
(125 µL) was added to wells 1-11, and the plate was incubated at 37
°C for 18 h. A DMSO control (3.125%) was also included. All MICs
were determined in duplicate. The MIC was determined as the lowest
concentration at which no growth was observed. A methanolic solution
(5 mg/mL) of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliium
bromide (MTT; Lancaster) was used to detect bacterial growth by a
color change from yellow to blue.
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Eremostachys laciniata (L) Bunge (family: Lamiaceae alt. Labiatae; subfamily: Lamioideae) is one of the 15
endemic Iranian herbs of the genus Eremostachys. A decoction of the roots and flowers of E. laciniata has
traditionally been taken orally for the treatment of allergies, headache and liver diseases. Three antibacterial
iridoid glucosides, phloyoside I (1), phlomiol (2) and pulchelloside I (3) have been isolated from the rhizomes
of this plant. The structures of these compounds were elucidated unequivocally by a series of 1D and 2D NMR
analyses. The antibacterial activity and brine shrimp toxicity of these compounds were assessed using the resazurin
microtitre assay and the brine shrimp lethality assay, respectively. All three iridoid glycosides 1–3 exhibited
from low to moderate levels (MIC ===== 0.05–0.50 mg/mL) of antibacterial activity. Of these compounds, com-
pound 3 was the most active, and displayed antibacterial activity against 9 of 12 different strains tested. The
most noteworthy activity of 3 was against Bacillus cereus, penicillin-resistant Escherichia coli, Proteus mirabilis
and Staphylococcus aureus with an MIC value of 0.05 mg/mL. Copyright © 2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Eremostachys laciniata (L) Bunge (family: Lamiaceae
alt. Labiatae; subfamily: Lamioideae), a perennial herb
with a thick root and pale purple or white flowers, is
one of the 15 endemic Iranian species of the genus
Eremostachys, and is also grown in other countries of
the Middle-East Asia, Western Asia and Caucasus
(GRIN Database, 2008; Mozaffrian, 1996). A decoc-
tion of the roots and flowers of E. laciniata has tradi-
tionally been taken orally for the treatment of allergies,
headache and liver diseases (Said et al., 2002). A previ-
ous phytochemical study on E. laciniata revealed the
presence of various mono- and sesquiterpenes in its
essential oils (Navaei and Mirza, 2006). The crude
extract of this plant was reported to possess a free-
radical-scavenging property (Erdemoglu et al., 2006).
As part of our on-going studies on the plants of the
Iranian flora (Nazemiyeh et al., 2008, 2007; Delazar
et al., 2007a, 2007b, 2006a, 2006b, 2006c, 2006d, 2005,
2004a, 2004b), we now report on the isolation, struc-
ture elucidation and bioactivity of three iridoid gluco-
sides, phloyoside I (1), phlomiol (2) and pulchelloside
(3) from the rhizomes of E. laciniata.

MATERIALS AND METHODS

General experimental procedures. UV spectra were
obtained in methanol using a Hewlett-Packard
8453 UV/vi spectrophotometer in MeOH. NMR spectra
were recorded in CD3OD on a Bruker DRX 500 MHz
NMR spectrometer (500 MHz for 1H and 125 MHz
for 13C) using the residual solvent peaks as an internal
standard. MS analyses were performed on a Finnigan
MAT95 spectrometer. HMBC spectra were optimized
for a long range JH-C of 9 Hz and a NOESY experiment
was carried out with a mixing time of 0.8 s.

Plant material. The rhizomes of Eremostachys laciniata
(L) Bunge were collected during September–October
2005 from Ajabshir county in East Azarbaijan province
in Iran (37° 36′ 46.7′′ N latitude, 46° 11′ 15.6′′ E longi-
tude and altitude 1900 m above sea level). A voucher
specimen (TUM-ADE 0204) has been retained in the
herbarium of the Faculty of Pharmacy, Tabriz Univer-
sity of Medical Science, and in the herbarium of
the Plant and Soil Science Department, University of
Aberdeen, Scotland (ABD).

Extraction and isolation of compounds. The dried and
ground rhizomes of E. laciniata (100 g) were Soxhlet-
extracted, successively, with n-hexane, dichlorome-
thane and methanol (1.1 L each). The MeOH extract
(2 g) was subjected to Sep-Pack fractionation using a
step gradient of MeOH–water mixture (10:90, 20:80,
40:60, 60:40, 80:20 and 100:0). The preparative reversed-
phase HPLC analysis (Shim-Pak ODS column 10 μm,
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Table 1. 1H NMR (500 MHz, coupling constant J in Hz in parentheses) and 13C NMR (125 MHz in parentheses) data of iridoid
glucosides 1–3

Chemical shift (δH) in ppm Chemical shift (δC) in ppm

Position 1 2 3 1 2 3

1 5.83 s 5.83 s 5.67 d (2.0) 93.1 93.9 95.0
3 7.49 s 7.45 s 7.45 s 153.7 154.2 153.6
4 – – – 115.0 114.4 114.9
5 – – – 64.9 70.1 68.6
6 3.55 d (9.0) 4.18 d (4.5) 3.67* 79.7 77.2 82.9
7 3.82 d (9.0) 3.66 d (4.5) 3.43 dd (7.0, 10.0) 83.7 80.5 83.3
8 – – 1.35 m 74.9 78.5 37.8
9 2.47 s 2.51 s 1.96 dd (2.0, 12.0) 57.6 56.9 53.9
10 1.02 s 1.39 s 1.37 d (6.5) 17.2 22.3 16.1
11 – – – 168.4 168.8 168.5
11-OMe 3.74 s 3.73 s 3.73 s 52.0 51.7 51.8
1′ 4.59 d (8.0) 4.60 d (8.0) 4.58 d (8.0) 99.7 99.5 100.0
2′ 3.19 dd (8.0, 9.0) 3.20 bt (8.0) 3.19 bt (8.0) 74.4 74.4 74.4
3′ 3.38 bt (9.0) 3.38* 3.38* 77.4 77.5 77.4
4′ 3.28* 3.28* 3.28* 71.7 71.6 71.6
5′ 3.32* 3.29* 3.29* 78.4 78.4 78.5
6′ 3.90 dd (2.0, 11.5) 3.90 bd (12.0) 3.90 dd (2.0, 11.5) 62.9 62.6 62.7

3.66 dd (6.0, 11.5) 3.67* 3.68*

Spectra obtained in CD3OD.
All assignments were confirmed by 13C DEPT135, COSY, NOESY, HMBC and HSQC experiments.

Figure 1. Structures of iridoid glycosides isolated from the rhi-
zomes of Eremostachys laciniata.

250 mm × 21.2 mm; mobile phase: 0–70 min gradient
4%–9% ACN in water; flow-rate: 20 mL/min, detection
at 248 nm) of the 10% methanol Sep-Pack fraction
afforded three iridoid glucosides, phloyoside I (1, 13.2 mg,
tR = 12.3 min) (Kasai et al., 1994), phlomiol (2, 6.7 mg,
tR = 13.6 min) (Zhang et al., 1991) and pulchelloside
I (3, 6.7 mg, tR = 16.6 min) (Milz and Rimpler, 1978;
El-Hela et al., 2000). All compounds 1–3 were identified
unequivocally by a series of 1D and 2D NMR experi-
ments, notably, 1H, 13C, 13C DEPT, 1H-1H COSY, 1H-
1H NOESY, 1H-13C HMQC and 1H-13C HMBC (Table 1;
Fig. 1) and HR-ESIMS analysis. The spectroscopic data
of the known compounds were also compared with the
respective published data.

Phloyoside I (1). White amorphous solid; 13.2 mg;
UV λmax (MeOH): 230 nm; HR-FABMS m/z 439.1451,
C17H27O13 requires 439.1452; 1H NMR and 13C NMR
(Table 1).

Phlomiol (2). White amorphous solid; 6.7 mg; UV
λmax (MeOH): 230 nm; HR-FABMS m/z 439.1451,
C17H27O13 requires 439.1452; 1H NMR and 13C NMR
(Table 1).

Pulchelloside I (3). White amorphous solid; 6.7 mg;
UV λmax (MeOH): 230 nm; HR-FABMS m/z 423.1503,
C17H27O12 requires 423.1502; 1H NMR and 13C NMR
(Table 1).

Antibacterial activity. Antibacterial activity of 1–3 was
assessed against 12 strains of Gram-positive and Gram-
negative bacteria including Bacillus cereus (NCTC 9689),
Citrobacter freundii (NCTC 9750), Escherichia coli (NCIMB
8110), Escherichia coli (NCIMB 4174), Klebsiella aerogenes
(NCTC 9528), Lactobacillus plantarum (NCIMB 6376),
Micrococcus luteus (NCIMB 9278), Proteus mirabilis
(NCIMB 60), Pseudomonas aeruginosa (NCTC 6750),
Staphylococcus aureus (NCTC 10788), Staphylococcus
aureus (MRSA) (NCTC 11940), Staphylococcus epidermidis
(NCIMB 8558) using the 96-well microtitre-plate-based
serial dilution method, incorporating resazurin as an
indicator of cell growth (Sarker et al., 2007). Isosensitized
nutrient broth was obtained from Oxoid, Basingstoke,
Hampshire, England. Microtitre plates were from Sero-
wel, Bibby sterilin, Stone, Staffs, UK. Eppendorf pipettes
were purchased from Netheter-hinz-Gmbh, 22 331, Ham-
burg, Germany. Bacterial suspension (20 μL) in double
strength nutrient broth at a concentration of 5 × 105

colony forming units (CFU)/mL was used. Test com-
pounds (1–3) were dissolved in 10% aqueous DMSO
to obtain a stock concentration of 1 mg/mL. Ciprofloxacin,
a well-known broad-spectrum antibiotic, was used as
a positive control. The minimum inhibitory concentra-
tion (MIC) was determined for each compound and
compared with that of ciprofloxacin.

Brine shrimp lethality assay. Shrimp eggs were purchased
from The Pet Shop, Kittybrewster Shopping Complex,
Aberdeen, UK. The bioassay was conducted following
the procedure described by Meyer et al. (1982). The
eggs were hatched in a conical flask containing 300 mL
artificial seawater. The flasks were well aerated with
the aid of an air pump, and kept in a water bath at 29–
30 °C. A bright light source was left on and the nauplii
hatched within 48 h. The extracts were dissolved in
2% aq. DMSO to obtain a concentration of 1 mg/mL.
These were serially diluted to obtain seven different
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concentrations. A solution of each concentration (1 mL)
was transferred into clean sterile universal vials with a
pipette, and aerated sea-water (9 mL) was added. About
10 nauplii were transferred into each vial with a
pipette. A check count was performed and the number
alive after 24 h was noted. LD50 values were determined
using the Probit analysis method (Finney, 1971).
Podophylotoxin, a well known cytotoxic lignan, was used
as a positive control.

RESULTS AND DISCUSSION

Reversed-phase preparative HPLC analysis of the metha-
nol extract of the rhizomes of E. laciniata afforded three
iridoid glucosides, which were identified unequivocally
as phloyoside I (1), phlomiol (2) and pulchelloside I
(3) on the basis of extensive 1D and 2D NMR data
analyses.

All three compounds (1–3) showed spectroscopic char-
acteristics, especially, UV and NMR signals (Table 1),
assignable to iridoid glucoside skeletons with a carbo-
methoxy group at C-4, and a methyl at C-8 (Boros and
Stermitz, 1991). The HR-FABMS spectra of 1–3, pseudo-
molecular ions [M+1]+, respectively, at m/z 439.1451,
439.1451 and 423.1502, corresponding to the molecular
formula, C17H26O13, C17H26O13 and C17H26O12, respec-
tively. In the 1H and 13C NMR spectra of 1 (Table 1),
in addition to the signals associated with a β-D-glucosyl
and carbomethoxy moieties, there were signals corre-
sponding to C-8 methyl (δH 1.02 and δC 17.2), olefinic
methine (δH 7.49 and δC 153.7, C-3), three oxymethines
at C-1 (δH 5.83 and δC 93.1), C-6 (δH 3.55 and δC 79.7) and
C-7 (δH 3,82 and δC 83.7), a methine at C-9 (δH 2.47 and
δC 57.6) and two oxygenated quarternary carbons at
C-5 (δC 64.9) and C-8 (δC 74.9). While a 1H-1H COSY45
displayed all 1H-1H scalar couplings within the molecule,
an HMBC together with an HSQC confirmed the 1H-
13C connectivities, and thus the structure of the molecule.
The relative stereochemistry at the chiral centres in 1,
was established from the nOe interactions observed in
the 1H-1H NOESY spectrum, especially, the strong nOe
interactions between H-9 and H-7 established that both
these protons were on the same face of the molecule.
Thus, the identity of 1 was confirmed as phloyoside I,
and the NMR data of 1 were comparable to the pub-
lished data (Kasai et al., 1994).

The 1H and 13C NMR data of 2 (Table 1) were similar
to those of 1, with a few minor differences which origi-
nated from the differences in relative stereochemistry
at the chiral centres of both molecules. Using the nOe
interactions observed in the 1H-1H NOESY spectrum,
the identity of 2 was confirmed as phlomiol. The NMR
data of 2 were comparable to the published data (Zhang
et al., 1991).

In the 1H NMR spectrum of 3 (Table 1), all signals
were similar to those observed in the case of compounds
1 and 2, with the exceptions that the C-8 methyl signal
(δ 1.37) appeared as a doublet, and an additional
methine signal at δ 1.35 as a multiplet was observed. In
the 13C NMR spectrum (Table 1), the C-8 oxygenated
quarternary signal was absent, and a methine signal
(δ 37.8) was present instead. Finally, with the help of
a 1H-1H COSY 45, 1H-13C HSQC, 1H-13C HMBC and
1H-1H NOESY, the identity of compound 3 was con-

firmed as puchelloside I. The NMR data of 3 were
comparable to the published data (Milz and Rimpler,
1978; El-Hela et al., 2000).

To our knowledge, this is first report on the occur-
rence of iridoid glucosides 1–3 in the rhizomes of
Eremostachys laciniata. However, Calis et al. (2007b),
recently reported in a conference abstract, the pres-
ence of compounds 1 and 2 in the aerial parts of
E. laciniata growing in Turkey. Iridoid glycosides are
of common occurrence in the genus Phlomis (Delazar
et al., 2004a; ISI Database, 2008; Combined Chemical
Dictionary, 2008). Most recently, iridoid glycosides have
also been reported from the genus Eremostachys
(Delazar et al., 2004a, Calis et al., 2007a, 2007b), which
is taxonomically close to Phlomis. Within the genus
Phlomis, phloyoside I (1) was isolated previously from
P. rotata and P. younghusbandii, and phlomiol (2)
from P. tuberosa, P. longifolia and P. younghusbandii
(ISI Database, 2008). However, pulchelloside I (3) was
not previously reported either from the Phlomis or the
Eremmostachys. Both the genera, Eremostachys and
Phlomis, belong to the subtribe Lamieae of the family
Lamiaceae (Azizian and Cutler, 1988; Delazar et al.,
2004a), and they are morphologically similar. Anatomi-
cal and cytological studies on the species of these
genera also established this close affinity between these
two genera. During the preliminary chemotaxonomic
studies on the family Lamiaceae using flavonoids as the
markers, some degrees of similarities between these
genera were also identified (Delazar et al., 2004a).
Iridoids have been considered as valuable chemotaxono-
mic markers (Frederiksen et al., 1999), and in fact, they
have been employed successfully to describe chemo-
taxonomic relationships among the taxa within various
families, e.g. Acanthaceae, Bigoniaceae, Cornaceae,
Oleaceae and Rubiaceae (Delazar et al., 2004a; ISI
Database, 2008). Within the family Lamiaceae, iridoid
glycosides have recently been employed as chemo-
taxonomic markers for the species of the genus Lamium
(Alipieva et al., 2003). Therefore, the co-occurrence
of iridoid glycosides, especially 1 and 2, in the closely
related genera Eremostachys and Phlomis could be
significant chemotaxonomically.

All three iridoid glycosides 1–3 exhibited (Table 2)
from low to moderate levels (MIC = 0.05–0.50 mg/mL)
of antibacterial activity. Among these compounds,
compound 3 was the most active, and displayed anti-
bacterial activity against 9 of 12 different strains tested.
The most noteworthy activity of 3 was against Bacillus
cereus, penicillin-resistant Escherichia coli, Proteus
mirabilis and Staphylococcus aureus with an MIC value
of 0.05 mg/mL. None of the compounds (1–3) exhibited
any inhibitory activities against Klebsiella aerogenes,
Lactobacillus plantarum and methicillin-resistant Staphy-
lococcus aureus. The antibacterial activity profiles of
compounds 1 and 2, possibly owing to their structural
similarities, were quite similar. The growth of Escherichia
coli, penicillin resistant Escherichia coli, Micrococcus
luteus and Staphylococcus epidermidis was inhibited
only by compound 3. All compounds were active against
Bacillus cereus, Citrobacter freundii, Proteus mirabilis,
Pseudomonas aeruginosa and Staphylococcus aureus.

The brine shrimp lethality assay (BSL) has been used
routinely in the primary screening of the crude extracts
as well as the isolated compounds to assess the toxicity
towards brine shrimps, which could also provide an
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Table 2. Antibacterial properties of iridoid glucosides 1–3

MIC in mg/mL

Bacterial strain 1 2 3 Ciprofloxacin

Bacillus cereus 0.50 0.50 0.05 2.5 × 10−8

Citrobacter freundii 0.50 0.50 0.50 2.5 × 10−7

Escherichia coli – – 0.25 2.5 × 10−7

Escherichia coli (penicillin resistant) – – 0.05 2.5 × 10−6

Klebsiella aerogenes – – – 2.5 × 10−6

Lactobacillus plantarum – – – 2.5 × 10−7

Micrococcus luteus – – 0.50 2.5 × 10−7

Proteus mirabilis 0.50 0.10 0.05 2.5 × 10−8

Pseudomonas aeruginosa 0.50 0.50 0.10 2.5 × 10−8

Staphylococcus aureus 0.25 0.10 0.05 2.5 × 10−8

Staphylococcus aureus (MRSA) – – – 2.5 × 10−8

Staphylococcus epidermidis – – 0.10 2.5 × 10−7

indication of possible cytotoxic properties of the test
materials (Meyer et al., 1982). It has been established
that the cytotoxic compounds usually show good
activity in the BSL assay, and this assay can be recom-
mended as a guide for the detection of antitumour
and pesticidal compounds because of its simplicity and
cost-effectiveness. In the BSL assay, none of these
iridoid glycosides (1–3) showed any significant level
of toxicity, and the LD50 values were >1.0 mg/mL,

compared with 2.80 μg/mL of the positive control,
podophyllotoxin.
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Brominated Diterpenes with Antibacterial Activity from the Red Alga Sphaerococcus
coronopifolius
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Four new brominated diterpenes (1, 2, 4, 5), along with two previously reported metabolites (3, 6), were isolated from
the organic extract of Sphaerococcus coronopifolius, collected in Palaiokastritsa Bay at the west coast of Corfu Island.
The structures of the new products, as well as their relative configuration, were established by means of spectroscopic
data analyses, including 2D NMR experiments. The isolated metabolites were evaluated for their antibacterial activity
against a panel of multidrug-resistant (MDR) and methicillin-resistant Staphylococcus aureus (MRSA) with MICs in
the range 0.5-128 µg/mL.

Diterpenes are widespread metabolites in marine brown algae, but
are much less common in Rhodophyta,1 having been found mainly in
species of the genus Laurencia2 and in the unrelated species Sphaero-
coccus coronopifolius. Particularly, the latter yields an extended variety
of interesting diterpenes having di-, tri-, or tetracyclic skeletons, often
rearranged, most of which contain one or more bromine atoms.3 These
halogenated metabolites have been suggested to function as chemical
defense against marine herbivores.4–6 Moreover some of these
halogenated metabolites have been proven to possess antimalarial,3

insecticidal,7 antibacterial,8 antifungal,9 and antiviral activities.10

In the course of our ongoing investigations toward the isolation
of bioactive metabolites from marine organisms of the Greek
seas,11–13 we recently studied the chemical composition of the red
alga S. coronopifolius, collected from the west coast of Corfu Island.
In this paper we describe the isolation and structure elucidation of
four new metabolites (1, 2, 4, and 5), along with the already
described metabolites 314 and 6 (1S-hydroxy-1,2-dihydrobromo-
sphaerol),15 all of which were obtained from the organic extract of
S. coronopifolius. The structures of the new metabolites were
elucidated by extensive spectroscopic analyses and their relative
configuration was determined by NOESY experiments. Moreover,
detailed analyses of the 1D and 2D NMR spectra allowed the
revision of the structure for metabolite 3 and the full assignment
of the 13C and 1H data, which have not been reported before for 6.

All compounds were evaluated for antibacterial activity against
a panel of multidrug-resistant (MDR) and methicillin-resistant
Staphylococcus aureus (MRSA) using a microtiter plate based
minimum inhibitory concentration (MIC) assay. The metabolites,
specifically 4 and 6, were found to possess highly significant activity
in comparison to the standard antibiotic norfloxacin.

Results and Discussion

S. coronopifolius was collected in Palaiokastritsa Bay on the west
side of Corfu Island, and the CH2Cl2/MeOH extract of the freeze-
dried alga was subjected to a series of gravity column chromatog-
raphy fractionations on silica gel using mixtures of cyclohexane/
EtOAc as mobile phase, as well as normal- and reversed-phase high-
pressure liquid chromatography (HPLC) separations, using mixtures
of n-hexane/CHCl3 or CH3CN, respectively, as eluent, to yield
compounds 1-6 in pure form.

Compound 1 was isolated after purification by HPLC as a
colorless oil. The molecular formula C20H32Br2O2 was deduced from
the HRFABMS in combination with the NMR data (Table 1). The
LRCI-MS ions at m/z 445/447/449 [MH - H2O]+, with relative
intensities 1.4/2.0/1.0, and at m/z 347/349 [MH - 2H2O - HBr]+

with relative intensities 1.0/1.0 indicated the presence of two
bromine atoms. In the IR spectrum, the intense and broad band at
νmax 3377 cm-1 indicated the presence of a hydroxyl group in the
molecule. The 13C NMR spectrum exhibited 20 signals, which by
DEPT spectra corresponded to four quaternary carbons, six me-
thines, six methylenes, and four methyls. The 1H and 13C NMR
spectra displayed resonances for two methyls (δH/C 0.82/18.7; 0.97/
24.8) of an isopropyl group linked to a methine (δH/C 1.75/25.9)
bonded to another methine (δH/C 1.89/41.1), two methyls attached
to quaternary carbons (δH/C 1.18/15.3 and 1.36/29.6), one oxygen-
ated methine (δH/C 4.28/68.9), one halomethine (δH/C 3.97/67.7),
one trisubstituted double bond (δH/C 6.45/133.0 and δC 137.2), one
aliphatic methine (δH/C 1.88/51.2), one halomethylene (δH/C 3.81,
3.44/38.7), and five aliphatic methylenes (δH/C 1.85, 1.26/28.3; 1.85,
1.35/27.8; 1.87, 1.34/38.0; 1.61, 1.60/44.8; and 2.43, 2.00/29.8).
With four degrees of unsaturation, the structure was expected to
contain three rings in addition to the double bond. All protonated
carbons and the corresponding protons were assigned by COSY
and HMQC experiments. The NMR data comparison of 1 with
reported values for bromosphaerodiol16 suggested that metabolite
1 was its 2-hydroxy-∆1,10 isomer. The correlation in the HMBC
experiments, from H3-19 and H3-20 (δH 0.82 and 0.97) to C-4 (δC

41.1), confirmed the position of the isopropyl group. The hydroxyl
group was positioned on C-2, as deduced from the correlations of
C-2 (δC 68.9) with H-3R (δH 1.26) and of C-1 (δC 133.0) with H-2
(δH 4.28). Moreover, the strong correlations between C-1 (δC 133.0)
and H-9 (δH 1.88) as well as the correlations of H-1 (δH 6.45) with
C-3 (δC 28.3), C-9 (δC 51.2), and the quaternary carbon C-5 (δC

45.5) established the position of the olefinic proton at C-1. The
correlation of H-17a (δH 3.81) with C-4 (δC 41.1), C-5 (δC 45.5),
and C-6 (δC 27.8) and of H-17b (δH 3.44) with C-4 (δC 41.1), C-5
(δC 45.5), and C-10 (δC 137.2) secured the position of the
bromomethyl group at C-5. The additional bromine atom was
positioned on C-14, as concluded by the correlations of C-14 (δC

67.7) with H-9 (δH 1.88), H2-12 (δH 1.61, 1.60), H-13R (δH 2.43),
and H3-15 (δH 1.26). Moreover, the correlations of H3-15 (δH 1.18)
with C-8 (δC 42.6), C-7 (δC 38.0), C-9 (δC 51.2), and C-14 (δC

67.7) and of H3-16 (δH 1.36) with C-11 (δC 72.3), C-9 (δC 51.2),
and C-12 (δC 44.8) confirmed the positions of the remaining methyl
groups. The relative configuration of 1 was assigned on the basis

* Corresponding author. Tel: +30 210 7274592. Fax: +30 210 7274590.
E-mail: vagias@pharm.uoa.gr.

† University of Athens.
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of NOESY data. The strong NOE correlations between H-14/H-9,
H-14/H-13�, H-14/H-7�, H-14/H-12�, H-12�/H-9, H-9/H3-16, H-9/
H-17a, H-17a/H-7�, H-17b/H-4, H-17b/H-6�, and H3-16/H-12�
determined the configuration at C-4, C-5, C-9, C-11, and C-14.
The strong NOE correlations between H3-15/H-13R and H-6R/H3-
15 established the configuration at C-8. The NOE correlations
between H-2/H-3� and H-2/H-4 determined the configuration at
C-4. The large coupling constant values of H-13R and H-14
supported the trans-diaxial orientation of these protons. In view of
the above-mentioned data metabolite 1 was identified as 2S-
hydroxyisobromosphaerol (Figure 1).

Compound 2 was purified by means of HPLC and isolated as a
white solid. A combination of its NMR data (Table 1) and
HRFABMS measurements suggested the molecular formula
C20H32Br2O4. The LRCI-MS peaks at m/z 477/479/481 [MH -
H2O]+, with relative intensities 1.1/2.0/1.0, and at m/z 459:461:
463 [MH - 2H2O]+, with relative intensities 1.0/1.9/1.3, indicated
the presence of two bromine atoms. The 13C NMR spectrum of 2
exhibited signals for 20 carbon atoms with the multiplicities of the
carbon signals determined from the DEPT spectra as four singlets,
seven doublets, five triplets, and four quartets. Strong IR absorptions
at νmax 3422 cm-1 and 13C NMR signals at δC 74.1 (C-11) and
75.9 (C-12) indicated the presence of hydroxyl groups. An
additional oxygenated carbon resonated at lower fields [δC 81.9
(C-2)], characteristic for the presence of a hydroperoxy group.
Among the other carbons, two were olefinic, resonating at δC 129.0
(C-1) and 138.5 (C-10), and two were brominated, resonating at
δC 62.2 (C-14) and 38.2 (C-17). Furthermore, the 1H NMR spectra
revealed signals due to an olefinic proton at δH 6.57 (H-1), one
halomethine proton at δH 3.91 (H-14), two halomethylene protons
at δH 3.78 and 3.46 (H-17a and H-17b), two oxygenated methine
protons at δH 4.60 (H-2) and 3.36 (H-12), two methyls of an
isopropyl group at δH 0.83 (H3-19) and 0.99 (H3-20) attached to a
methine at δH 1.78 (H-18), and two singlet methyls at δH 1.13 (H3-
15) and 1.41 (H3-16). All protonated carbons and their protons were
assigned on the basis their COSY and HMQC correlations. The
structure elucidation was assisted by analyses of the HMBC
experiments. Based on the correlations of C-2 (δC 81.9) with H-3R
(δH 1.49) and H-4 (δH 1.94) and of H2-13 methylene protons (δH

2.40 and 2.20) and H3-16 (δH 1.41) with C-12 (δC 75.9), observed
in the HMBC spectrum, the hydroperoxy- and hydroxymethines
were placed at C-2 and C-12, respectively. The position of the
olefinic bond between C-1 and C-10 was established from correla-
tions of H-1 (δH 6.57) with C-3 (δC 22.4) and C-9 (δC 49.5), as
well as from the correlations of C-1 (δC 129.0) and C-10 (δC 138.5)
with H-9 (δH 1.80). The correlation of H3-19 (δH 0.83) and H3-20
(δH 0.99) with C-4 (δC 40.9) confirmed the position of the isopropyl
group on C-4. The correlation of H-17a (δH 3.78) with C-4 (δC

40.9), H-17b (δH 3.46) with C-4 (δC 40.9) and C-10 (δC 138.5),
and C-5 (δC 45.7) with H-1 (δH 6.57), H-4 (δH 1.94), H-9 (δH 1.80),
and H-18 (δH 1.78) secured the position of the bromomethyl group
on C-5. The position of the second bromine atom at C-14 was
indicated by the correlation of C-14 (δC 62.2) with H3-15 (δH 1.13)
and H2-13 (δH 2.40 and 2.20). Moreover the correlations of H3-15

(δH 1.13) with C-8 (δC 42.6), C-7 (δC 37.5), C-9 (δC 49.5), and
C-14 (δC 62.2) and of H3-16 (δH 1.41) with C-11 (δC 74.1), C-9
(δC 49.5), and C-12 (δC 75.9) confirmed the positions of these
methyl groups. Comparison of the NMR data of 2 with literature
data showed a close similarity with those of the previously reported
2S,12S-dihydroxyisobromosphaerol.14 The above-mentioned data
led us to assign 2 as 2S-hydroperoxy-12R-hydroxyisobromo-
sphaerol. The proposed structure was confirmed by NOESY
correlations (Figure 2). The NOE correlations between H-14/H-9,
H-14/H-13�, H-14/H-7�, H-14/H-12, H-13�/H-12, H-9/H-12, H-9/
H-7�, H-9/H-17a, H-17a/H-7�, and H-17b/H-4 determined the
configuration at C-4, C-5, C-9, C-14, and C-12. The NOE
correlations between H3-15/H-13R and H3-15/H-6R determined the
configuration at C-8. The absence of any correlation between H3-
15/H3-16 and the NOE correlations between H3-16/H-1 and H3-
16/H-12 confirmed the equatorial orientation of H3-16. The NOE
correlations between H-2/H-4, H-2/H-3�, and H-3R/H3-19 and the
absence of any correlation between H-2/H-3R established the
configuration at the oxygenated carbon C-2. The large coupling
constants of H-12, H-13R, and H-14 supported the axial orientation
of these protons.

Compound 3 after purification by HPLC was isolated as a white
solid. Comparison of its NMR (Table 1) and MS spectra with
literature data showed them to be almost identical to those for
2S,12S-dihydroxyisobromosphaerol.14 However, the fact that C-2
resonated downfield (δC 81.9) when compared with 2S-hydroxy-
isobromosphaerol (1) (C-2 signal at δC 68.9) was again indicative
of the presence of a hydroperoxy group at C-2, as seen in 2.
Additionally, several 13C and 1H NMR chemical shifts were
reassigned. On the basis of the above evidence, metabolite 3 was
characterized as 2S-hydroperoxy-12S-hydroxyisobromosphaerol.

Compound 4 was purified by means of HPLC separations and
was isolated as a colorless oil. Both 13C NMR data and HRFABMS
measurements supported the molecular formula C20H31BrO3. The
LREIMS showed [M - H2O]+ peaks at m/z 380/382 with intensities
1.0/1.0, indicating the presence of one bromine atom. The presence
of a carbonyl group was evident from the intense IR band at 1698
cm-1, while absorptions at νmax 3468 cm-1 indicated the presence
of hydroxyl groups in the molecule. The 13C NMR spectrum of 4
(Table 2) exhibited signals for 20 carbons, with the multiplicities
of the carbons determined from the DEPT spectra as four quaternary
carbons, seven methines, five methylenes, and four methyls. Among

Figure 1. Metabolites isolated from S. coronopifolius.

Figure 2. NOE correlations for compound 2.
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the carbons, one was a carbonyl, resonating at δC 200.6 (C-12),
two were olefinic, resonating at δC 129.9 (C-13) and 153.9 (C-14),
one was brominated, resonating at δC 38.8 (C-17), and two were
oxygenated, resonating at δC 84.2 (C-11) and 75.6 (C-1). The proton
resonances at δH 5.97 (H-13) and 6.88 (H-14) displayed in the 1H
NMR spectra defined the isolated AB system of an R,�-unsaturated
ketone. Furthermore, the spectra displayed signals corresponding
to one oxygenated methine proton at δH 3.61 (H-1), two halom-
ethylene protons at δH 3.79 and 3.58 (H-17a and H-17b), two
methyls of an isopropyl group at δH 0.98 (H3-19) and 0.95 (H3-20)
bonded to a methine at δH 1.70 (H-18), and two methyls linked to
quaternary carbons at δH 0.99 (H3-15) and 1.35 (H3-16). With five
degrees of unsaturation, the structure was expected to contain three
rings in addition to the carbonyl group and the double bond. All
protonated carbons and their protons were assigned by COSY and
HMQC experiments. The NMR data comparison of 4 with those
of sphaerococcenol-A17,18 suggested that metabolite 4 was its
1-hydroxy-1,2-dihydro derivative. On the basis of the correlations
of carbonyl C-12 (δC 200.6) with H-14 (δH 6.88) and H3-16 (δH

1.35), of H-13 (δH 5.97) with the quaternary carbons C-8 (δC 38.0)
and C-11 (δC 84.2), and of H-14 (δH 6.88) with C-7 (δC 34.0), C-8
(δC 38.0), and C-9 (δC 50.0), observed in the HMBC spectrum,
the carbonyl group was placed at C-12 and the double bond between
C-13 and C-14. The correlations between H3-19 and H3-20 (δH 0.98
and 0.95) with C-4 (δC 44.3) confirmed the position of the isopropyl
group on C-4. The correlation of H-17a (δH 3.79) with C-4 (δC

44.3), of H-17b (δH 3.58) with C-6 (δC 27.4), and of carbon C-17
(δC 38.8) with protons H-6a (δH 1.92) and H-10 (δH 1.86) secured
the position of the bromomethyl group at C-5. The oxygenated
methine was positioned at C-1, as concluded by the correlations of
C-1 (δC 75.6) with H-9 (δH 1.88) and/or H-3R (δH 1.89) and H-10
(δH 1.86). Moreover the correlations of H3-15 (δH 0.99) with C-8
(δC 38.0), C-7 (δC 34.0), C-9 (δC 50.0), and C-14 (δC 153.9) and
of H3-16 (δH 1.35) with C-11 (δC 84.2), C-9 (δC 50.0), and C-12
(δC 200.6) confirmed the positions of the remaining methyl groups.
The relative configuration of 4 was assigned on the basis of the
NOE experiments. The correlations between H-10/H3-15 and H-10/
(H3-19 or H3-20) and H-10/H-18, observed in the NOESY spectra,
determined the configuration at C-4, C-8, and C-10. The NOE
correlations between H-17a/H-9, H-17b/H-3�, and H-3R/(H3-19 or
H3-20) determined the configuration at C-5 and C-9. The strong
NOE correlations between H-1/H-2�, H-2R/H-10, and H-2R/(H3-
19 or H3-20) established the configuration at C-1. The absence of
any correlation between H3-15/H3-16 or H-10/H3-16 and the strong
NOE correlation between H3-16/H-1 determined the configuration
at C-11. According to the above observations, the structure of
metabolite 4 was established as 1S-hydroxy-1,2-dihydrosphaero-
coccenol-A.

Compound 5 was isolated after purification by HPLC as a
colorless oil. The molecular formula C20H32Br2O3 was deduced from
HRFABMS data in combination with the NMR data (Table 2). The
LRCI-MS ions at m/z 461/463/465 [MH - H2O]+, with relative
intensities 1.0/2.3/1.3, and at m/z 381/383 [MH - H2O - HBr]+

with relative intensities 1.1/1.0 indicated the presence of two
bromine atoms. In the IR spectrum, the broad band at 3414 cm-1

indicated the presence of a hydroxyl group, while the intense
absorption at νmax 1723 cm-1 suggested a carbonyl functionality
in the molecule. The 13C NMR exhibited 20 signals corresponding,
as determined from the DEPT spectra, to four quaternary carbons,
six methines, six methylenes, and four methyls. Among the carbons,
one was carbonyl, resonating at δC 205.8 (C-12), two were
brominated, resonating at δC 54.8 (C-14) and 38.0 (C-17), and two
were oxygenated, resonating at δC 83.9 (C-11) and 74.8 (C-1). The
1H NMR spectra displayed bands corresponding to one halomethine
at δH 4.29 (H-14) and two halomethylene protons at δH 3.73 and
3.53 (H-17a and H-17b), one oxygenated methine proton at δH 3.48
(H-1), two methyls of an isopropyl group at δH 0.97 (H3-19) and

0.95 (H3-20) bonded to a methine at δH 1.65 (H-18), and two singlet
methyls at δH 0.93 (H3-15) and 1.32 (H3-16). With four degrees of
unsaturation, the structure was suggested to contain three rings
besides the carbonyl group. All protonated carbons and their protons
were assigned by COSY and HMQC experiments. The NMR data
comparison of 5 with those of sphaerococcenol-A17,18 suggested
that metabolite 5 was its 14-bromo-1-hydroxy-1,2,13,14-tetrahydro
derivative. On the basis of the correlations of carbonyl C-12 (δC

205.8) with H2-13 (δH 3.19 and 2.85) and H3-16 (δH 1.32), observed
in the HMBC spectrum, the carbonyl group was placed on C-12.
The correlations between H3-19 and H3-20 (δH 0.97 and 0.95) with
C-4 (δC 43.7) confirmed the position of the isopropyl group on
C-4. The correlation of H-17a (δH 3.73) with C-4 (δC 43.7) and
C-6 (δC 27.6), of H-17b (δH 3.53) with C-6 (δC 27.6) and C-5 (δC

43.7), and of carbon C-17 (δC 38.0) with proton H-10 (δH 1.67)
secured the position of the bromomethyl group on C-5. The position
of the second bromine atom at C-14 was indicated by the correlation
of C-14 (δC 54.8) with H3-15 (δH 0.93) and H2-13 (δH 3.19 and
2.85). The oxygenated methine was positioned on C-1, as concluded
by the correlations of C-1 (δC 74.8) with H-2� (δH 1.99), H2-3 (δH

1.88 and 1.42), and H-9 (δH 1.67), and/or H-10 (δH 1.67). Moreover
the correlations of H3-15 (δH 0.93) with C-8 (δC 42.4), C-7 (δC

35.6), C-9 (δC 53.8), and C-14 (δC 54.8) and of H3-16 (δH 1.32)
with C-11 (δC 83.9), C-9 (δC 53.8), and C-12 (δC 205.8) confirmed
the positions of the methyl groups linked to quaternary carbon
atoms. The relative configuration of 5 was assigned on the basis of
the NOE experiments (Figure 3). The NOE correlations between
H-14/H-7�, H-14/H-9, H-14/H-13�, H-9/H-17a, H-7�/H-17a, H-7�/
H-6�, H-17a/H-6�, H-17b/H-3�, H-3R/H3-20, H-3�/H-4, and 17b/
H-4 determined the configuration at C-4, C-5, C-9, and C-14. The
correlations between H3-15/H-13R, H3-15/H-6R, H3-20/H-6R, H3-
20/H-10, and H3-15/H-10, observed in the NOESY spectra,
established the configuration at C-8 and C-10. Strong NOE
correlations between H-1/H-2�, H-2�/H-3�, H-1/H-9, and H-1/H3-
16 determined the configuration at C-1. The strong NOE correlations
between H3-16/H-1 and H3-16/H-13� determined the configuration
at C-11. According to the above observations, metabolite 5 was
named 14S-bromo-1S-hydroxy-1,2,13,14-tetrahydrosphaerococcenol-
A.

Compound 6, after purification by HPLC, was isolated as a white
solid and identified by comparison of its 1H NMR and MS spectra
with previously reported data as being 1S-hydroxy-1,2-dihydro-
bromosphaerol.15 Extensive analyses of the 13C NMR, COSY,

Figure 3. NOE correlations for compound 5.
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HSQC, HMBC, and NOESY spectra allowed full 13C and 1H NMR
assignments for 6 (Table 2).

Metabolites 1-6 were evaluated for their antibacterial activity
against a panel of multidrug-resistant (MDR) and methicillin-
resistant Staphylococcus aureus strains (Table 3). The minimum
inhibitory concentrations (MICs) of 1-6 were found to be in the
range 0.5-128 µg/mL. Among the metabolites, the highest activity
was exhibited by 4, which was 64 and 512 times more active than
the standard antibiotic norfloxacin against Staphylococcus aureus
SA 1199B (overexpressing the NorA efflux protein) and EMRSA-
16 (which expresses mecA and is resistant to methicillin), respec-
tively. The second most potent compound was 6, having MICs of
1-2 µg/mL. The presence of the R,�-unsaturated ketone moiety at
C-12 may well account for the activity of metabolite 4, with this
compound being capable of undergoing Michael-type additions to
this moiety via attack at C-14 by biological nucleophiles. In
compound 5, C-13 is conceivably acidic and the elements of HBr
could readily eliminate, giving rise to an R,�-unsaturated ketone
and generating compound 4 in situ. This may account for the
antibacterial activity seen for compound 5. The activity seen for
compound 6 is intriguing, and perhaps the bromine atom enhances
uptake of this compound. The minor structural alterations in these
tricyclic brominated diterpenes that cause such significant variations
in their antibacterial activity make these preliminary results a
stimulus for further structure-activity investigations.

Experimental Section

General Experimental Procedures. Optical rotations were measured
on a Perkin-Elmer model 341 polarimeter with a 10 cm cell. UV spectra
were acquired in spectroscopic grade CHCl3 on a Shimadzu UV-160A
spectrophotometer. IR spectra were obtained using a Paragon 500
Perkin-Elmer spectrophotometer. NMR spectra were recorded using
Bruker AC 200 and Bruker DRX 400 spectrometers. Chemical shifts
are given on a δ (ppm) scale using TMS as internal standard. The 2D
NMR experiments (1H-1H COSY, HMQC, HMBC, NOESY) were
performed using standard Bruker microprograms. The structures in
Figures 2 and 3 were generated and optimized (energy: 41.00 and 60.42
Kkcal, respectively) by HyperChem 7.0 molecular modeling and
simulation software (force field, MM+; optimization algorithm, Polak-
Ribiere). High-resolution mass spectral data were provided by the
University of Notre Dame, Department of Chemistry and Biochemistry,
IN. Low-resolution electron impact or chemical ionization MS data
were recorded on a Thermo DSQ mass detector using a direct exposure
probe (DEP) and methane as the CI gas. Vacuum liquid chromatography
(VLC) separation was performed with Kieselgel 60 (Merck), gravity
column chromatography (GCC) was performed with Kieselgel 60H
(Merck), thin-layer chromatography (TLC) was performed with Kie-
selgel 60 F254 aluminum support plates (Merck), and spots were detected
after spraying with 15% H2SO4 in MeOH reagent and charring. HPLC
separations were conducted using an Agilent 1100 model equipped with
refractive index detector and a SupelcoSil 5u (250 × 10 mm) HPLC
normal-phase column or a Kromasil 100 C18 5u (250 × 8 mm) HPLC
reversed-phase column.

Plant Material. S. coronopifolius was collected by scuba diving in
Palaiokastritsa Bay at the west coast of Corfu Island, Greece, at a depth
of 10-15 m in May of 2002. A specimen is kept at the Herbarium of
the Laboratory of Pharmacognosy and Chemistry of Natural Products,
University of Athens (ATPH/MO/201).

Extraction and Isolation. S. coronopifolius was initially freeze-
dried (291.4 g dry weight) and then exhaustively extracted with mixtures

of CH2Cl2/MeOH (3:1) at room temperature. The combined extracts
were concentrated to give a dark green residue (8.20 g), which was
later subjected to VLC on silica gel, using cyclohexane with increasing
amounts (10%) of EtOAc and finally MeOH as mobile phase. The
CH3CN-soluble portion (306.7 mg) of fraction IVa (60% EtOAc in
cyclohexane) (337.8 mg) was subjected to reversed-phase HPLC
chromatography, using 100% CH3CN as mobile phase. Peak Vb

(retention time 9.4 min) (3.3 mg) was subjected again to reversed-
phase HPLC chromatography, using CH3CN as mobile phase, to yield
pure compound 4 (1.1 mg), while peaks Xb (retention time 12.0 min)
(21.0 mg) and XIb (retention time 12.5 min) (86.3 mg) with similar
repurification yielded pure compounds 3 (1.3 mg) and 2 (2.0 mg),
respectively. The CH3CN-soluble portion (323.4 mg) of fraction Va

(70% EtOAc in cyclohexane) (419.8 mg) was subjected to reversed-
phase HPLC chromatography, using CH3CN as mobile phase. Peaks
IVc (retention time 7.8 min) (8.9 mg) and VIIIc (retention time 9.2
min) (11.1 mg) were subjected again to reversed-phase HPLC chro-
matography, using CH3CN as mobile phase, to yield pure compounds
1 (1.4 mg) and 5 (1.3 mg), respectively, while peak XIIc (retention
time 11.6 min) (48.1 mg) with HPLC normal-phase purification, using
70% CHCl3 in n-hexane as mobile phase, yielded pure compound 6
(2.0 mg).

2S-Hydroxyisobromosphaerol (1): colorless oil; [R]20
D +8.4 (c

2.70, CHCl3); UV (CHCl3) λmax (log ε) 245 (2.51) nm; IR (CHCl3)
νmax 3377, 2942, 2860 cm-1; NMR data (CDCl3), see Table 1; CIMS
m/z (rel int %) 445:447:449 [MH - H2O]+ (1:2:1), 427:429:431 [MH
- 2H2O]+ (1:2:1), 365:367 [MH - HBr - H2O]+ (12:9), 347:349 [MH
- HBr - 2H2O]+ (14:15), 285 [MH - 2HBr - H2O]+ (22), 267 [MH
- 2HBr - 2H2O]+ (100), 223 (7), 187 (8), 159 (18), 109 (6), 95 (18),
81 (19); HRFABMS m/z 461.0675 [M - H]+ (calcd for C20H31

79Br2O2,
461.0691).

2S-Hydroperoxy-12R-hydroxyisobromosphaerol (2): white solid;
[R]20

D +6.6 (c 1.70, CHCl3); UV (CHCl3) λmax (log ε) 247 (3.00) nm;
IR (CHCl3) νmax 3422, 2936 cm-1; NMR data (CDCl3), see Table 1;
CIMS m/z (rel int %) 477:479:481 [MH - H2O]+ (43:83:41), 459:
461:463 [MH - 2H2O]+ (12:22:13), 443:445:447 [MH - H2O2-H2O]+

(6:8:4), 397:399 [MH - HBr - H2O]+ (21:19), 379:381 [MH - HBr
- 2H2O]+ (42:45), 363:365 [MH - HBr - H2O2-H2O]+ (31:31), 345:
347 (7:9), 337:339 (12:13), 317 (23), 299 [MH - 2HBr - 2H2O]+

(38), 283 [MH - 2HBr - H2O2-H2O]+ (100), 265 (39), 239 (16),
201 (17), 159 (29), 95 (23), 83 (79); HRFABMS m/z 477.0621 [M -
OH]+ (calcd for C20H31

79Br2O3, 477.0640).
2S-Hydroperoxy-12S-hydroxyisobromosphaerol (3): white solid;

[R]20
D +3.1 (c 2.20, CHCl3); NMR data (CDCl3), see Table 1; EIMS

70 eV, m/z (rel int %) 476:478:480 [M - H2O]+ (2:6:3), 460:462:464
[M - 2OH]+ (4:6:3), 445:447:449 [M - 2OH - Me]+ (3:6:3), 429:
431:433 [M - 2OH - O - Me]+ (3:5:3), 415:417 [M - Br]+ (2:2),
383:385 (36:34), 365:367 (26:27), 339:341 [M - Br - OH - O -
Me2C]+ (24:21), 311 (13), 299 (41), 267 [M - HBr-Br - H2O2 -
2OH]+ (7), 207 (17), 159 (31), 91 (34), 43 (100).

1S-Hydroxy-1,2-dihydrosphaerococcenol-A (4): colorless oil;
[R]20

D -32.7 (c 0.90, CHCl3); UV (CHCl3) λmax (log ε) 247 (3.29) nm;
IR (CHCl3) νmax 3468, 1698 cm-1; NMR data (CDCl3), see Table 2;
EIMS 70 eV, m/z (rel int %) 380:382 [M - H2O]+ (4:4), 365:367 [M
- OH - O]+ (2:2), 301 [M - Br - H2O]+ (9), 283 [M - Br - 2H2O]+

(2), 273 [M - CH2Br - OH - Me]+ (100), 215 (7), 191 (58), 145
(16), 95 (69); HRFABMS (m/z): 381.1437 [M - OH]+ (calcd for
C20H31

79BrO2, 381.1429).
14S-Bromo-1S-hydroxy-1,2,13,14-tetrahydrosphaerococ-

cenol-A (5): colorless oil; [R]20
D -6.6 (c 2.70, CHCl3); UV (CHCl3)

λmax (log ε) 247 (2.67) nm; IR (CHCl3) νmax 3414, 1723 cm-1; NMR
data (CDCl3), see Table 2; CIMS m/z (rel int %) 461:463:465 [MH -

Table 3. MICs of Compounds 1-6 and a Standard Antibiotic (Norfloxacin) in µg/mL against MDR and Methicillin Resistant
Staphylococcus aureus

compound SA1199B RN4220 EMRSA-15 ATCC 25943 XU212 (TetK)/ EMRSA-16

1 16 16 16 16 16 16
2 16-32 16 16 32 16 16
3 16 16 16 32 16 16
4 0.5 1 0.5 0.5 1 0.25
5 32 32 128 32 32-64 64
6 1-2 2 2 2 2 1-2
Nor 32 1 0.5 0.5 8 128
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H2O]+ (1:2:1), 443:445:447 [MH - 2H2O]+ (2:4:2), 381:383 [MH -
HBr - H2O]+ (44:40), 363:365 [MH - HBr - 2H2O]+ (17:20), 352:
354 (29:32), 311 (22), 301 [MH - 2HBr - H2O]+ (100), 283 [MH -
2HBr - 2H2O]+ (61), 273 (45), 255 (23), 215 (28), 147 (29), 123 (25),
81 (38); HRFABMS (m/z) 460.0596 [M - H2O]+ (calcd for
C20H30

79Br2O2, 460.0613).
1S-Hydroxy-1,2-dihydrobromosphaerol (6): white solid; [R]20

D

+5.1 (c 2.70, CHCl3); NMR data (CDCl3), see Table 2; CIMS m/z (rel
int %) 447:449:451 [MH - H2O]+ (4:6:3), 429:431:433 [MH - 2H2O]+

(8:18:12), 367:369 [MH - HBr - H2O]+ (100:98), 349:351 [MH -
HBr - 2H2O]+ (60:63), 335:337 [MH - CH3Br - 2H2O]+ (10:8),
287 [MH - 2HBr - H2O]+ (53), 269 [MH - 2HBr - 2H2O]+ (46),
255 [MH - CH3Br - HBr - 2H2O]+ (11), 203 (9), 175 (10), 147 (7),
105 (11), 83 (47).

Bacterial Strains and Antibiotic. A standard S. aureus strain ATCC
25923 and a clinical isolate (XU212), which possesses the TetK efflux
pump and was an MRSA strain, were obtained from Dr. E. Udo.19

Strain RN4220, which has the MsrA macrolide efflux pump, was
provided by Dr. J. Cove.20 EMRSA-1521 and EMRSA-1622 were
obtained from Dr. Paul Stapleton. Strain SA1199B, which overexpresses
the NorA MDR efflux pump, was the gift of Professor G. Kaatz.23

Norfloxacin was obtained from the Sigma Chemical Co. Mueller-Hinton
broth (MHB; Oxoid) was adjusted to contain 20 mg/L Ca2+ and 10
mg/L Mg2+.

Antibacterial Assay. Overnight cultures of each strain were made
up in 0.9% saline to an inoculum density of 5 × 105 cfu by comparison
with a McFarland standard. Norfloxacin was dissolved in DMSO and
then diluted in MHB to give a starting concentration of 512 µg/mL.
Using Nunc 96-well microtiter plates, 125 µL of MHB was dispensed
into wells 1-11. Then 125 µL of the test compound or the appropriate
antibiotic was dispensed into well 1 and serially diluted across the plate,
leaving well 11 empty for the growth control. The final volume was
dispensed into well 12, which being free of MHB or inoculum served
as the sterile control. Finally, the bacterial inoculum (125 µL) was added
to wells 1-11, and the plate was incubated at 37 °C for 18 h. A DMSO
control (3.125%) was also included. All MICs were determined in
duplicate. The MIC was determined as the lowest concentration at which
no growth was observed. A methanolic solution (5 mg/mL) of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazoliium bromide (MTT; Lan-
caster) was used to detect bacterial growth by a color change from
yellow to blue.
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Dominguez, L.; Fujii, M. T.; Manta, E. J. Nat. Prod. 2006, 69, 1113–
1116.

(6) De Nys, R.; Wright, A. D.; König, G. M.; Sticher, O. J. Nat. Prod.
1993, 56, 887–883.

(7) El Sayed, K. A.; Dunbar, D. C.; Perry, T. L.; Wilkins, S. P.; Hamann,
M. T. J. Agric. Food Chem. 1997, 45, 2735–2739.

(8) Caccamese, S.; Azzolina, R.; Duesler, E. N.; Paul, I. C.; Rinehart,
K. L. Tetrahedron Lett. 1980, 21, 2299–2302.

(9) König, G. M.; Wright, A. D. Planta Med. 1997, 63, 186–187.
(10) Sakemi, S.; Higa, T.; Jefford, C. W.; Bernardinelli, G. Tetrahedron

Lett. 1986, 27, 4287–4290.
(11) Kontiza, I.; Stavri, M.; Zloh, M.; Vagias, C.; Gibbons, S.; Roussis,

V. Tetrahedron 2008, 64, 1696–1702.
(12) Kladi, M.; Vagias, C.; Papazafiri, P.; Furnari, G.; Serio, D.; Roussis,

V. Tetrahedron 2007, 63, 7606–7611.
(13) Kontiza, I.; Abatis, D.; Malakate, K.; Vagias, C.; Roussis, V. Steroids

2006, 71, 177–181.
(14) Cafieri, F.; Ciminiello, P.; Fattorusso, E.; Mangoni, C. Gazz. Chim.

Ital. 1990, 120, 139–142.
(15) Cafieri, F.; Ciminiello, P.; Santacroce, C.; Fattorusso, E. Phytochem-

istry 1982, 21, 2412–2413.
(16) Cafieri, F.; Ciminiello, P.; Fattorusso, E.; Santacroce, C. Experientia

1977, 33, 1549–1688.
(17) De Rosa, S.; De Stefano, S.; Scarpelli, P.; Zavodnik, N. Phytochemistry

1988, 27, 1875–1878.
(18) Fenical, W.; Finer, J.; Clardy, J. Tetrahedron Lett. 1976, 17, 731–

734.
(19) Gibbons, S.; Udo, E. E. Phytother. Res. 2000, 14, 139–140.
(20) Ross, J. I.; Farrell, A. M.; Eady, E. A.; Cove, J. H.; Cunliffe, W. J. J.

Antimicrob. Chemother. 1989, 24, 851–862.
(21) Richardson, J. F.; Reith, S. J. Hosp. Infect. 1993, 25, 45–52.
(22) Cox, R. A.; Conquest, C.; Mallaghan, C.; Maples, R. R. J. Hosp. Infect.

1995, 29, 87–106.
(23) Kaatz, G. W.; Seo, S. M.; Ruble, C. A. Antimicrob. Agents Chemother.

1993, 37, 1086–1094.

NP8001817

1392 Journal of Natural Products, 2008, Vol. 71, No. 8 Smyrniotopoulos et al.

371



ANTIMYCOBACTERIAL POLYACETYLENES FROM LEVISTICUM OFFICINALE 681

Copyright © 2008 John Wiley & Sons, Ltd. Phytother. Res. 22, 681–684 (2008)
DOI: 10.1002/ptr

Copyright © 2008 John Wiley & Sons, Ltd.

PHYTOTHERAPY RESEARCH
Phytother. Res. 22, 681–684 (2008)
Published online 18 March 2008 in Wiley InterScience
(www.interscience.wiley.com) DOI: 10.1002/ptr.2408

Antimycobacterial Polyacetylenes from
Levisticum officinale

Andreas Schinkovitz1,2, Michael Stavri3, Simon Gibbons3 and Franz Bucar1*
1Institute of Pharmaceutical Sciences, Department of Pharmacognosy, Karl-Franzens-University, Graz, Austria
2Department of Medicinal Chemistry and Pharmacognosy, College of Pharmacy University of Illinois at Chicago, Chicago, IL, USA
3Centre for Pharmacognosy and Phytotherapy, The School of Pharmacy, University of London, UK

No conflicts of interest concerning financial matters or personal relationships exist between the authors and
those who might bias this work. The present work is in part included the PhD thesis of A. Schinkovitz
(University of Graz) but has not been published elsewhere previously.

The dichloromethane extract of the roots of Levisticum officinale L. (Apiaceae) exhibited significant anti-
mycobacterial activity against Mycobacterium fortuitum and Mycobacterium aurum in a microtiter plate dilution
assay and was further analysed following a bioassay-guided fractionation strategy. 3(R)-Falcarinol (3(R)-(-)-1,9-
heptadecadien-4,6-diin-3-ol] and 3(R)-8(S)-falcarindiol [3(R)-8(S)-(+++++)-1,9-heptadecadien-4,6-diin-3,8-diol] could
be identified as the active components in this extract. The minimal inhibitory concentration (MIC) of 3(R)-falcarinol
against M. fortuitum and M. aurum was 16.4 μμμμμM while that of 3(R)-8(S)-falcarindiol was 30.7 μμμμμM against M.
fortuitum and 61.4 μμμμμM against M. aurum, respectively. Previously, 3(R),8(R)-dehydrofalcarindiol was isolated
from Artemisia monosperma and surprisingly this polyacetylene exhibited no antimycobacterial activity at
128 μμμμμg/mL. This indicates that the terminal methyl group is vital for retention of antimycobacterial activity.
Reference antibiotics ethambutol and isoniazid exhibited an activity of 115.5 μμμμμM and 14.6 μμμμμM against M. fortuitum,
and 3.4 μμμμμM and 29.2 μμμμμM against M. aurum, respectively. Copyright © 2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Causing 1.6 million deaths annually, tuberculosis and
mycobacterial related diseases still represent a serious
health problem. One third of the world’s population
is latently infected, of which 5–10% will develop a
clinical disease. Mycobacterium tuberculosis represents
the most prominent pathogen among mycobacteria but
additionally rapidly growing mycobacteria are increas-
ingly being recognized as human pathogens. In addition
to M. tuberculosis, these rapidly growing species are
capable of causing serious lung infections, particularly
in immune comprised people such as HIV-positive
individuals. Furthermore, they can infect skin, spleen,
bones and kidney (Lakely et al., 2001).

Plant extracts and their ingredients are known to
exhibit significant antimycobacterial effects and there-
fore might be a valuable source of lead structures
for the development of new antibiotics (Gautam et al.,
2007; Gibbons, 2005). In the course of our studies on
antimycobacterial plant constituents (Schinkovitz et al.,
2003; Stavri et al., 2005), the roots of Levisticum
officinale L. (Apiaceae), which are traditionally used
to treat lung disorders, were analysed.

MATERIAL AND METHODS

General experimental procedures. Optical rotation was
measured on a Perkin Elmer 241 MC polarimeter
in dichloromethane at 589 nm. 1H NMR and 13C NMR
(125 MHz, CDCl3) data were recorded on a Bruker
AVANCE 500.

APCI mass spectra were recorded on a Finnigan
Navigator instrument. GC-MS analysis was performed
on an HP 5890 Series II Plus gas chromatograph with
an HP-5MS column (0.25 mm i.d. × 30 m, film thick-
ness: 0.5 μm) in combination with an HP 5989B mass
spectrometer; carrier gas, helium 5.6 at a flow rate
of 1.0 mL/min; injector temperature, 280 °C; detector
temperature, 280 °C; heating program, 100 °C; heating
rate, 8 °C/min up to 280 °C, constantly held for 20 min.

Column chromatography was performed on silica
gel 60 (Merck, Darmstadt) and on Sephadex LH-20
(Pharmacia Biotech, Uppsala). TLC analyses were car-
ried out on silica gel 60 F254 pre-coated plates (Merck,
Darmstadt). Spots were visualized by spraying with
vanillin–sulphuric acid reagent followed by heating
for 5 min at 100 °C. Preparation and determination of
Mosher’s esters was conducted as previously described
(Lechner et al., 2004).

Plant material. Plant material was obtained as a com-
mercial sample (Kottas, Vienna) and identity was
verified by microscopy and TLC experiments. A voucher
specimen is kept at the herbarium of the Institute of
Pharmaceutical Sciences, Department of Pharmacognosy,
University of Graz.

* Correspondence to: Ao. Univ.-Prof. Dr Franz Bucar, Institute of Phar-
maceutical Sciences; Department of Pharmacognosy, Karl-Franzens-
University Graz; Universitaetsplatz 4/1A-8010 Graz, Austria.
E-mail: franz.bucar@uni-graz.at
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Figure 1. Polyacetylenes from Levisticum officinale and Artemisia monosperma.

Extraction and isolation. 650 g of dried roots was ground
and underwent Soxhlet extraction giving 12.88 g of dichlo-
romethane extract, 4 g of which was then separated on
a silica gel 60 column (4 × 10 cm). The solvent composition
was as follows: fr. 1–2 toluene/EtOEt/hexane/EtOAc
(16:16:68:0.33 v/v), fr. 3–4 toluene/EtOEt/hexane/
EtOAc (25:25:50:0.5), fr. 5–6 toluene/EtOEt/hexane/
EtOAc (33:32:33:1), fr. 7–8 toluene/EtOEt/hexane
(34:32:34) and fr. 9–10 methanol (100), flow rate 5 mL/
min. Fractions were collected every 50 mL. Evaporated
residues of fr. 4 and 8 exhibited significant antimyco-
bacterial activity and were then separated on a Sephadex
LH-20 column (1.3 × 62.5 cm), eluant dichloromethane/
acetone (80:20), flow rate: 6 mL/min. 3(R)-falcarinol
(1, 4.2 mg) was finally isolated from fr. 4 between 80
and 95 mL while 3(R)-8(S)-falcarindiol (2, 25.9 mg)
was sampled between 117 and 130 mL from fr. 8. The
purity of isolated compounds was monitored by TLC
analysis, toluene/EtOEt/EtOAc (10:10:0.1 v/v). Both
isolates gave a black coloration with vanillin–sulphuric
acid reagent, Rf values: 1 = 0.9, 2 = 0.6.

Mycobacterial assay. M. fortuitum ATCC 6841 was
obtained from the NCTC. M. aurum PI 104482 was
obtained from the Pasteur Institute. The assay com-
prised a standard minimum inhibitory concentration
(MIC) determination of test compounds in Ca2+ and
Mg2+ adjusted Mueller-Hinton-Broth (MHB) (Gibbons
and Udo, 2000). Plant extract and fractions were dis-
solved in DMSO and then diluted with MHB to par-
ticular concentrations. Reference antibiotics ethambutol
(EMB) and isoniazid (INH) were used as positive
controls and directly dissolved in MHB. The bacterial
inoculum was prepared in normal saline (0.9%) by com-
parison with the 0.5 McFarland turbidity standard and
further dilution to a final density of 5 × 105 cfu/mL.
Mycobacterial strains were grown on Colombia blood
agar (CBA) supplemented with 7% defibrinated horse
blood (Oxoid, Hampshire). Dissolved plant extract,
chromatographic fractions and antibiotics were serially
diluted in a microtiter plate followed by the addition of
125 μL bacterial inoculum. The plate was incubated at
37 °C for 72 h (M. fortuitum) and 120 h (M. aurum)
respectively. The MIC was recorded as the lowest
concentration at which no bacterial growth could be
observed. This was facilitated by the addition of 20 μL
of a MTT (Sigma) solution (10 mg/mL in MeOH) to
each well and incubated at 37 °C for 20 min. Bacterial
growth was indicated by a blue coloration. Appropri-
ate DMSO, growth and sterile controls were conducted.

RESULTS AND DISCUSSION

The dichloromethane extract from the roots of L.
officinale exhibited significant antimycobacterial activ-
ity against M. fortuitum when tested in a microtiter
plate dilution assay (MIC: 64 μg/mL). Further fractiona-
tion by CC on silica gel resulted in two active fractions
both with an MIC of 32 μg/mL. Finally, using CC on
Sephadex LH-20 two polyacetylenes, i.e. 3(R)-falcarinol
(1) and 3(R)-8(S)-falcarindiol (2), Fig. 1, were obtained
in a pure state, which represented the active principles
of the dichloromethane extract of L. officinale. These
natural products exhibited significant antimycobacterial
activities against both species with the following MIC
values: M. fortuitum, 30.4 μM (1) and 16.4 μM (2); M. aurum,
60.8 μM (1) and 16.4 μM (2). MICs of reference anti-
biotics were as follows: EMB: 115.5 μM (M. fortuitum)
and 14.6 μM (M. aurum); INH: 3.4 μM (M. fortuitum)
and 29.2 μM (M. aurum), respectively.

1 and 2 appeared as pale yellow oils. 1H NMR analy-
sis of 1 revealed an exo-cyclic methylene group in-
dicated by olefinic signals at 5.25 and 5.48 ppm which
showed a characteristic multiplet structure due to
coupling with H-2 at 5.95 ppm (ddd). Another olefinic
group was apparent due to multiplet signals at 5.39
and 5.52 ppm. Furthermore, the signal at 0.89 ppm
showed a typical triplet structure associated with a
chain ending methyl group. Both NMR and GC-MS
data indicated the presence of falcarinol and are
consistent with published data (Czepa and Hofmann,
2003). The optical rotation was determined as [α]22

D

−  33.1° (2.2 mg/mL, CHCl3). Due to the negative
rotation the absolute stereochemistry was assigned as
3 (R) in correspondence to the literature (Kobaisy
et al., 1997).

1H NMR and 13C NMR analysis of (2) revealed four
quaternary carbons at δc: 79.9, 78.3 70.3 and 68.7 ppm,
indicating a polyacetylene structure with two triple
bonds. Signals in the 1H and 13C NMR spectra included
a cis-double bond as well as two methine carbons
bearing oxygen and three olefinic protons. The latter
were coupled to each other in a 1H-1H COSY spec-
trum. The molecular weight was determined as [M-H]−:
259 by APCI-MS in the negative ion mode. NMR and
MS were consistent with the acetylene falcarindiol,
which was previously published as a common com-
ponent of Apiaceous plant roots (Furumi et al., 1998;
Lechner et al., 2004). Stereochemical conformation
of falcarindiol was analysed as 3(R)-8(S) by Mosher’s
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ester methodology according to the literature (Lechner
et al., 2004). The optical rotation was [α]22

D + 243.8°
(12.7 mg/mL, CHCl3).

Polyacetylenes such as falcarinol and falcarindiol
are widespread among the plant families of Apiaceae
and Araliaceae (Kobaisy et al., 1997). They exhibit a
wide variety of different pharmacological effects in-
cluding antibacterial, antifungal and antimycobacterial
activities (Cichy et al., 1984; Kobaisy et al., 1997; Matsuura
et al., 1996; Stavri and Gibbons, 2005). Although the
inhibitory effects of 3(S)-(+)-falcarinol, 3(S)-8(S)-(+)-
falcarindiol and 3(S)-8(R)-falcarindiol against M. tuber-
culosis have been described previously, this is the first
report on the antimycobacterial activity of 3(R)-(-)-
falcarinol and its isolation from the roots of L. officinale
(Kobaisy et al., 1997; Lechner et al., 2004). Santos et al.
had reported the isolation of falcarinol from the roots
L. officinale, however, the study did not provide
stereochemical information on the compound (Santos
et al., 2005).

Interestingly, antimycobacterial properties of differ-
ent stereoisomers of both falcarinol and falcarindiol
had been observed, and it appears that the absolute
stereochemistry does not have a significant impact on
antimycobacterial activity and that stereoselective
enzyme inhibition could be excluded as the active prin-
ciple (Kobaisy et al., 1997; Lechner et al., 2004; Stavri
et al., 2005).

Further polyacetylenes with mycobactericidal prop-
erties are oplopandiol, oplopandiol acetate and 9,17-
octadecadiene-12,14-diyne-1,11,16-triol (Kobaisy et al.,
1997).

So far the mechanism of antimycobacterial activities
of polyynes remains unknown. Lipid membrane dis-
ruption, haemolysis of erythrocytes and destruction
of clamydospores in Mycocentrospora acerina under the
impact of falcarindiol has been observed previously
(Garrod and Lewis, 1979). These observations indicate
a possible interaction between bacterial cell wall com-
ponents and polyynes, which might contribute to their
antimycobacterial effect.

The study isolated and characterized 3(R),8(R)-
(+)-dehydrofalcarindiol (3) (Fig. 1) from Artemisia
monosperma (Stavri et al., 2005), and this was tested
against fast-growing strains of mycobacteria, including
M. fortuitum and M. aurum, but this compound did not
display any activity at 128 μg/mL. This is surprising given
the high degree of similarity between this compound
and falcarinol and falcarindiol. As the stereochemistry
of alcohols in the chain seems to have little impact on

antibacterial activity, it is highly likely that a terminal
methyl group, which is present in falcarinol and
falcarindiol (both active), and absent in dehydrofalcar-
indiol (inactive), is vital for antimycobacterial activity.
Molecular modelling studies suggest that the presence
of a hydrophobic group on the substituent of a poly-
acetylene moiety is crucial for antimicrobial activity
(Zloh et al., 2007). This indicates a specific mode of
action for these compounds rather than a non-specific
target such as membrane disruption. These compounds
resemble unsaturated antibacterial fatty acids such as
oleic and linoleic acids, which were recently shown to
be active against fast-growing species of mycobacteria
(Stavri et al., 2004). Oleic and linoleic acids have been
shown to inhibit unsaturated fatty acid biosynthesis in
lactic acid bacteria (Weeks and Wakil, 1970) and it was
hypothesized that the action of these polyacetylenes
may be due to this mode of action.

Both falcarinol and falcarindiol exhibit significant
in vitro cytotoxicity (Cunsolo et al., 1993). Moreover,
falcarinol but not falcarindiol was found to induce
contact dermatitis even at a very low concentration
(0.03%) (Hausen et al., 1987; Machado et al., 2002).
Furthermore, no in vivo cytotoxicity in mice could be
observed for falcarindiol up to a concentration of 25 mg/
kg (Matsuda et al., 1998). Additionally, intraperitoneal
or oral application of falcarindiol in mice resulted
in hepatoprotective effects due to a reduced serum GPT
(glutamic–pyruvic transaminase) and GOT (glutamic–
oxaloacetic transaminase) increase after D-galactosamine
and lipopolysaccharide induced liver injury. While
cicutoxin and aethusin, two polyacetylenic toxins from
Cicuta virosa, caused a six-fold increase in the repolariza-
tion of giant cells RPD1 from Lymnaea stagnalis L.,
such an effect could not be observed for falcarinol and
falcarindiol (Wittstock et al., 1997). Both polyacetylenes
are common in vegetables and part of our daily diet
(Brandt and Christensen, 2000; Czepa and Hofmann,
2003) and their action as cancer protective agents
has been discussed (Wang et al., 2000). In summary the
results indicate that polyacetylenes such as falcarinol
and falcarindiol deserve further attention as potential
sources of new antimycobacterial drugs. So far no anti-
biotic, using a polyyne structure as its active principle,
has been developed. Without doubt polyynes are sus-
ceptible to oxidation and efficient drug delivery may be
challenging. Nevertheless, further investigation should
be performed on the elucidation of their mode of
action in order to reveal new targets for new anti-
mycobacterial antibiotics.
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Abstract

Four new metabolites (1e4) have been isolated from the organic extract of the seagrass Cymodocea nodosa, collected at the coastal area of
Porto Germeno, in Attica Greece. Compounds 1 and 2 belong to the structural class of diarylheptanoids, which have been found only once before
in marine organisms [Kontiza, I.; Vagias, C.; Jakupovic, J.; Moreau, D.; Roussakis, C.; Roussis, V. Tetrahedron Lett. 2005, 46, 2845e2847]. Com-
pound 3 is a new meroterpenoid, while compound 4, to the best of our knowledge, is the first briarane diterpene isolated from seaweeds, and only
the second analog of this class with a tricyclic skeleton. Furthermore metabolite 4 is the first brominated briarane diterpene. The structures and the
relative stereochemistry of the new natural products were established by spectral data analyses. The newmetabolites were submitted for evaluation
of their antibacterial activity against multidrug-resistant (MDR) pathogens including methicillin-resistant (MRSA) strains of Staphylococcus
aureus, as well as the rapidly growing mycobacteria, Mycobacterium phlei, Mycobacterium smegmatis, and Mycobacterium fortuitum.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: Cymodocea nodosa; Diarylheptanoids; Meroterpenoid; Briarane diterpene; Antibacterial activity

1. Introduction

The marine angiosperm Cymodocea nodosa (Ucria) Asch-
ers, significantly influences the local ecosystem by amplifying
the primary substrate and by providing a spatially diverse
nursery habitat structure and resources for algal and animal
communities, many of which are commercially important.2e4

C. nodosa is one of the six species in the Mediterranean Sea
that are recognized as seagrasses. The seagrasses’ contribution
to global marine primary productivity and their role as ‘struc-
tural’ species in the marine biodiversity of coastal environ-
ments, have led to the inclusion of their habitat for protected
ecosystems in the UNCED Action Paper (Agenda 21).

Despite the important ecological role of C. nodosa in the
marine ecosystem, knowledge of its chemical content is lim-
ited. In particular, molecules frequently found in terrestrial
plants such as caffeic acid, inositol, sucrose, monoglucoside
of quercetin, monoglucoside of isoramnetin, cichoric acid, as
well as polyamines like putrescine, spermidine, and spermine,
have been reported as constituents of C. nodosa in the litera-
ture.5e7 Furthermore, 24a-ethyl sterols and 24a-methyl sterols
along with their 24b-epimers, cymodiene and cymodienol,
the first diarylheptanoids isolated from marine organisms,
comprise the total number of metabolites isolated from
C. nodosa.1,8 It is believed that C. nodosa originated from
terrestrial ancestors and returned to the sea,9,10 during the
period of the ancient Tethys Sea, surrounded by Africa, Gond-
wanaland, and Asia, approximately 100 million years ago,
thus explaining the ‘terrestrial-like’ chemical profile of the
seagrass.
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In the course of our ongoing research activities toward the
isolation of bioactive metabolites from marine organisms from
the Greek seas,11,12 we were recently able to collect and ana-
lyze specimens of C. nodosa from the sandy marine plains of
Porto Germeno near Athens. Herein, we report the isolation,
structure elucidation, and antibacterial properties of two bi-
phenyl compounds deoxycymodienol (1) and isocymodiene
(2), the meroterpenoid nodosol (3), and the brominated
briarane diterpene (1S*,2S*,3S*,7R*,8S*,9R*,11R*,12S*,
14R*)-7-bromo-tetradecahydro-12-hydroxy-1-isopropyl-8,12-
dimethyl-4-methylenephenanthren-9,14-yl diacetate (4).

2. Results and discussion

C. nodosa specimens were collected and freeze dried dur-
ing June of 2005 from the coastal area of Porto Germeno,
and subsequently extracted exhaustively with a mixture of
dichloromethane/methanol (3:1) to afford a brownish oily ex-
tract (27.1 g) that was subjected to fractionation with a combi-
nation of chromatographic techniques, such as vacuum liquid
chromatography on silica gel (VLC), solid phase extraction
(SPE), preparative TLC, and normal phase HPLC, to allow
the isolation of (1) (2.3 mg), (2) (3.8 mg), (3) (2.3 mg), and
(4) (1.2 mg) in pure form.

Compound 1 was isolated as a colorless oil. The [M]þ ion
at m/z 278.1298 observed in the high-resolution (HR) mass
spectrum in combination with the 13C NMR data indicated
a molecular formula of C19H18O2. The IR and UV bands at

1635 cm�1 and 295 nm, respectively, were characteristic for
the presence of a benzene ring.13,14 The presence of 16 aro-
matic/olefinic carbons in the 13C NMR spectrum in combina-
tion with 11 degrees of unsaturation suggested a tricyclic
structure. The 1D 13C and DEPT NMR spectra revealed the
presence of 3 methylene, 10 methine, and 6 quaternary car-
bons. Two deshielded carbons resonating at d 150.0 and
150.9 ppm implied that they were each attached to an electro-
negative atom, such as oxygen. The doubly allylic protons at
d 3.50/3.25 ppm were coupled with the first proton of a diene
system at d 5.95 ppm. The spin system of the conjugated dou-
ble bonds was clearly resolved by the 1He1H COSY experi-
ment, additionally showing the coupling of an allylic
methylene (d 2.88 and 2.40 ppm) with a second benzylic
methylene (d 2.60 and 2.88 ppm). The E and Z geometry of
the double bonds is proposed on the basis of the coupling con-
stants (J2,3¼15.5 Hz, J4,5¼11.0 Hz). Analysis of the 2D-heter-
onuclear experiments revealed the biphenyl system of two
ABX aromatic spin systems. The observed long range hetero-
nuclear correlations of H-1b with C-20 and H-9, H-13 with C-7
(Table 1), the chemical shifts of the aromatic carbons, and the
spectral similarities with metabolites alnusdiol and cymodi-
enol (5) previously isolated from the tree Alnus japonica and
from the seagrass C. nodosa, respectively,15,1 confirmed the
arrangement of the trisubstituted aromatic rings. On the basis
of the above-mentioned data, along with conformational anal-
ysis performed using the Monte Carlo method and OPLS-AA
force,16,17 and the calculated 1H and 13C NMR shielding

Table 1

NMR data for deoxycymodienol (1) and isocymodiene (2)

Position Deoxycymodienol (1) Isocymodiene (2) dH,
b m, J (Hz)

dH,
a m, J (Hz) dC

a HMBCa dH,
a m, J (Hz) dC

a HMBCa

1a 3.50, m 32.5 C-3 5.15, dd, 17.3, 1.6 115.6 C-2, C-3 5.12, dd, 17.3, 1.9

1b 3.25, m 32.5 C-20 5.12, dd, 10.4, 1.6 C-2, C-3 5.01, dd, 10.4, 1.9

2 5.95, ddd, 7.9, 7.9, 15.5 136.5 C-1, C-3 5.97, ddd, 17.3, 10.4, 5.7 139.3 C-3 5.96, ddd, 17.3, 10.4, 5.7

3 6.78, dd, 15.5, 11.0 128.8 C-2 4.43, dd, 8.2, 5.7 42.1 C-1, C-2, C-40, C-30 4.65, dd, 8.2, 5.7

4 6.05, dd, 11.0, 10.7 128.1 5.53, dd, 10.7, 8.2 129.5 C-3, C-6 5.60, dd, 9.9, 8.2

5 5.40, m 131.8 5.60, ddd, 10.7, 7.6, 6.6 131.3 C-3 5.50, m

6a 2.88, m 28.2 C-7, C-5 2.40, ddd, 14.8, 7.6, 6.6 29.6 C-7, C-8, C-5, C-4 2.36, m

6b 2.40, m 28.2 C-7, C-5

7a 2.60, m 31.7 C-6, C-8, C-5 2.58, m 34.7 C-6, C-8, C-13, C-9 2.48, m

7b 2.88, m 31.7 C-6, C-8, C-5

8 d 129.7 d d 133.9 d d
9 7.21, d, 2.2 135.1 C-7, C-11, C-13 7.00, d, 8.5 129.5 C-7, C-13, C-11, C-10 6.89, d, 8.5

10 d 126.4 d 6.71, d, 8.5 115.2 C-8, C-11, C-12 6.71, d, 8.5

11 d 150.0 d d 153.7 d d
12 6.74, d, 8.1 114.7 C-10, C-11 6.71, d, 8.5 115.2 C-8, C-10, C-11 6.71, d, 8.5

13 6.97, dd, 2.2, 8.1 129.2 C-9, C-11, C-7 7.00, d, 8.5 129.5 C-7, C-9, C-12, C-11 6.89, d, 8.5

10 d 133.8 d d 154.0 d d

20 7.60, d, 2.5 139.7 C-1, C-30, C-40, C-60 6.65, d, 0.9 114.6 C-40, C-3, C-60 6.88, d, 3.0

30 d 126.2 d d 130.1 d d

40 d 150.9 d d 147.6 d d

50 6.63, d, 8.0 114.1 C-30, C-40 6.72 overlapped 117.1 C-30, C-40 6.50, d, 8.6

60 7.04, dd, 2.5, 8.0 128.2 C-40, C-20 6.66 overlapped 112.4 C-40, C-20 6.57, dd, 8.6, 3.0

OH-C-40 n.d. d n.d. d n.d.

OH-C-11 n.d. d 4.67, br s d d n.d.

OMe-C-10 d d 3.73, s 55.7 C-10 3.36, s

a Measured in CDCl3.
b Measured in C6D6, n.d.: not detected.
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constants by pseudospectral methods18 the structure of the (1)
is diarylheptanoid deoxycymodienol proposed as shown in
Figure 1. The calculated chemical shifts are: (a) for 1H
NMR: d (ppm) 3.51 (H-1a), 2.90 (H-1b), 6.19 (H-2), 7.00
(H-3), 6.15 (H-4), 5.61 (H-5), 2.81 (H-6a), 2.51 (H-6b), 2.61
(H-7a), 2.91 (H-7b), 7.58 (H-9), 6.93 (H-12), 6.92 (H-13), 7.61
(H-20), 6.72 (H-50), 7.04 (H-60); 13C NMR: d (ppm) 39.1 (C-1),
136.8 (C-2), 122.8 (C-3), 125.3 (C-4), 127.5 (C-5), 31.8
(C-6), 34.7 (C-7), 134.2 (C-8), 116.1 (C-9), 126.0 (C-10),
143.8 (C-11), 107.1 (C-12), 123.0 (C-13), 126.8 (C-10), 135.2
(C-20), 123.7 (C-30), 149.2 (C-40), 111.7 (C-50), 124.4 (C-6).

Metabolite 2 was obtained as a colorless oil. The molecular
formula deduced from the HRESIMS showing m/z 309.1485
([M�H]�) and 13C NMR data was C20H22O3. The intense ab-
sorbances in the IR spectrum at 3375 (broad band), 2922, and
1514 cm�1, indicated the presence of an hydroxyl group, an
exo-methylene double bond, and a benzene ring, respectively.
Additionally, UV absorbances at 239 and 285 nm were indic-
ative of the presence of a phenolic ring.19 Seven overlapping
aromatic protons along with five olefinic protons were ob-
served in the 1H NMR spectrum measured in CDCl3. The
13C NMR spectrum in combination with the DEPT spectrum
revealed the presence of 5 quaternary, 11 tertiary, 3 secondary
(one sp2 and two sp3), and 1 primary carbon. Additionally
three quaternary carbons at d 153.7, 154.0, and 147.6 ppm
along with the primary carbon at d 55.7 ppm, indicated the
presence of phenolic rings and a methyl group. The significant
spectral data similarities between metabolite 2 and the previ-
ously reported diarylheptanoid cymodiene,1 drove us to the
conclusion that they bear similar structures. When the 1H
NMR spectrum of 2 was recorded in C6D6, the shielding of aro-
matic protons led to a much better resolved set of peaks in the
aromatic region. Two doublets at d 6.89 and 6.71 (J¼8.5 Hz)
ppm each integrating for two protons, indicated a para
substituted phenyl ring. The remaining aromatic signals re-
quired a 1,2,4-trisubstituted second aromatic ring. The spin
system of the seven carbon chain linking the phenolic rings

was clarified by the 1He1H COSY correlations. The Z config-
uration of the second double bond (D4) was deduced from the
coupling constant of J4,5¼10.7 Hz. The heteronuclear correla-
tion of the benzylic carbon at d 34.7 ppm with the aromatic
proton at d 7.00 ppm secured the position of the disubstituted
phenyl ring of metabolite 2, and this new natural product is as-
signed the trivial name isocymodiene. The strong NOE effects
(in C6D6) between the methoxy singlet and the meta coupled
aromatic protons at d 6.88 (d) and 6.57 (dd) ppm (Fig. 2), in-
dicated the positions of the hydroxy and methoxy moieties on
the second aromatic ring. All connectivities as presented
above were confirmed by the HMBC data and are included
in Table 1.

The HRFABMS ([M]þ 228.1528) of metabolite 3, a color-
less oil, suggested a molecular formula of C16H20O. The

13C
NMR spectrum of 3 in CDCl3 displayed 16 signals, including
12 signals in the aromatic/olefinic region. The resonances in
the 1H NMR spectrum at dH 4.79 (1H, br s), 5.09 (1H, br s),
5.03 (1H, d, J¼17.5 Hz), and 4.98 (1H, d, J¼10.6 Hz) ppm,
in combination with the presence of two sp2 secondary car-
bons at dC 110.8 and 115.8 ppm, as DEPT experiments indi-
cated, confirmed the presence of two exo-methylene groups.
The IR bands at 3400 and 1609 cm�1 suggested a phenolic
ring, a fact that was also supported by the presence of an ex-
changeable signal at dH 4.59 ppm (br s). Two doublets at
d 6.70 (2H, d, J¼8.8 Hz) and 7.33 (2H, d, J¼8.8 Hz) ppm, in-
dicated a para substituted phenyl ring. The seven degrees of
unsaturation, in combination with the presence of a phenolic
ring, two exo-methylene groups, and one trisubstituted double
bond at dH 6.20 ppm (1H, s) and dC 122.7 ppm suggested
a monocyclic skeleton for compound 3. This evidence along
with the existing literature,20 drove us to the conclusion that
metabolite 3 was a meroterpenoid. HMBC correlations be-
tween the chemically equivalent methyl groups at dH
1.22 ppm and the tertiary carbons at dC 42.8 and 149.0 ppm,
fixed their position at the side chain. Furthermore the vinyl
methyl at dH 1.77 ppm (3H, s) showed strong correlations
with the tertiary carbons at dC 144.1 and 149.0 ppm, as well
as with the secondary sp2 carbon at dC 115.8 ppm, facts that
secured the carbon sequence of the side chain. Meanwhile
the strong NOE effects of the olefinic proton at dH 6.20 ppm
and the vinyl methyl at dH 1.77 ppm with the aromatic proton
at dH 7.33 ppm (Fig. 2), confirmed their proximity to the aro-
matic ring. Finally the para position of the hydroxyl group on
the aromatic ring was clarified by its strong NOE correlation
with the aromatic protons at dH 6.70 ppm and the chemical
equivalence of the two pairs of aromatic protons as well as
their ortho coupling (J¼8.8 Hz) (Fig. 2). The new
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meroterpenoid was named nodosol (3), and its spectral data
are given in Table 2.

Metabolite 4 was purified by HPLC and was isolated as
a colorless oil. Both 13C NMR data and HRESIMS measure-
ments supported the molecular formula C24H37BrO5. The
presence of one bromine atom was indicated by the EIMS ex-
hibiting [M�AcO]þ peaks at m/z 424 and 426 with intensities
of 1:1. Furthermore the fragment at m/z 285, corresponding to

[M�2AcO�Br]þ, in combination with a strong band in the IR
spectrum at 1734 cm�1, indicated the presence of two acetoxy
groups. The 13C NMR spectrum along with the DEPT experi-
ments showed the presence of five quaternary, eight methine,
five methylene, and six methyl carbon atoms. Among them,
two were olefinic at dC 145.0 ppm (quaternary) and 109.4 ppm
(secondary), suggesting the presence of an exo-methylene
group, four of them were contributing to the two acetoxy groups
(dC 21.2, 169.8, 21.7, and 169.6 ppm), and finally four were res-
onating in the chemical shift region of oxygenated/halogenated
carbons (dC 75.6, 72.3, 71.0, and 59.0 ppm). Additionally the 1H
NMR spectrum revealed the presence of three oxygenated or ha-
logenated methines at dH 5.05 (dd, J¼3.8, 1.6 Hz), 5.31 (br s),
and 4.37 (dd, J¼12.1, 4.9 Hz) ppm, two secondary methyl
groups at dH 0.58 (d, J¼6.8 Hz) and 0.89 (d, J¼6.8 Hz) ppm
forming an isopropyl group and two methyls at dH 1.05 (s)
and 0.85 (s) ppm situated on quaternary carbons. The presence
of two acetoxy groups was also confirmed by two singlets at
dH 2.11 and 2.06 ppm, each of them integrating for three pro-
tons, while the two broad singlets at dH 4.95 (1H) and 4.76
(1H) ppm were associated with the exo-methylene group.
The NMR data of this compound (Table 3) were similar to
those of briarane diterpenes, which have been isolated in the
past from Pennatulacea and Gorgonacea octocorals, and
a Mediterranean nudibranch.21,22

The six degrees of unsaturation, combined with the pres-
ence of one exo-methylene group and two acetoxy groups,
suggested that compound 4 should be tricyclic. The HMBC

Table 2

NMR data for nodosol (3) in CDCl3

Position dH, m, J (Hz) dC HMBC

1 d 130.7

2 7.33, d, 8.8 129.9 C-4, C-6, C-3

3 6.70, d, 8.8 114.8 C-4, C-5, C-1

4 d 154.0

5 6.70, d, 8.8 114.8 C-4, C-3, C-1

6 7.33, d, 8.8 129.9 C-4, C-2, C-5

7 6.20, s 122.7 C-6, C-2, C-8, C-14, C-9

8 d 149.0

9 d 42.8

10 5.91, dd, 17.5, 10.6 147.6 C-9, C-12, C-13

11a 5.03, d, 17.5 110.8 C-9, C-10

11b 4.98, d, 10.6 110.8 C-9, C-10

12 1.22, s 26.5 C-9, C-13, C-10

13 1.22, s 26.5 C-9, C-12, C-10

14 d 144.1

15 1.77, s 24.7 C-16, C-8, C-14

16a 5.09, br s 115.8 C-8, C-9, C-15

16b 4.79, br s 115.8 C-8, C-9, C-15

OH-C-4 4.59, br s d C-4, C-3, C-5

Table 3

NMR data for compound 4 in CDCl3

Position dH, m, J (Hz) dC HMBC NOESY

1a 1.24, m 55.6 C-2, C-3, C-16, C-11 H-13a, H-3a, H-14a

2b 2.27, m 31.2 C-3, C-1 H-16, H-19

3a 2.00, m 47.7 C-7, C-1, C-18, C-4 H-11a, H-7a, H-1a, H-6a

4 d 145.0

5a 2.11, m 35.7 C-3, C-7, C-18, C-4

5b 2.29, m C-3, C-7, C-4 H-19, H-6b

6a 2.34, m 38.3 C-7, C-5, C-8, C-18, C-4 H-3a

6b 2.08, m C-5 H-5b

7a 4.37, dd, 12.1, 4.9 59.0 H-3a, H-6a, H-6b

8 d 44.2

9b 5.05, dd, 3.8, 1.6 75.6 C-11 H-10b, H-19

10a 1.92, ddt, 14.8, 3.8, 3.8 23.5 H-11a

10b 1.74, ddd, 14.8, 14.8, 1.6 C-12 H-9b

11a 1.37, m 47.6 H-1a, H-3a, H-20, H-10a

12 d 72.3

13a 1.60, dd, 14.9, 3.5 44.9 C-20 H-20

13b 2.01, m C-14, C-1 H-20

14a 5.31, br s 71.0 C-12, C-2 H-13a, H-1a, H-13b, H-16, H-17

15 1.80, m 27.1 C-14, C-1

16 0.58, d, 6.8 18.7 C-1, C-17 H-2b, H-18a, H-14a

17 0.89, d, 6.8 25.2 C-1, C-15, C-16 H-2b, H-14a

18a 4.76, s 109.4 C-3, C-4, C-6 H-2b, H-19, H-16

18b 4.95, s C-3, C-6 H-5b

19 0.85, s 16.1 C-8, C-9, C-3, C-7 H-9b, H-10b, H-2b

20 1.05, s 27.8 C-11, C-12, C-13 H-11a, H-13a

MeCOO on C-14 2.06, s 21.7 C]O (C-14) H-17

MeCOO on C-14 d 169.6

MeCOO on C-9 2.11, s 21.2 C]O (C-9) H-7a

MeCOO on C-9 d 169.8
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experiment revealed correlations between H3-19 and C-8, C-3,
C-7, and C-9, confirming the ring fusion between C-8 and C-3
as expected in briarane diterpenes. However, the cross peaks
between H-11 and C-1 observed in the HMBC spectrum
(see Table 3), in combination with the correlation between
H-2 and H-11, which was shown in the 1He1H COSY spec-
trum, along with the multiplicities of C-2 and C-11, suggested
a bond between these carbons. This is the second naturally oc-
curring briarane diterpene possessing such a ring fusion and
the first case of a brominated briarane.23 The relative stereo-
chemistry for compound 4 was determined on the basis
of the NOESY spectrum and 1He1H-coupling constants. In
particular NOE enhancements between H3-19 and H-9 pos-
sessing an equatorial configuration as its coupling constant
(J¼3.8, 1.6 Hz) suggested, confirmed their cis (b) configura-
tion. Furthermore, observed NOE effects between H-3a and
H-11a, H-7a, H-1a along with the NOE interactions between
H-11a/H3-20, H-1a/H-14a and H-14a/H-13a proved their cis
(a) configuration and confirmed the trans-fusion of the rings at
C-8/C-3 and C-11/C-2 (Fig. 2). Compound 4 is a new briarane
diterpene named (1S*,2S*,3S*,7R*,8S*,9R*,11R*,12S*,14R*)-
7-bromo-tetradecahydro-12-hydroxy-1-isopropyl-8,12-dimethyl-
4-methylenephenanthren-9,14-yl diacetate (4).

Metabolites (1e5) isolated from C. nodosa were assayed
for evaluation of their antibacterial activity against multi-
drug-resistant (MDR) and methicillin-resistant strains of
Staphylococcus aureus (MRSA) as well as rapidly growing
mycobacteria, including Mycobacterium phlei, Mycobacterium
smegmatis, and Mycobacterium fortuitum, which are used as
an alternative screening model to Mycobacterium tuberculosis
for evaluation of antitubercular drugs.24 These species have
obvious advantages over M. tuberculosis since they can be
handled in class 2 microbiological laboratories and are fast
growing strains, with a completion time for one assay of
72 h. The observed activity ranged from weak to strongly ac-
tive. In general compounds 1e3 were found to be more active
against MDR strains than against the standard S. aureus strain
ATCC 25923. Specifically nodosol (3) was the most active
compound in the assays (Table 4) leading to a threefold lower
minimum inhibitory concentration (MIC) in comparison with
that of tetracycline against the effluxing strain XU212 possess-
ing the Tetk pump. A twofold lower MIC compared to that of
the fluoroquinolone norfloxacin was observed for nodosol (3)

against strain SA1199B possessing the NorA MDR efflux
transporter, which is resistant to certain fluoroquinolones.
The same metabolite (3) against RN4220, which possesses
the MsrA macrolide efflux protein and is resistant to erythro-
mycin, exhibited a fourfold lower MIC compared to that of
erythromycin. The meroterpenoid bakuchiol isolated from
the seeds of Psoralea corylifolia,25 which shows similarities
in its structure with nodosol (3), has exhibited in the past
strong activity against different strains of Streptococcus.26

During this study we had the opportunity to re-isolate the di-
arylheptanoid cymodienol (5), which has previously been
shown to be cytotoxic against cancer cell lines A549 and
NSCLC-N6-L161 and we have evaluated its antibacterial
activity (Table 4). Deoxycymodienol (1) was slightly more ac-
tive compared to cymodienol (5) against all examined strains.
Isocymodiene (2) exhibited strong to moderate activity against
MDR and MRSA strains of S. aureus. Compound 4 did not
show any inhibition against any of the examined strains of
S. aureus. In view of the constantly increasing number of fatal
incidences attributed to MRSA27 and the reported resistance to
vancomycin and linezolid in MRSA,28,29 further investigations
in the diarylheptanoid and meroterpenoid chemical classes as
antistaphylococcal leads should be continued.

Among the compounds tested, nodosol (3) displayed the
most potent inhibitory activity with MIC value of 16 mg/ml
against M. fortuitum, M. phlei, and M. smegmatis (Table 5).
Cymodienol (5) has an additional hydroxyl group compared
to metabolite 1 and showed no activity against M. fortuitum,
which in comparison with the observed MIC (64 mg/ml) of
deoxycymodienol (1) against the same strain, supports the hy-
pothesis that polarity seems to influence the in vitro antimyco-
bacterial activity previously reported in the literature.30,31

Higher lipophilicity may hold a key role in the antimycobac-
terial activity, due to the lipophilic nature of the mycobacterial
cell wall. In contrast to this against M. phlei, deoxycymodi-
enol (1) exhibited a fourfold higher MIC in comparison to
cymodienol (5). Isocymodiene (2) showed moderate activity
against M. fortuitum and M. phlei with an MIC of 32 mg/ml.
To the best of our knowledge this is the first report of antimy-
cobacterial activity of diarylheptanoids. The simple structures
of the meroterpenoid nodosol (3) and the diarylheptanoids,
cymodienol (5), deoxycymodienol (1), and isocymodiene
(2), make them feasible targets for the synthesis and chemical

Table 4

Minimum inhibitory concentrations (MIC)a of metabolites 1e5 against strains of S. aureus

Metabolite Strain (resistance mechanism)

SA1199B (NorA) RN4220 (MsrA) XU212 (TetK, mecA) ATCC 25923 EMRSA-15 CD-1281 (TetK)

1 32 32 32 32 n.t. n.t.

5 64 64 64 64 64 64

2 32 64 64 64 n.t. n.t.

3 16 16 16 16 16 16

4 >128 >128 >128 n.t. n.t. n.t.

Norfloxacin 32 0.5 0.5

Erythromycin 128

Tetracyclin 128 32

a All MICs (mg/ml) were determined in duplicate, n.t.: not tested.
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modification that can lead to optimization of their antibacterial
activity.

3. Experimental section

3.1. General experimental procedures

Optical rotations were measured using a PerkineElmer
model 341 polarimeter and a 10 cm cell. UV spectra were
determined in spectroscopic grade CH2Cl2 and CHCl3 on a Shi-
madzu UV-160A spectrophotometer. IR spectra were obtained
using a Paragon 500 PerkineElmer spectrophotometer. NMR
spectra were recorded using a Bruker AC 200, Bruker DRX
400, and Bruker Avance 500 MHz spectrometers. Chemical
shifts are given on a d (ppm) scale using TMS as internal stan-
dard. The 2D experiments (1He1H COSY, HMQC, HMBC,
and NOESY) were performed using standard Bruker micropro-
grams. High-resolution mass spectral data were provided by the
University of Notre Dame, Department of Chemistry and Bio-
chemistry, Notre Dame, Indiana, USA. EIMS data were re-
corded on a Hewlett Packard 5973 Mass Selective Detector.
VCC separation was performed with Kieselgel 60H (Merck),
TLC was performed with Kieselgel 60F254 aluminum support
plates (Merck) and spots were detected with 15% H2SO4 in
MeOH reagent. HPLC separation was conducted using a Phar-
macia LKB 2248 model equipped with a refractive index detec-
tor RI GBC LC-1240 and a Spherisorb HPLC normal phase
column, 25 cm�10 mm, S10W, 64,340 plates/meter.

3.2. Plant material

The seagrass was collected by hand at Porto Germeno in
Corinthiakos Gulf in Greece, at a depth of 0.5e1 m during
the summer of 2005. Avoucher specimen is kept at the Herbar-
ium of the Pharmacognosy Laboratory, University of Athens.

3.3. Extraction and isolation

The organism was initially freeze dried (1.16 kg dry weight)
and then exhaustively extracted at room temperature with mix-
tures of CH2Cl2/MeOH (3:1). The organic extract, after vacuum
evaporation of the solvents, afforded a brownish oily residue
(27.1 g). The crude extract was subjected to VLC on silica gel
using cyclohexane with increasing amounts of EtOAc and

finally MeOH as eluants. Fractions eluted with 20% (A), 22%
(B), 24% (C), and 32% (D) of EtOAc in cyclohexane were fur-
ther purified. FractionCwas subjected toVLCon silica gel start-
ing from 100% cyclohexanewith increasing amounts of EtOAc.
The fraction eluted with 50% EtOAc was further purified with
reverse phase SPE, Phenomenex Strata silica (10 g/60 ml giga
tubes) using a step gradient system from 100% H2O to 100%
MeOH, yielding 11 fractions. The fraction eluted with 100%
MeOH contained compound 1 in pure form (2.3 mg). Fraction
D was further purified by HPLC (column Spherisorb; S10W
25 cm�10 mm), using as mobile phase of cyclohexane/EtOAc
(85:15) to yield pure compound 2 (3.8 mg), which had a reten-
tion time of 37.1 min (flow rate 2 ml/min). Fraction B was
further purified with SPE, using a reverse-phase column (Phe-
nomenex Strata silica, 10 g/60 ml giga tubes) starting from
100% H2O with increasing amounts of MeOH. The fraction
eluted with 100% MeOH was subjected to preparative TLC,
using as mobile phase of cyclohexane/EtOAc (80:20) to finally
afford compound 3 (2.3 mg) (Rf: 0.30). Finally fraction A was
subjected again to VLC on silica gel using cyclohexane with
increasing amounts of EtOAc. The fraction eluted with 30%
EtOAc (A1) was subjected to normal phase HPLC, column
Spherisorb; S10W 25 cm�10 mm), using as mobile phase cy-
clohexane/EtOAc (78:22), to yield pure compound 4 (1.2 mg),
which had a retention time of 29.0 min (flow rate 2 ml/min).

3.3.1. Compound 1
Colorless oil; UV (CH2Cl2) lmax (log 3) 254.0 (0.39), 295.0

(0.10); IR (film) nmax 3354, 2930, 1716, 1635, 1576, 1507,
1235 cm�1; HREIMS: m/z [M]þ; 278.1298 (C19H18O2, calcd
278.1302); NMR data (500 MHz; CDCl3), see Table 1.

3.3.2. Compound 2
Colorless oil; [a]D

25 þ0.35 (c 0.06, CH2Cl2); UV (CHCl3)
lmax (log 3) 285.0 (0.84), 239.0 (0.97), 229.0 (0.61); IR (film)
nmax 3375, 2922, 2851, 1716, 1643, 1514, 1202 cm�1; HRE-
SIMS: m/z [M�H]�; 309.1485 (C20H21O3, calcd 309.1496);
NMR data (500 MHz; CDCl3 and 500 MHz; C6D6) see Table 1.

3.3.3. Compound 3
Colorless oil; UV (CH2Cl2) lmax (log 3) 250 (3.7), 260.5

(3.8), 272.5 (2.8), 295.0 (2.7); IR (film) nmax 3400, 2965,
1609, 1509 cm�1; HRFABMS m/z 228.1528 [M]þ (C16H20O,
calcd 228.1514); NMR data (500 MHz; CDCl3), see Table 2.

3.3.4. Compound 4
Colorless oil; [a]D

25 þ3.5 (c 0.06 CH2Cl2); UV (CH2Cl2) lmax

(log 3) 233 (2.2), 218 (2.7); IR (film) nmax 2927, 1734 cm�1;
HRESIMS m/z 502.2163 [MþNH4]

þ (C24H41
79BrNO5, calcd

502.2155); NMR data (400 MHz; CDCl3), see Table 3; EIMS
70 eV, m/z (rel int.): 424 [M�AcO]þ (10), 366 (15), 285
[M�2AcO�Br]þ (90), 267 [M�2AcO�Br�H2O]

þ (60),43 (100).

3.4. Bacterial strains

Ethambutol was used as a positive control for the mycobac-
terial strains, while for S. aureus strains the control antibiotics

Table 5

Minimum inhibitory concentrations (MIC)a of metabolites 1e5 against fast

growing species of Mycobacterium

Metabolite Strain

M. smegmatis M. fortuitum M. phlei

1 n.t. 64 64

5 128 >128 16

2 n.t. 32 32

3 16 16 16

4 n.t. >128 >128

Ethambutol 0.5 8 2

a All MICs (mg/ml) were determined in duplicate, n.t.: not tested.
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norflorxacin, tetracycline, and erythromycin were employed.
All antibiotics were obtained from the Sigma Chemical Co.,
S. aureus standard strain ATCC 25923 and tetracycline-resis-
tant strain XU212, which is also an MRSA strain were pro-
vided by Dr. Edet Udo.32 Strain SA1199B was provided by
Professor Glenn Kaatz.33 Strain RN4220 was provided by
Dr. J. Cove.34 Epidemic MRSA strain EMRSA-15, which
accounts for the majority of MRSA bacteraemia in UK hospi-
tals,35 was obtained from Dr Paul Stapleton (ULSOP). Finally
strain CD-1281 was generously provided as gift from Profes-
sor C. Dowson (University of Warwick, UK). Mycobacterial
species were acquired from the NCTC.

3.5. Determination of MIC

S. aureus strains were cultured on nutrient agar and incu-
bated for 24 h at 37 �C prior to MIC determination, while
Mycobacterium strains were grown on Columbia blood agar
(Oxoid) supplemented with 7% defibrinated Horse blood
(Oxoid) and incubated for 72 h at 37 �C prior to MIC determi-
nation. Bacterial inocula equivalent to the 0.5 McFarland tur-
bidity standard were prepared in normal saline and diluted to
give a final inoculum density of 5�105 cfu/ml. Using Nunc
96-well microtitre plates, 125 ml of MuellereHinton broth
(MHB) (Oxoid) were dispensed into wells 1e11. Test com-
pound (125 ml) or the appropriate antibiotic were dispensed
into well 1 and serially diluted across the plate leaving well
11 empty for the growth control. The final volume was dis-
pensed into well 12, which being free of MHB or inoculum
served as the sterile control. The inoculum (125 ml) was added
to all wells and the microtitre plate was incubated at 37 �C for
72 h for M. fortuitum, M. smegmatis, and M. phlei and for 18 h
for S. aureus strains. The MIC was recorded as the lowest con-
centration at which no bacterial growth was observed and this
was enhanced by the addition of 20 mg/ml methanolic solution
of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide (MTT; Sigma) to each of the wells followed by incuba-
tion at 37 �C for 20 min. A blue coloration indicated growth.
No growth resulted in the well remaining yellow, as previously
described.32 MuellereHinton broth was adjusted to contain 20
and 10 mg/l of Ca2þ and Mg2þ, respectively.
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Abstract
�

Investigation of the leaves of Skimmia anquetelia (Rutaceae) led
to the isolation of a new coumarin glucoside 7,8-dihdroxy-6-[3′-
β-D-glucopyranosyloxy-2′(ξ)-hydroxy-3'-methylbutyl]-coumar-
in (1) together with five known coumarins: 6-(2,3-dihydroxy-3-
methylbutyl)-7-methoxycoumarin (2), skimmin (3), osthol (4),
esculetin (5) and scopuletin (6). The antibacterial activity of
compounds 1 and 3 was also investigated against the plant bac-
terial pathogens Agrobacterium tumifaciens, Pseudomonas
syringae and Pactobacterium carotovorum. Structures were de-
termined on the basis of analyses of spectral evidence including
1D, 2 D NMR (COSY, HMQC, HMBC and NOESY) and mass spec-
troscopy.
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�

Skimmia anquetelia · Rutaceae · coumarin glycosides · antibacte-
rial activity
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The genus Skimmia is known to be a rich source of essential oils,
coumarins and alkaloids and is widely distributed throughout

the world [1], [2], [3]. Skimmia anquetelia is an aromatic, ever-
green, glabrous shrub (ver. nairpatti) found in the subalpine re-
gion of the Garhwal Himalayas [4]. Previously some feed-deter-
rent and antitumor constituents have been reported from
Skimmia species [5], [6]. In an examination of the constituents
of S. anquetelia, a new coumarin glycoside along with five known
coumarins has been isolated from the leaves. The present paper
deals with the isolation, structure elucidation of the new cou-
marin glycoside 1 (●� Fig. 1) and the in vitro antibacterial activity
of compounds 1 and 3 against plant pathogens.
The HR-ESI-MS of compound 1 revealed an m/z of 442.1722 cor-
responding to C20H26O11 ([M]+). A positive color test with alco-
holic ferric chloride suggested the presence of a phenolic hy-
droxy group. The IR spectrum revealed absorption bands at
3470 for hydroxy and 1725 cm–1 for a lactonic carbonyl function.
The 1H-NMR spectrum of compound 1 substantiated the pres-
ence of a 3,4 unsubstituted coumarin nucleus. The 1H-NMR
spectrum revealed signals for 26 protons. Two downfield proton
doublets at δ = 7.90 (J = 9.5 Hz) and 6.19 (J = 9.5 Hz) were charac-
teristic for H-4 and H-3 of a coumarin nucleus [9]. The assign-
ment of these olefinic protons was also confirmed by a COSY
spectrum in which H-3 (δ = 6.19) showed a coupling with H-4
(δ = 7.90). A sharp singlet at δ = 6.99 was assigned to H-5 of the
coumarin nucleus and this was further supported by the pres-
ence of a correlation between this hydrogen and H-4 in the NO-
ESY spectrum. Two double-doublets at δ = 3.17 and 3.38 were as-
signed to C-1′methylene protonswhich showed vicinal coupling
with H-2′. This H-2′ hydrogen (δ = 4.78) resonated as a double
doublet, due to vicinal coupling with both H-1′ hydrogens. Two
methyl groups appeared as singlets at δ = 1.28 and 1.24. A dou-
blet resonating at 4.45 (J = 8Hz) was assigned to an anomeric hy-
drogen of a sugar moiety with a β (axial) configuration. The 13C-
NMR spectrum of 1 along with the DEPT 135 spectrum revealed
the presence of twenty carbons including two methylene, nine
methine, two methyl and seven quaternary carbons. Downfield
13C-NMR signals at δ = 145.2 and 111.0 were assigned to the C-3
and C-4 olefinic carbons. Two methylene signals resonating at
δ = 60.1 and 29.7 could be ascribed to C-6′′ and C-1′. The down-
field shift of C-2′ (δ = 89.8) was due to the presence of a hydroxy
substituent. The nature of the side chain and the sugar position
was investigated by COSY and HMBC correlation techniques
(●� Fig. 1). The COSY spectrum showed that H-2′ was vicinally

Fig. 1 Chemical structure, selected HMBC
correlations (single-headed arrow) and NOESY
correlations (double-headed arrow) for 1.
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coupled to CH2–1′ methylene protons resonating at δ = 3.17. In-
spection of the HMBC spectrum revealed a correlation between
CH2–1′ with C-6 suggesting that side chain must be positioned
at the C-6 position of the coumarin nucleus. Other HMBC corre-
lations are given in ●� Table 1. The EI-MS of 1 gave a molecular
ion peak at m/z = 442. The base peak was observed at m/z = 263
due to loss of a sugar moiety [M+ – Glu – H]. Other fragments at
m/z = 425 were due to the loss of a hydroxy group and at m/
z = 246 [M+ – Glu – H2O] were also observed. Acid hydrolysis of 1
gave the aglycone and the sugar was identified as D-glucose by co-
TLC with an authentic sample. The final placement of the glucose
could bemade by inspection of the HMBC spectrum. A correlation
betweenH-1′′ and C-3′ revealed that the glucosemust be attached
at position C-3′. On the basis of the above data the structure of 1
was established as 7,8-dihdroxy-6-[3′-β-D-glucopyranosyloxy-
2′(ξ)-hydroxy-3′-methylbutyl]-coumarin and designated as skim-
minan.
The structural determination of the known coumarins 2 – 6 was
made by comparison of the spectroscopic data with literature
data (UV, IR, NMR and MS) for 6-(2,3-dihydroxy-3-methylbu-
tyl)-7-methoxycoumarin 2 [7], skimmin 3 [8], osthol 4, esculetin
5 and scopuletin 6 [3].
The antibacterial activity of the methanolic extract and com-
pounds 1 and 3was evaluated in vitro by using the disc diffusion
method [9] with the three Gram-negative microorganisms as
given in ●� Table 2. Compound 1 showed antibacterial activity
against the plant bacterial pathogens Agrobacterium tumifaciens
MTCC 609, Pseudomonas syringaeMTCC 1604 and Pactobacterium
carotovorumMTCC 1428whereas skimminwas found to be active
against A. tumifaciensMTCC 609 only at a high concentration of
200 μg/disc.

Materials and Methods
�

IR spectra were determined on Perkin Elmer-157 instrument.
The NMR spectra were recorded on Bruker AVANCE 500 (1H
500MHz; 13C 125MHz) and Jeol ARX (1H 400MHz; 13C
100MHz) spectrometers, with TMS as internal standard and
deuterated DMSO-d6, CDCl3 or C5D5N as solvent. MS were taken
at 70 eV on Micromass Quattro II and the Jeol SX-102 spectrom-
eters. TLC was performed over platesmade of silica gel G (Merck)
and by spraying with sulphuric acid/water (5 :95) followed by
heating.
The plant material was collected from Tungnath Chopta, Chamo-
li, Uttarakhand, India at altitude of 3000 – 3200meter in Octo-
ber 2004 and identified by Prof R. D. Gaur, a taxonomist from
the Department of Botany HNB Garhwal University. The voucher
specimen (8892 GUH) is deposited in the herbarium of the De-
partment of Botany, HNB Garhwal University, Srinagar, 246 174,
Uttarakhand, India.
In vitro antibacterial studies were carried out with disc diffu-
sion method against three Gram-negative plant pathogens,
Pseudomonas syringae MTCC 1604, Agrobacterium tumifaciens
MTCC 609 and Pactobacterium carotovorum MTCC 1428 pro-
cured from IMTECH, India. The extract and compounds were dis-
solved in methanol and DMSO (Merck) and tested at concentra-
tion of 200 μg/disc. Pure solvent was used as negative control. P.
syringae and P. carotovorum were grown in Nutrient Agar (Hi-
MEDIA) while A. tumifaciens was grown in Trypticase Soy Agar
media (HiMEDIA). Tetracycline hydrochloride (HiMEDIA) 30 μg
and gentamicin sulphate (HiMEDIA) 10 μg were tested as posi-
tive controls. The experimentswere repeated three times and re-
sults were expressed as average values.

Table 1 1H-, 13C- and 2D-NMR data of 1 in DMSO-d6

Position δδH (J = in Hz) δδC COSY HMBC

2J 3J

2 – 160.4 – – –
3 6.19 (d, J = 9.5) 111.0 4 C-2 C-4, 4a
4 7.90 (d, J = 9.5) 145.2 3 C-5 C-8, 8a, 2
5 6.99 s 114.1 – C-4 � C-4, 7, 8a
6 – 125.5 – – –
7 – 151.2 – – –
8 – 128.2 – – –
4a – 113.0 – – –
8a – 143.8 – – –
1′ 3.38 (dd, J = 8.5, 14) 29.7 2′ C-2′, 6 C-5, 7

3.18 (dd, J = 9, 14)
2′ 4.78 (dd, J = 3, 9) 89.9 1′ C-3′ C-6, 7
3′ – 48.6 – – –
4′ 1.28 s 23.3 – C-3′′ C-2′′
5′ 1.24 21.8 – – C-2′
1′′ 4.45 (d, J = 8) 97.3 2′′ C-2′′ C-3′′
2′′ 2.88 (dd, J = 5, 8.5) 73.5 1′′, 3′′ C-3′′, 1′′ –
3′′ 3.17 (t, J = 9.5) 76.4 4′′ C-4′′ C-5′′
4′′ 3.05 (d, J = 9.5) 76.9 3′′ C-3′′ –
5′′ 4.03 (ddd, J = 5, 9.5) 70.0 4′′, 6′′ – C-3′′
6′′ 3.34 (dd, J = 5, 10.5) 60.1 5′′ – C-4′

3.38 (d, J = 2, 10.5)
OH-8 9.58 – – – –
OH-7 4.81 – – C-6, 7′ –
OH-2′ 4.84 – – C-1′ –
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The air-dried powdered leaves of S. anquetelia (3.4 kg) were ex-
haustively extracted with 90% ethanol (5×1000mL, 24 h). The
extract (134.2 g) obtained after removal of solvent under vac-
uum was partitioned with hexane to afford a hexane-soluble
fraction F001 (26.4 g) and methanol-soluble fraction F002
(84.7 g). After removal of the solvent from the methanolic frac-
tion, F002 was chromatographed over silica gel (800 g) and elut-
ed with mixtures of CHCl3/MeOH as eluents to give eight frac-
tions F003 – F010 (98 :2, 0.8 L; 96 :4, 0.4 L; 92:8, 0.4 L; 9 :1, 0.4
L; 88:12, 0.2 L; 85 :15, 0.5 L; 88 :12, 0.4 L; 4 :1, 0.3 L; Frs of n-
hexane/EtOAc mixtures (9 :1, 0.4 L; 85 :15, 0.6 L; Frs of 25mL)
yielding 2 (20mg), 4 (48mg), 5 (34mg) and 6 (41mg). Fraction
F005 (248mg, 0.4 L) was rechromatographed on silica gel (60 g)
with CHCl3/MeOH (92 :8, 0.6 L; Frs of 20mL) to afford crude
compound (102mg) again washed with MeOH to result in 3
(82mg). Fraction F006 (357mg, 0.4 L) was rechromatographed
with CHCl3/MeOH mixtures (9 :1, 0.3 L; 88 :12, 0.2 L; 85 :15, 0.4
L; Frs of 10mL) and yielded 1 (112mg; 85:15, 0.4 L) as crude
crystals that were further recrystallized in acetone to give 1
(98mg).
Skimminan {7,8-dihdroxy-6-[3′-β-D-glucopyranosyloxy-2′(ξ)-
hydroxy-3′-methylbutyl]-coumarin, 1}: C20H24O11, yellow crys-
tals, m.p. 228 oC. IR (KBr): ν = 3478, 1725, 1594, 1326, 834 cm–1;
HR-ESI-MS: m/z = 442.1722, calcd. 442.1475; EI-MS: m/z (%
int.) = 442 (48), 425 (8), 288 (23), 263 (100), 245 (6); 1H- and
13C-NMR data of 1 are listed in ●� Table 1.
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Table 2 In vitro antibacterial activities of S. anquetelia extract and compound 1 and 3 against plant bacterial pathogens (200μg/disc)

Particular Zone of inhibition (mm)a*

A. tumifaciens

MTCC 609

P. syringae

MTCC 1 604

P. carotovorum

MTCC 1 428

Methanol extractb* 12.6 ± 0.8 8.4 ± 1.2 9.1 ± 0.3
Skimminanb*1 9.3 ± 0.5 9.1 ± 1.0 7.0 ± 0.2
Skimminb*3 7.4 ± 0.3 Nil Nil
Positive control 25.0 ± 0.3 22.0 ± 0.1 24.0 ± 0.8
a* Inhibition zone including the diameter of the paper disc (5mm).
b* (200μg/disc).
Values for zone of inhibition are presented as means of three replicate ± S.D. Nil = no zone inhibition.
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Antibacterial terpenes from the oleo-resin
of Commiphora molmol (Engl.)

M. Mukhlesur Rahman1, Mark Garvey2, Laura J.V. Piddock2 and Simon Gibbons1*
1Centre for Pharmacognosy and Phytotherapy, the School of Pharmacy, University of London, 29–39 Brunswick Square, London
WC1N 1AX, UK
2Antimicrobial Agents Research Group, Division of Immunity and Infection, the Medical School, University of Birmingham,
Birmingham, B15 2TT, UK

Two octanordammaranes, mansumbinone (1) and 3,4-seco-mansumbinoic acid (2), and two sesquiterpenes,
βββββ -elemene (3) and T-cadinol (4) have been isolated from the oleo-resin of Commiphora molmol (Engl.). The
structures of these compounds were established unambiguously by a series of 1D and 2D-NMR analyses. We
have also unambiguously assigned all 1H and 13C NMR resonances for 2 and revised its 13C data. The crude
extract of the oleo-resin of C. molmol displayed potentiation of ciprofloxacin and tetracycline against
S. aureus, several Salmonella enterica serovar Typhimurium strains and two K. pneumoniae strains. The
antibacterial activity of terpenes 1–4 was determined against a number of Staphylococcus aureus strains:
SA1199B, ATCC25923, XU212, RN4220 and EMRSA15 and minimum inhibitory concentration (MIC)
values were found to be in the range of 4–256 μμμμμg/ml. The highest activity was observed by the seco-A-ring
octanordammarane 2 with an MIC of 4 μμμμμg/ml against SA1199B, a multidrug-resistant strain which over-
expresses the NorA efflux transporter, the major characterized antibiotic pump in this species. This activity
compared favorably to the antibiotic norfloxacin with an MIC of 32 μμμμμg/ml. Compound 2 also displayed weak
potentiation of ciprofloxacin and tetracycline activity against strains of Salmonella enterica serovar Typhimurium
SL1344 and L10. Copyright © 2008 John Wiley & Sons, Ltd.

Keywords: Commiphora molmol; Burseraceae; octanordammaranes; 3,4-seco-mansumbinoic acid; Antibacterial; Staphylococcus
aureus; MRSA; Salmonella enterica ser. Typhimurium.

INTRODUCTION

Infections cause by multidrug- and methicillin-resistant
Staphylococcus aureus (MRSA) are cause for some
concern in the clinical environment. In the UK, MRSA
has been headline news for the past few years, result-
ing in considerable public awareness of the potentially
lethal consequences of an MRSA infection. According
to the latest data from the Office for National Statistics
in England and Wales there has been a dramatic
increase in the number of death certificates that cite
MRSA, with 1211 citations in 2001 rising to 2083 in
2005 (Office for National Statistics, 2007). Despite the
release of agents such as linezolid, daptomycin and
synercid, the ability of MRSA to acquire resistance
necessitates further antibacterial discovery. As part
of a continuing project to characterize new anti-
staphylococcal agents (Smith et al., 2007; Shiu and
Gibbons, 2006), we have conducted bioassay-guided
fractionation of the oleo-resin of Commiphora molmol.

Commiphora molmol Engl. (syn. Commiphora myrrha
Holmes, Balsamodendron myrrha; (Burseraceae)) is
a thorny shrub or small tree of approximately 3 m in
height that is indigenous to the desert areas of Somalia,
Ethiopia and parts of Kenya (van Wyk and Wink, 2004).
The oleo-gum resin (oleo-resin) exudes from fissures

or incisions in the bark and is collected as irregular
masses. Myrrh is used as an aromatic for perfumes,
funerals, and insect repellent. It is also used as an anti-
septic and anti-inflammatory for the topical treatment
of mouth and throat infections, including gingivitis
and other gum diseases, tonsillitis and mouth ulcers
(van Wyk and Wink, 2004). From the phytochemical
perspective, myrrh is known to produce a number of
sesquiterpenes from its essential oil (Brieskorn and
Noble, 1983; El Ashry et al., 2003; Marongiu et al., 2005;
Morteza-Semnani et al., 2001; Zhu et al., 2003).

Although bacteria can be multi-drug resistant (MDR)
via multiple mechanisms of resistance, one single mecha-
nism is particularly important i.e. the constitutive over-
expression of chromosomally encoded efflux pumps
(Piddock, 2006). As efflux pumps exist in antibiotic
susceptible and resistant bacteria they are potential
targets for novel non-antibiotic therapeutics. Inhibitors
of various efflux pump systems have been described in
the literature and typically these are plant alkaloids,
but as yet no product has been marketed for use in
human medicine (Lomovskaya and Bostain, 2006).

As a part of an effort to characterize new anti-
bacterials with activity against effluxing MDR strains
of Staphylococcus aureus and Enterobacteriaceae, we
report the isolation of four terpenes (1–4) from the oleo-
resin from the stems of Commiphora molmol (Engl.)
as well as their anti-staphylococcal activity against a
panel of drug-resistant Staphylococcus aureus strains.
We have also unambiguously assigned all 1H and 13C
NMR resonances for compound 2 and revised its 13C
data.
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MATERIALS AND METHODS

General. NMR spectra were recorded on a Bruker
AVANCE 500 MHz spectrometer. Chemical shifts
values (δ) were reported in parts per million (ppm)
relative to the appropriate internal solvent standard
and coupling constants (J values) are given in Hertz.
Vacuum-liquid chromatography (VLC) was carried out
using Merck Si gel 60 H. TLC and preparative-TLC
were conducted on normal-phase Merck Si gel 60 PF254

plates. Spots on TLC and PTLC plates were visualized
after spraying with 1% vanillin-H2SO4 followed by heat-
ing at 110 °C for 5–10 min.

Plant material. The oleo-resin of C. molmol (Batch
No. 19214; Origin North Africa) was purchased from
Proline Botanicals, UK, in October 2006.

Extraction and isolation. 100 g of dried, ground resin of
C. molmol was extracted with CHCl3 at room tempera-
ture. The CHCl3 extract (10.8 g) was fractionated by
VLC on Silica gel 60H using a mobile phase of petro-
leum ether, EtOAc and MeOH in order of increasing
polarity. The eluates were combined together on the
basis of TLC analysis. Preparative TLC (100% hexane;
double development) on the VLC fraction eluted with
5% EtOAc in petroleum ether afforded 3 (4.2 mg). VLC
fractions eluted with 10–12.5% EtOAc in petroleum
ether were further subjected to preparative-TLC (mobile
phase, Toluene:EtOAc:Acetic Acid = 95:4:1, double
development) to yield 1 (8.3 mg) and 4 (7.5 mg). Com-
pound 2 (10.4 mg) was isolated from the VLC eluted
with 20–25% EtOAc in petroleum ether followed by
preparative TLC (mobile phase, Toluene: EtOAc:Acetic
Acid = 90:9:1, double development).

Bacterial strains. The antibacterial assay was performed
against a panel of multi-drug and methicillin-resistant
strains of Staphylococcus aureus. S. aureus standard
strain ATCC 25923 and tetracycline-resistant strain
XU212 which possesses the TetK tetracycline efflux
protein were provided by Dr Edet Udo (Gibbons and
Udo, 2000). Strain SA-1199B which over-expresses the
norA gene encoding the NorA MDR efflux pump was
provided by Professor Glenn Kaatz (Kaatz et al., 1993).
Strain RN4220 which possesses the MsrA macrolide
efflux protein was provided by Dr Jon Cove (Ross
et al., 1989). EMRSA-15 (Richardson and Reith, 1993)
was the generous gift of Dr Paul Stapleton.

In addition, ten strains of Salmonella enterica serovar
Typhimurium strains were used (Table 2). The strains
consisted of S. Typhimurium L3, which was isolated
from a patient prior to a course of ciprofloxacin, four
post-therapy strains (L10–L18) were MDR (Piddock

et al., 2000); SL1344 isolated from calves (Wray and
Sojka, 1986); two laboratory mutants of S. Typhimurium
in which the tolC or acrB genes had been disrupted
(Eaves et al., 2004). In addition, one strain of Staphylo-
coccus aureus (NCTC 8532), two strains of Klebsiella
pneumoniae (NCTC 10896; NCTC 9633), one strain of
Enterobacter cloacae (NCTC 10005), one strain of Serratia
marcescens (NCTC 2847), one strain of Providentia
stuarti (NCTC 10318), one strain of Pseudomonas
aeruginosa (NCTC 10662) and two strains of Escherichia
coli (NCTC 10418 and NCTC 10538) were used. All
strains were grown on Iso-Sensitest medium (Unipath)
aerobically at 37 °C for 18–24 h. All strains were stored
on ProtectTM beads (Technical Service Consultants,
Lancashire, UK) at −80 °C.

Minimum inhibitory concentration (MIC) assay. The
MIC of each antibiotic and disinfectant +/– the oleo-
resin of Commiphora molmol or 3,4-seco-mansumbinoic
acid (2) for each strain of Gram-negative bacteria was
determined by the agar doubling dilution method
according to the guidelines of the BSAC (Andrews,
2001). All antibiotics and disinfectants were made up
and used according to the manufacturer’s instructions:
chloramphenicol, ciprofloxacin, norfloxacin, nalidixic
acid and tetracycline (Sigma-Aldrich Company Ltd,
Dorset, UK); triclosan (Gift from Ciba, Switzerland).

The MIC of each antibiotic and disinfectant +/– the
plant extract Commiphora molmol for each strain of
Gram-negative bacteria was also determined by the
micro-broth dilution following the BSAC recommended
protocol (Andrews, 2001).

All 5 S. aureus strains were cultured on nutrient agar
(Oxoid) and incubated for 24 h at 37 °C prior to MIC
determination. Norfloxacin was purchased from the
Sigma Chemical Co. Mueller-Hinton broth (MHB; Oxoid)
was adjusted to contain 20 and 10 mg/l of Ca2+ and Mg2+,
respectively. An inoculum density of 5 × 105 cfu of each
of the test organisms was prepared in normal saline
(9 g/l) by comparison with a 0.5 MacFarland standard.
MHB (125 μl) was dispensed into 10 wells of a 96 well
microtitre plate (Nunc, 0.3 ml volume per well). A stock
solution of norfloxacin was prepared by dissolving the
antibiotic in DMSO (Sigma) and dilution in MHB to
give a final concentration of 0.625%. A DMSO control
was included in all assays.

Compounds were serially diluted into each of the wells
followed by the addition of the bacterial inoculum and
the microtitre plate was incubated at 37 °C for 18 h. The
MIC recorded the lowest concentration at which no
growth was observed. This was facilitated by the addi-
tion of 20 μl of a 5 mg/ml methanolic solution of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT; Sigma) to each of the wells and incubation for
20 minutes. A blue colouration indicated bacterial growth.

All MICs were determined on at least three inde-
pendent occasions.

RESULTS AND DISCUSSION

Chemistry

VLC fractionation of a chloroform extract of the oleo-
resin from the stems of Commiphora molmol (Engl.)
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yielded two octanordammaranes and two sesquiterpenes.
By comparing the spectral data to those previously
reported, the compounds were identified as β-elemene
(3) (Adio et al., 2004), T-cadinol (4) (Claeson et al.,
1991) and mansumbinone (1) (Provan and Waterman,
1986). The remaining octanordammarane was identi-
fied as 3,4-seco-mansumbinoic acid (2). Although the
1H and 13C NMR data of 2 was reported previously by
Provan and Waterman (1986), there was ambiguity in
the assignment of several carbon chemical shifts. A series
of 1D and 2D NMR data including COSY, NOESY,
HMQC and HMBC has enabled us to revise its 13C
NMR data here.

The 1H NMR (500 MHz, CDCl3, Table 1) of 2 showed
the presence of an exo-methylene (4.69, d, J = 1.5 Hz;
4.89, d, J = 1.5 Hz), two olefinic hydrogens (5.60, m;
5.67, m), four methyl groups (0.88, s; 1.03, s; 1.08, s;
1.75, s) and a group of unresolved methine and
methylene hydrogens. The 13C NMR (125 MHz, CDCl3,
Table 1) of 2 exhibited a total of 22 carbons including
a carboxylic acid (δC 179.9). The DEPT135 experiment
revealed the presence of 8 methylene carbons includ-
ing an exo-methylene at 113.7 ppm. In the HMBC
spectrum (Table 1), a common 3J correlation by two
methyl groups resonating at 0.88 and 1.75 and the exo-
methylene protons to a methine carbon at 51.2 ppm
confirmed its assignment as C-5. Again, C-9 was
assigned at 41.7 ppm by 3J correlations from the methyl
hydrogens at 1.08 (Me-18) and 0.88 (Me-19). The
carbon chemical shifts of C-5 and C-9 were previously
reported (Provan and Waterman, 1986) at 41.4 and 51.0,
respectively, which we have revised here.

Provan and Waterman (1986) assigned the carbon
chemical shifts of Me-19 and Me-20 at 19.9 and 23.1
and reported these to be interchangeable. However,
we can confirm the assignment of Me-19 and Me-20 at
20.2 and 23.4, respectively. This was achieved by analysis

of the HMBC spectra which revealed 3J connectivities
by both H-5 and H-9 to a methyl carbon at 20.2
(Me-19) and another 3J correlation by H-5 and the exo-
methylene protons to a carbon at 23.4 (Me-20). The
assignments of C-16 and C-17 at 129.8 and 133.9 were
also reported to be interchangeable by Provan and
Waterman (1986). We were able to resolve this ambi-
guity by careful analysis of the HMBC (Table 1) and
COSY spectra. A 3J correlation between the hydrogens
of methyl-21 and C-13 enabled assignment of H-13 (δH

= 2.77, br d) via the HMQC spectrum. H-13 exhibited
a COSY correlation to H-17 (δH 5.60) and its associ-
ated carbon resonance could be discerned by analysis
of the HMQC spectrum (C-17; δC 134.2). H-17 was also
coupled to H-16 (δH 5.67) and we were again able to
identify C-16 on the basis of direct correlation observed
in the HMQC spectrum (δC 130.2). We were therefore
able to unambiguously revise the assignment of carbons
C-16 and C-17 to 130.2 and 134.2, respectively. The
chemical shifts of the remaining carbon resonances of 2
were almost identical to those described by Provan and
Waterman (1986). Therefore, compound 2 was identi-
fied as 3,4-seco-mansumbinoic acid previously isolated
from Commiphora incisa. Among these four com-
pounds, this is the first time report of isolation of 1 and
2 from C. molmol.

Anti-staphylococcal activity

All compounds were assessed for their in vitro anti-
staphylococcal activity in a MIC assay (Table 2). Among
the sesquiterpenes and octanordammaranes, the most
pronounced anti-staphylococcal activity was exhibited
by compound 2. Its highest potency was observed
against the multi-drug-effluxing strain SA 1199B (MIC
4 μg/ml) and was found to be eight times more potent

Table 1. 1H NMR (500 MHz), 13C NMR (125 MHz) and HMBC (500 MHz) data of 2 in CDCl3

HMBC (H→C)

Position 1H 13C 2J 2J

1 1.63, m 34.5 – –
2 2.42, m 28.4 – –
3 – 179.9 – –
4 – 147.7 – –
5 2.00, dd, J = 12.4, 2.7 Hz 51.2 C-4 C-7, C-19, C-20, C-22
6 1.38, m 25.0 – –
7 1.65, m 34.4 – –
8 – 39.8 – –
9 1.88, m 41.7 – C-5, C-12, C-19
10 – 39.5 – –
11 1.73, m 22.6 – –
12 1.46, m 24.0 – –
13 2.77, br d, J = 12.4 Hz 47.9 – C-16
14 – 53.6 – –
15 2.38, m 40.2 – –
16 5.67, m 130.2 C-15, C-17 C-13, C-14
17 5.60, m 134.2 C-13, C-16 C-14, C-15
18 1.08, s 17.2 – C-7, C-9, C-14
19 0.88, s 20.2 C-10 C-1, C-5, C-9
20 1.75, s 23.4 C-4 C-5, C-22
21 1.03, s 18.1 C-14 C-13, C-8
22 4.69, d, J = 1.5 Hz 113.7 C-4 C-5, C-20

4.89, d, J = 1.5 Hz
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was observed on the MIC of norfloxacin on any of the
other strains of Enterobacteriaceae tested (data not
shown).

The oleo-resin of C. molmol (200 μg ml−1) had a
broader affect with tetracycline compared to the other
agents tested (Table 2). The MIC of tetracycline was
reduced by 2-fold in the presence of the oleo-resin
(200 μg ml−1) for the wild-type S. Typhimurium strains
14028s and LT2, the post therapy human isolates, L10,
L12, L13 and L18, L643 with acrB disrupted, the S.
aureus strain F77 and the two K. pneumoniae strains
H42 and H43 (Table 2). As previously observed
for norfloxacin, no affect was observed on the MIC
of tetracycline on any of the other strains of Enter-
obacteriaceae tested (data not shown).

Out of the four compounds isolated from the oleo-
resin of C. molmol only compound 2 displayed a
weak 2-fold potentiation of ciprofloxacin and tetracyc-
line against S. Typhimurium strains SL1344 and L10
(Table 2). No other Enterobacteriaceae were affected
(data not shown).
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than the control antibiotic norfloxacin. It is possible
that this metabolite is a fatty acid mimic, possessing a
carboxylic acid function due to the formation of the
seco-A-ring moiety and 2 may interfere with biosynthesis
of essential fatty acids.

Antibacterial activity for Gram-negative bacteria

The wild-type strains of S. Typhimurium (L354, 14028s
and LT2) showed the typical susceptibility of this
species to all agents tested (Table 2).

The oleo-resin of C. molmol (200 μg ml−1) reduced
the MIC of ciprofloxacin by 2-fold for the human
pre-therapy isolate (L3), two of the post-therapy MDR
strains (L10 and L13), S. aureus NCTC 8532 and
K. pneumoniae NCTC 10896 and 9633 (Table 2). The
oleo-resin of C. molmol had no affect on the MIC of
ciprofloxacin on any of the other strains of Entero-
bacteriaceae tested (data not shown).

The oleo-resin of C. molmol (200 μg ml−1) reduced
the MIC of norfloxacin by 2-fold for the two laboratory
mutants with the tolC (L108) or acrB (L643) genes
disrupted; however it had no effect on any other of the
S. Typhimurium strains. The oleo-resin reduced the MIC
of norfloxacin by four 2-fold for S. aureus and the two
K. pneumoniae strains (Table 2). However, no affect
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Abstract

As part of an on-going project to isolate antibacterial compounds from rare conifer species, a new abietane diterpene, 2b-acetoxyferruginol was

isolated from the stem bark of Prumnopitys andina. Molecular modelling studies were conducted to explain some of the NOEs observed in the A-

ring of this compound and to support assignment of relative stereochemistry. This new compound had antibacterial activity at 8 mg/ml against two

effluxing strains of Staphylococcus aureus, but interestingly was inactive at 128 mg/ml against a wild-type strain and against a methicillin-resistant

(MRSA) clinical isolate. We have previously demonstrated that ferruginol is active against these four S. aureus stains and therefore the results

indicate that the presence of the acetoxy group has a detrimental effect on antibacterial activity against certain strains. 2b-Acetoxyferruginol was

also assayed against Propionibacterium acnes and was active at 4 mg/ml.

# 2008 Phytochemical Society of Europe. Published by Elsevier B.V. All rights reserved.

Keywords: Prumnopitys andina; Diterpene; Antibacterial; Staphylococcus aureus; Propionibacterium acnes

1. Introduction

The needles, cones, oleoresin and bark of conifers have been

used in traditional medicine by many cultures (Diğrak, Ilçim, &

Alma, 1999; Langenheim, 2003; Ritch-Krc, Turner, & Towers,

1996), and are known to be a rich source of diterpenes, many of

which have antibacterial properties. Multidrug-resistant sta-

phylococci have become a major health risk and the need for

new antibacterials is becoming increasingly urgent. As part of

an on-going project to isolate antibacterial compounds from

conifers, a new antibacterial abietane diterpene, 2b-acetoxy-

ferruginol, was isolated from the stem bark of the rare conifer

Prumnopitys andina Poepp. ex Endl. (Podocarpaceae). This

species is indigenous to Chile and is also known as Chilean

conifer or ‘‘Ileuque’’ by the indigenous Mapuche peoples of

Chile (Mill & Quinn, 2001).

Compound 1 (Fig. 1) was isolated by bioassay-guided

fractionation. The compound was tested against four strains of

Staphylococcus aureus: one possessing the TetK efflux pump

specific for tetracyclines; another strain overexpressing the

multidrug-resistance transporter NorA; a wild-type ATCC

strain and the epidemic methicillin-resistant hospital isolate

EMRSA-15. The compound was also assayed against a

standard strain of Propionibacterium acnes which is thought

to be one of the major causative agents in the skin condition

acne (Bojar & Holland, 2004). The minimum inhibitory

concentrations (MICs) of the new diterpene are shown in

Table 2 together with the MICs for ferruginol (Fig. 1) which

we have previously tested against these same strains of S.

aureus (Smith, Williamson, Wareham, Kaatz, & Gibbons,

2007) and which has been isolated from P. andina by Flores

et al. (2002) who also evaluated ferruginol against standard

strains.

2. Results and discussion

Bioassay-guided fractionation led to the isolation of

compound 1 as a pale yellow oil. The GC–MS data indicated

a molecular ion with a large peak at [M]+ 344 m/z suggesting a

possible formula of C22H32O3. Examination of the 13C NMR

spectrum confirmed the presence of 22 carbons with signals at

www.elsevier.com/locate/phytol
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170.6 and 70.7 ppm characteristic for the carbonyl carbon of an

ester and for a carbon bound to an oxygen atom, respectively.

From the IR spectrum, peaks at 1707 and 1247 cm�1 were

indicative of an ester group with a broad absorption at

3403 cm�1 attributed to an hydroxyl group. Further observation

of the mass spectrum revealed a small peak at [M–Me]+ 329 m/z

probably resulting from the loss of a methyl and a larger peak at

284 m/z probably due to loss of acetic acid [M–AcOH]+. The

base peak at 269 m/z was attributable to the loss of acetic acid

and a methyl group [M � AcOH � Me]+.

The 1H NMR spectrum (Table 1) was characteristic of an

abietane diterpene with a septet at d 3.09 integrating for one

hydrogen, suggesting the methine hydrogen of an isopropyl

group and two methyl doublets at d 1.20 and d 1.22 completing

this group. Signals at d 150.8 in the carbon spectrum and at d
4.46 in the proton spectrum were indicative of a phenolic

hydroxyl group, with two singlets at d 6.56 and d 6.81 in the

proton spectrum indicating para aromatic hydrogens. The 1H

and 13C NMR spectra were very similar to those of the abietane

diterpene ferruginol (2) (Wenkert et al., 1976).

Correlations seen in the HMBC experiment further

substantiated that compound 1 was an abietane. From the

HMBC spectrum, the isopropyl methine H-15 exhibited a 2J

correlation to C-13 and 3J correlations to C-12 and C-14, with

the methyl groups of the isopropyl (C-16, C-17) also showing 3J

correlations to C-13, which placed the isopropyl group at

position 13 on the C-ring. H-11 exhibited a 2J correlation to C-

12 which bore the phenolic OH group and 3J correlations to the

aromatic carbons C-8 and C-13. The H-14 methine showed 3J

correlations to the isopropyl methine carbon (C-15) and to C-7

and also to the aromatic carbons C-9 and C-12. The position of

carbon 6 was confirmed by the H2-6 methylene which showed

Fig. 1. 2b-Acetoxyferruginol (1) with key NOESY correlations and ferruginol (2).

Table 1
1H (500 MHz) and 13C (125 MHz) NMR spectral data and 1H–13C long-range correlations of 1 recorded in CDCl3

Position 1H (J in Hz) 13C 2J 3J

1 1.81 d (4.5) 41.6 C-2, C-10 C-5, C-20

2.43 m

2 5.20 m 70.7

3 1.46 dd (15.0 4.0) 43.2

1.83 ddd (14.5, 4.0, 1.5)

4 32.7

5 1.42 dd (12.0, 2.0) 49.3 C-6, C-10 C-19, C-20

6 1.73 m 19.0 C-5, C-7 C-8, C-10

1.88 m

7 2.76 ddd (17.0, 11.5, 7.0) 29.7 C-6, C-8 C-5, C-9, C-14

2.85 br dd (16.5, 6.0)

8 126.7

9 148.3

10 37.0

11 6.56 s 111.3 C-12 C-8, C-10, C-13

12 150.8 C-12 C-11, C-13

13 131.7

14 6.81 s 126.6 C-7, C-9, C-12, C-15

15 3.09 sept 27.0 C-13, C-16, C-17 C-12, C-14

16 1.20 d (7.0) 22.5a C-15 C-13

17 1.22 d (7.0) 22.7a C-15 C-13

18 0.97 s 33.6 C-4 C-3, C-5, C-19

19 1.07 s 23.3 C-4 C-3, C-5, C-18

20 1.34 s 26.8 C-10 C-1, C-5, C-9

21 170.6

22 2.04 s 21.7 C-21

OH(12) 4.46 s

a Interchangeable values.

E.C.J. Smith et al. / Phytochemistry Letters 1 (2008) 49–5350
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2J correlations to C-5 and C-7 and 3J correlations to C-8 and C-

10.

On the A-ring, two methyl groups attributed to C-18 and C-

19 displayed 2J connectivities to a quaternary carbon (C-4) and
3J connectivities to C-3 and C-5. The H-5 methine in turn

exhibited 2J correlations to C-6 and C-10 and 3J correlations to

C-19 and C-20 methyl carbons. CH3-20 displayed a 2J

correlation to C-10 at the A/B ring junction and 3J correlations

to C-1, C-5 and C-9. It could be seen from the carbon spectrum

that an acetoxy group was attached to C-2 whose position was

determined from 1H ! 1H connectivities observed in the

COSY spectrum. Couplings were detected between the C-2

methine and the methylene groups at C-1 and C-3. Carbon 1

also exhibited 2J correlations (C-2, C-10) and 3J correlations

(C-5, C-20) in the HMBC experiment.

The relative stereochemistry of 1 was determined by NOE

correlations observed in the NOESY spectrum (Fig. 1) and the

observed coupling constants for H-5 in the 1H spectrum. The H-

5 methine had a large axial coupling (J = 12.0 Hz) to the axial

H-6 proton and a small coupling (J = 2.0 Hz) to the H-6

equatorial proton. From the NOESY spectrum, a through space

interaction was observed between the H3-20 and H3-19 methyls

indicating that they were on the same face of the molecule. This

relative stereochemistry was assigned a (b) orientation as

reported in the literature for ferruginol (Wenkert et al., 1976).

The methine proton H-5, assigned as (a), showed a NOE

correlation to the CH3-18 methyl group which would also have

an (a) orientation. These data determined the A/B ring junction

as trans. An NOE correlation between the H-2 and H-5 protons

indicated that proton H-2 would have an (a) orientation

suggesting a conformation for the A-ring that brings the two

protons in close proximity (Fig. 1). This established that the

acetoxy group at C-2 would have a relative (b) orientation and

the compound was identified as a new abietane diterpene, 2b-

acetoxyferruginol. Molecular modelling has confirmed the

assignment of relative stereochemistry (Fig. 2), by observed

distances between H-2 and H-5 for two different conformations

of 4.02 and 2.50 Å. Both conformations can exist in solution

simultaneously, where the rotation of acetoxy group changes

the conformation of the A-ring and the energy difference

between them is less than 1 kJ/mol. In both configurations the

distance between H-2 and H-5 would lead to the appearance of

a cross-peak in the NOESY spectrum.

The isolated compound, 2b-acetoxyferruginol was active

only against the effluxing strains of S. aureus (8 mg/ml) in

comparison with ferruginol which was active against all four

strains at MIC values of 4–16 mg/ml (Table 2). This was a

surprising result, since we have tested many diterpenes isolated

from conifers against these strains and they have either been

active against all strains or inactive against all strains. This is

the first instance where a compound had activity against some

strains but not against others. Strain XU212 has the TetK efflux

pump and strain SA1199B over-expresses the NorA multidrug-

resistance transporter. Both pumps are members of the major

facilitator superfamily of efflux pumps and have 12 membrane-

spanning helices (Marshall & Piddock, 1997). It is possible that

2b-acetoxyferruginol may bind to the pump substrate or to the

pump itself; it may affect the conformation of the pump, or it

could act at the level of transcription or translation and is

therefore inactive against the wild-type and MRSA strains

which do not express TetK or over-express NorA. However, this

would imply that the mechanism of action of 2b-acetox-

Table 2

MICs (mg/ml) for 2b-acetoxyferruginol (1), ferruginol (2) and standard antibiotics (resistance mechanism)

Compound ATCC 25923 XU212 (TetK) SA1199B (NorA) EMRSA-15 (mecA) Propionibacterium acnes ATCC 6919

2b-Acetoxyferruginol (1) >128 8 8 >128 4

Ferruginol (2) 8 8 4 16 4

Tetracycline 0.25 128 0.25 0.125

Norfloxacin 1 16 32 0.5

Oxacillin 0.125 128 0.25 32

Clindamycin 0.125

Fig. 2. Examples of low energy structures of 2b-acetoxyferruginol obtained by a conformational search with their total energies: (a) lowest energy conformer and (b)

next lowest energy conformation. Arrows depict the distances that correspond to NOESY correlations.
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yferruginol differs from that of ferruginol which is active

against all four S. aureus strains. Another possibility is that the

effluxing strains XU212 and SA1199B are susceptible to 2b-

acetoxyferruginol due to a loss of fitness which can occur when

a bacterium acquires a beneficial plasmid or over-expresses a

particular protein. In the case of strain XU212, the tetK gene is

carried on a plasmid which, once acquired confers resistance to

tetracyclines, but in SA1199B the multidrug resistance

mechanism is by over-expression of the indigenous NorA

transporter due to increased transcription of the gene (Kaatz,

Seo, & Ruble, 1993). Hence, the mechanisms by which these

two strains have acquired resistance are not the same. In the

case of EMRSA-15, methicillin-resistant strains have acquired

the mecA gene which encodes the penicillin binding protein

PBP20. This gene is carried on the staphylococcal cassette

chromosome (SCC) which also contains recombinase genes

involved in the integration of mecA into the bacterial

chromosome (Hiramatsu, Cui, Kuroda, & Ito, 2001). It might

be expected that acquisition of resistance to methicillin could

also lead to some loss in fitness.

It has often been suggested that phenolic compounds have a

common mode of antibacterial action which is likely to be by

disruption of the cell membrane, and that the effectiveness of

such a compound is related to its ability to cross the bacterial

cell membrane, which is determined by its lipophilic

characteristics. The results seen for 2b-acetoxyferruginol (1),

which was active against two effluxing strains of S. aureus but

inactive against a wild-type and an MRSA strain, when

compared with ferruginol which was active against all four

strains, suggests that other factors may be involved.

3. Experimental

3.1. Extraction and isolation

The stem bark of P. andina was supplied by Bedgebury

Pinetum, Goudhurst, Kent and a voucher specimen was placed

in the herbarium at the School of Pharmacy (voucher specimen

no. ECJS/020).

124 g of ground stem bark were sequentially extracted using

1 L of solvents of increasing polarity: hexane, chloroform,

acetone, methanol. The active methanol fraction was subjected

to preparative reverse-phase HPLC using an XTerraTM MS C18

300 � 19 mm 10 mm column (www.waters.com). Elution

commenced with 100% H2O (0.1% acetic acid) going in a

gradient to 100% methanol (0.1% acetic acid) over 25 min and

was then held for 2 min. Seven fractions were collected;

fraction 6 yielded compound 1 (2.6 mg) and fraction 7 yielded

ferruginol (2) (Fig. 1).

3.2. Structure elucidation

GC–MS analysis was carried out using an Agilent 6890 GC

coupled to an Agilent 5973 mass selective detector. An HP-5ms

capillary column of 30 m length with a diameter of 250 mm was

used with a non-polar stationary phase of 5% phenylmethylsi-

loxane and a film thickness of 0.25 mm. Samples were

introduced into the system using split injection with a split

ratio of between 5:1 and 10:1 and an injector temperature of

250 8C. Helium was used as the carrier gas at an average linear

velocity of 50 cm/s. The initial oven temperature was 50 8C and

the temperature was increased after 5 min at a rate of 5 8C to a

maximum of 300 8C. The MS was run in EI mode.

1D and 2D NMR spectra were recorded on a Bruker

AVANCE 500 MHz spectrometer and processed using XWin

NMR 3.5 software. Samples were dissolved in deuterated-

chloroform which was also used as the internal solvent standard

and referenced to 7.26 ppm.

3.3. Molecular modelling

Molecular modelling calculations were carried out using

Macromodel 9.11 (Mohamadi et al., 1990) and MMFFs force

field (Cramer & Truhlar, 1995). The solvent effects of

chloroform on the conformation were considered implicitly

using the generalised Born/surface area continuum (GB/SA)

method (Still, Tempczyk, Hawley, & Hendrickson, 1990) with

a constant dielectric function (e = 1). An extended non-bonded

cutoff (van der Waals: 8 Å; electrostatics: 20 Å) was used. The

conformational search was achieved by torsional sampling as

implemented in Macromodel.

3.4. Antibacterial assay

A standard S. aureus strain ATCC 25923 and a clinical

isolate (XU212), which possesses the TetK efflux pump, were

obtained from Dr. E. Udo (Gibbons & Udo, 2000). Strain

SA1199B which over-expresses the NorA MDR efflux pump

was provided by Professor Glenn Kaatz. The clinical isolate

EMRSA-15 (Richardson & Reith, 1993) was obtained from Dr.

Paul Stapleton. S. aureus minimum inhibitory concentration

(MIC) assays were carried out as previously described (Smith,

Williamson, Zloh, & Gibbons, 2005). P. acnes standard strain

ATCC 6919 was obtained from Oxoid (Basingstoke, UK). P.

acnes inocula were prepared from a 72 h culture grown

anaerobically on blood agar. MIC assays were carried out as for

S. aureus but using anaerobe basal broth (Oxoid, Basingstoke,

UK) and microtitre plates were incubated for 72 h under

anaerobic conditions at 37 8C. The MICs for P. acnes were read

visually and determined as the lowest concentration with an

absence of turbid bacterial growth.

3.5. 2b-Acetoxyferruginol (1)

Pale yellow oil; lmax (log e): 287.0 (3.47) nm; IR: vmax (thin

film) cm�1: 3403, 2958, 1707, 1418, 1379, 1247, 1186, 1028;
1H NMR and 13C NMR (CDCl3): see Table 1; HR-ESIMS (m/

z): 367.2251 (M + Na]+ (calc. for C22H32O3Na, 367.2249).
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Diğrak, M., Ilçim, A., & Alma, M. H. (1999). Antimicrobial activities of several

parts of Pinus brutia, Juniperus oxycedrus, Abies cilicia, Cedrus libani and

Pinus nigra. Phytother. Res., 13, 584–587.

Flores, C., Alarcon, J., Becerra, J., Bittner, M., Hoeneisen, M., & Silva, Y. M.

(2002). Extractable compounds of native trees chemical and biological

study I: Bark of Prumnopytis andina (Podocarpaceae) and Austrocedrus

chilensis (Cupressaceae). Bol. Soc. Chil. Qumm., 47, 151–157.

Gibbons, S., & Udo, E. E. (2000). The effect of reserpine, a modulator of

multidrug efflux pumps, on the in vitro activity of tetracycline against

clinical isolates of methicillin resistant Staphylococcus aureus (MRSA)

possessing the tet(K) determinant. Phytother. Res., 14, 139–140.

Hiramatsu, K., Cui, L., Kuroda, M., & Ito, T. (2001). The emergence and

evolution of methicillin-resistant Staphylococcus aureus. TrendsMicrobiol.,

9, 486–493.

Kaatz, G. W., Seo, S. M., & Ruble, C. A. (1993). Efflux-mediated fluoroqui-

nolone resistance in Staphylococcus aureus. Antimicrob. Agents Che-

mother., 37, 1086–1094.

Langenheim, J. H. (2003). Plant resins: Chemistry, evolution, ecology and

ethnobotany. Portland, Oregon, USA: Timber Press Inc.. (pp. 453–456).

Marshall, N. J., & Piddock, L. J. V. (1997). Antibacterial efflux systems.

Microbiologica, 13, 285–300.

Mill, R. R., & Quinn, C. J. (2001). Prumnopitys andina reinstated as the correct

name for ‘‘Ileuque’’, the Chilean conifer recently renamed P. spicata

(Podocarpaceae). Taxon, 50, 1143–1154.

Mohamadi, F., Richards, N., Guida, W., Liskamp, R., Lipton, M., Caulfield, C.,

et al. (1990). MacroModel—an integrated software system for modeling

organic and bioorganic molecules using molecular mechanics. J. Comput.

Chem., 11, 440–467.

Richardson, J. F., & Reith, S. (1993). Characterisation of a strain of methicillin-

resistant Staphylococcus aureus (EMRSA-15) by conventional and mole-

cular methods. J. Hosp. Infect., 25, 45–52.

Ritch-Krc, E. M., Turner, N. J., & Towers, G. H. N. (1996). Carrier herbal

medicine: An evaluation of the antimicrobial and anticancer activity in some

frequently used remedies. J. Ethnopharmacol., 52, 151–156.

Smith, E., Williamson, E., Zloh, M., & Gibbons, S. (2005). Isopimaric acid from

Pinus nigra shows activity against multidrug-resistant and EMRSA strains

of Staphylococcus aureus. Phytother. Res., 19, 538–542.

Smith, E. C. J., Williamson, E. M., Wareham, N., Kaatz, G. W., & Gibbons, S.

(2007). Antibacterials and modulators of bacterial resistance from the

immature cones of Chamaecyparis lawsoniana. Phytochemistry, 68,

210–217.

Still, W. C., Tempczyk, A., Hawley, R. C., & Hendrickson, T. (1990). Semi-

analytical treatment of solvation for molecular mechanics and dynamics. J.

Am. Chem. Soc., 112, 6127–6129.

Wenkert, E., Buckwalter, B. L., Burfitt, I. R., Gašic, M. J., Gottlieb, H. E.,
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Abstract

As part of an on-going project to characterize compounds from immature conifer cones with antibacterial or modulatory activity
against multidrug-resistant (MDR) strains of Staphylococcus aureus, eight compounds were isolated from the cones of Chamaecyparis

lawsoniana. The active compounds were mainly diterpenes, with minimum inhibitory concentrations ranging from 4 to 128 lg/ml against
MDR effluxing S. aureus strains and two epidemic methicillin-resistant (EMRSA) clinical isolates. The compounds extracted were the
diterpenes ferruginol, pisiferol and its epimer 5-epipisiferol, formosanoxide, trans-communic acid and torulosal, the sesquiterpene oplo-
panonyl acetate and the germacrane 4b-hydroxygermacra-1(10)-5-diene. Some of these compounds also exhibited modulatory activity in
potentiating antibiotic activity against effluxing strains and ferruginol, used at a sub-inhibitory concentration, resulted in an 80-fold
potentiation of oxacillin activity against strain EMRSA-15. An efflux inhibition assay using an S. aureus strain possessing the MDR
NorA efflux pump resulted in 40% inhibition of ethidium bromide efflux at 10 lM ferruginol (2.86 lg/ml). We report the 1H and 13C
NMR data for the cis A/B ring junction epimer of pisiferol which we have named 5-epipisiferol. We also unambiguously assign all
1H and 13C NMR resonances for trans-communic acid.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Chamaecyparis lawsoniana; Diterpene; MRSA; Antibacterial; Multidrug-resistant; Efflux pump; Modulator; Ferruginol

1. Introduction

Multidrug-resistant (MDR) staphylococci have become
a major health risk, in terms of both nosocomial and com-
munity-acquired infections. Methicillin-resistant Staphylo-
coccus aureus (MRSA) has been headline news in the UK
for the past few years, resulting in considerable public
awareness of the potentially lethal consequences of an
MRSA infection. The latest figures released by the Office
for National Statistics reveal that in England and Wales,

the number of death certificates citing MRSA has risen
from 669 in 2000 to 1,168 in 2004 (Office for National Sta-
tistics, 2006).

Some S. aureus strains exert their resistance by means of
an efflux pump in the cell membrane, examples being TetK
which effluxes certain tetracyclines and the MDR pump
NorA which removes certain fluoroquinolones and other
compounds including quaternary ammonium compounds
(QACs). In this study, compounds were isolated from the
immature cones of Chamaecyparis lawsoniana and assayed
for anti-staphylococcal activity against a standard ATCC
strain and five drug-resistant clinical isolates. These
included a strain which not only has the TetK pump but
is also an MRSA strain; two other effluxing strains, one

0031-9422/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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with the MsrA macrolide pump, the other strain with
NorA; and the epidemic MRSA strains EMRSA-15 and
EMRSA-16 which account for the majority of MRSA bac-
teraemias in UK hospitals (Johnson et al., 2001).

Chamaecyparis lawsoniana (Murray) Parlatore, also
known as Lawson’s Cypress or Port-Orford cedar is a
native tree of North America. It is found in coastal and
mountainous regions of southwest Oregon and northern
California (Vidaković, 1991). There is very little reported
on the use of Chamaecyparis species in traditional medi-
cine. The Southern Kwakiutl Indians of British Columbia
used the leaves, branch tips and bark of C. nootkatensis

to treat sores, arthritis and rheumatism (Turner, 1979),
but the Salish people of British Columbia consider that ill-
ness could result from inhaling the strong odour of Cha-
maecyparis (Turner, 1988). However, all species have
hard, aromatic wood which is highly prized and has been
used by Native American peoples to make bows, canoe
paddles and dishes (Turner, 1979). In Japan, the wood of
C. obtusa is valued for use in the construction of important
buildings such as temples and shrines and is also consid-
ered to have hygienic properties for use as counter tops
in sushi bars (Koyama et al., 1997).

Several species of Chamaecyparis have been shown to
possess insecticidal activity. Termiticidal activity has been
reported for the heartwood of C. lawsoniana (McDaniel,
1989) and seed extracts of this species exhibited juvenilising
activity against the yellow mealworm beetle Tenebrio mol-

itor (Jacobson et al., 1975). Antibacterial properties have
been cited for Chamaecyparis (Johnson et al., 2001; Xiao
et al., 2001;Yatagai and Nakatani, 1994) and Debiaggi
et al. (1988) reported that an ethanolic extract of the leaves
of C. lawsoniana had antiviral activity against Herpes sim-

plex virus type 2. However, this is the first report of anti-
bacterial compounds from the immature cones of C.

lawsoniana. Our rationale for studying immature cones is
that conifers invest considerable resources into cone pro-
duction as, unlike angiosperms, the female gametophyte
(cone) is formed with a food supply before fertilisation
takes place. This is very wasteful of resources as some
cones will not be fertilised, and together with the fact that
some coniferous cones can take three years to ripen, it was
considered likely that immature cones would contain pro-
tective compounds against microbial attack.

Anti-staphylococcal activity has been previously demon-
strated for many of the isolated compounds (Politi et al.,
2003;Xiao et al., 2001;Muhammad et al., 1995;Kobayashi
et al., 1988), but here we report their activity against clini-
cally relevant MDR and MRSA clinical isolates, and
report for the first time the resistance modifying activity
of some of these compounds against virulent S. aureus

strains. Furthermore, we report the full 1H and 13C
NMR data for 5-epipisiferol and trans-communic acid. 5-
Epipisiferol has previously been synthesized (Matsumoto
et al., 1983) and was also reported as 20-hydroxyferruginol
(Son et al., 2005), but here we unambiguously assign the
stereochemistry as the 5-epimer of pisiferol.

2. Results and discussion

Structure elucidation of the isolated compounds was
conducted by extensive spectroscopic studies using 1D
and 2D NMR and mass spectroscopy. The data were com-
pared with and were in close agreement with the literature
for ferruginol (Wenkert et al., 1976), pisiferol (Yatagai
et al., 1978), formosanoxide (Hsu et al., 1995), 4b-hydroxy-
germacra-1(10)-5-diene (Cornwell et al., 2001;Feliciano
et al., 1995), trans-communic acid (Yamamoto et al.,
1997;Muhammad et al., 1995;Fang et al., 1989), torulosal
(Su et al., 1994) and oplopanonyl acetate (De Bruyn
et al., 1990). The 1H and 13C NMR data for 5-epipisiferol
are presented in Table 1. The 1H spectra for pisiferol and 5-
epipisiferol revealed a large coupling for the H-5 methine
to the axial H-6 proton (J = 12.5 and 12.0, respectively).
In the trans A/B ring junction of pisiferol, proton H-5
was axial and relatively a with respect to ring A, but in
5-epipisiferol the position of this hydrogen was equatorial
and relatively (b) with respect to ring A but axial with
respect to the B ring. The relative stereochemistry of pisif-
erol was assigned by correlations seen in the NOESY spec-
trum (Fig. 1). A correlation between the H2-20 methylene
protons and the H3-19 methyl group established that they
were on the same face of the molecule and were assigned
an axial (b) orientation as described in the literature (Yat-
agai et al., 1978). Further NOE signals between proton H-5
and the CH3-18 methyl and between H-5 and proton H-6b
and the axial proton of the H-7 methylene suggested an
alpha orientation and a trans A/B ring junction. For 5-
epipisiferol, the NOESY data indicated a cis A/B ring junc-
tion. This was deduced by through space interactions
between the H-20b methylene proton and the H-5 proton
which in turn had a correlation to the H3-19 methyl indi-
cating that these protons were all on the same face of the
molecule. These groups were assigned a relative (b) config-
uration and we therefore describe the compound as 5-epip-
isiferol, an epimer of pisiferol.

All compounds were assessed for antibacterial activity in
a minimum inhibitory concentration (MIC) assay (Table
2). The phenolic diterpenes ferruginol, pisiferol, 5-epipisif-
erol and the labdane diterpene trans-communic acid had
the greatest activity at 4–16 lg/ml. The stereochemistry at
the A/B ring junction of pisiferol and 5-epipisiferol
(Fig. 1) did not affect activity as both epimers had MICs
of 8–16 lg/ml against all strains. However, the presence
of an ether bridge linking C-7 and C-20, seen in formosan-
oxide (Fig. 1), destroyed anti-staphylococcal activity, since
this compound was inactive at 512 lg/ml against the two
strains tested. 4b-hydroxygermacra-1(10)-5-diene displayed
modest antibacterial activity at 128–256 lg/ml. The sesqui-
terpene oplopanonyl acetate was inactive at 128 lg/ml, as
was torulosal, except against strain EMRSA-16 where its
MIC was 128 lg/ml. It is interesting that nearly all the
active compounds had a higher MIC against EMRSA-15
than for strain EMRSA-16. This was surprising, since the
MIC for oxacillin against EMRSA-15 is only 32 lg/ml
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compared with 512 lg/ml against strain 16. EMRSA-16 is
resistant to norfloxacin whereas strain 15 is sensitive, and it
also has a two fold greater resistance to erythromycin. It is
possible that acquisition of resistance to many antibiotics
has resulted in a loss in fitness, making EMRSA-16 more
susceptible to some compounds or types of compounds
than EMRSA-15. Another possibility is that EMRSA-15
may possess an as yet uncharacterized mechanism of resis-
tance, or some efflux of compounds may occur, accounting
for the higher MICs seen for this strain compared with
EMRSA-16.

There was no significant variation in the anti-staphylo-
coccal activity of a compound between the six strains.
For example, there were no instances where a compound
had a high activity against the standard ATCC 25923

strain, but considerably reduced or even no activity against
the resistant strains. If a compound had activity against
one S. aureus strain, it was active against all strains tested.
With the exception of ferruginol (Fig. 2), which had a four-
fold higher activity against EMRSA-15 than strain 16,
none of the compounds had more than a twofold difference
in activity between strains. This was a surprising result
which may reflect that the active compounds were mainly
diterpenes, some with a very similar structure and with
the same functional groups and possibly the same mode
of action. However, trans-communic acid (Fig. 2), which
had good activity compared with the standard antibiotics,
is a labdane diterpene and does not possess a phenolic
hydroxyl group as found in the active abietanes. Our previ-
ous work on isopimaric acid (Smith et al., 2005) isolated

Table 1
1H (500 MHz) and 13C NMR (125 MHz) spectral data for 5-epipisiferol and trans-communic acid in CDCl3

5-Epipisiferol trans-Communic acid

Position 1H (J in Hz) 13C Position 1H (J in Hz) 13C

1 1.52 m 41.8 1 1.05 m 38.0
1.84 m 2.16 m

2 1.44 m 18.7 2 1.52 m 19.1
3 1.24 m 42.4 3 1.14 dd (13.5, 4.0) 39.2

1.41 d (2.5) 1.86 m

4 34.4 4 44.1
5 2.64 dd (12.0, 2.5) 58.0 5 1.34 dd (12.0, 2.5) 56.2
6 1.26 m 24.3 6 1.96 m 25.8

1.99 m 7 1.91 m 38.5
7 2.66 m 35.4 2.39 m

2.73 m 8 147.9
8 133.0 9 1.76 s 56.4
9 135.5 10 40.3
10 71.6 11 2.13 m 23.3
11 6.66 s 118.8 2.36 m

12 (OH) 5.99 s 151.6 12 5.39 t (6.5) 133.9
13 133.4 13 133.4
14 6.90 s 126.6 14 6.31 dd (17.5,11.0) 141.6
15 3.17 q 26.6 15 4.86 d (11.0) 109.9
16 1.21a d (7.0) 22.5a 5.03 d (17.5)
17 1.19a d (7.0) 22.8a 16 1.73 s 11.8
18 0.91 s 21.7 17 4.45 s 107.7
19 0.88 s 32.2 4.82 s

20 2.55 d (14.0) 51.0 18 1.23 s 29.0
3.00 d (14.0) 19 182.5

20 0.64 s 12.8

a Interchangeable values.
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Fig. 1. Pisiferol (a), 5-epipisiferol (b) (selected NOEs) and formosanoxide (c).
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from the cones of Pinus nigra, and commercially obtained
abietic acid, although not as active (MICs 32–64 lg/ml),
still displayed the same trend, that if they were active
against one strain, they were active against all strains at
approximately the same MIC value. This suggests there
may be a common mode of action for each compound
against all strains, for example membrane perturbation is
often suggested as the antibacterial action for phenolic
diterpenes. However, research by Clarkson et al. (2003)
demonstrated that ferruginol did not affect erythrocyte
morphology even at high concentration (100 lg/ml), there-
fore the mode of antibacterial action of these diterpenes is
unlikely to be merely membrane lysis or disruption. It is
possible that these compounds have a mode of action
which clinically relevant isolates have not previously
encountered.

Oplopanonyl acetate and torulosal were tested in combi-
nation with the MDR inhibitor reserpine against the efflux-
ing strains XU212 and SA1199B. This was conducted to
assess whether these inactive compounds had antibacterial
activity when the efflux pump was inhibited, as seen with
several compounds tested by Tegos et al. (2002). However,
the presence of an efflux inhibitor had no effect and both
compounds remained inactive at 128 lg/ml.

4b-Hydroxygermacra-1(10)-5-diene and compounds
with no anti-staphylococcal activity in the MIC assay were
tested in the modulation assay at 10 lg/ml and active com-
pounds were assayed at half MIC. Ferruginol was the most
active compound in the modulation assays (Table 3) and
displayed a similar activity to the control reserpine against
the effluxing strain XU212 possessing the TetK pump,
causing a fourfold reduction in the MIC of tetracycline.
Against strain SA1199B which has the NorA pump, a two-
fold potentiation of norfloxacin activity was observed in
the presence of ferruginol, whereas reserpine caused an
eightfold increase in norfloxacin activity, reducing its
MIC from 32 to 4 lg/ml. The plant alkaloid reserpine
inhibits the NorA and TetK pumps of S. aureus (Markham
et al., 1999). However, unlike reserpine, ferruginol also
potentiated the activity of erythromycin against a strain
possessing the MsrA efflux pump. No inhibitor of this
pump has so far been reported.

Ferruginol showed excellent potentiation of oxacillin
activity against the epidemic MRSA strain EMRSA-15,

Table 2
MICs (lg/ml) of isolated compounds and standard antibiotics against a standard ATCC strain and five clinical isolates of S. aureus (resistance mechanism)

Compound ATCC 25923 XU212 (TetK)/
(mecA)

SA1199B
(NorA)

RN4220
(MsrA)

EMRSA-15
(mecA)

EMRSA-16
(mecA)

Ferruginol 8 8 4 8 16 4
Formosanoxide >512 >512 – – – –
4b-Hydroxygermacra-1(10)-5-

diene
128 128 256 128 256 128

Oplopanonyl acetate >128 >128 >128 >128 >128 >128
Pisiferol 16 16 16 8 8 8
5-Epipisiferol 8 16 8 16 16 8
Torulosal >128 >128 >128 >128 >128 128
trans-Communic acid 16 16 8 8 16 8
Tetracycline 0.25 128 0.25 0.25 0.125 0.125
Norfloxacin 1 16 32 2 0.5 128
Erythromycin 0.25 4,096 0.25 128 2,048 4,096
Oxacillin 0.125 128 0.25 0.25 32 512

CO2H
H

OHa b

Fig. 2. Ferruginol (a) and trans-communic acid (b).

Table 3
MICs (lg/ml) of standard antibiotics in the presence and absence of ferruginol and 5-epipisiferol

Compound XU212
tetracycline

XU212
oxacillin

SA1199B
norfloxacin

RN4220
erythromycin

EMRSA-15
oxacillin

EMRSA-16
oxacillin

Ferruginol 128 (32) 256 (32) 32 (16) 128 (32) 32 (0.40) –a

5-Epipisiferol 128 (32) – –a –a –a –a

Reserpine 128 (32) 256 (256) 32 (4) 128 (128) – –
Epicatechin

gallate
– 256 (0.16) – – 32 (0.32) 256 (0.32)

Figures in bold denote MICs in the presence of the test compound. Reserpine was assayed @ 20 lg/ml; epicatechin gallate @ 10 and 4 lg/ml against
EMRSA-15 and EMRSA-16, respectively.
a A concentration of half MIC inhibited the growth control; a concentration of one quarter MIC was inactive.
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comparable with the activity for the epicatechin gallate
control against the same strain. An 80-fold reduction in
the MIC for oxacillin was achieved, restoring oxacillin sen-
sitivity in this resistant strain. This potentiation of antibi-
otic activity by ferruginol against MRSA and effluxing
strains of S. aureus has not been previously reported. How-
ever, similar activity has been demonstrated against myco-
bacteria. Mossa et al. (2004) reported the
antimycobacterial activity of ferruginol at 5 lg/ml and its
fourfold potentiation of isonaizid activity at half MIC
against several species of mycobacteria.

5-Epipisiferol also potentiated the activity of tetracy-
cline, causing a fourfold reduction in its MIC against strain
XU212. This is an interesting result since pisiferol was inac-
tive in the modulation assays, which suggests that the ste-
reochemistry at the A/B ring junction is important for
modulatory activity but does not affect the antibacterial
activity of the epimers.

Some compounds which had antibacterial activity at low
MICs, when tested in the modulation assay at half MIC,
inhibited the growth control but were inactive at one quar-
ter MIC. This reflects the intrinsic twofold variability in
results achieved for MIC assays. The results suggest that
there is a narrow window of modulatory activity for these
compounds. This may be partly due to the fact that com-
pounds which were active in the modulation assay also
had antibacterial activity and, when used at half MIC,
there might still be some antibacterial activity. This was
in comparison with reserpine which has no anti-staphylo-
coccal activity even at 512 lg/ml and its potentiation of tet-
racycline and norfloxacin activity would not be due to
additive effects.

An efflux inhibition assay (Fig. 3) supported the modu-
lation results for ferruginol, showing that the presence of
ferruginol resulted in a reduction in efflux of ethidium bro-
mide (EtBr) in SA1199B, a strain which overexpresses the
NorA pump (Kaatz et al., 1993). Ferruginol (10 lM)
resulted in a 40% inhibition of efflux, with 50% inhibition
occurring at around 17 lM. These two values correspond

to 2.86 lg/ml and 4.86 lg/ml, respectively. Fifty per cent
inhibition of efflux occurred at the MIC value for ferrugi-
nol against this strain and, as the antibacterial activity of
ferruginol would have an effect at this concentration, the
experiment was stopped at 30 lM ferruginol. The results
suggest that ferruginol is likely to be a weak efflux pump
inhibitor. In the modulation assay, ferruginol at half its
MIC value (2 lg/ml), resulted in a twofold reduction in
the MIC of norfloxacin against SA1199B. Reserpine
reduced the MIC of norfloxacin from 32 to 4 lg/ml which
suggested that the pump was not completely inhibited and
that there was still some residual efflux occurring. The pres-
ence of other efflux pumps for which norfloxacin and EtBr
are substrates, but which are not inhibited by reserpine or
affected by ferruginol could also be responsible for some
efflux of compounds (Kaatz et al., 2000).

Work by Shiota et al. (1999) on the polyphenols epicat-
echin gallate (ECG) and epigallocatechin gallate (EGCG)
showed that ECG reduced the MIC of oxacillin against
MRSA strains by 250–500-fold. Epigallocatechin gallate
(EGCG), which differs from ECG only by an extra hydro-
xyl group on the B-ring, had much lower activity, resulting
in a 4–64-fold reduction in oxacillin MIC. It is interesting
that an extra phenolic hydroxyl on EGCG should have
such an effect on modulatory activity, suggesting that either
the position of the hydroxyl groups is important or that the
increase in hydrophilicity afforded by the extra hydroxyl
was sufficient to affect the activity. Research carried out
by our group (Gibbons et al., 2004a) on these two com-
pounds showed that in the antibacterial MIC assays,
conversely, EGCG has a 2–16-fold greater anti-staphylo-
coccal activity than ECG which suggests that potentiation
of antibiotic activity is by a different mechanism from anti-
bacterial activity. An efflux inhibition assay also revealed
the surprising result that at low concentration, ECG
increases efflux of EtBr, but at high concentration inhibits
efflux. Ferruginol demonstrated good modulatory activity
in restoring oxacillin sensitivity in strain EMRSA-15, but
against the MRSA isolate XU212 which is also an effluxing
strain possessing the TetK pump, the potentiation of oxa-
cillin activity was modest in comparison. Here, ferruginol
only resulted in an eightfold reduction in the MIC of oxa-
cillin from 256 to 32 lg/ml, which is not sufficient to restore
oxacillin sensitivity (MIC P 4 lg/ml). Against SA1199B
(NorA) and RN4220 (MsrA), ferruginol only caused a
two and fourfold potentiation of the activity of norfloxacin
and erythromycin, respectively. One possibility for this
lower activity is that ferruginol may be a substrate for
the efflux pumps; however, it is likely that the modulatory
mode of action against effluxing strains differs from that
against MRSA strains. The efflux pump inhibitor reserpine
had no effect on oxacillin activity against strain XU212,
which suggests that oxacillin is not a substrate for the TetK
pump. However, ECG reduced the MIC of oxacillin from
256 to 0.16 lg/ml. Shiota et al. (1999) suggested that
ECG acts on the penicillin binding protein PBP2 0 encoded
by the mecA gene. This conclusion was also reached by

Fig. 3. Ethidium efflux inhibition assay against SA1199B, which overex-
presses the NorA efflux pump.

214 E.C.J. Smith et al. / Phytochemistry 68 (2007) 210–217

404



Nicolson et al. (1999) who suggested that modulators of
methicillin activity act by inhibition of de novo synthesis
of PBP2 0. If this is the case, then the mode of action in
potentiating antibiotic activity against effluxing strains
and MRSA strains must be different. It has recently been
reported (Tian, 2006) that ECG inhibits animal fatty acid
synthase and this enzyme could also be a target of ECG
activity in bacteria. It is possible that the modest increases
in antibiotic activity against effluxing strains were due to an
additive effect as the compounds are antibacterial,
although used at sub-inhibitory concentrations. The efflux
inhibition experiments on ferruginol however, do indicate
that this compound is a weak inhibitor of efflux.

In searching the literature for NMR data on trans-com-
munic acid, therewere inconsistencies in someof the 13Cdata
published (Yamamoto et al., 1997;Muhammad et al.,
1995;Fang et al., 1989). Here we have revised the 13C
NMR data for trans-communic acid based on extensive 1D
and 2Ddata (Table 1). This data is in close agreement to that
reported by Muhammad et al., differing only in the assign-
ment of the signals for C-1 and C-3 which we have revised.

3. Experimental

3.1. General experimental procedures

GC–MS analysis was carried out using an Agilent 6890
GC coupled to an Agilent 5973 mass selective detector. An
HP-5 ms capillary column of 30 m length with a diameter
of 250 lm was used with a non-polar stationary phase of
5% phenylmethylsiloxane and a film thickness of 0.25 lm.
Samples were introduced into the system using split injec-
tion with a split ratio of between 5:1 and 10:1 and an injec-
tor temperature of 250 �C. Helium was used as the carrier
gas at an average linear velocity of 50 cm/s. The initial
oven temperature was 50 �C and the temperature was
increased after 5 min at a rate of 5 �C to a maximum of
300 �C. The MS was run in EI mode.

NMR spectra were recorded on a Bruker AVANCE
500 MHz spectrometer. Chemical shift values (d) are
reported in parts per million (ppm) relative to an appropri-
ate internal solvent standard and coupling constants (J val-
ues) are given in Hertz.

3.2. Plant material

Immature cones of C. lawsoniana were identified and
supplied by Dr Caroline Priestley. A voucher specimen
(ECJS/001) was placed in the herbarium at the Centre for
Pharmacognosy and Phytotherapy.

3.3. Extraction and isolation

Four hundred grams of immature cones were chopped
and placed in a Soxhlet apparatus. Sequential extraction

started with hexane, followed by CHCl3, acetone and,
finally MeOH. Vacuum liquid chromatography (VLC) on
8 g of hexane extract yielded 12 fractions. Elution com-
menced with 100% hexane going to 100% EtOAc in 10%
increments, finishing with an EtOAc/MeoH 50:50 wash.
MIC assays identified the most active fraction (4) and solid
phase extraction (SPE) was performed on 450 mg of this
fraction. A Phenomenex Strata Sl-1 silica column (10 g/
60 ml giga tubes) was used and elution commenced with
100% petroleum spirit, followed by a gradient of 5% incre-
ments of Et2O to 70:30 petroleum spirit/Et2O. The Et2O
increments were then increased to 40%, 60% and 80%,
finally eluting with 100% Et2O. PTLC was performed on
50 mg of fraction 3, using four analytical silica plates
(petroleum spirit/toluene 80:20, 1 development; petroleum
spirit/Et2O 90:10, 2 developments) to give 25 mg ferrugi-
nol. SPE fractions 7–11 were run on three analytical silica
plates (hexane/Et2O/EtOAc 80:15:5, 2 developments),
which yielded trans-communic acid (5.5 mg). Two hundred
milligrams of VLC fraction 6 were loaded onto a LH-20
sephadex column (200 mg per column run) and eluted with
CHCl3, followed by CH2Cl2, CH2Cl2/MeOH 50:50, finish-
ing with 100% MeOH. PTLC (hexane/Et2O/EtOAc
80:15:5, 3 developments) on pooled fractions 12–17 gave
oplopanonyl acetate (15.1 mg) and torulosal (10.3 mg).
Using the same solvent system (4 developments), fractions
36–42 yielded pisiferol (6.2 mg), formosanoxide (4.2 mg)
and 5-epipisiferol (14.9 mg). VLC fraction 3 (390 mg) was
run on PTLC to yield 6.2 mg 4b-hydroxygermacra-1(10)-
5-diene.

3.4. Antibacterial assay and modulation assay

A standard S. aureus strain ATCC 25923 and a clinical
isolate (XU212), which possesses the TetK efflux pump and
is also an MRSA strain, were obtained from E. Udo (Gib-
bons and Udo, 2000). Strain RN4220 which has the MsrA
macrolide efflux pump was provided by J. Cove (Ross
et al., 1989). EMRSA-15 (Richardson and Reith, 1993)
and EMRSA-16 (Cox et al., 1995) were obtained from Paul
Stapleton. Glenn Kaatz provided strain SA1199B which
over-expresses the NorA MDR efflux pump (Kaatz et al.,
1993). Minimum inhibitory concentration (MIC) and mod-
ulation assays were carried out as previously described
(Smith et al., 2005).

3.5. Efflux inhibition assay

Ferruginol was assayed at varying concentrations
against SA1199B (NorA) for potential to reduce the efflux
of ethidium bromide (EtBr) which is a substrate for the
NorA MDR pump. EtBr fluorescence will decrease over
time as it is effluxed from the cell, the potential of a com-
pound to inhibit efflux can be determined by the strength
of the fluorescent signal which remains in the cell. The
efflux inhibition was carried out as previously described
(Kaatz et al., 2000).
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Antibacterial Activity of Two Canthin-6-one
Alkaloids from Allium neapolitanum
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The emergence of multidrug-resistant strains of many human pathogens has led to an urgent need for the
discovery and development of new antimicrobial agents. As part of an ongoing investigation into the antibac-
terial properties of the Alliaceae, the isolation of 1 (canthin-6-one), 2 (8-hydroxy-canthin-6-one) and 3 (5(ζζζζζ )-
hydroxy-octadeca-6(E)-8(Z)-dienioc acid)) from A. neapolitanum, a perennial bulbous herb found in open
pastures of the Mediterranean is reported. Compounds 1 and 2 were isolated by Sephadex LH-20 from
fractions exhibiting a positive reaction with Dragendorff’s reagent on TLC, compound 3 was isolated after
HPLC purification of Sephadex fractions. Structures were elucidated by extensive 1D and 2D NMR experi-
ments and are in accordance with published data, however, the 13C NMR data for compound 2 and the 1H and
13C NMR data for compound 3 are reported here for the first time. Canthin-6-one alkaloids are well-known
constituents of the Simaroubaceae and Rutaceae, and display a wide range of biological activities. These
metabolites are reported as constituents of the Alliaceae here for the first time, and displayed minimum
inhibitory concentrations (MICs) in the range 8–32 µµµµµg/mL against a panel of fast-growing Mycobacterium
species and 8–64 µµµµµg/mL against multidrug-resistant (MDR) and methicillin-resistant (MRSA) strains of
Staphylococcus aureus. Compound 3 displayed antimycobacterial activity in the range of 16–32 µµµµµg/mL.
Copyright © 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

The genus Allium is represented by 550 species distri-
buted in the temperate, tropical or often semi-arid
regions of the world. Many species are cultivated for
culinary, medicinal and ornamental use. Allium sativum
(garlic) has been widely studied for its pharmaceutical
properties with allicin being identified as the major
antibacterial component in the 1940s (Cavallito et al.,
1944a; 1944b; 1945). Garlic is popularly known as ‘Rus-
sian penicillin’ and was of clinical use in the treatment
of tuberculosis (TB) patients in the early 20th century
(Bolton et al., 1982). The World Health Organization
(WHO) has estimated that 8 million people each year
become infected with TB and approximately 2 million
die (WHO, 2000). The disease was declared a global
emergency in 1993 with HIV/AIDS induced immuno-
suppression being a major factor in the acceleration
of mycobacterial infection. There has also been a rise
in infection caused by non-tuberculous mycobacteria
(Falkinham, 1996) and the recovery of fast-growing
strains from patients with cystic fibrosis is becoming
more common (Bange et al., 1999). In recent decades,

single-drug and multi-drug resistant strains of non-
tuberculous mycobacteria have been documented re-
sulting in an urgent need for new antimycobacterial
agents with novel modes of action. As part of a project
to identify antimycobacterial natural products from the
subterranean parts of the Liliales, the bioassay-guided
fractionation of the chloroform extract of A. neapolita-
num against fast-growing strains of Mycobacterium is
reported. The isolation of a number of flavonoids and
flavonoid glycosides has been reported from this per-
ennial bulbous herb (Carotenuto et al., 1997).

MATERIALS AND METHODS

Instruments and reagents. NMR spectra were recorded
on a Bruker Avance 500 MHz spectrometer. Chemical
shift values (δ) were reported in parts per million (ppm)
relative to appropriate internal solvent standard and
coupling constants (J values) are given in Hertz. Mass
spectra were recorded on a Finnigan MAT 95 high resolu-
tion, double focusing, magnetic sector mass spectrometer.
Accurate mass measurement was achieved using volt-
age scanning of the accelerating voltage. This was nomin-
ally 5 kV and an internal reference of heptacosa was
used. Resolution was set between 5000 and 10 000. IR
spectra were recorded on a Nicolet 360 FT-IR spectro-
photometer and UV spectra on a Thermo Electron
Corporation Helios spectrophotometer.

Plant material. The fresh bulbs of A. neapolitanum
were obtained from Gee Tee Garden Products,
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Lincolnshire, UK, and a herbarium specimen (GO’D/
013B) was deposited at the Centre for Pharmacognosy
and Phytotherapy.

Extraction and isolation. 6.3 kg of macerated bulb
material underwent cold extraction with hexane, chlo-
roform and methanol (3 L). The chloroform extract
(3.4 g) was subjected to vacuum liquid chromatography
(VLC) on silica gel eluting with hexane and 10% incre-
ments of ethyl acetate to yield 12 fractions. The frac-
tions eluted with 30% and 20% hexane exhibited MIC
values of 32 µg/mL against Mycobacterium fortuitum
and, combined, underwent a further fractionation by
Sephadex (LH-20) eluting fractions with 95% metha-
nol to yield compounds 1 (13.6 mg) and 2 (4.4 mg).
Sephadex fraction 2 underwent a final purification with
reversed-phase preparative HPLC (5–95% acetonitrile,
50 mL/min) to yield compound 3 (16.3 mg).

Antibacterial assay. Mycobacterium fortuitum, M.
smegmatis, M. abscessus and M. phlei were acquired
from the NTCC. M. smegmatis mc22700, which expresses
the M. tuberculosis FASI gene, was provided by O.
Zimhony (Zimhony et al., 2004). Strains were grown on
Columbia blood agar (Oxoid) supplemented with 7%
defibrinated horse blood (Oxoid) and incubated for
72 h (120 h for M. abscessus) at 37 °C prior to mini-
mum inhibitory concentration (MIC) determination. S.
aureus strains were cultured on nutrient agar and incu-
bated for 24 h at 37 °C. Strain XU212, which possesses
the TetK tetracycline efflux protein, was a generous
gift from E. Udo (Gibbons and Udo, 2000). SA-1199B,
which overexpresses the norA gene encoding the NorA
MDR efflux protein was provided by G. Kaatz (Kaatz,
1993). EMRSA-15 which possesses the mecA gene
was provided by Dr Paul Stapleton, ULSOP. Bacterial
inocula equivalent to the 0.5 McFarland turbidity stand-
ard were prepared in normal saline and diluted to give
a final inoculum density of 5 × 105 cfu/mL. The inoculum
(125 µL) was added to all wells and the microtitre plate
was incubated at 37 °C for 24 h for S. aureus strains
and 72 h for M. fortuitum, M. smegmatis and M. phlei.

For M. abcessus the plate was incubated for 120 h.
The MIC was recorded as the lowest concentration at
which no bacterial growth was observed as previously
described (Gibbons and Udo, 2000).

Ethambutol and isoniazid were used as positive con-
trols for the mycobacterial strains and norfloxacin was
used for S. aureus.

Canthin-6-one (1). Amorphous yellow solid; λmax

(log ε): 398.0 (3.97), 383.0 (3.95), 319.5 (4.19), 240.0
(4.64) nm; IR νmax (thin film) cm−1: 2917, 2358, 1652,
1600, 1436; HR-MS (m/z): 221.0755 [M + H]+ (calc.
For C14H8ON2, 220.0636).

8-Hydroxy-canthin-6-one (2). Amorphous yellow solid;
λmax (log ε): 381.5 (3.76), 374.0 (3.66), 364.0 (3.93), 318.0
(3.90), 295.5 (3.77), 292.5 (3.77), 261.0 (3.90) nm; IR
νmax (thin film) cm−1: 3286 (br), 3060, 1669, 1632, 1434,
1333, 1142, 844, 794, 749; 1H NMR and 13C NMR
(CDCl3): see Table 1; HR-MS (m/z): 237.0664 [M + H]+

(calc. For C14H8O2N2, 236.0585).

5(ζζζζζ)-Hydroxy-octadeca-6(E)-8(Z)-dienioc acid (3). Col-
ourless oil; [α]24D 0° (c 0.65, MeOH). UV (MeOH):
λmax: (log ε) 276.0 (3.45), 232.0 (4.22) nm. IR (film) υmax:
2928, 2856, 1707, 987 cm−1; 1H-NMR and 13C-NMR
(MeOD): Table 2; HR-MS (m/z): 295.2267 [M]- (calc.
for C18H31O3, 295.2273).

RESULTS AND DISCUSSION

Bioactivity guided isolation of the active chloroform
extract (16 µg/mL) yielded compound 1 as a yellow solid,
which displayed a positive reaction to Dragendorff’s
reagent on analysis by TLC. High-resolution ESI-MS
showed the [M + H]+ ion at m/z 221.0755 indicating
a molecular formula of C14H8N2O. The 1H and 13C-
NMR data were in accordance with the published data
for canthin-6-one previously isolated from Ailanthus
altissima (Koike and Ohmoto, 1985).

Compound 2 was isolated as a yellow solid and
assigned a molecular formula of C14H8N2O2 [M + H]+

(237.0664) with HRESI-MS. A positive reaction was
also observed with Dragendorff’s reagent, and the 1H-
NMR data (Table 1) were in close agreement with the
published literature for 8-hydroxy-canthin-6-one previ-
ously isolated from Ailanthus excelsa (Cordell et al.,
1978). However, the full NMR data for this metabolite
were not reported so a full analysis of the resonances
of 2 was undertaken. The 1H and 13C-NMR data were
similar to those for compound 1; however, ring A was
seen to be an ABC tri-substituted aromatic system and
a deshielded hydroxyl singlet was present at δ 11.95 in
the 1H-NMR spectrum. In addition to the hydroxyl
group, the 1H-NMR data for compound 2 displayed
seven signals in the aromatic region (δ 7.10–8.90). Three
protons, two doublets (δ 7.58 and δ 7.23) and one tri-
plet (δ 7.45) were equivalent to an ABC aromatic sys-
tem as seen through COSY correlations. Two further
ortho coupled aromatic systems were also evident; one
indicative of a cis double-bond adjacent to a carbonyl
group at δ 8.18 and δ 7.10 (J = 10.0 Hz) and the other
consistent with positioning next to an aromatic nitro-
gen δ 8.90 and δ 8.00 (J = 5.0 Hz). In addition to seven
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methine carbons, the 13C-NMR spectrum revealed the
presence of six aromatic quaternary carbons (δ 113.4–
147.2), and one deshielded signal consistent with a
carbonyl carbon (δ 160.7).

Ring A was defined as an ABC aromatic system by
COSY correlations. The doublet at δ 7.23 (H-9; J =
8.0 Hz) displayed a COSY correlation to the triplet at
δ 7.45 (H-10; J = 8.0 Hz) which in turn coupled to the
doublet at δ 7.58 (H-11; J = 7.5 Hz). H-10 displayed a
3J HMBC correlation to the hydroxylated quaternary
carbon C-8 (δ 146.8) and H-10 displayed a 3J correla-
tion to C-12 (δ 126.9).

Ring C was consistent with an ortho coupled pair of
hydrogens (H-1, δ 8.00 and H-2, δ 8.90; J = 5.0 Hz)
positioned on a pyridine ring. H-1 displayed an HMBC
correlation to the quaternary carbon C-15 (δ 131.6),
completing the assignment of ring B, while H-2 showed
an HMBC correlation to the C-14 quaternary (δ 127.5).
The only NOESY correlation present was between H-
1 and H-11 concluding the β-carboline skeleton of the
cantin-6-one structure. The D ring was finally assigned
as a pyridone through further HMBC correlations. H-
4 and H-5 (δ 8.18 and δ 7.10) gave a coupling constant

of 10.0 Hz suggesting they were positioned α and β to
a carbonyl carbon and a 3J HMBC correlation between
H-4 to C-6 (δ 160.7) confirmed this. Furthermore 3J
correlations between H-4 and C-15 (δ 131.6), and H-5
to C-16 (δ 136.9) revealed the quaternary carbons of
the C→D ring junction. The remaining quaternary car-
bon C-13 was assigned by comparison with the pub-
lished literature for canthin-6-one (Koike and Ohmoto,
1985). The 13C NMR data have not been published
previously for this metabolite and are reported here
for the first time.

Compound 3 was isolated as a colourless oil and
assigned a molecular formula of C18H31O3 [M + H]−

(295.2267) with HRESI-MS. The 1H-NMR data (Table
2) were reminiscent of a monohydroxylated unsaturated
fatty acid recently described by Stavri et al. (2006).

A deshielded methylene triplet at δ 2.27 (H-2; J =
7.5 Hz) displayed a strong 2J correlation to a carbonyl
carbon (δ 177.8) of the carboxylic acid. A weaker 3J
correlation was evident from a second downfield meth-
ylene (δ 1.60 m) positioned β to the carbonyl carbon.
Non-equivalent methylene hydrogens at δ 1.53 (C-4)
displayed a 2J correlation to C-3 (δ 26.3). An oxymethine

Table 1. 1H (500 MHz) and 13C NMR (125 MHz) spectral data and 1H-13C long-range correlations
of 2 recorded in CDCl3

No 1H 13C 2J 3J

1 8.00 d (5.0) 117.0
2 8.90 d (5.0) 147.2
4 8.18 d (10.0) 141.3 C-6, C-15
5 7.10 d (10.0) 127.0 C-16
6 – 160.7
8 – 146.8
9 7.23 d (8.0) 119.6 C-10 C-11
10 7.45 t (8.0) 128.7 C-8, C-12
11 7.58 d (7.5) 113.4 C-10, C-12 C-9, C-14
12 – 126.9
13 – 141.4
14 – 127.5
15 – 131.6
16 – 136.9
OH 11.95 s – C-9

Table 2. 1H (500 MHz) and 13C NMR (125 MHz) spectral data and 1H-13C long-range correlations of 3 recorded in MeOD

No. 1H 13C 2J 3J

1 – 177.8
2 2.27 t (7.5) 35.1 C-1
3 1.60 m 26.3 C-1
4 1.53 m 38.5

1.47
5 4.09 dd (13.0, 6.5) 73.4 C-4, C-6 C-3, C-7
6 5.62 dd (15.0, 7.0) 137.3 C-5 C-4, C-8
7 6.50 dd (15.4, 11.0) 126.5 C-8 C-5, C-9
8 5.98 t (11.0) 129.4 C-7 C-6, C-10
9 5.41 dt (15.0, 10.5, 7.5) 132.9 C-10 C-7, C-11
10 2.20 dd (13.0, 7.5) 28.4 C-9, C-11 C-8
11 1.39 m 30.7 C-9
12–15 1.31 m 30.7
16 1.31 m 33.0
17 1.31 m 23.7
18 0.91 t (7.0) 14.0 C-17 C-16
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Table 3. MICs of 1, 2 and 3 and standard antibiotics in µµµµµg/mL

Strain 1 2 3 Ethambutol Isoniazid Norfloxacin

M. fortuitum ATCC 6841 16 16 32 4 0.25 ξ
M. smegmatis ATCC 14468 8 16 32 0.25 2 ξ
M. smegmatis mc22700 8 2 16 0.25 2 ξ
M. phlei ATCC 11758 8 8 16 0.5 2 ξ
M. abcessus ATCC 19977 16 32 ξ 128 128 ξ
S. aureus 1199B 8 16 >128 ξ ξ 32
S. aureus XU212 8 8 >128 ξ ξ 16
S. aureus EMRSA-15 32 64 >128 ξ ξ 0.5

ξ, not tested.
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hydrogen (H-5; δ 4.09) displayed 2J correlations to the
methylene of C-4 (δ 38.5) and to an olefinic carbon at
C-6 (δ 137.3). 3J correlations from H-5 to the C-3 meth-
ylene (δ 26.3) and the C-7 olefinic carbon (δ 137.3)
were also evident.

The olefinic hydrogens were ordered through COSY
correlations. The double doublet of H-6 (δ 5.62; J =
15.0, 7.0 Hz) coupled to the double doublet of H-7 (δ
6.50; J = 15.5, 11.0 Hz) through a large coupling con-
stant which signified a trans configuration. H-7 then
coupled to a triplet of H-8 (δ 5.98; J = 11.0 Hz) which
in turn displayed a coupling to a doublet of triplets of
H-9 (δ 5.41; J = 10.5, 7.5 Hz). The coupling constant
between H-8 and H-9 was smaller than that for the H-
7/H-8 double bond suggesting a cis configuration. H-9
displayed a further coupling to a methylene at δ 2.20
(H-10) which coupled to a methylene at δ 1.39 (H-11)
and finally into a methylene envelope at δ 1.31. 2J and
3J correlations from H-9 to C-10 (δ 28.4) and C-11 (δ
30.7), respectively, confirmed this. The terminal methyl
exhibited a COSY coupling to the methylene envelope
and 2J and 3J HMBC correlations into methylene car-
bons at δ 23.7 and δ 33.0, respectively.

The specific optical rotation data (α = 0.00; c = 0.65,
MeOH) was inconclusive for the stereochemical assign-
ment of C-5. This is in accordance with the findings of
Stavri et al. (2006) where it was suggested that the
racemate could be due to a non-enzymatic hydrolysis
of a 2-3 double bond to afford 3(ζ)-hydroxy-octadeca-
4(E)-6(Z)-dienoic acid (a 4-5 double bond in the case
of compound 3) resulting in the non-specific orienta-
tion of the hydroxyl group.

The 1H and 13C-NMR data were very similar to those
for 3(ζ)-hydroxy-octadeca-4(E)-6(Z)-dienoic acid iso-
lated from Scrophularia deserti (Stavri et al., 2006) and
this is the first time the NMR data for 5(ζ)-hydroxy-
octadeca-6(E)-8(Z)-dienoic acid have been reported.

Compounds 1 and 2 exhibited the most pronounced
antibacterial activity with MIC values of 8–64 µg/mL
against the S. aureus strains and 2–32 µg/mL against a

range of fast-growing Mycobacterium species (Table 3).
The antimycobacterial activity compared favourably
with the control antibiotic isoniazid against M. smeg-
matis (mc22700), M. phlei and M. abscessus. The MIC
values for 1 and 2 were comparable against most bac-
terial strains tested, however, 2 displayed enhanced
activity against the M. smegmatis (mc22700) strain
expressing the M. tuberculosis FASI gene, when com-
pared with that for 1. Furthermore, the activity of 2
was greater against M. smegmatis (mc22700) than M.
smegmatis (ATCC 14468) suggesting that the C-8
hydroxyl substituent may play a role in the inhibition
of FASI. This is an intriguing target for new
antimycobacterial agents as mycobacterial FASI is a
unique but important enzyme in mycolic acid synthesis
(Zimhony et al., 2004). In addition, these compounds
are planar and it may also be deduced that the mode of
action could be through DNA intercalation. Canthin-
6-one type alkaloids are well known constituents of
the Simaroubaceae and Rutaceae and antimicrobial
activity, particularly from the genus Zanthoxylum, is
well reported (Islam and Ashan, 1997; Thouvenel
et al., 2003). This is the first reported isolation of these
natural products from the Alliaceae and may be of
chemotaxonomic value. Compound 3 displayed activity
in the range 16–32 µg/mL against the fast-growing
Mycobacterium species but no activity at the concen-
trations tested against the S. aureus strains. These data
are consistent with those reported for the antibacterial
activity of 3(ζ)-hydroxy-octadeca-4(E)-6(Z)-dienoic acid
(Stavri et al., 2006) suggesting that the position of the
olefinic and hydroxyl groups may have little influence
on the antibacterial activity.
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Abstract An extract of the roots of Levisticum officinale L.
(Apiaceae) exhibited significant antimycobacterial activity
against Mycobacterium fortuitum, where diacetylene com-
pounds were identified as the active components in this ex-
tract. In contrast, polyacetylenes isolated from different
sources surprisingly exhibited no anti-mycobacterial
activity. Additionally, a whole series of furanocoumarin ethers
of the polyacetylene falcarindiol exhibited anti-proliferative
properties. We have studied the relationship between the
electronic properties and biological activity of these struc-
turally related compounds and a good qualitative correla-
tion between predicted lipophilic parameters and activity has
been established.

Keywords Antimycobacterial activity · Polyacetylenes ·
Falcarindiol · log P

1 Introduction

Polyacetylene natural products are widespread in the plant
families Asteraceae and Apiaceae exhibit many biological
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activities. Some of these compounds are highly poisonous
such as cicutoxin from water hemlock (Cicuta virosa). Re-
cently, the toxicity of these compounds has been shown to be
due to their ability to bind to GABA-gated Cl− channels of
GABA receptors, and these channels play an important role
in the acute toxicity of these compounds [1].

Certain diacetylenes have been found to have antimyco-
bacterial [2], anti-staphylococcal [3], and anti-proliferative
activities [4]. Polyacetylenes are also synthesized de novo
as phytoalexins [5] and it is highly likely that these com-
pounds are produced by plants as part of their chemical de-
fense against microbes in their environment.

Our interest in this class of natural product started with
the evaluation of members of the plant family Apiaceae with a
view to discover and characterize new classes of
antibacterial agents from plants [3,6,7]. Certain compounds,
particularly falcarindiol display moderate bacterial, and mam-
malian cytotoxicity and are active against multi-drug resistant
(MDR) strains of Staphylococcus aureus which is a contin-
uing problem in the clinical setting. We have characterized
a number of these agents to date and have noticed that sim-
ple changes to the polyacetylene core dramatically influence
biological activity.

Significant antimycobacterial activity against Mycobac-
terium fortuitum was attributed to the active components
3(R)-falcarinol [3(R)-(-)-1,9-heptadecadien-4,6-diin-3-ol]
(panaxynol) 1 and 3(R)-8(S)-falcarindiol [3(R)-8(S)-(+)-1,9-
heptadecadien-4,6-diin-3,8-diol] 2 from an extract of the roots
of Levisticum officinale L. (Apiaceae) [6]. 3(R),8(R)-dehy-
drofalcarindiol 3 and 1,3 R,8 R-trihydroxydec-9-en-4,6-yne 4
were inactive, while a whole series of polyacetylenes
exhibited inhibitory activity against MK-1 cell growth (pan-
axynol 1, (9Z)-l,9-heptadecadiene-4,6-diyne-3,8,11-triol 5,
8-acetoxy-heptadeca-1,9-diene-4,6-diyne-8-ol 6, and japo-
angelols A, B, C and D 7, 8, 9 and 10, respectively) [8].

This paper describes an evaluation of the calculated
molecular properties of a series of polyacetylenes (Scheme
1) in an attempt to explain differences in bioactivity, partic-
ularly as cytotoxic agents against bacterial and mammalian
cell lines.
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2 Computational methods

2.1 Model building and conformational analysis

The initial structures of a series of polyacetylenes were built
and saved as mol2 files by Chemoffice Ultra 7.0.0 [9]. These
structures were imported into MacroModel [10], atom and

bond types were adjusted and minimized with the MMFFs
force field parameters [11]. The generalized Born/surface
area (GB/SA) continuum solvent model for H2O [12] imple-
mented in MacroModel was used to simulate an aqueous
environment, with a constant dielectric function (ε = 1). An
extended non-bonded cutoff (van der Waals 8 Å; electrostatics
20 Å) was used.
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Fig. 1 The representative structures of 2 with the virtual log P(v log P) and relative energies (E) calculated using the HF/3-21G(d) basis set

Using the optimized structures, a systematic conforma-
tional search on each molecule was performed. All com-
pounds used 500 step Monte Carlo conformational analysis,
with the energy cut off generally set to �E = 10 kJ/mol
above the lowest energy conformation. The ensembles of
generated structures were clustered and analyzed using the
cluster analysis program Xclusterl [12]. Representative
structures for each molecule were selected and subjected
to ab initio calculation using Gamess US software and
HF/3-21G(d) basis set [13].

2.2 Calculation of molecular properties

Molecular lipophilicity potential (MLP) is a structure–prop-
erty descriptor that visualizes the lipophilic properties of the
molecule on its three-dimensional (3D) surface and was cal-
culated by projecting the Broto–Moreau lipophilicity atomic
constants on the molecular surface [14]. The virtual log P ,
Broto log P and lipole, of all single molecules and complexes
were evaluated by VegaZZ software [15,16].

The correlations between different calculated values and
activities were examined by the Gretl software package [17].

3 Results and discussions

The conformational, electronic, and molecular properties
were studied to examine the possible relationship between
structure and broad cytotoxic activity on several different
targets, although the mechanism of action of polyacetylenes
is still not known.

The conformational space of all compounds was exam-
ined using a Monte Carlo conformational search and five
representative structures were fully optimized using an HF/3-
31G(d) basis set. This produced a set of stable structures
for each compound, with some conformations that could
be adopted. The conformational flexibility of molecule 2 is
shown in Fig. 1 as an example, and the energies calculated
by the ab initio method are given relative to the most stable
conformation. It was noticed that lipole and virtual log P de-
pend on the conformation of a molecule, and the predicted
values of virtual log P(v log P) from 2 are also depicted in
Fig. 1. The virtual log P varies in a wide range from 3.42 to
4.29, and depends on the spatial arrangement of the terminal
double bond and the hydrocarbon chain. The lowest value
of virtual log P was observed when those two moieties are
in a trans conformation, while the cis arrangement will re-
sult in high virtual log P values. The arrangement of other
groups of the molecule will contribute to the variations of the
virtual log P within extremes. Since it is not known which
conformation is bioactive, the average values of lipole and
virtual log P were used in further calculation. The most stable
conformation was selected from five representative confor-
mations of each molecule and used in calculation of other
molecular descriptors used in this study.

3.1 Antibacterial activity of polyacetylenes

The molecular properties of the set of molecules with known
antibacterial activity are shown in the Table 1. Although this
set is small, a trend was observed in which the antibacterial
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Table 1 Calculated molecular descriptors log P , HOMO, LUMO, their difference, dipole moment, and antibacterial activity against Mycobacte-
rium fortuitum from [1,2]

Molecule log P lipole Virtual logp P HOMO(eV) LUMO(eV) Difference(eV) Dipole(Db) LogMIC(exp) LogMIC
(calc)

1 4.762 6.530 5.180 −9.2286 3.550 12.779 2.044 4.80 4.59
2 3.409 4.206 3.860 −9.3744 3.318 12.693 1.731 4.19 4.41
3 03.172 4.717 3.736 −9.3204 3.413 12.733 4.529 <3.30 3.37
4 −0.249 2.073 0.232 −9.6066 3.208 12.814 3.319 <3.15 3.06

MIC is defined as a molar minimum inhibitory concentration

Table 2 Calculated molecular descriptors log P , HOMO, LUMO, their difference, dipole moment, and inhibitory activity against MK-1 cell
growth from [3]

Molecule log P lipole Virtual logp P HOMO(eV) LUMO(eV) Difference(eV) Dipole(Db) LogMIC(exp) LogMIC
(calc)

1 4.762 6.530 5.180 −9.2286 3.550 12.779 2.044 5.92 5.71
5 2.293 3.337 3.049 −9.5526 3.1185 12.671 2.198 5.10 4.98
6 3.672 3.809 4.804 −9.2961 3.4209 12.717 1.836 4.97 5.07
2 3.409 4.206 3.860 −9.3744 3.3183 12.693 1.731 4.91 5.17
7 8.705 2.010 7.330 −8.5428 1.7469 10.290 6.068 4.83 4.75
8 8.705 1.843 6.528 −8.1135 1.9953 10.109 11.075 4.90 4.69
9 8.564 3.323 8.090 −8.7156 1.6902 10.406 7.465 4.87 5.07
10 8.564 2.389 7.251 −8.6886 1.7199 10.409 8.493 4.81 4.84

MIC is defined as a molar minimum inhibitory concentration

Fig. 2 a Lowest energy conformation of 1, b map of electrostatic potential, c map of lipophilicity potential

Fig. 3 a Lowest energy conformation of 2, b map of electrostatic potential, c map of lipophilicity potential

activity decreases with the decreasing log P . This is expected
since it is known that the log P is usually correlated with
a biological activity [18]. It was also found that biological
activity could be correlated to predict dipole moments. The
correlations were tested using the Mixed Approach method
[19] and regression analysis. Results of the regression
analysis are shown in Eq. (1).

LogMIC = 4.3(±0.6) + 0.21(±0.09)

× log P − 0.35(±0.15) × Dipole (1)

n = 4, r = 0.94, F = 8.45, s = 0.77,

where n is number of molecules, r is correlation, F is Fisher’s
significance factor and s is the standard deviation. It has to be
considered that the data set is small and this result might not
be statistically significant. Although the fit is good (Table 1),
these correlations should be treated with caution, especially
since the small difference in log P between 2 and 3 does
not fully explain the different activity. Therefore maps of
electrostatic and lipophilicity potential were compared for
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Fig. 4 a Lowest energy conformation of 3, b map of electrostatic potential, c map of lipophilicity potential

Fig. 5 a Lowest energy conformation of 4, b map of electrostatic potential, c map of lipophilicity potential

molecules 1–4 (Figs. 2, 3, 4, 5, respectively). It is noticeable
that the polarity and the lipophilicity of the substituents on
the diacetylene moiety are different for all molecules. The
higher polarity of the surface of the substituent may explain
the lower antimicrobial activity of the molecule. Since the
mechanism of cytotoxicity of the polyacetylene class is not
known, we can hypothesize that the hydrophobic interaction
between substituents on the polyacetylene structure and the
target in the cell could play an important role for antibacterial
activity.

3.2 Anti-proliferative properties

A separate study on a series of polyacetylene compounds
was carried out to determine their inhibitory activity against
MK-1 cell growth [8]. Molecular properties were calculated
for each and correlated with their anti-proliferative activity.
A correlation was observed between activity and calculated
lipole. This suggests that the activity might depend on drug
influx into cells [20]. Additionally, a correlation was observed
between activity and LUMO energy. A similar correlation
between the anti-proliferative activity and the ELUMO was
observed for bispyridinium compounds in the inhibition of
choline kinase and the equation for predicting activity has
given excellent results [21]. The mechanism of action was
explained by the occurrence of either charge transfer or bipo-
lar interactions. We believe that a similar mechanism could
be involved in inhibition of MK-1 cell growth, since a cor-
relation between activity and LUMO energies was observed.
These correlations were tested using regression analysis and
the results are given as Eq. (2).

LogMIC = 4.4(±0.25) + 0.24(±0.083)

×lipole − 0.06(±0.15) × LUMO

n = 8, r = 0.76, F = 7.92, s = 0.22.

These findings do not have statistical significance and
there is a problem to accurately calculate activities of most
molecules, however it has predicted the activity of the highly
potent molecule 1. Therefore, these correlations should be
used as qualitative indicators, rather than quantitative pre-
dictions of anti-proliferative activities.

Although it has been found that compound 3 is not active
against bacteria, the log P and the LUMO energy value is
similar to those of anti-proliferative compounds. Therefore,
we have decided on the basis of this study to evaluate the anti-
proliferative activity of 3, for which we are awaiting results.

4 Conclusions

Molecular modeling analysis of a series of the polyacety-
lene compounds has allowed us to correlate molecular prop-
erties with experimental antibacterial and anti-proliferative
data. Although the datasets are small for a full QSAR study,
based on the reasoning described above, we have concluded
that antimicrobial activity correlates well with the calculated
log P and with the presence of a hydrophobic group on the
substituent of the polyacetylene moiety. The anti-prolifera-
tive activity increases with increasing lipole in a series of
polyacetylene compounds. A good correlation was also ob-
served between activity and LUMO energies, suggesting that
charge transfer might be involved in the mechanism of action.
The preliminary QSAR study indicated that it is not possible
to quantitatively predict activities, but a fairly good qualita-
tive tendency between experimental activities and calculated
values for molecular properties was found for this series of
polyacetylenic natural products.
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Abstract

Bioassay-directed fractionation employing a multidrug-
resistant (MDR) strain of Staphylococcus aureus resulted
in the isolation of an antibacterial prenyl substituted xan-
thone derivative (1) named hyperixanthone A from the
root of Hypericum sampsonii Hance (Hyperiaceae). Com-
pound 1 showed promising inhibitory activity against the
norfloxacin-resistant S. aureus strain SA-1199B at a min-
imum inhibitory concentration (MIC) of 2 µg/mL (4.3
µM), wheres the positive standard antibacterial drug nor-
floxacin showed an MIC of 32 µg/mL (100 µM). This
strain overexpresses the NorA multidrug efflux transporter,
the major characterized drug pump in Staphylococcus au-
reus. The activity of this compound against an effluxing
strain of S. aureus is reported here for the first time. Com-
pound 1, together with 1,7-dihydroxyxanthone (2) and 2-
hydroxyxanthone (3), were obtained by silica gel column
chromatography, and their structures were determined by
means of extensive NMR and MS spectra.

Keywords: Hyperiaceae, Hypericum, Hypericum samp-
sonii Hance, Hyperixanthone A, multidrug-resistant
(MDR) S. aureus, norfloxacin-resistant S. aureus, xanthone.

Introduction

Multidrug-resistant Staphylococcus aureus infections, par-
ticularly those caused by methicillin-resistant S. aureus
(MRSA), have been a major threat to public health in hos-
pitals and the community in the past decade. Despite the
new advances in antibiotic development, MRSA infections
remain a considerable concern due to the few agents that

Accepted: August 30, 2007.

Address correspondence to: Qing Mu, Yi Xue Yuan Road 138, Box 254, School of Pharmacy, Fudan University, Shanghai 200032, People’s
Republic of China; Email:muqing2000@yahoo.com

can be used in their treatment. In 2002, MRSA strains fully
resistant to vancomycin were isolated in the United States
(CDC, 2002). Resistance to linezolid has also been reported
in some patients followed by prolonged antibiotic treatment
in the United States (Peeters & Sarria, 2005). Therefore,
there is an urgent need to develop new classes of antibiotics
to fight the problem of drug resistance. In the search for
antibacterial compounds from plants with activity against
multidrug-resistant (MDR) Staphylococcus aureus, a num-
ber of species of the genus Hypericum have been inves-
tigated because of their ability to produce extracts with
antibacterial activity toward MDR strains (Gibbons et al.,
2002; Mu et al., 2006).

Our previous research in this area has led to the iso-
lation and characterization of a number of antibacterial
acylphloroglucinol natural products (Gibbons et al., 2002,
2005). In this paper, we have evaluated a Chinese species,
Hypericum sampsonii Hance (Hyperiaceae) of this group
against a multidrug-resistant strain of Staphylococcus au-
reus. The lower MIC (64 µg/mL) of the root ethanoll extract
against SA-1199B, a NorA overexpressing strain, prompted
us to isolate the active constituents. This led to the isola-
tion of the major active prenylated substituted xanthone
derivative (1), hyperixanthone A (Fig. 1), which exhibited
a minimum inhibitory concentration of 2 µg/mL (4.3 µM)
against SA-1199B.

Materials and Methods

Plant and chromatography material

Hypericum sampsonii was collected in September 2005
from Chalin County in Hunan province, China. The plant

DOI: 10.1080/13880200701739405 C© 2008 Informa Healthcare USA, Inc.
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Figure 1. Structures of compounds 1, 2, and 3.

was identified by Dr. Zhang Wen-Ju, Associate Professor
at the Center of Biodiversity of the Biology School, Fudan
University, China. Voucher specimens (no. HS-001) have
been deposited at the Natural Medicinal Chemistry Labora-
tory of the School of Pharmacy, Fudan University. The silica
TLC (thin-layer chromatography) precoated plates and sil-
ica resin (200–300 mesh) for column chromatography were
made in the Qingdao Marine Chemical Plant (QingDao,
China).

Extraction and isolation

Air-dried and powdered (16 mesh) roots of the plant (1.1
kg) were extracted with 95% EtOH, affording 90 g of ex-
tract. This ethanol extract (90 g) was fractionated into var-
ious solvents of increasing polarity to afford the petroleum
ether (40 g), methanol (13 g), and watersoluble fractions.
The petroleum ether–soluble fraction was subjected to col-
umn chromatography over silica gel, eluting with a gradi-
ent from petroleum ether to ethyl acetate and final wash
with methanol to afford 15 fractions (Fr. 1 to Fr. 15). Frac-
tion 4 was re-chromatographed on a silica gel column with
petroleum ether–acetone to yield 1 (100 mg). Fractions 7
and 8 were subjected to silica gel column chromatography
using chloroform-acetone as eluent to give 2 (43 mg) and
3 (46 mg), respectively (Fig. 1).

Minimum inhibitory concentration (MIC) assay

SA-1199B was cultured on nutrient agar (Oxoid, Cam-
bridge, UK) and incubated for 24 h at 37◦C prior to MIC
determination. The origin of SA-1199B is as described in
Kaatz et al. (1993). MICs were determined in duplicate by
the microdilution assay as previously described (Gibbons &
Udo, 2000). The control antibiotic norfloxacin was obtained
from Sigma Chemical Co (Cambridge, UK). Mueller-
Hinton broth (MHB; Oxoid) was adjusted to contain 20

and 10 mg/L of Ca2+ and Mg2+, respectively. An inoculum
density of 5×105 CFU of S. aureus strain SA-1199B was
prepared in normal saline (9 g/L) by comparison with an
0.5 MacFarland turbidity standard. The inoculum (125 µL)
was added to all wells and the microtiter plate was incu-
bated at 37◦C for 18 h. For MIC determinations, 20 µL
of a 5 mg/mL methanol solution of 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT; Sigma) was
added to each of the wells and incubated for 20 min. Bac-
terial growth was indicated by a color change from yellow
to dark-blue. The MIC was recorded as the lowest concen-
tration at which no growth was observed (Gibbons & Udo,
2000).

Results and Discussion

Compound 1 was isolated as yellow oil and gave rise to a
molecular ion peak at m/z 464 in its Electron Ionization
Mass Spectrometry (EIMS) spectrum, which corresponded
with a molecular formula C28H32O6. The IR spectrum for
1 showed the presence of a phenolic hydroxyl group (3347
cm−1), a conjugated carbonyl group (1663 cm−1), and an
aromatic ring (1558, 1450 cm−1).

The 1H NMR spectrum of 1 (Table 1) showed signals for
a hydrogen-bonded hydroxyl (δ 13.42), two free hydroxyl
groups (δ 7.14, s, OH-6; δ 7.01, s, OH-3), and two singlet
aromatic protons at δ 6.48 (H-4) and δ 6.29 (H-7). Further
signals in the 1H spectrum could be assigned to the presence
of two identical isoprenyl substituents (C1′ to C5′), and a
further 1,1-dimethyl-prop-2-enyl group (C10 to C14). In
addition, the 13C NMR data indicated the presence of two
carbonyl carbons (δ 201.2, C-2; δ 179.7, C-9), one aliphatic
quaternary carbon (δ 55.8, C-1), and 10 aromatic carbons.
In the HMBC spectrum, cross-peaks were observed be-
tween the protons of H3-13/14 and H-11 and the carbon of
C-5, indicating that the 1,1-dimethyl-prop-2-enyl side chain
was at C-5 (Fig. 2). The above data revealed that isolate
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Table 1. NMR spectral data of compound 1 (CDCl3, J , Hz, 400 MHz).

Position H C HMBC Position H C HMBC

1 55.8 11 6.44 dd (10.6, 17.6) 149.0 5, 10, 13, 14
2 201.2 12 5.39 d (10.6) 113.5 10, 11
3 158.6 5.48 d (17.6)
4 6.48 s 108.1 2, 3, 4a, 9, 9a 13 1.69 s 28.1 5, 10, 11
4a 151.8 14 1.69 s 28.0 5, 10, 11
4b 154.8 1′ 2.81 dd (7.8, 13.7) 37.8 1, 2, 2′, 3′, 9a
5 109.2 1′ 3.42 dd (7.1, 13.7) 1, 2, 2′, 3′, 9a
6 161.3 2′ 4.66 m 117.7 1, 1′, 4′, 5′

7 6.29 s 101.6 5, 6, 8, 8a, 9 3′ 135.3
8 161.1 4′ 1.49 s 25.7 1′, 2′, 3′, 5′

8a 105.7 5′ 1.51 s 17.9 1′, 2′, 3′, 4′

9 179.7 8-OH 13.42s 7, 8, 8a
9a 116.2 6-OH 7.14s 5, 6, 7
10 40.9 3-OH 7.01s 2, 3, 4, 4a

was 1,2-dihydro-3,6,8-trihydroxy-1,1-bis(3-methyl-but-2-
enyl)-5-(1,1-dimethylprop-2-enyl)-xanthen-2,9-dione (1),
previously isolated from H. erectum Thunb. (Hyperiaceae,
ex Guttiferae), and the NMR spectral data are in close agree-
ment with those published (An et al., 2002) and later named
as hyperixanthone A in this paper.

Compound 2 was obtained as yellow needles. The Elec-
trospray Ionization Mass Spectrometry (ESI-MS) of 2 sug-
gested a molecular formula of C13H8O4 [M+H]+ (229.1).
The 13C NMR spectrum displayed 13 signals in the aromatic
region, including a signal for carbonyl carbon. The Dis-
tortionless Enhancement by Polarization Transfer (DEPT)
135 spectrum showed six positive signals, indicating that
seven quaternary carbons were present and that methy-
lene groups were absent. These signals were characteris-
tic for a xanthone. The 1H NMR spectrum revealed three
aromatic protons in an ABD spinning system with res-
onances at δ 7.54 (d, Jortho = 9.0 Hz, H-5), δ 7.36 (dd,
J = 2.7, 9.0 Hz, H-6), and δ7.43 (d, J = 2.7 Hz, H-8) and
three aromatic protons in an ABC spinning system with
resonances at δ 7.04 (dd, J = 0.8, 8.2 Hz, H-2), δ 7.70 (t,
J = 8.2 Hz, H-3), and δ 6.78 (dd, J = 0.8, 8.2 Hz, H-4).
Compound 2 was identified as 1,7-dihydroxyxanthone, and
the NMR data for this compound were in close agreement

O

O

OHHO

O

OH

9 1
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2

4

5

10 13
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7 9a

Figure 2. Key HMBC correlations of hyperixanthone A (1).

with that in the literature (Lin et al., 1996; Shiu & Gibbons,
2006).

Compound 3 was obtained as yellow needles, and the
ESI-MS of 3 suggested a molecular formula of C13H8O3

[M+H]+ (213.1). The 1H and 13C data for 3 were in close
agreement with those published for 2-hydroxyxanthone
(Luz Cardona, 1982).

All compounds were tested for their ability to inhibit the
growth of SA-1199B. Compound 1 showed significant an-
tibacterial activity with a MIC of 2 µg/mL (4.3 µM), and
this compares well with the positive control norfloxacin,
which gave an MIC of 32 µg/mL (100 µM), whereas
compounds 2 and 3 were inactive. The greater degree of
lipophilicity (and membrane solubility) for 1 may account
for its antibacterial activity compared with 2 and 3. Xan-
thones are an underexploited class of antibacterial agent,
and the fact that 1 demonstrates activity against an efflux-
ing strain may indicate that this large molecule may not
be a substrate for the NorA efflux pump. This character-
istic would make prenylated xanthones worthy of further
investigation as anti-staphylococcal drug leads.

1,2-Dihydro-3,6,8-trihydroxy-1,1-bis(3-methylbut-2-
enyl)-5-(1,1-dimethylprop-2-enyl)-xanthen-2,9-dione
(hyperixanthone A; 1)

Yellow oil. Positive EI-MS m/z (rel. int.): 464 [M]+ (4),
395 (100), 396 (32.7), 353 (31.8). IR (KBr) νmax 3347,
1663, 1640, 1594, 1558, 1502, 1450 cm−1; UV (CHCl3)
λmax (logε) 330 (2.95), 298 (3.27), 243 (3.29), 222 (3.05)
nm; 1H,13C,1H-1H COSY, HMQC, and HMBC spectra
of compound 4 are in close agreement with An et al.
(2002).

1,7-Dihydroxyxanthone (2)

Yellow needles, m.p. 236–238◦C. ESI-MS m/z: 229.1
[M+H]+. The 1H NMR data are in good agreement with
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those reported by Lin et al. (1996).13C NMR (400 MHz,
CDCl3): δ181.6 (C-9), 160.9 (C-1), 155.8 (C-4a), 154.1 (C-
7), 149.3 (C-4b), 137.1 (C-3), 125.6 (C-6), 120.4 (C-8a),
119.3 (C-5), 109.6 (C-2), 107.8 (C-8, 8b), 107.1 (C-4).

2-Hydroxyxanthone (3)

Yellow amorphous powder, m.p. 238–239◦C. ESI-MS m/z:
213.1 [M+H]+, IR, UV, and 1H NMR data are in close
agreement with those reported by Luz Cardona (1982).
13C NMR (400 MHz, CDCl3): δ175.9 (C-9), 155.6 (C-4b),
153.9 (C-2), 149.2 (C-4a), 135.2 (C-6), 125.9 (C-8), 124.6
(C-3), 123.9 (C-7), 121.7 (C-8b), 120.4 (C-8a), 119.5 (C-4),
118.1 (C-5), 108.5 (C-1).
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Abstract

As part of an ongoing project to investigate the anti-staphylococcal properties of the Hypericum genus, an acylphloroglucinol, 1,5-
dihydroxy-2-(2 0-methylpropionyl)-3-methoxy-6-methylbenzene (1), was isolated from the dichloromethane extract of the aerial parts of
H. beanii (Guttiferae), together with a minor related acylphloroglucinol 1,5-dihydroxy-2-(2 0-methylbutanoyl)-3-methoxy-6-methylben-
zene (2) as a mixture in a 5:2 ratio. The known compounds 1,7-dihydroxyxanthone (3), stigmasterol, catechin and shikimic acid were
also isolated from this plant. The structures of the compounds were characterized by extensive 1- and 2D NMR spectroscopy and mass
spectrometry. The minimum inhibitory concentration (MIC) values the acylphloroglucinol mixture and (3) against a panel of multidrug-
resistant strains of Staphylococcus aureus ranged from 16–32 lg/ml to 128–256 lg/ml, respectively.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Multidrug-resistant Staphylococcus aureus (MRSA)
infections, particularly those caused by methicillin-resistant
S. aureus, have been a major threat to public health in hos-
pitals and the community in the past decade. In the UK,
the number of MRSA infections rose by nearly 5% between
2003 and 2004 (White, 2004). The current treatment of
MRSA infections in the UK includes the glycopeptides
vancomycin (Vancocin�) and teicloplanin (Targocid�),
the oxazolidinone linezolid (Zyvox�), and a combination
of the streptogramins, quinupristin and dalfopristin (Syn-
ercid�) (British National Formulary, 2006). Despite the
new advances in antibiotic development, MRSA infections
remain a considerable concern owing to the anticipated
resistance to these new drugs. In 2002, MRSA strains fully
resistant to vancomycin were isolated in the US (Morbidity
Mortality Weekly Report, 2002). Resistance to linezolid
has also been reported in some patients followed by pro-
longed antibiotic treatment in the US (Peeters and Sarria,

2005). Therefore, there is an urgent need to develop new
classes of antibiotics to fight the problem of drug
resistance.

The genus Hypericum (Guttiferae) is known to produce
antibacterial metabolites, including the major antibacterial
principal hyperforin from Hypericum perforatum (Schempp
et al., 1999), hyperbrasilols from Hypericum brasiliense

(Rocha et al., 1995, 1996) and drummondins from Hyper-

icum drummondii (Jayasuriya et al., 1991). Hyperforin is an
acylphloroglucinol, which consists of a phloroglucinol skel-
eton substituted with complex isoprene side-chains and a
simple 2-methylpropanoyl group. Its antibacterial activity
against penicillin-resistant S. aureus (PRSA) and MRSA
is exceptional, with minimum inhibitory concentration
(MIC) values ranging from 0.1 to 1 lg/ml (Schempp
et al., 1999). These findings prompted us to investigate
the antistaphylococcal activity of 34 Hypericum species col-
lected from the National Hypericum collection at the Royal
Botanic Gardens at Wakehurst Place, UK (Gibbons et al.,
2002). The chloroform extract of Hypericum beanii was one
of the most active species against S. aureus in the prelimin-
ary evaluation. This is the first report on the phytochemis-
try and anti-staphylococcal activity of this species.

0031-9422/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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2. Results and discussion

Fractionation of the dichloromethane extract of the
aerial parts of H. beanii led to the isolation of a mixture
of a major compound (1) and a minor related compound
(2) in a ratio of 5:2. HR ESI-TOF-MS of the mixture sug-
gested molecular formulae of C12H17O4 [MH]+ (225.1129)
(1) and C13H19O4 [MH]+ (239.1280) (2). Due to the simi-
larity in polarity and size of these compounds, it was not
possible to further purify (1) and (2). This problem was
also experienced in isolating phloroglucinol derivatives
from Hypericum papuanum by Winkelmann et al. (2000).
The 1H NMR spectrum (Table 1) showed the presence
of one aromatic proton (dH 6.02, 1H), one methoxyl group
(dH 3.86, 3H), one septet (dH 3.79, 1H), one deshielded
methyl singlet (dH 1.97) and two overlapping methyl dou-
blets (dH 1.14, 6H, J = 7 Hz). Six aromatic carbon signals
were observed in the 13C spectrum, indicating the presence
of an aromatic ring. The three signals with chemical shifts
of approximately 160 ppm implied that they were attached
to an electron-withdrawing group, for example a hydroxyl
group or a methoxyl group as they were deshielded. These
carbon resonances were typical for a phloroglucinol
(1,3,5-trihydroxylated benzene) (Gibbons et al., 2005).
Assuming a phloroglucinol in the HMBC spectrum, the
aromatic proton (H-4) coupled to four aromatic quater-
nary carbons (C-2, C-3, C-5 and C-6), two of which were
oxygen-bearing (Fig. 1a). This proton was placed between
the two oxygen-bearing carbons (C-3 and C-5). The meth-
oxyl group was then placed next to the aromatic proton at
C-3. This was confirmed by HMBC studies which showed
correlations between the aromatic proton and the meth-
oxyl group to an oxygen-bearing carbon (dC 162.1, C-3).
A correlation between H-4 and the methoxyl in the
NOESY spectrum also provided evidence that these
groups were ortho to each other. The deshielded methyl
group showed 1H–13C correlations in the HMBC spec-
trum with three aromatic carbons, one to which it was

directly attached (C-6, dC 105.0) and two oxygen-bearing
quaternary carbons (C-1, dC 166.1 and C-5, dC 162.2).
This group was therefore placed at position 6 of the
1,3,5-trihydroxylated benzene.

The final substituent at position 2 included a methine
septet which was coupled to the six-hydrogen methyl dou-
blet in the COSY spectrum, indicating the presence of an
isopropyl side chain. In the HMBC spectrum correlations
were observed between the methyl doublets and the
methine (2J), methyl (3J) and the carbonyl carbon (3J,
dC 211.4). This indicated that the isopropyl group was
part of a 2 0-methylpropionyl group. In the NOESY spec-
trum, cross-peaks were seen between the methoxyl group
and the methyl groups of the isopropyl group. This corre-
lation implied that the methoxyl group must be attached
to a carbon next to the 2 0-methylpropionyl-bearing carbon
in the aromatic ring. Compound 1 was therefore
identified as 1,5-dihydroxy-2-(2 0-methylpropionyl)-3-meth-
oxy-6-methylbenzene.

A minor compound 2 was isolated with compound 1.
The 1H and 13C data were almost identical with those of
1 with the exception of the side-chain at C-2 (Table 1). In
the same 1H spectrum, a methyl doublet (dH 1.16), a
methine multiplet (dH 3.68, 0.4H), a methylene multiplet
(dH 1.38 and d1.81) and a methyl triplet (dH 0.92, 1.5H)
were observed. In the COSY spectrum, the methyl triplet
was coupled to the methylene which was coupled to the
methine. The methine was also coupled to the methyl dou-
blet. In the HMBC spectrum, this methyl doublet showed
correlations to the methine (2J), methylene (3J) and a car-
bonyl (3J) carbon (Fig. 1b). The methyl triplet exhibited
1H–13C correlations to the methylene (2J) and methine
(3J). This confirmed the presence of the 2-methylbutanoyl
side-chain in compound 2. This side-chain was also found
in the acylphloroglucinol isolated from Hypericum foliosum

by our group (Gibbons et al., 2005). The NMR data for
this side-chain showed a close agreement with those
obtained by Gibbons et al. (2005). The molecular formula

Table 1
1H (500 MHz) and 13C NMR (125 MHz) spectral data and 1H–13C long-range correlations of 1 and 2 recorded in CD3OD

1 2

Position 1H 13C 2J 3J 1H 13C 2J 3J

1 – 166.1 – 166.1
2 – 105.0 – 105.0
3 – 162.1 – 162.1
4 6.02 91.2 C3, C5 C2, C6 6.02 91.2 C3, C5 C2, C6
5 – 162.2 – 162.2
6 – 105.0 – 105.0
7 1.97 7.41 C6 C1, C5 1.97 7.41 C6 C1, C5
1 0 – 211.4 – 211.2
2 0 3.79 m 40.5 3.68 m 47.3
3 0 1.14 d (7) 19.8 C20 C1 0, C40 1.38 m, 1.81 m 28.3
4 0 1.14 d (7) 19.8 C20 C1 0, C30 0.92 t (7.5) 12.4 C30 C20

5 0 – – – – 1.17 d (6) 17.2 C20 C10, C3 0

3-OCH3 3.86 55.9 C3 3.86 55.9 C3
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of 2 differed to that of 1 by an addition of a CH2 as sug-
gested by mass spectrometry. Compound 2 was therefore
identified as 1,5-dihydroxy-2-(2 0-methylbutanoyl)-3-meth-
oxy-6-methylbenzene and is described here for the first
time.

Repeated chromatography on the DCM extract yielded
compound 3 as a yellow oil. HR ESI-MS of 3 suggested a
molecular formula of C13H8O4 [M+H]+ (229.0506). The
13C NMR spectrum displayed 13 signals in the aromatic
region, including a signal for carbonyl carbon. The
DEPT-135 spectrum showed 6 positive signals, indicating
that 7 quaternary carbons were present and that methylene
groups were absent. These signals were characteristic for a
xanthone. The 1H NMR spectrum revealed 3 aromatic pro-
tons in the ABD system with resonances at d7.45 (d,
Jortho = 9.0 Hz, H-5), d7.33 (dd, J = 3.0, 9.0 Hz, H-6) and
d7.54 (d, Jmeta = 3.0 Hz, H-8) and 3 aromatic protons in
an ABC system with resonances at d 6.75 (dd, J = 0.5,
7.8 Hz, H-2), d 7.64 (t, J = 8.3 Hz, H-3) and d 6.97 (dd,
J = 1.0, 8.5 Hz, H-4). Compound 3 was identified as 1,7-
dihydroxyxanthone. The NMR data for this compound
were in close agreement with that in the literature (Lin
et al., 1996).
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Fractionation of the hexane fraction led to the isolation
of stigmasterol. Fractionation of the acetone fraction led to
the isolation of catechin and shikimic acid. The structures
of these compounds were elucidated from 1D and 2D
NMR experiments and their molecular formula confirmed
by HR ESI-MS. The data for these compounds are in
agreement with that published (Forgo and Kover, 2004;
Foo et al., 1996; Hall, 1964). These metabolites were inac-
tive against S. aureus.

The mixture of compounds 1 and 2 was active against
the tested S. aureus strains with MIC values of 16–32 lg/
ml (Table 2). It was more active against multi-drug resis-
tant strains XU212 and RN4220 than the standard S. aur-

eus strain ATCC 25923. XU212, which possesses the TetK
efflux transporter, and is resistant to both tetracycline and
methicillin. RN4220 carries the MsrA macrolide efflux pro-
tein and is resistant to erythromycin. The activity of the
mixture against SA-1199B was comparable to that of nor-
floxacin, the control antibiotic. SA-1199B possesses the
NorA efflux protein which confers resistance to certain flu-
oroquinolones and quaternary ammonium antiseptics.
Compound 3 exhibited weak anti-staphylococcal activity
against all the tested strains with MIC values of 128–
256 lg/ml. It had a similar activity against RN4220 as
erythromycin. However, it was less active than the control
antibiotics against other strains. Both compounds 1 and 2

are small molecules with simple structures and moderate
anti-staphylococcal activity which could be enhanced.
Derivatives of these compounds could be readily synthe-
sized to investigate the structure–activity relationship of
the acylphloroglucinol class of compounds.

a b

OCH3

CH3

CH3

OOH

HO

H3C

H

OCH3

C
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OOH

HO

H3C

H

CH3

Fig. 1. Key HMBC correlations for 1 (a) and 2 (b).

Table 2
MICs of 1 and 2, 3 and standard antibiotics in lg/ml

Strain (MDR
efflux protein)

1

and
2

3 Norfloxacin Tetracycline Erythromycin

ATCC 25923 32 256 1 – –
SA-1199B

(NorA)
32 256 32 – –

XU212 (TetK) 32 256 – 128 –
RN4220

(MsrA)
16 128 – – 128
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3. Experimental

3.1. General experimental procedures

NMR spectra were recorded on a Bruker AVANCE
500 MHz spectrometer. Chemical shifts values (d) were
reported in parts per million (ppm) relative to the appropri-
ate internal solvent standard and coupling constants (J val-
ues) were given in Hertz. IR spectra were recorded on a
Nicolet 360 FT-IR spectrophotometer and UV spectra on
a Thermo Electron Corporation Helios spectrophotometer.
Accurate mass spectrum of mixture 1 and 2 was obtained
using a micrOTOF spectrometer. Mass spectra of all other
compounds were recorded on a Finnigan MAT 95 high res-
olution, double focusing, magnetic sector mass spectrome-
ter. Accurate mass measurement was achieved using
voltage scanning of the accelerating voltage. This was nom-
inally 5 kV and an internal reference of heptacosa was
used. Resolution was set between 5000 and 10,000.

3.2. Plant material

The aerial parts of H. beanii were collected from the
Royal Botanic Garden at Wakehurst Place in Surrey in
August 2003 (Accession No. 1988-8790). A voucher speci-
men was deposited in the herbarium at the Centre for Phar-
macognosy and Phytotherapy at the University of London
School of Pharmacy.

3.3. Extraction and isolation

Air-dried, powdered aerial parts of H. beanii (650 g)
were extracted exhaustively in a Soxhlet apparatus with
solvents (3 l) of increasing polarity (hexane, dichlorometh-
ane, acetone and methanol). LH-20 Sephadex chromatog-
raphy of the dichloromethane extract (5.7 g) eluted with
dichloromethane yielded five different fractions by combin-
ing fractions showing similar TLC profile and one fraction
with a final methanol wash. The fraction eluted with meth-
anol was subjected to reverse phase solid phase extraction
(SPE; Phenomenex Strata silica, 10 g/60 ml giga tubes)
using a step gradient system with 10% increments from
100% water to 100% methanol, yielding 11 fractions. The
fraction eluted with 100% methanol was further separated
by preparative thin-layer chromatography (pTLC) using
toluene–ethylacetate–acetic acid (TEA 80:18:2), yielding a
mixture of compounds 1 and 2 (1.7 mg) and 3 (1.6 mg).
The mixture of 1 and 2 and compound 3 had Rf values
of 0.70 and 0.75, respectively.

3.4. Bacterial strains

S. aureus standard strain ATCC 25923 and tetracycline-
resistant strain XU212 which possesses the TetK tetracy-
cline efflux protein were provided by Gibbons and Udo
(2000). Strain SA-1199B which overexpresses the norA
gene encoding the NorA MDR efflux pump was provided

by Kaatz et al. (1993). Strain RN4220 which possess the
MsrA macrolide efflux protein was provided by Ross
et al. (1989).

3.5. Minimum inhibitory concentration (MIC) assay

All strains were cultured on nutrient agar (Oxoid) and
incubated for 24 h at 37 �C prior to MIC determination.
Control antibiotics norflorxacin, tetracycline and erythro-
mycin were obtained from Sigma Chemical Co. Mueller-
Hinton broth (MHB; Oxoid) was adjusted to contain 20
and 10 mg/l of Ca2+ and Mg2+, respectively. An inoculum
density of 5 · 105 cfu of each S. aureus strain was prepared
in normal saline (9 g/l) by comparison with a 0.5 MacFar-
land turbidity standard. The inoculum (125 ll) was added
to all wells and the microtitre plate was incubated at
37 �C for 18 h. For MIC determination, 20 ll of a 5 mg/
ml methanolic solution of 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT; Sigma) was added to
each of the wells and incubated for 20 min. Bacterial
growth was indicated by a colour change from yellow to
dark blue. The MIC was recorded as the lowest concentra-
tion at which no growth was observed (Gibbons and Udo,
2000).

3.6. 1,5-Dihydroxy-2-(2 0-methylpropionyl)-3-methoxy-6-

methylbenzene (1)

Pale yellow oil; UV (MeOH) kmax (log e): 293 (4.0), 206
(4.3) nm; IR mmax (thin film) cm�1: 3650, 1655, 1560, 1543,
1458, 1026; 1H NMR and 13C NMR (MeOD): see Table 1;
HR ESI-TOF-MS (m/z): 225.1129 [MH]+ (calc. for
C12H17O4, 226.1200).

3.7. 1,5-Dihydroxy-2-(2 0-methylbutanoyl)-3-methoxy-6-

methylbenzene (2)

Pale yellow oil; UV (MeOH) kmax (log e): 293 (4.0), 206
(4.3) nm; IR mmax (thin film) cm�1: 3650, 1655, 1560, 1543,
1458, 1026; 1H NMR and 13C NMR (MeOD): see Table 2;
HR ESI-TOF-MS (m/z): 239.1280 [MH]+ (calc. for
C13H19O4, 240.1356).
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Abstract

A study of the chemistry and antibacterial activity of Scrophularia deserti led to the isolation of eight compounds, including the
metabolite 3(f)-hydroxy-octadeca-4(E),6(Z)-dienoic acid (1). The known compounds ajugoside (2), scropolioside B (3), 6-O-a-L-rhamno-
pyranosylcatalpol (4), buddlejoside A8 (5), scrospioside A (6), laterioside (7) and 3R-1-octan-3-yl-3-O-b-D-glucopyranoside (8) were also
isolated. Compounds 1–3 exhibited moderate antibacterial activity against strains of multidrug and methicillin-resistant Staphylococcus
aureus (MRSA) and a panel of rapidly growing mycobacteria with minimum inhibitory concentration (MIC) values ranging from 32 to
128 lg/ml.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Scrophularia; Antimicrobial; Iridoids; Staphylococcus aureus; Multidrug-resistance; Mycobacterium

1. Introduction

The Scrophulariaceae, also known as the figwort family,
comprise approximately 5100 species belonging to 268 gen-
era (Mabberley, 1997). Phytochemically this family is a rich
source of iridoid glycosides, especially from the genera
Buddleja, Scrophularia and Verbascum (Ahmed et al.,
2003; Miyase et al., 1991; Seifert et al., 1989). Scrophularia
deserti Del. is the most common figwort found in Kuwait
and is fairly abundant in areas where limestone underlies
the sand (Shuaib, 1995). This plant can mainly be found
growing in the Saharo-Arabian and adjacent Irano-
Turanian territories, including Egypt, Palestine, Jordan,
Syria, Iraq, Saudi Arabia, Bahrain, Iran as well as in
Kuwait (Daoud and Al-Rawi, 1985). S. deserti is used in
traditional medicine as an antipyretic, a remedy for kidney
diseases and for tumours and lung cancer (Ahmed et al.,
2003). In an investigation to evaluate antibacterial plant

natural products, extracts of the whole plant of S. deserti
were studied. This paper details the characterisation of a
new hydroxylated unsaturated fatty acid (1), which exhib-
ited moderate antibacterial activity. A further six known
compounds all belonging to the iridoid glycoside natural
product class were isolated, two of which (2 and 3) were
shown to possess anti-staphylococcal activity. These com-
pounds were evaluated against a panel of methicillin and
multidrug-resistant Staphylococcus aureus strains and
rapidly growing mycobacteria.
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2. Results and discussion

Compound 1 was isolated as a colourless oil from the
hexane extract following vacuum liquid chromatography
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(VLC) and multiple development preparative thin layer
chromatography (p-TLC). HRCIMS revealed the M+ ion
at m/z = 296.2324 (calc. for C18H32O3: 296.2352). The

1H
and 13C NMR data (Table 1) indicated the presence of four
olefinic protons, an oxymethine group, a carbonyl carbon,
a methylene envelope, two downfield methylene groups and
finally a methyl group.

The HMBC spectrum showed a 2J correlation between a
downfield methylene (dH 1.52 m, H2-2) towards the car-
bonyl carbon (dC 179.1, C-1) of the carboxyl group. These
methylene protons also showed a COSY correlation to the
oxymethine proton, placing this oxymethine at C-3 (dH
4.17 dd, J = 13.0, 6.5 Hz, dC 72.9) and b to the carbonyl
carbon of the carboxyl group. This oxymethine proton in
turn showed a COSY coupling to an olefinic proton (dH
5.67 dd, J = 15.5, 7.0 Hz, H-4). Furthermore, H-4 coupled
to the olefinic proton, H-5 (dH 6.49 dd, J = 15.5, 11.0 Hz)
and the large coupling constant shown between H-4 and
H-5 (J = 15.5 Hz) indicated that these protons were
trans-orientated. The H-5 olefin also coupled to a third ole-
finic proton H-6 (dH 5.97 t, J = 11.0 Hz) which in turn cou-
pled to a final olefinic hydrogen, H-7 (dH 5.44 dt, J = 11.0,
8.0 Hz). As H-6 appeared as a triplet in the 1H spectrum,
with a smaller coupling constant (J = 11.0 Hz), this sug-
gested that H-6 and H-7 were cis-orientated. H-7, gave a
COSY and HMBC correlation to a methylene group (dH
2.18 m, H2-8). In the COSY spectrum this then coupled
to the methylene envelope at dH 1.31 ppm, indicating the
beginning of the alkyl chain. The alkyl chain was found
to consist of 10 methylene groups and a terminal methyl
group based on the result of mass spectrometry for this
compound. This terminal methyl group coupled into the
methylene envelope in the COSY spectrum. An attempt
was made to assign the absolute stereochemistry at the
C-3 position for compound 1 using Mosher’s ester method-
ology, but unfortunately this was not possible due to the
unstable nature of the compound. The optical rotation
for 1 was zero and it is likely that 1 is racemic. This would
make sense if 1 is biosynthesized through a non-enzymatic

hydrolysis of a 2–3 double bond where attack by a water
molecule from both faces of the olefin would lead to a race-
mate. However, 3(f)-hydroxy-octadeca-4(E),6(Z)-dienoic
acid (1) is new and the full NMR data are reported here
for the first time (Table 1).

Compound 2 was isolated from the chloroform extract
as a colourless oil. The 1D and 2D NMR data enabled
the structure of this compound to be elucidated as the
known iridoid glucoside, ajugoside (Guiso et al., 1974,
Bianco et al., 1981). The first report of ajugoside, by Guiso
et al. (1974), was represented with the hydroxyl at position
6 in an a-orientation. However, subsequent analysis of the
13C NMR data of iridoid glucosides (Chaudhuri et al.,
1980), including ajugol and myoporoside and their acyl-
derivatives (Damtoft et al., 1982), indicated that the config-
uration of the hydroxyl at position 6 should in fact be
reversed to a b-orientation.

Compound 3 was isolated as a white amorphous solid
from the chloroform extract. By comparison of the 1H
and 13C NMR data with the literature, the structure of 3
was confirmed as scropolioside B (Calis et al., 1988).

6-O-a-L-rhamnopyranosylcatalpol (4), buddlejoside A8

(5), scrospioside A (6), laterioside (7) and 3R-1-octan-3-
yl-3-O-b-D-glucopyranoside (8) were also isolated and
characterised by direct comparison with the literature
(Hosny and Rosazza, 1998, Seifert et al., 1989, Miyase
et al., 1991, Pachaly et al., 1994, Pardo et al., 1998,
Yamamura et al., 1998).

Three of the eight compounds isolated from this plant
exhibited antimicrobial activity. A panel of S. aureus
strains, including one possessing the NorA multidrug-
resistance efflux pump was tested along with a panel of
rapidly growing mycobacteria. The unsaturated and
hydroxylated fatty acid, 3(f)-hydroxy-octadeca-
4(E),6(Z)-dienoic acid (1), exerted an anti-staphylococcal
and antimycobacterial activity against all the strains
tested with MIC values ranging from 32 to 128 lg/ml
(Table 2).

The antibacterial activity of unsaturated fatty acids,
such as 3(f)-hydroxy-octadeca-4(E),6(Z)-dienoic acid (1),
against both S. aureus (Knapp and Melly, 1986, Kabara
et al., 1972) and also mycobacteria (Saito et al., 1983)
has long been known. However, it has only recently been
deciphered that these compounds exert their antibacterial
effect by inhibiting an enzyme or enzymes of Type II fatty
acid synthesis (FAS) (Zheng et al., 2005). The enzyme
FabI, an enoyl-acyl carrier protein reductase catalysing
the final step in chain elongation, has been identified as a
target for bacterial inhibition (Zheng et al., 2005, Heath
et al., 2001, Payne et al., 2001). A series of hydroxylated
unsaturated fatty acids have been reported as potent acetyl
CoA carboxylase inhibitors (Watanebe et al., 1999) further
indicating that these compounds interfere with fatty acid
synthesis. Type II FAS differs from that found in mamma-
lian cells (Type I FAS) therefore the differences between the
two systems allows these enzymes to be used as a potential
target for drug development. Further work to identify the

Table 1
1H (500 MHz) and 13C (125 MHz) spectral data and 1H and 13C long-
range correlations of compound 1 recorded in CDCl3

Position 1H 13C 2J 3J

1 – 179.1
2 1.52 m 37.2 C-3
3 4.17 dd (13.0, 6.5) 72.9 C-2, C-4 C-5
4 5.67 dd (15.5, 7.0) 135.7 C-3 C-2, C-6
5 6.49 dd (15.5, 11.0) 125.8 C-6 C-3, C-7
6 5.97 t (11.0) 127.8 C-5 C-4, C-8
7 5.44 dt (11.0, 8.0) 132.8 C-8 C-5, C-9
8 2.18 m 27.6 C-7 C-6
9 1.39 m 25.1 C-7
10–13 1.31 m 28.9
14 1.31 m 28.8
15 1.31 m 29.3
16 1.31 m 31.8
17 1.31 m 22.6
18 0.88 t (7.0) 14.0 C-17 C-16
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actual enzyme being inhibited within FAS II needs to be
performed.

Compound 2 exhibited weak anti-staphylococcal activ-
ity against S. aureus ATCC 25923 (Table 2) which has been
reported previously (Ezer et al., 1995) and compound 3 was
also shown to exert a similar effect against this strain.
Interestingly, compound 2 exhibited a 4-fold greater anti-
staphylococcal activity against the multidrug-resistant
strain S. aureus 1199B, which codes for the NorA efflux
pump transporter. Further work to identify more active
iridoids and to elucidate the molecular target of this
natural product class would appear to be worthwhile.

3. Experimental

3.1. General experimental procedures

NMR spectra were recorded on a Bruker AVANCE
500 MHz spectrometer. Chemical shifts (d) were reported
in parts per million (ppm) relative to appropriate internal
solvent standard. Coupling constants (J values) are given
in Hertz. Mass spectra were recorded on Finnigan Mat
95. IR spectra were recorded on a Nicolet 360 FT-IR spec-
trophotometer and UV recordings were made on a Perkin–
Elmer Lambda 15 UV/VIS spectrophotometer.

3.2. Plant material

A collection of the plant sample was made at Wadi Al-
Batin, in north-western Kuwait, bordering Iraq, in Febru-
ary 1999. A voucher specimen (KTM 4226, collected by
K.T. Mathew and S. Gibbons on 19/2/1999) is deposited
at the Kuwait University Herbarium (KTUH).

3.3. Extraction and isolation

The whole plant was air-dried for 3 days and ground to
a fine powder. The powdered plant material (450 g) was
sequentially extracted in a Soxhlet apparatus with hexane,
chloroform and methanol (3 l each). Vacuum liquid chro-
matography (VLC) of the hexane extract (5.1 g) on silica
gel using a step-gradient of 10% EtOAc in hexane followed
by a methanol wash yielded 12 fractions. Fraction 7
(310 mg) was then subjected to LH-20 Sephadex column

chromatography, eluting with dichloromethane followed
by a methanol wash to give four fractions. Sephadex frac-
tion 4 (58 mg) was then loaded onto four reverse phase
TLC plates and developed twice with a 60:40 ACN-
H2O + AcOH (two drops) system to yield 15 mg of com-
pound 1 (RF: 0.21). VLC of the chloroform extract
(10.5 g) using the same method described above again gave
12 fractions. Fraction 12 (1.5 g) was then fractioned further
by LH-20 Sephadex column chromatography again using
the same method as above to give 11 fractions. Solid phase
extraction (C-18, SPE) of Sephadex fraction 10 (500 mg)
using a step-gradient of 10% methanol in water yielded
11 fractions. SPE fractions 3 and 4 were combined
(72 mg) and compound 2 was isolated by p-TLC using a
95:15 EtOAc–methanol + AcOH (two drops) solvent sys-
tem. This afforded 27 mg of compound 2 (RF: 0.32). Apply-
ing the same SPE protocol to Sephadex fraction 9 (425 mg)
gave 11 fractions. Multiple development p-TLC in the nor-
mal phase mode (silica) of SPE fraction 9 (26 mg) using a
95:10 EtOAc–methanol + AcOH (two drops) (two devel-
opments) solvent system resulted in the isolation of com-
pound 3 (10 mg; RF: 0.44).

3.4. Antibacterial assay

S. aureus strain ATCC 25923 was a gift from E. Udo
(Kuwait University, Kuwait), S. aureus strain SA-1199B,
which overexpresses the norA gene encoding the NorA
MDR efflux protein was a generous gift from G. Kaatz
(Kaatz et al., 1993). Strain EMRSA-15 was provided by
P. Stapleton. Mycobacterium fortuitum ATCC 6841, Myco-

bacterium smegmatis ATCC 14468, Mycobacterium phlei
ATCC 11758 and Mycobacterium aurum Pasteur Institute
104482 were obtained from NTCC. The strains of S. aureus
were cultured on nutrient agar and incubated for 24 h at
37 �C prior to MIC determination whilst the panel of rap-
idly growing mycobacteria were cultured on Columbia
Blood agar (Oxoid) supplemented with 7% defibrinated
Horse blood (Oxoid). M. fortuitum, M. phlei and M.

smegmatis were incubated for 72 h and M. aurum for
120 h prior to MIC determination. Bacterial inocula equiv-
alent to 5 · 105 cfu/ml were prepared in normal saline
using the 0.5 McFarland turbidity standard followed by
dilution. The MIC was recorded as the lowest concentra-
tion at which no bacterial growth was observed (Gibbons

Table 2
MICs of 1, 2 and 3 and standard antibiotics

Bacteria 1 2 3 Norfloxacin Ethambutol

Staphylococcus aureus 1199B (NorA) 64 32 n 32 –
Staphylococcus aureus EMRSA-15 128 n n 2 –
Staphylococcus aureus ATCC 25923 128 128 128 0.5 –
Mycobacterium fortuitum ATCC 6841 32 n n – 4
Mycobacterium phlei ATCC 11758 32 n n – 2
Mycobacterium aurum Pasteur Institute 104482 32 n n – 1
Mycobacterium smegmatis ATCC 14468 32 n n – 0.5

n = not active at 128 lg/ml; –, not tested.
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and Udo, 2000). Norfloxacin was used as a positive control
against all S. aureus strains and ethambutol was used as a
positive control against all the mycobacterial strains.
Growth and sterile controls were also performed.

3.5. 3(f)-Hydroxy-octadeca-4(E),6(Z)-dienoic acid (1)

Colourless oil. ½a�24D 0� (c 0.2, CHCl3). UV (CHCl3): kmax:
(log e) 275 (2.90), 243 (3.56) nm. IR (film) vmax: 3359, 2928,
2855, 1709, 1412, 1248, 985 cm�1; 1H NMR and 13C NMR
(CDCl3): see Table 1; HR-CIMS (m/z): 296.2324 [M]+

(calc. for C18H32O3, 296.2352).
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Abstract

In a project to investigate plant derived natural products from the Liliaceae with activity against fast-growing strains of mycobacteria,
we have identified two new metabolites from Chlorophytum inornatum. The active principle, a new homoisoflavanone (1) was identified as
3-(4 0-methoxybenzyl)-7,8-methylenedioxy-chroman-4-one. The metabolite assigned as 7-(1 0-hydroxyethyl)-2-(200-hydroxyethyl)-3,4-dihy-
drobenzopyran (2) was characterised by extensive 1- and 2D NMR spectroscopy. The antimycobacterial activity of this plant was mainly
due to the homoisoflavonoid which exhibited minimum inhibitory values ranging from 16–256 lg/ml against four strains of fast-growing
mycobacteria.
� 2005 Elsevier Ltd. All rights reserved.

Keywords: Chlorophytum inornatum; Homoisoflavanone; Liliaceae; Mycobacterium; Antibacterial; Mycobacteria

1. Introduction

At present there is a real need for new classes of antibac-
terials to deal with emerging resistant strains, particularly
in the genera Mycobacterium and Staphylococcus. The
genus Mycobacterium is responsible for tuberculosis (TB)
and other infections caused by fast-growing mycobacteria
(FGM) such as M. abscessus (Scholze et al., 2005). These
FGM species are notoriously difficult to treat and cause
infections in children with cystic fibrosis (Sermet-Gaudelus
et al., 2003). Multidrug-resistance in some species of FGM
(Sander et al., 2000) and TB causing species (Colangeli
et al., 2005) has been encountered and it is likely that these
mechanisms will be more clinically relevant in the future.
There is therefore a requirement for new classes of antibac-
terials which have activity against these strains. In a project
to meet these needs, we have been screening plants of the
Liliales, particularly of the Alliaceae and Liliaceae families.
These groups produce bulbs as part of their reproductive

system and our rationale is that such bulbs are in contact
with actinomycetes in the soil and will have evolved an
antimicrobial defence against these filamentous bacteria.
Members of the actinomycete genus Mycobacterium are
commonly present in soil and it is possible that such an
antimicrobial defence may be useful to find leads against
species of this group. Allicin, the major antimicrobial prin-
ciple of the garlic group (Allium), has been extensively stud-
ied for its antibacterial properties some considerable time
ago (Cavallito et al., 1944; Cavallito and Bailey, 1944; Cav-
allito et al., 1945). Garlic has also been used clinically to
treat patients with TB in the early part of the 20th Century
(Bolton et al., 1982) and is popularly known as �Russian
penicillin�.

These findings prompted us to conduct an evaluation of
other less well chemically and biologically characterised
members of the Liliaceae and Alliaceae groups and a col-
lection of the subterranean parts of the poorly studied spe-
cies Chlorophytum inornatum Ker Gawl. (Liliaceae) was
made in Ghana. There is little phytochemical data avail-
able on this genus although C. comosum, a popular house-
plant known as the spider plant or grass lily, along with
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other members of the genus, is of ethnobotanical use in
areas of Africa and India (Tabuti et al., 2003 and Tandon
et al., 1992). In southern Chinese folk medicine C. como-

sum is also used in the treatment of bronchitis, fractures
and burns (Mimaki et al., 1996).

Here we report on the bioassay-guided fractionation of
extracts of C. inornatum against fast-growing strains and
on new phytochemistry of this species.

2. Results and discussion

Antibacterial activity was concentrated in the hexane
extract (512 lg/ml) and bioassay-guided fractionation led
to the isolation of compound 1 as a white solid. The molec-
ular formula of compound 1 was assigned as C18H16O5 on
the basis of high-resolution ESI-MS [M + H]+ (313.1085).
The 1H NMR spectrum (Table 1) displayed a chemical
shift pattern indicative of a 3-benzyl-4-chromanone type
homoisoflavanone skeleton previously isolated from the
Liliaceae and Hyacinthaceae (Anh et al., 2003; Adinolfi
et al., 1984). Analysis of the 1D and 2D NMR spectra
revealed the presence of methylenedioxy and methoxyl sub-
stituents on the aromatic A and B rings, respectively. Two
doublets (d 6.87 and 7.17, J = 8.5 Hz) integrating for two
protons each were typical for an aromatic AA 0BB 0 system
for ring B, with a strong HMBC signal between the para

substituted methoxyl (d 3.81) and C-4 0 (d 158.4). Correla-
tions observed in the NOESY spectrum from the methoxyl
to the aromatic protons H-3 0 and H-5 0 (d 6.87) further con-
firmed this arrangement. Two coupled proton doublets of
ring A (d 7.61 and 6.62) showed an ortho coupling
(J = 8.0 Hz), while the HMBC correlation between the
proton at d 7.61 and the C-4 carbonyl (d 192.1) identified
the protons as H-5 and H-6, respectively. The difference
between the 1H chemical values for H-5 and H-6 can be

attributed to the observations that H-5 is b to the C-4 car-
bonyl and that there is likely to be a peri through space
deshielding interaction between H-5 and this carbonyl
moiety.

The methylenedioxy group was positioned at C-7 and
C-8 by HMBC correlations for the methylenedioxy pro-
tons to the aromatic quaternary carbons C-7 and C-8. This
positioning was further confirmed by HMBC correlations
from H-5 to the carbonyl at C-4 and the quaternary car-
bon C-4a. Furthermore, H-6 displayed HMBC correla-
tions to C-7 and C-8. The COSY spectrum showed
a –CH2–CH–CH2– system reminiscent of a homoisoflava-
none with C-2, C-3 and C-9 assigned through comparison
with the literature (Adinolfi et al., 1984) and confirmed by
2D NMR experiments. This system was accordingly linked
to the B ring through HMBC correlations from H2-9 to
the aromatic carbons C-2 0 and C-6 0. The compound was
therefore determined to be 3-(4 0-methoxybenzyl)-7,8-meth-
ylenedioxychroman-4-one, and is described here for the
first time. Measurement of the specific optical rotation of
1 gave a result of +18.9�. Comparison with the results
for homoisoflavanones with an R configuration described
in Amschler et al. (1996) ([a] = �46.2 and �38.0) implied
an S configuration for compound 1 (see Fig. 1).
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Fractionation of the chloroform extract led to the isola-
tion of a new metabolite, compound 2. HRESI-MS of com-
pound 2 suggested a molecular formula of C13H18O3

[M � H]+ (221.1168). The 1H NMR spectrum (Table 2)

Table 1
1H (500 MHz) and 13C NMR (500 MHz) spectral data and 1H–13C long-range correlations of 1 recorded in CDCl3

Position 1H 13C 2J 3J 4J

2a 4.42 dd (11.5, 4.0) 70.0 C-4, C-9 C-4a
2b 4.26 dd (11.5, 7.0) C-3 C-4, C-9 C-4a
3 2.86 m 48.1 C-9
4 – 192.1
4a – 145.5
5 7.61 d (8.0) 123.1 C-4a C-4, C-7
6 6.62 d (8.0) 103.5 C-7 C-8 C-8a
7 – 154.0
8 – 134.4
8a – 117.3
9a 2.72 dd (14.0, 10.5) 31.8 C-3 C-2, C-4, C-2 0, C-60

9b 3.19 dd (14.0, 4.5) C-3 C-2, C-4, C-20, C-60

1 0 – 130.0
2 0/6 0 7.17 d (8.5) 130.1 C-1 0, C-30 C-9, C-40, C-60 C-50

3 0/5 0 6.87 d (8.5) 114.1 C-2 0, C-40 C-10, C-50 C-60

4 0 – 158.4
O–CH2–O 6.09 d (1.0) 102.7 C-7, C-8
OMe (40) 3.81 s 55.3 C-40
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revealed three aromatic resonances at d 6.67 (d,
Jortho = 8.0 Hz, H-5), d 6.65 (d, Jmeta = 2.0 Hz, H-8) and
d 6.52 (dd, J = 2.0, 8.0 Hz, H-6) reminiscent of an ABD tri-
substituted ring system. Further resonances included two
oxygenated methine multiplets (d 4.40 and 3.75), an oxy-
genated methylene triplet (d 3.67, J = 7.5 Hz), two benzylic
methylene triplets (d 2.66, J = 7.0 Hz and 2.55,
J = 8.5 Hz), two one-proton multiplets corresponding to
a further methylene by HMQC analysis (d 2.25 and 2.07)
and a methyl doublet (d 1.21, J = 6.5 Hz) completing the
1H signals for compound 2. HMBC correlations from the
protons of the oxygenated methylene (d 3.67, H-1 0) to a
methylene carbon at d 39.7 (C-2 0) and a quaternary aro-
matic carbon at d 131.8 were suggestive of an hydroxyethyl
substituent attached to an aromatic ring. This was further
confirmed by a NOESY correlation between the methylene
protons (CH2-2

0) and the aromatic protons (H-6 and H-8).
This was supported by HMBC correlations between the
protons of this methylene and C-7 (2J) and C-6 and C-8
(3J). H-5 gave a strong HMBC correlation (Fig. 2) to C-
8a which was a deshielded aromatic quaternary carbon
with a resonance reminiscent of an oxygen bearing carbon
(d 146.1).

The remaining resonances could be linked by analysis of
the COSY spectrum (Fig. 2). A methyl doublet (H-100, d
1.21) displayed a single correlation to the first of the oxy-
genated methines at d 3.75 (H-200), which in turn coupled
to the second oxygenated methine at d 4.40 (H-2). H-2 sub-
sequently coupled to a methylene (H2-3, d 2.25 and 2.07),
which showed a final coupling to a deshielded methylene

triplet of H-4 (d 2.55), whose resonance was typical for a
benzylic methylene and similar to that of CH2-2

0. This
methylene must be attached at C-4a, ortho to C-5 as this
is the only remaining free position on the aromatic core.
The data were similar to other natural product benzopyran
derivatives (Seeram et al., 1998) and we propose that a link
between the oxygen at C-8a (neighbouring C-8) and C-2 is
formed to give a substituted benzopyran derivative. From
HRESI-MS this would mean that hydroxyl groups must
be placed at C-1 0 and C-200. Theoretical 1H NMR reso-
nances were calculated using ChemDraw Ultra and are
given in Table 2. These resonances show close correlation
with experimental data, particularly for H-4, H-1 0, H-2 0,
H-100 and H-200 and even the aromatic resonances have
the same trend in magnitude. The main discrepancy is for
H-2 (4.40 exp, 3.76 theoret.) and we propose that this is
due to the deshielding effect of the hydroxyl at C-200, result-
ing in a more deshielded signal for H-2. Compound 2 is
therefore assigned as 7-(1 0-hydroxyethyl)-2-(200-hydroxy-
ethyl)-3,4-dihydrobenzopyran and its NMR data are
described here for the first time.

Further fractionation of the hexane extract led to the
isolation stigmasterol-3-O-glycoside-6 0-palmitate (Lavaud
et al., 1994), a racemic mixture of [25R]-5a-spirostane-
2a,3b-diol (gitogenin) and [25S]-5a-spirostane-2a,3b-diol
(neogitogenin) (Mimaki et al., 1996) and 4-hydroxy-3-
methoxy-benzaldehyde (vanillin). Further fractionation of
the chloroform extract yielded trans-N-(4-hydroxyphen-
ethyl)-feruloylamide (Muñoz et al., 1996). The structures
were elucidated from 1D and 2D NMR experiments and
compared against chemical shift resonances in the litera-
ture. The structure of stigmasterol-3-O-glycoside-6 0-palmi-
tate was further confirmed by hydrolysis and GC-MS of
the derivatised hydrolysate.

Compound 1 exhibited MIC values of 16–256 lg/ml
against a range of fast-growing Mycobacterium species,
comparing favourably with the control antibiotics etham-
butol and isoniazid against M. phlei and M. aurum

(Table 3). This is the first report of the antimycobacterial
activity of a homoisoflavanone. The simple structure
makes this compound an attractive target for synthesis
and derivatisation to optimise the antibacterial activity.
Compound 2 displayed moderate activity against
M. aurum (64 lg/ml), however showed no inhibition
against any of the other fast growing mycobacterial
strains tested (Table 3).
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Fig. 1. Key NOESY correlations for compound 1.

Table 2
1H (500 MHz) and 13C NMR (500 MHz) spectral data and 1H–13C long-
range correlations for 2, recorded in MeOD

Position 1H 13C 2J 3J 1Ha

2 4.40 m 85.9 – – 3.76
3 2.25 m, 2.07 m 25.0 C-4 – 2.00
4 2.55 t (8.5) 29.5 C-3 – 2.55
4a – 144.9 – – –
5 6.67 d (8.0) 116.3 C-7 C-8a, C-4a 6.96
6 6.52 dd (2.0, 8.0) 121.2 C-5, C-7 – 6.63
7 – 131.8 – – –
8 6.65 d (2.0) 117.1 C-7 C-4a, C-6 6.58
8a – 146.1 – – –
10 3.67 t (7.0) 64.6 C-20 C-7 3.86
20 2.66 t (7.0) 39.7 C-10, C-7 C-6, C-8 2.74
100 1.21 d (6.5) 19.0 C-200 C-2 1.21
200 3.75 m 70.2 – – 3.89

a Calculated using Chemdraw Ultra 7.0.
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Fig. 2. Key HMBC (single headed arrows) and COSY (double headed
arrows) correlations for compound 2.
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3. Experimental

3.1. General experimental procedures

NMR spectra were recorded on a Bruker AVANCE
500 MHz spectrometer. Chemical shift values (d) are
reported in parts per million (ppm) relative to appropriate
internal solvent standard and coupling constants (J values)
are given inHertz.Mass spectrawere recorded on aFinnigan
MAT 95 high resolution, double focusing, magnetic sector
mass spectrometer. Accurate mass measurement was
achieved using voltage scanning of the accelerating voltage.
This was nominally 5 kV and an internal reference of hepta-
cosa was used. Resolution was set between 5000 and 10,000.

IR spectra were recorded on aNicolet 360 FT-IR spectro-
photometer andUV spectra on aThermoElectronCorpora-
tion Helios spectrophotometer. Determination of specific
optical rotation [a] was carried out using an ADP 200 Polar-
imeter, Bellingham and Stanley, with a 1 ml sample tube.

3.2. Plant material

The dried root material of C. inornatum was collected in
Aburi, Ghana, in August 2003 and a herbarium specimen
(ACH/114866J) was deposited at the Centre for Pharma-
cognosy and Phytotherapy.

3.3. Extraction and isolation

234.2 g of air-dried and powdered subterranean parts
were extracted in a Soxhlet apparatus using sequential
extraction by hexane (3 L), chloroform (3 L) and finally
methanol (3 L). The hexane extract (5.68 g) was subjected
to vacuum liquid chromatography (VLC) on silica gel
(15 g) eluting with hexane containing 10% increments of
ethyl acetate to yield 12 fractions. The fraction eluted in
60% hexane underwent further separation on reversed-
phase SPE (Phenomenex Strata C18-E, 10 g/60 ml giga
tubes) eluting with 100% MeOH. SPE fraction 1 exhibited
an MIC of 16 lg/ml against M. fortuitum and was further
fractionated by Sephadex (LH-20) and a final PTLC
(Merck RP-18, 85% MeOH: 15% water) purification to
yield compound 1 (5.3 mg).

The chloroform extract (8.78 g) underwent initial frac-
tionation with Biotage flash chromatography on silica
gel, eluting with hexane containing 10% increments of ethyl
acetate to yield 12 fractions. The fraction eluted in 10%
hexane was further separated by reversed-phase SPE elut-

ing with 60% MeOH: 40% water. SPE fraction 1 was sub-
sequently fractionated by PTLC (50% MeOH: 50% water)
to yield compound 2 (1.6 mg).

3.4. Antibacterial assay

Mycobacterium species were acquired from the NCTC.
Strains were grown on Columbia Blood agar (Oxoid) sup-
plemented with 7% defibrinated Horse blood (Oxoid) and
incubated for 72 h at 37 �C prior to minimum inhibitory
concentration (MIC) determination. Bacterial inocula
equivalent to the 0.5 McFarland turbidity standard were
prepared in normal saline and diluted to give a final inoc-
ulum density of 5 · 105 cfu/ml. The inoculum (125 lL)
was added to all wells and the microtitre plate was incu-
bated at 37 �C for 72 h for M. fortuitum, M. smegmatis

and M. phlei. For M. aurum the plate was incubated for
120 h. The MIC was recorded as the lowest concentration
at which no bacterial growth was observed as previously
described (Gibbons and Udo, 2000).

Ethambutol and isoniazid were used as positive
controls.

3.5. 3-(4 0-methoxybenzyl)-7,8-methylenedioxy-chroman-4-

one (1)

Amorphous white solid; [a]21D +18.9� (c 0.05,
CHCl3)kmax (log e): 242.5 (3.60), 290.0 (3.61) nm; IR mmax

(thin film) cm�1: 3855.34, 3735.96, 2918.31, 2850.23,
2359.02, 1684.84, 1630.82, 1512.72, 1364.37, 1289.81,
1247.99, 1083.89, 1035.90, 773.15; 1H NMR and 13C
NMR (CDCl3): see Table 1; HR-MS (m/z): 313.1085
[M + H]+ (calc. for C18H17O5, 313.1071).

3.6. 7-(1 0-hydroxyethyl)-2-(200-hydroxyethyl)-3,4-

dihydrobenzopyran (2)

Amorphous solid; [a]21D +157.14� (c +0.11, MeOH)
kmax: 201.5, 280 (br band) nm; IR mmax (thin film) cm�1:
3344.18, 2930.08, 1570.34, 1516.19, 1423.57, 1270.75,
1219.38, 1129.49, 1051.84, 773.07, 663.16; 1H NMR and
13C NMR (MeOD): see Table 2; HR-MS (m/z): 221.1168
[M � H]+ (calc. for C13H17O3, 221.1177).
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An investigation of the polar glycosidic fraction from the leaves of myrtle afforded four galloylated nonprenylated
phloroglucinol glucosides (3a-d) related to the endoperoxide hormone G3 (4) in terms of structure and biogenesis.
Despite their close similarity, significant antibacterial activity was shown only by one of these compounds (3b,
gallomyrtucommulone B), while the G3 hormone (4) was inactive.

Myrtle (Myrtus communisL., Myrtaceae) is nowadays better
known as a culinary herb rather than a medicinal plant, but holds
an important place in Western culture because of its mythological
associations1 and its medicinal use as an antiseptic and an anti-
inflammatory agent.2 Over the past few years, liqueurs prepared
from the berries of myrtle have become popular,3 while its leaves
have been used as a hop substitute in beer4 and as a cosmetic
ingredient in products against hair dandruff.5 This has led to a
renewed and general interest in myrtle, especially for its cultivation,
since the collection from wild plants is becoming insufficient to
satisfy the growing demand.3 From a phytochemical standpoint,
myrtle contains unique compounds, as exemplified by a series of
oligomeric nonprenylated phloroglucinols related to myrtucommu-
lone A (1).6 This compound shows outstanding antibacterial6 and
anti-inflammatory7 properties, while powerful antioxidant activity
was demonstrated for its lower homologue, semimyrtucommulone
(2).8

Apart from these constituents, the leaves of myrtle are a rich
source of flavonoids, and especially of myricetin glycosides.9

Myricetin can enhance glucose utilization and lower plasma
glucose,10 and antidiabetic properties have been traditionally
attributed to myrtle in the folk medicine of various parts of the
Mediterranean area.11 We therefore became interested in the

characterization of the glycosidic fractions of the leaves. Apart from
large amounts (ca. 0.2% from the dried plant material) of myricetin
rhamnopyranoside, a fraction containing galloylated glucosides was
also obtained. When thoroughly purified, this fraction turned out
to be made up of a series of closely related galloylated glucosides
of alkylphloroglucinols, an unprecedented type of natural product
and whose characterization is presented here.

Results and Discussion

A glycosidic fraction was obtained from an acetone extract of
leaves by vacuum-liquid chromatography (VLC) on RP-18 silica
gel. The galloylated fraction was next separated from myricetin
rhamnopyranoside by gravity column chromatography on silica gel,
eventually obtaining a yellow powder in ca. 0.08% yield from the
dried leaves. The1H NMR spectrum of this fraction showed the
resonances typical of gallic acid and of a 6-acylated glucosyl
residue, and a cluster of olefinic and oxymethine singlets grouped
aroundδ ca. 5.0 and 3.90. The fine splitting of all signals and the
complexity of the upfield part of the spectrum suggested a mixture
of related compounds. Preparative HPLC separation on normal-
phase silica gel resolved the mixture into four peaks, corresponding
to compounds3a-d, named gallomyrtucommulones A-D to
emphasize their origin. Compounds3a-d showed closely related
NMR spectra, but could be sorted out by mass spectrometry into
two pairs, differing in their molecular weight (570 for3a,b and
568 for3c,d). The structure elucidation will be detailed for3d, the
major constituent of the mixture. For the remaining compounds,
only the interpretation of the spectroscopic differences into structural
terms will be described.

Compound3d (C27H36O13, HRMS) was obtained as an optically
active yellowish powder. In the1H NMR spectrum (10% CD3OD
in CDCl3, Table 1), the signals of a galloyl moiety (δ 7.07, s), as
well as a glucose moiety acylated at the 6-hydroxyl (δ 4.52, m,
H-1′; 3.25, dd,J ) 8.0 and 7.8 Hz, H-2′; 3.45, m, H-3′; 3.42, m,
H-4′; 3.48, m, H-5′; 4.53, m, H-6′a; 4.44, dd,J ) 11.9, 4.7 Hz,
H-6′b), an olefinic proton (δ 5.05, br s), an oxymethine (δ 3.81,
s), two allylic methyls (δ 1.66 and 1.72, br s), and four quaternary
methyls (δ 1.28, 1.28, 1.24, 1.17, s), were present. Apart from the
protonated carbons corresponding to these resonances, the13C NMR
spectrum (Table 2) showed a quaternary oxygenated carbon (δ 82.2,
s), two ketone carbonyls (δ 215.4 and 211.4, s), and two quaternary
carbons (δ 56.2 and 48.9, s). These signals were reminiscent of
those observed in the endoperoxide G3 (4, Scheme 1), an antima-
larial hormone constituent of variousEucalyptusspecies12 that also
occurs in myrtle.6 Analysis of the HMBC correlations made it
possible to evaluate the1H and 13C NMR resonances in the
dihydroxylated cyclohexadione structure3d. Thetransconfiguration
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of the glycol moiety was indicated by the observation of NOE
correlations between the vinylic proton (H-4) and the methyl protons
H-12 and H-14, while H-10 correlated with the 13-methyl. In3c,
a compound having the same molecular weight as3d, the vinylic
proton was not NOE correlated to any methyl, indicating not only
a different configuration at C-5 but also a different conformation
of the cyclohexadienone ring. Since the NMR spectra of3c and
3d showed the same1H spin systems and13C multiplicities, these
compounds were assigned as a pair ofcis/transisomers.

The other pair of compounds (3a and3b) showed a molecular
weight two units higher than3c and3d. This and the lack of the
vinyl protons and allyl methyls in the1H NMR spectrum suggested
saturation of the isobutenyl group. However, the HMBC correlations
showed a substantially different connectivity for the cyclohexadione
moiety between3aand3b. Thus,3awas simply the hydrogenation
product of 3d, while in 3b the oxymethine and the quaternary
oxygenated carbons were “para” (1,4) and not “ortho”(1,2) related.
In 3a, H-3 correlated with the 12-methyl, and H-10 with the 11-
and 13-methyls, supporting this configurational assignment. Due
to the lack of diagnostic NOE effects, it was not possible to assign

the relative configuration of3b. On the other hand, since the glucose
and the cyclohexane domains are spectroscopically isolated, only

Table 1. 1H NMR Data (500 MHz, 10% CD3OD in CDCl3) for Gallomyrtucommulones A (3a), B (3b), C (3c), and D (3d) [solvent
signal of CDCl3 (7.26 ppm) as reference, coupling constants (J) in Hz]

position 3a 3b 3c 3d

1 0.90 (d; 6.6) 0.88 (d; 6.6) 1.66 (s) 1.66 (s)
2 1.59 (m) 1.50 (m)
3 0.73 (d; 6.6) 0.82 (d; 6.6) 1.66 (s) 1.72 (s)
4a 1.80 (dd; 6.4, 14.7) 1.89 (dd; 6.2, 14.7) 5.54 (br s) 5.05 (br s)
4b 1.28 (dd; 5.8, 14.7) 1.82 (dd; 5.0, 14.7)
8 3.64 (s)
10 3.73 (s) 3.70 (s) 3.81 (s)
11 1.22 (s) 1.32 (q) 1.22 (s) 1.28 (s)
12 1.21 (s) 1.07 (q) 1.19 (s) 1.24 (s)
13 1.18 (s) 1.15 (q) 1.18 (s) 1.17 (s)
14 1.15 (s) 1.09 (q) 1.18 (s) 1.28 (s)
1′ 4.38 (d; 7.6) 4.36 (d; 7.8) 4.35 (d; 7.7) 4.52 (m)
2′ 3.32 (m) 3.23 (m) 3.27 (m) 3.25 (dd; 8.0, 7.8)
3′ 3.41 (m) 3.39 (m) 3.39 (m) 3.45 (m)
4′ 3.38 (m) 3.40 (m) 3.37 (m) 3.42 (m)
5′ 3.49 (m) 3.46 (m) 3.48 (m) 3.48 (m)
6′a 4.51 (dd; 1.6, 11.8) 4.55 (dd; 1.5, 11.9) 4.50 (dd; 1.5, 11.9) 4.53 (m)
6′b 4.37 (dd; 6.3, 11.8) 4.43 (dd; 5.3, 11.9) 4.36 ((dd; 5.3, 11.9) 4.44 (dd; 4.7, 11.9)
3′′ 7.03 (s) 7.06 (s) 7.02 (s) 7.07 (s)

Table 2. 13C (125 MHz, 10% CD3OD in CDCl3) NMR Data
for Gallomyrtucommulones A (3a), B (3b), C (3c), and D (3d)
[solvent signal of CDCl3 (77.0 ppm) as reference, multiplicities
from HMQC experiments]

position 3a 3b 3c 3d

1 24.3 (q) 23.7 (q) 26.8 (q) 27.1 (q)
2 23.6 (d) 24.2 (d) 144.2 (s) 145.6 (s)
3 23.7 (q) 23.8 (q) 18.9 (q) 19.6 (q)
4 38.9 (t) 44.1 (t) 117.8 (d) 116.6 (d)
5 82.3 (s) 84.1 (s) 80.3 (s) 82.2 (s)
6 212.3 (s) 211.8 (s) 209.9 (s) 211.1 (s)
7 55.3 (s) 50.1 (s) 55.4 (s) 56.2 (s)
8 215.1 (s) 85.1 (d) 215.0 (s) 215.4 (s)
9 49.3 (s) 48.8 (s) 49.5 (s) 48.9 (s)
10 86.9 (d) 213.1 (s) 86.8 (d) 87.8 (d)
11 25.8 (q) 22.6 (q) 25.0 (q) 25.6 (q)
12 23.1 (q) 25.4 (q) 24.6 (q) 24.8 (q)
13 29.0 (q) 24.4 (q) 28.8 (q) 27.1 (q)
14 22.3 (q) 26.1 (q) 22.7 (q) 28.1 (q)
1′ 105.8 (d) 103.1 (d) 104.7 (d) 105.0 (d)
2′ 74.2 (d) 74.0 (d) 74.0 (d) 76.5 (d)
3′ 76.5 (d) 76.5 (d) 76.3 (d) 74.0 (d)
4′ 69.9 (d) 70.0 (d) 69.8 (d) 69.8 (d)
5′ 74.1 (d) 74.0 (d) 74.1 (d) 74.0 (d)
6′ 63.5 (t) 62.9 (t) 63.2 (t) 63.2 (t)
1′′ 167.0 (s) 166.9 (s) 167.0 (s) 167.0 (s)
2′′ 120.3 (s) 120.4 (s) 120.3 (s) 120.5 (s)
3′′ 109.2 (d) 109.2 (d) 109.2 (d) 109.3 (d)
4′′ 144.4 (s) 144.4 (s) 144.5 (s) 144.4 (s)
5′′ 137.7 (s) 137.6 (s) 137.6 (s) 137.6 (s)

Scheme 1.Possible Biogenetic Derivation of
Gallomyrtucommulones (3a-d) and G3 (4)a

a Key: a: 3 × C2 elongation;b: intramolecular Claisen reaction;c:
enolization;d: formal singlet oxygen cycloaddition;e: autoxidation;f: “para”-
reduction;g: “ortho”-reduction;h: glucosidation and galloylation.
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the relative configuration of the cyclohexadienone moiety of3a,
3c, and3d could be assessed.

From a biogenetic standpoint, gallomyrtucommulones are pre-
sumably glycosidated polyketides, derived from an isobutyryl starter
by three steps of C-2 homologation and two of geminal dimeth-
ylation (Scheme 1). After intramolecular Claisen cyclization and
enolization, the enolic double bond is oxidized to a ketol, a known
reaction for this type of compounds,13 and then reduced and
glycosidated. Compound3c (gallomyrtucommulone B) derives from
a modification of this scheme, where the reduction step does not
take place on one of the ketolic carbonyls, but on the “para” keto
group. The endoperoxide hormone G3 (4) is presumably derived
from the enolized trienone intermediate by reaction with a biological
equivalent of singlet oxygen.

There is evidence that, under physiological conditions, the
G-factors are present in plant tissues as inactive precursors,
converted into the active hormones in response to damage or a
biological stimulus. An oxidative deglucosidation would convert
gallomyrtucommulones C and D (3cand3d) into the G3 precursor
5 (Scheme 1), making it of interest to evaluate the physiological
relationship (if any) between G3 and these compounds. On the other
hand, it was also interesting to investigate the antibacterial activity
of gallomyrtucommulones, since powerful antibiotic activity has
been shown for several phloroglucinols from myrtle.6,15 All
compounds were evaluated against a panel of resistantStaphylo-
coccus aureusstrains (Table 3), and these included MRSA strains
XU212 (which also expresses the TetK efflux pump) and EMRSA-
15 (which is an epidemic MRSA strain commonly encountered in
the U.K.). Other isolates included the multidrug-resistant SA-1199B,
which overexpresses the NorA MDR efflux transporter, and
RN4220, which has a more specific macrolide efflux mechanism.
Compounds3c and 3d were inactive against the test panel of
resistant staphylococci at a concentration of 256µg/mL; however
3a and 3b had moderate antibacterial activities with minimum
inhibitory concentration (MIC) values ranging from 64 to 256µg/
mL (Table 3). Compound3b showed significant (MIC)128 µg/
mL) antibacterial activity againstStaphylococcus aureusSA-1199B,
but was ca. 4-fold less potent than the fluoroquinolone norfloxacin
(MIC ) 32 µg/mL), the reference compound for this type of
activity. Compound3b was the most active analogue evaluated
against RN4220, which expresses the MsrA macrolide transporter
and is highly resistant to erythromycin (MIC> 128 µg/mL).
Therefore, a surprising configurational dependence for the anti-
bacterial activity of gallomyrtucommulones exists, an observation
that suggests a specific biological target for these compounds. A
similar dependence has been observed previously for myrtle
phloroglucinols with respect to oligomerization.6

Taken together, the results of this study further qualify myrtle
as a source of unique secondary metabolites. Nonprenylated
acylphloroglucinols are common constituents of ferns,16 but are
otherwise very rare in higher plants, while alkylphloroglucinol
glycosides are unknown as natural products.17 It is therefore
surprising that myrtle, despite the powerful and pleiotropic activity
of its extracts and its medicinal, nutritional, and cultural relevance,
has so long escaped the attention of phytochemists.

Experimental Section

General Experimental Procedures.Optical rotations were deter-
mined on a Perkin-Elmer 192 polarimeter equipped with a sodium lamp
(589 nm) and 10 cm microcell. IR spectra were obtained on a Shimadzu
DR 8001 spectrophotometer.1H NMR (500 MHz) and13C NMR (125
MHz) spectra were obtained at room temperature with a Bruker
DRX500 spectrometer with an inverse multinuclear 5 mm probehead
equipped with a shielded gradient coil. The spectra were recorded in
CDCl3, and the solvent signals (7.26 and 77.0 ppm, respectively) were
used as reference. The chemical shifts (δ) are given in ppm, and the
coupling constants (J) in Hz. COSY, HMQC, and HMBC experiments
were recorded with gradient enhancements using sine-shaped gradient
pulses. For the 2D heteronuclear correlation spectroscopy the refocusing
delays were optimized for1JCH ) 145 Hz andnJCH ) 10 Hz. The raw
data were transformed and the spectra were evaluated with the standard
Bruker XWIN NMR software (rev. 010101). Mass spectra (HRESI)
were recorded with a Micromass Q-TOF microinstrument. Silica gel
60 (70-230 mesh) and Lichroprep RP-18 (25-40 mesh) were used
for gravity column chromatography. HPLC in isocratic mode was
performed on a JASCO Herculite apparatus equipped with a UV
detector set at 254 nm and using a 250× 21.2× 10 mm Chromasyl
column.

Plant Material. M. communisL. was collected in April, 2003 near
San Basilio (CA, Sardinia), and was identified by M. B. A voucher
specimen (CAG 504) is deposited at the Dipartimento di Scienze
Botaniche, Universita` di Cagliari.

Extraction and Isolation. Powdered, dried leaves (1156 g) were
extracted with acetone at room temperature (2× 5 L). The pooled
extracts were filtered over Celite and concentrated to a small volume
(bath temperature 35°C). RP-18 silica gel (ca. 50 g) was then added,
and evaporation was continued until a solid material was obtained. The
latter was fractionated by VLC on RP-18 silica gel (bed size: 9 cm×
2 cm) using water-methanol mixtures. The fraction eluted with 1:1
methanol-water (4.4 g) contained a mixture of glycosides, which was
fractionated by gravity column chromatography on silica gel (100 g,
1:1 petroleum ether-EtOAc as eluant) to afford 974 mg of a
gallomyrtucommulone mixture and 2.185 g of myricetin rhamnopyra-
noside. A fraction (250 mg) of the gallomyrtucommulone mixture was
purified by preparative HPLC to afford 12 mg of3a, 15 mg of3b, 11
mg of 3c, and 25 mg of3d. The low final isolation yield was due to
the difficulty of the separation and the fact that a baseline separation
could not be achieved.

Gallomyrtucommulone A (3a): yellowish foam; [R]D
25 +56 (c 0.4,

methanol); IR (KBr)νmax 3356, 3320, 1654, 1557, 1354, 1287, 1210,
1151, 1071 cm-1; 1H and 13C NMR, see Table 1; HRESIMSm/z
593.2198, calcd for C27H38O13 + Na, 593.2210.

Gallomyrtucommulone B (3b): yellowish foam; [R]D
25 +44 (c 0.4,

methanol); IR (KBr)νmax 3350, 3315, 1648, 1558, 1350, 1289, 1221,
1151, 1039 cm-1; 1H and 13C NMR, see Table 1; HRESIMSm/z
593.2208, calcd for C27H38O13 + Na, 593.2210.

Gallomyrtucommulone C (3c):yellowish foam; [R]D
25 +38 (c 0.4,

methanol); IR (KBr)νmax 3352, 3321, 1641, 1513, 1287, 1217, 1154,
1079, cm-1; 1H and13C NMR, see Table 1; HRESIMSm/z 591.2061,
calcd for C27H36O13 + Na, 591.2054.

Gallomyrtucommulone D (3d): yellowish foam; [R]D
25 +31 (c 0.4,

methanol); IR (KBr)νmax 3356, 3320, 1647, 1658, 1351, 1284, 1221,
1156, 1069, cm-1; 1H and 13C NMR, see Table 1; HRESIMSm/z
569.2211, calcd for C27H36O13 + H, 569.2234.

Antibacterial Assays. S. aureusstrain ATCC 25923 was the
generous gift of E. Udo (Kuwait University, Kuwait).S. aureusRN4220
containing plasmid pUL5054, which carries the gene encoding the MsrA
macrolide efflux protein, was provided by J. Cove.18 Strain XU-212,

Table 3. Minimum Inhibitory Concentrations (MIC) of3a and
3b (µg/mL)a

strain (resistance mechanism) 3a 3b norfloxacin

ATCC 25923 128 64 1
SA-1199B (NorA) 256 128 32
RN4220 (MsrA) 128 128 2
XU212 (TetK, MecA) 256 128 4
EMRSA-15 (MecA) 128 128 0.5

a All MIC values were determined in duplicate.
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which possesses the TetK tetracycline efflux protein, was provided by
E. Udo.19 SA-1199B, which overexpresses thenorAgene encoding the
NorA MDR efflux protein, was provided by G. Kaatz.20 EMRSA-15
is an epidemic strain of MRSA21 and was the generous gift of P.
Stapleton, School of Pharmacy, University of London. AllStaphylo-
coccus aureusstrains were cultured on nutrient agar and incubated for
24 h at 37°C prior to MIC determination. Bacterial inocula equivalent
to the 0.5 McFarland turbidity standard were prepared in normal saline
and diluted to give a final inoculum density of 5× 105 cfu/mL. The
inoculum (125µL) was added to all wells, and the microtiter plate
was incubated at 37°C for 18 h. The MIC was recorded as the lowest
concentration at which no bacterial growth was observed, as previously
described.19
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MATERIALS AND METHODS

Plant material. Anethum graveolens was collected from
Doha, Kuwait. The material was identified by S.G. and
a voucher specimen is deposited at the Centre for
Pharmacognosy and Phytotherapy, The School of
Pharmacy, University of London.

Bacterial strains. Mycobacterium fortuitum ATCC 6841,
Mycobacterium smegmatis ATCC 14468, Mycobacterium
phlei ATCC 11758, Mycobacterium aurum Pasteur
Institute 104482 and Mycobacterium abscessus ATCC
19977 were obtained from NTCC.

Antibacterial assay. The panel of rapidly growing
mycobacteria were cultured on Columbia blood agar
(Oxoid) supplemented with 7% defibrinated horse
blood (Oxoid). M. fortuitum, M. phlei and M. smegmatis
were incubated for 72 h, M. abscessus for 96 h and M.
aurum for 120 h prior to MIC determination. Bacterial
inocula equivalent to 5 × 105 cfu/mL were prepared in
normal saline using the 0.5 McFarland turbidity stand-
ard followed by dilution. The MIC was recorded as the
lowest concentration at which no bacterial growth was
observed (Gibbons and Udo, 2000). Ethambutol was
used as a positive control against all the mycobacterial
strains. Growth and sterile controls were also performed.

General experimental procedures. NMR spectra were
recorded on a Bruker AVANCE 500 MHz spectro-
meter. Chemical shift values (δ) were reported in parts
per million (ppm) relative to the appropriate internal
solvent standard. Coupling constants (J values) are given
in Hertz. Mass spectra were recorded on a VG ZAB-
SE instrument (FAB-EIMS) and a Finnigan navigator
(ESIMS). IR spectra were recorded on a Nicolet 360
FT-IR spectrophotometer and UV spectra on a Perkin-
Elmer Lambda 15 UV/Visible spectrophotometer.
Optical rotations were measured on a Bellingham and
Stanley ADP 200 polarimeter.

INTRODUCTION

Anethum graveolens L. is a member of the Apiaceae
family and is more commonly known as dill. The plant
is used both medicinally and as an aromatic herb and
spice in cookery. The fruit of A. graveolens has been
used for medicinal purposes to relieve digestive prob-
lems and also to stimulate milk for nursing mothers
(Ishikawa et al., 2002). Previous phytochemical studies
have identified the monoterpene carvone to be the main
constituent (50%–60%) of the essential oil (Ishikawa
et al., 2002). This monoterpene has a calming effect
and is used in gripe water preparations (Heinrich
et al., 2004).

Over the past 15–20 years there has been a world-
wide resurgence of tuberculosis (TB). Mycobacterium
tuberculosis is the major cause of this disease, although
Mycobacterium bovis and Mycobacterium africanum are
also listed within the M. tuberculosis complex (Newton
et al., 2000; Wolinsky, 1992). Each year approximately
8 million people are infected with the tubercle bacilli,
which causes around 3 million deaths, more than any
other single bacterial infectious disease. The World
Health Organization has estimated that between 2000
and 2020 nearly 1 billion people will be newly infected,
200 million will develop TB and 35 million will die from
the disease (WHO, 2000). The emergence of multidrug
resistant (MDR) strains of M. tuberculosis has resulted
in an urgent need for new antimycobacterial drug leads
to be identified for further development. As part of a
continuing project to identify plant natural products as
potential antimycobacterial drug leads, the extracts of
A. graveolens were investigated.
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Extraction and isolation. The whole herb was air-dried
for 3 days and ground to a powder. The powdered
material (280 g) was sequentially extracted in a Soxhlet
apparatus (3 L each) with hexane, chloroform and
methanol. Vacuum liquid chromatography (VLC) of
the hexane extract (8 g) was performed using a step-
gradient system starting with hexane increasing to
EtOAc by 10% increments followed by a methanol wash
to yield 12 fractions. VLC fraction 6 (eluted with 1:1
hexane–EtOAc) was subjected to solid phase extrac-
tion (SPE) in normal phase mode. Preparative thin
layer chromatography (PTLC) of fraction 5 (114 mg;
6:4 hexane–EtOAc) on reverse phase plates afforded
compound 1 (35 mg). Compound 4 (8.8 mg) was iso-
lated from VLC fraction 5 by normal phase SPE (eluting
with 9:1 petroleum ether–chloroform), followed by
PTLC of SPE fraction 5 (75:25:2 toluene–EtOAc–
AcOH).

The chloroform extract (4.8 g) was subjected to
VLC as described above. Normal phase SPE of VLC
fraction 6 (143 mg; 1:1 hexane–EtOAc) using an
isocratic system (8:2 hexane–EtOAc) yielded eight frac-
tions. Fractions 4 and 5 were combined and multiple
PTLC in reverse phase mode (65:35 methanol–water; 3
times) led to the purification of compound 2 (6.3 mg).
LH-20 Sephadex chromatography of VLC fraction
8 (118 mg; eluted with 7:3 EtOAc–hexane) using
dichloromethane yielded five fractions. Fraction 3
(18 mg) was subjected to multiple PTLC in normal
phase mode (65:35:2; toluene–EtOAc–AcOH) and this
afforded compound 3 (8.1 mg).

RESULTS AND DISCUSSION

The hexane and chloroform extracts both showed
antimycobacterial activity against the screening model

Mycobacterium fortuitum. Bioassay-guided fractionation
led to the isolation and structure elucidation of the
active components from this plant (oxypeucedanin [1],
oxypeucedanin hydrate [2] and falcarindiol [4]).

The 1H NMR spectrum of compound 1 showed
characteristic signals for a furanocoumarin. This in-
cluded signals for a pair of cis olefinic protons linked α
and β to a carbonyl (δH 6.30 d, J = 10.0 Hz, H-3 and δH

8.19 dd, J = 10.0, 0.5 Hz, H-4) as well as signals for a
pair of furan olefinic protons (δH 7.60 d, J = 2.0 Hz, H-
2′ and δH 6.94 dd, J = 2.5, 1.0 Hz, H-3′). The 13C NMR
spectrum indicated the presence of 16 carbons, signify-
ing that this furanocoumarin was prenylated.

The mass spectrum and NMR data for this com-
pound were in close agreement with that published
for the furanocoumarin oxypeucedanin, which was also
previously isolated from the roots of Angelica officinalis
(Harkar et al., 1984). Measurement of a positive
absolute rotation, [α]D

23 + 9.1° (c 1.755, CHCl3), allowed
1 to be assigned as (R)-(+)-oxypeucedanin (Lemmich
et al., 1971).

Compound 2 was isolated as a colourless amorphous
solid and a molecular formula of C16H16O6 [M+H-H2O]+

(287.0) was assigned by ESI-MS. The 1H and 13C NMR
spectra were very similar to that of 1 indicating the
presence of another linear furanocoumarin. The 13C
NMR data for this compound were in close agreement
with that published for oxypeucedanin hydrate, which
was previously isolated from the roots of Angelica
officinalis (Harkar et al., 1984) and Angelica dahurica
(Ishihara et al., 2001). The 1H NMR data (recorded in
CDCl3) for the furanocoumarin was also in close agree-
ment with the literature, but differed with respect to
the prenyl group. The downfield shift of the two me-
thyl groups reported in this paper can be explained by
a deshielding effect caused by the hydroxyl group at C-
3″. The deshielding effect of this hydroxyl group must
be equal for both the methyl groups. The hydroxyl group
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Table 1. 1H and 13C NMR data and 1H-13C long-range correlations of compound 3
recorded in CDCl3

Position 1H 13C 2J 3J

2 – 161.2
3 6.30 d (9.5) 112.8 C-2 C-4a
4 8.16 d (10.0) 139.4 C-2, C-5, C-8a
4a – 107.4
5 – 148.6
6 – 114.1
7 – 158.1
8 7.17 s 94.5 C-8a C-6, C-4a
8a – 152.7
2′ 7.61 d (2.5) 145.1 C-6, C-7
3′ 6.96 dd (2.0, 0.5) 104.9 C-2′, C-6 C-7
1″ 5.04 d (6.0) 68.9 C-2″ C-3″, C-5
2″ 5.70 t (6.5) 122.1
3″ – 141.4
4″ 4.20 s 61.9 C-3″ C-2″, C-5″
5″ 1.90 s 21.4 C-3″ C-2″, C-4″

at C-2″ would also have a deshielding effect on the two
methyl groups due to the close spatial proximity of these
groups. Once more the deshielding effect of this
hydroxyl group will be equal for both methyls as 2 was
isolated as a racemic mixture. This would account for
the methyl protons appearing as a 6H singlet at δH 1.70
in the 1H NMR spectrum.

Compound 3 was the third furanocoumarin to be
isolated from A. graveolens. A molecular formula of
C16H14O5 [M]+ (286.0840) was established by HREIMS.
The 1H and 13C NMR (Table 1) spectra once more
provided evidence to indicate the presence of a
5-O-prenylated furanocoumarin. The signals for the
furanocoumarin skeleton were identical to those of the
previous compounds of this natural product class. The
prenyl group was composed of two oxymethylenes
(δH 5.04 d, H2-1″ and δH 4.20 s, H2-4″), an olefin (δH

5.70 t, H-2″, δC 122.1) and a methyl group (δH 1.90 s,
H3-5″). The 13C spectrum also showed the presence of
an olefinic quaternary carbon (δC 141.4, C-3″). All pro-
ton and carbon assignments were made by inspection
of the HMQC and HMBC spectra acquired.

From the HMBC, H2-1″ gave a 3J correlation to C-5
placing this prenyl group here. The assignment of the
carbon at position 5 was fixed by a 3J correlation from
the olefinic proton H-4 to C-5 (Table 1). A COSY sig-
nal between H2-1″ and H-2″ placed the olefinic proton
H-2″ next to the oxymethylene. Both the oxymethylene
and olefin gave an HMBC signal to an olefinic quater-
nary carbon which could be assigned to position C-3″.
The remaining oxymethylene and methyl groups ap-
peared as singlets in the 1H spectrum and each gave a
2J correlation to C-3″ and so must be directly attached
to this quaternary carbon. Due to the downfield nature
of the H2-4″ methylene protons (δH 4.20 s) an hydroxyl
was placed here. H3-5″ and H2-4″ both gave allylic
couplings to H-2″ in the COSY spectrum, as well as
towards each other. These groups also showed homo-
allylic correlations to H2-1″, confirming the structure of
the prenyl group.

The NOESY spectrum (Fig. 1) enabled the stereo-
chemistry of the prenyl group to be ascertained.
An NOE between H-2″ and methyl-5″ placed these

Figure 1. NOE correlations for 3

protons on the same side of the molecule. This was
further confirmed by a second NOE between H2-1″ and
H2-4″. There has been no previous report of a linear
furanocoumarin with this particular prenyl group
attached at position 5 and so compound 3 is new.

Compound 4 was isolated as a pale yellow oil
from the hexane extract. The 1H and 13C NMR spectra
provided identical signals as for the C17 polyacetylene
falcarindiol that was previously isolated by Lechner
et al. (2004).

Due to a paucity of falcarindiol, the absolute
stereochemistry at C-3 and C-8 could not be determined.
However, a positive specific rotation ([α]D

23 + 72.6°)
enabled two of the four stereoisomers to be dispelled
leaving two possible stereoisomers. The literature de-
scribes 3S,8S-falcarindiol as having a positive specific
rotation (Bernart et al., 1996; Kobaisy et al., 1997), whilst
the 3R,8S stereoisomer has been described as having a
negative specific rotation ([α]D

25 -130°) (Lechner et al.,
2004). The alternative laevoisomer must therefore
be the 3R,8R enantiomer, which has previously been
described as dextrorotatory (Lechner et al., 2004).
The dextrorotatory falcarindiol corresponds to the 3S,8S
stereoisomer, therefore the alternative dextroisomer
must be the 3S,8R stereoisomer. This enabled the stereo-
chemistry of compound 4 at positions 3 and 8 to be
assigned as either the 3S,8S or 3S,8R stereoisomer.
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Table 2. Minimum inhibitory concentration (MIC) of compounds 1, 2 and 4 and
ethambutol in µµµµµg/mL

Bacterial strain 1 2 4 Ethambutol

M. fortuitum ATCC 6841 128 128 4 4
M. phlei ATCC 11758 64 64 2 2
M. aurum Pasteur Institute 104482 32 32 4 0.5
M. smegmatis ATCC 14468 32 64 4 0.5
M. abscessus ATCC 19977 ξ ξ 2 128

ξ, not tested.

Falcarindiol exhibited the greatest activity of the three
active principles isolated with minimum inhibitory con-
centration (MIC) values in the range 2–4 µg/mL against
a panel of rapidly growing mycobacteria (Table 2).
Interestingly, 3R,8R-16,17-dehydrofalcarindiol showed
no antimycobacterial activity against any of the rapidly
growing mycobacteria tested (Stavri et al., 2005). This
indicates that saturation at positions 16 and 17 of the
molecule is crucial for activity.

Oxypeucedanin (1) and oxypeucedanin hydrate (2)
also showed moderate antimycobacterial activity against
the same panel of rapidly growing mycobacteria
with MIC values in the range 32–128 µg/mL (Table 2).
Coumarin natural products are known to exert their
effects by inhibition of DNA gyrase. Novobiocin and
coumermycin A1 have been known to inhibit bacterial
nucleic acid synthesis since the 1950s (Maxwell,
1997). Studies to elucidate the mechanism of action of
coumarin antibiotics have revealed that they inhibit the
ATP-dependent catalytic functions of DNA gyrase, such
as DNA supercoiling and decatenation (Periers et al.,
2000). This is achieved by competitive inhibition of ATP

binding (Periers et al., 2000). The addition of a prenyl
group to the furanocoumarin skeleton results in an in-
crease in lipophilicity of the molecule, facilitating its
passage through the thick membrane of these bacteria
to its target site. Further studies on both the poly-
acetylene and coumarin natural product classes would
appear to be worthwhile as drug leads given the rise
in the number of infections caused by multidrug
resistant mycobacterial species. 5-[4″-hydroxy-3″-me-
thyl-2″-butenyloxy]-6,7-furocoumarin (3) White amor-
phous solid; UV (CHCl3) λmax (log ε) 305 (8.94), 266
(9.01), 258 (9.04), 255 (9.04); IR (thin film) vmax cm−1:
3631, 2936, 1541, 1507; 1H NMR and 13C NMR (CDCl3):
see Table 1. HREIMS (m/z): 286.0840 [M]+ (calc. for
C16H14O5, 286.0841).
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Isopimaric Acid from Pinus nigra shows
Activity against Multidrug-resistant and
EMRSA Strains of Staphylococcus aureus

Eileen Smith, Elizabeth Williamson, Mire Zloh and Simon Gibbons*
Centre for Pharmacognosy and Phytotherapy, The School of Pharmacy, University of London, 29-39 Brunswick Square, London
WC1N 1AX, UK

The diterpene isopimaric acid was extracted from the immature cones of Pinus nigra (Arnold) using bioassay-
guided fractionation of a crude hexane extract. Isopimaric acid was assayed against multidrug-resistant (MDR)
and methicillin-resistant Staphylococcus aureus (MRSA). The minimum inhibitory concentrations (MIC)
were 32–64 µµµµµg/mL and compared with a commercially obtained resin acid, abietic acid, with MICs of
64 µµµµµg/mL. Resin acids are known to have antibacterial activity and are valued in traditional medicine for their
antiseptic properties. These results show that isopimaric acid is active against MDR and MRSA strains of
S. aureus which are becoming increasingly resistant to antibiotics. Both compounds were evaluated for
modulation activity in combination with antibiotics, but did not potentiate the activity of the antibiotics tested.
However, the compounds were also assayed in combination with the efflux pump inhibitor reserpine, to see if
inhibition of the TetK or NorA efflux pump increased their activity. Interestingly, rather than a potentiation
of activity by a reduction in MIC, a two to four-fold increase in MIC was seen. It may be that isopimaric acid
and abietic acid are not substrates for these efflux pumps, but it is also possible that an antagonistic interaction
with reserpine may render the antibiotics inactive. 1H-NMR of abietic acid and reserpine taken individually
and in combination, revealed a shift in resonance of some peaks for both compounds when mixed together
compared with the spectra of the compounds on their own. It is proposed that this may be due to complex
formation between abietic acid and reserpine and that this complex formation is responsible for a reduction
in activity and elevation of MIC. Copyright © 2005 John Wiley & Sons, Ltd.
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INTRODUCTION

Antibiotic resistance by pathogenic bacteria is a major
problem both in hospitals and in the community.
Methicillin-resistant Staphylococcus aureus (MRSA) is
a primary nosocomial pathogen, potentially causing
serious conditions such as bacteraemia, endocarditis and
haemolytic pneumonia. Multi-drug resistant (MDR)
strains of S. aureus are also becoming increasingly
difficult to treat.

Many MDR strains of S. aureus are able to efflux
antibiotics from the cell by means of a pump in the
cytoplasmic membrane. Some of these pumps, such as
NorA and QacA, are able to efflux a range of antibiot-
ics, antiseptics and structurally unrelated compounds
(Marshall and Piddock, 1997). Other pumps are more
specific, for example TetK, which effluxes tetracycline
and MsrA, the macrolide efflux pump. Isopimaric acid
(IPA) which was isolated from Pinus nigra and a
commercially obtained sample of abietic acid (AA)
were assayed against strains possessing the TetK, MsrA
and NorA efflux pumps.

MRSA strains express their resistance via the mecA
gene which encodes a lower-affinity penicillin binding
protein PBP2′ which is absent in methicillin sensitive
strains (Poole, 2004). Epidemic MRSA strains are a
particular problem in hospitals. In England all acute
NHS Trusts are now required to report instances of
MRSA bacteraemia to the Department of Health’s
MRSA surveillance scheme (www.dh.gov.uk). The
epidemic strains EMRSA-15 and 16 were the major
strains found in MRSA bacteraemia isolates in a study
from 26 UK hospitals (Johnson et al., 2001). Here IPA
and AA were tested against isolates of EMRSA-15 and
EMRSA-16.

Compounds which potentiate antibiotic activity
against MDR strains, even restoring antibiotic sensit-
ivity in a resistant strain may be of value in treating
virulent infections. IPA and AA were assayed in com-
bination with antibiotics to test for their ability to
potentiate antibiotic activity. Additionally, both com-
pounds were tested in combination with the multidrug
efflux pump inhibitor reserpine to ascertain if the pump
inhibitor modulated their antibacterial activity.

Pine cones, foliage, bark and resin have been used in
traditional medicine to treat rheumatism, and respira-
tory complaints and as general antiseptics (Leung and
Foster, 1996). In this study, the immature cones of Pinus
nigra (Arnold), known as European black pine, were
investigated for activity against MDR and MRSA strains
of S. aureus. The ecological rationale behind this study
is that the cones are essential for plant reproduction
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and it is highly likely that protective compounds have
been biosynthesized in the immature cones. A previous
study on a pine cone isolate from P. nigra showed anti-
HIV activity (Eberhardt and Young, 1996).

Reported biological activities for IPA include activa-
tion of large-conductance calcium activated potassium
channels in HEK cells (Imaizumi et al., 2002). Further-
more, studies on rainbow trout revealed that it
activates calcium release from intracellular stores
(Rabergh et al., 1999) and decreases intracellular pH
of hepatocytes (Nikinmaa et al., 1999). Additionally,
IPA inhibits 12-O-tetradecanoylphorbol-13-acetate
induced ornithine decarboxylase, an enzyme involved
in tumorigenesis (Chang et al., 2000). This diterpene
also displays feeding deterrent properties against the
gypsy moth (Raffa et al., 2002).

MATERIALS AND METHODS

Plant material. Immature cones of P. nigra Arnold
were collected from Great Paxton, Cambridgeshire. A
voucher specimen was deposited in the herbarium at
the School of Pharmacy.

Isolation of IPA. Sequential cold solvent extraction on
140 g immature cones yielded 4.2 g of an active crude
hexane extract. Activity was tracked and determined
by MIC assay, described below. The extract was sub-
jected to vacuum liquid chromatography on silica gel
and eluted with a step gradient with 10% increments
from 100% hexane to 100% EtOAc. Biotage™ flash
chromatography was performed on the active fraction
4, using a silica column and elution with a gradient in
20% increments from 100% hexane to 100% EtOAc.
TLC identified similar fractions (9–12, 19–24, 27–47,
48–61, 62–79) which were then pooled. Finally, the active
fraction (27–47) was further purified by preparative
TLC (90:8:2 toluene:EtOAc:AcOH, two developments)
which yielded a colourless crystalline solid. Abietic acid
(70%) was obtained from Aldrich.

Bacterial strains. Strain XU212 which possesses the
TetK tetracycline efflux pump and is also resistant to
methicillin and erythromycin is a hospital isolate. XU212
and standard strain ATCC 25923 were obtained from
E. Udo (Gibbons and Udo, 2000). Strain SA-1199B
over-expresses the NorA MDR efflux pump and was
provided by G. Kaatz (Kaatz et al., 1993). RN4220 which
has the MsrA macrolide efflux protein was provided by
J. Cove (Ross et al., 1989). The epidemic methicillin
resistant strains EMRSA-15 and EMRSA-16 are hos-
pital isolates (Richardson and Reith, 1993; Cox et al.,
1995) and were obtained from Paul Stapleton. All strains
were cultured on nutrient agar (Oxoid) and incubated
overnight at 37 °C prior to assay.

Minimum inhibitory concentration (MIC). Tetracycline,
norfloxacin, erythromycin and oxacillin were obtained
from Sigma Chemical Co. Oxacillin was used in place
of methicillin as recommended by the NCCLS. Mueller-
Hinton broth (MHB; Oxoid) was adjusted to contain
20 mg/L Ca2+ and 10 mg/L Mg2+. NaCl (2%) was added
to MHB for assays against EMRSA-15 and 16. Over-
night cultures of each strain were made up in 0.9%

saline to an inoculum density of 5 × 105 cfu by com-
parison with a MacFarland standard. Tetracycline and
oxacillin were dissolved directly in MHB, whereas
norfloxacin and erythromycin were dissolved in DMSO
and then diluted in MHB to give a starting concentra-
tion of 512 µg/mL. Using Nunc 96-well microtitre plates,
125 µL of MHB were dispensed into wells 1–11. 125 µL
of the test compound or the appropriate antibiotic were
dispensed into well 1 and serially diluted across the
plate leaving well 11 empty for the growth control. The
final volume was dispensed into well 12, which being
free of MHB or inoculum served as the sterile control.
Finally, the bacterial inoculum (125 µL) was added
to wells 1–11 and the plate was incubated at 37 °C
for 18 h. A DMSO control (3.125%) was included. All
MICs were determined in duplicate. The MIC was de-
termined as the lowest concentration at which no growth
was seen. A methanol solution (5 mg/mL) of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazoliium bromide
(MTT; Lancaster) was used to detect bacterial growth
by a colour change from yellow to blue.

Modulation assays. To test for potentiation of anti-
biotic activity, IPA and AA were dissolved in DMSO,
then diluted in MHB to give a final concentration of
10 µg/mL and 20 µg/mL, respectively. This IPA or AA
containing MHB was then used in the MIC assay. For
potentiation of tetracycline, norfloxacin and erythro-
mycin activity, reserpine (Sigma) was used as a control
at 20 µg/mL. For potentiation of oxacillin activity against
EMRSA-15 and 16, epicatechin gallate (Sigma) was
used as a control at 10 and 4 µg/mL, respectively.

To test for potentiation of IPA and AA activity, the
compounds were assayed at a starting concentration of
512 µg/mL, in combination with reserpine at 20 µg/mL.
This was undertaken to ascertain if the presence of
an efflux pump inhibitor reduced their MICs against
strains XU212 and SA-1199B. Both diterpenes were
also assayed using EMRSA-15 and 16 in combination
with epicatechin gallate at 10 and 4 µg/mL, respectively.

NMR spectroscopy and molecular modelling. 1D 1H,
1D 13C, 2D COSY, HMQC and HMBC NMR spectra
were acquired on the Brüker Avance 500 MHz and
spectra were processed using software package X-Win
NMR 3.5. Reserpine, abietic acid and their mixture were
dissolved in DMSO-d6 and the spectra were acquired
at 300K after overnight incubation at 310K. Chemical
shifts were referenced to the residual DMSO methyl
group signal at 2.5 ppm (1H). Assignments of the 1H
spectra were achieved using standard assignment pro-
cedures. All NMR based calculations were carried out
using Macromodel 8.1 (Schrödinger, Inc.) and Amber
force field. A conformational search was performed
using the GB/SA method with water as the solvent and
the dielectric constant as 1 Db. Distance constraints
between interacting hydrogen atoms were set to 3
Å. Resulting structures were further minimized for
1000 steps.

RESULTS AND DISCUSSION

The structure of the antibacterial compound from the
hexane extract was determined by extensive 1 and 2D
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Table 1. Minimum inhibitory concentrations (MICs) of isopimaric acid and abietic acid and standard antibiotics in µµµµµg/mL

Strain IPA AA Tetracyline Norfloxacin Erythromycin Oxacillin

XU212 (TetK) 32 64 128 16 4096 256
SA-1199B (NorA) 32 64 0.25 32 0.25 0.25
RN4220 (MsrA) 64 64 0.25 2 128 0.25
EMRSA-15 32 64 0.125 0.5 2048 32
EMRSA-16 64 64 0.125 128 4096 512
ATCC 25923 64 64 0.25 1 0.25 0.125

Figure 1. Isopimaric acid. Figure 2. Abietic acid.

NMR spectroscopy and ESI mass spectrometry. Com-
parison of the data with the published literature
(Wenkert and Buckwalter, 1972) confirmed the com-
pound as isopimaric acid (Fig. 1).

IPA displayed activity against all of the effluxing
strains (Table 1). Strain XU212 not only effluxes
tetracycline but is also resistant to methicillin and eryth-
romycin. IPA also exhibited activity against the epi-
demic MRSA strains. Both EMRSA strains are highly
resistant to erythromycin with strain 16 also showing
resistance to norfloxacin. IPA has previously been
shown to be active against S. aureus (Hartmann et al.,
1981; Söderberg et al., 1990) but here its activity was
demonstrated against MDR and EMRSA strains for
the first time.

Abietic acid (Fig. 2) was also active against all strains,
although IPA had higher activity against three of the
resistant strains. IPA was more active against two of
the MDR strains with the TetK and NorA efflux pumps
than against the standard ATCC strain. This finding
has been noted in other studies (Lechner et al., 2004;
Tegos et al., 2002) in which some isolated compounds
have greater activity against MDR strains than against
sensitive strains.

Isopimaric acid (10 µg/mL) and AA (20 µg/mL) were
tested in combination with tetracycline, norfloxacin and
erythromycin against XU212, SA-1199B and RN4220
respectively to determine whether either compound
potentiated antibiotic activity against these effluxing
strains. However, no reduction in MIC was seen
for any of the antibiotics. The efflux pump inhibitor
reserpine (20 µg/mL) was used as a positive control

and caused a four-fold reduction in the MIC of tetracy-
cline against XU212 and an eight-fold reduction in MIC
for norfloxacin against SA-1199B, as seen previously
(Gibbons et al., 2003). Reserpine is not an inhibitor
of the MsrA pump and did not reduce the MIC of
erythromycin against RN4220.

The two diterpene acids were also tested for potentia-
tion of oxacillin activity against EMRSA-15 and 16.
Epicatechin gallate which potentiates the activity of
oxacillin against both strains was used as a control. Again,
neither IPA nor AA had any modulating activity.

IPA and AA were tested in combination with
reserpine (20 µg/mL) against strains XU212 and SA-
1199B, to determine whether inhibition of the efflux
pumps present in these strains resulted in a reduction
in MIC for these compounds.

Interestingly, the MICs for both IPA and AA in-
creased in the presence of reserpine (Table 2). It was
expected that the MICs would either decrease due to
inhibition of the efflux pump, or, alternatively remain
the same in the presence or absence of reserpine.
Since the presence of an efflux pump inhibitor did not
reduce the MICs, it is possible that neither compound
is a substrate for the TetK or NorA efflux pump.
However, the increase in MIC may be indicative of
some interaction between the diterpene acids and
reserpine, possibly causing antagonism. The effect was
most pronounced against XU212. When in combination
with reserpine, a four-fold increase in MIC for both
compounds was seen.

IPA was tested against EMRSA-15 and AA against
both EMRSA strains in combination with epicatechin

Table 2. MICs (µµµµµg/mL) for IPA and AA in the presence and absence of reserpine

Bacterium IPA AA Tetracycline Norfloxacin

XU212 32 (128) 64 (256) 128 (32) –
SA1199B 32 (64) 64 (128–256) – 32 (4)

Figures in bold denote MICs in the presence of reserpine.
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Table 3. Reserpine and AA 1H resonances which showed a change in chemical shift after
mixing and overnight incubation

Reserpine Reserpine + AA Change in shift (ppm) Hz H

1.949 1.958 0.009 3.6 4a
2.847 2.856 0.009 3.6 6
2.876 2.883 0.007 2.8 5
3.011 3.024 0.013 5.2 7
4.342 4.361 0.019 7.6 13b
10.539 10.551 0.012 4.8 13

Abietic acid
0.746 0.742 −0.004 −1.6 20
5.712 5.708 −0.004 −1.6 14

Figure 3. Structure of reserpine showing changes in chemical shifts in Hz (*depicts the oxygen atom involved in the proposed
hydrogen bond formed between reserpine and abietic acid).

gallate to see if it potentiated their activity. However,
the MICs were the same in both the presence and ab-
sence of epicatechin gallate. Therefore, unlike reserpine,
there was no sign of a potential modulator having a
negative effect.

It is possible that IPA and AA may form a complex
with reserpine which affects the bio-availability of the
compounds resulting in a reduction in activity shown
by the increase in MIC. A study using molecular
modelling (Zloh et al., 2004) has suggested that MDR
inhibitors may have affinity for the substrates of efflux
pumps, possibly forming complexes with them. It is
suggested that binding of an inhibitor to the pump
substrate may facilitate its entry into the cell, after which
the complex dissociates and the drug can exert its
effect. It is possible that in some cases the inhibitor
may bind the substrate too tightly, leading to a lack of
or a very slow rate of dissociation which would lower
the concentration of free drug and hence lower anti-
bacterial activity.

1H-NMR spectroscopy was undertaken to look for a
potential interaction between AA and reserpine. AA
and reserpine were incubated separately and in com-
bination (1:1 molar ratio) in DMSO and left overnight
in deuterated DMSO at 37 °C. 1H-NMR spectra of the
samples revealed a shift in resonance of some of the
peaks for both compounds (Table 3, Fig. 3), although due
to heavy overlap in the alkyl region of the mixture spectra
some chemical shift changes could not be assigned.
Changes of chemical shifts indicate that the environment

of the affected hydrogen atoms has changed, most likely
due to an interaction between molecules. Thus, the
complex formation is possible where hydrogen atoms
of abietic acid listed in Table 3 are in close proximity to
reserpine hydrogen atoms (Table 3). These experimen-
tal results were used as a guide in molecular modelling
of a reserpine–abietic acid complex (Fig. 4), showing
the interaction between C and D rings of reserpine and
abietic acid. The striking feature of the model is the

Figure 4. Molecular model of lowest energy reserpine (R) –
abietic acid (A) complex. The interacting atoms were detected
by changes in 1H chemical shifts and are represented as a CPK
model. *depicts the atoms involved in the proposed hydrogen
bond formed between reserpine and abietic acid.
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prediction of a hydrogen bond between the carboxylic
acid of abietic acid and carbonyl group of reserpine
(depicted with * in Fig. 3), that could be responsible
for interaction between two molecules, consequently
leading to a decrease in antimicrobial activity.

Isopimaric acid showed activity against two epidemic
MRSA strains and three effluxing strains, one of which
is also an MRSA strain. Studies on pimaranes from
Calceolaria pinifolia have revealed activity as low as
2 µg/mL toward MRSA strains (Woldemichael et al.,
2003). IPA has a carboxyl group at C-19, however, their
findings suggested that a C-19 oxymethylene group in
pimaranes may contribute towards higher antibacterial
activity rather than a carboxylic group in the same
position.

Although IPA did not display any resistance modify-
ing activity, other isopimaranes have been shown to
moderately potentiate the activity of tetracycline and
erythromycin against XU212 and RN4220, respectively,
causing a two-fold reduction in MIC for these antibiot-
ics (Gibbons et al., 2003). These findings suggest that
pimaranes and isopimaranes are worthy of further in-
vestigation in the search for new antibacterials and
modulators of antibiotic activity.
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Abstract

An investigation into the antibacterial properties of Hypericum foliosum Aiton. (Guttiferae) has led to the isolation of a new bio-

active acylphloroglucinol natural product which by NMR spectroscopy and mass spectrometry was characterised as 1,3,5-trihy-

droxy-6-[2000,3000-epoxy-3000-methyl-butyl]-2-[200-methyl-butanoyl]-4-[3 0-methyl-200-butenyl]-benzene and is described here for the first

time. This metabolite was evaluated against a panel of multidrug-resistant strains of Staphylococcus aureus and minimum inhibitory

values ranged from 16 to 32 lg/ml.

� 2005 Elsevier Ltd. All rights reserved.

Keywords: Hypericum foliosum; Acylphloroglucinol; Guttiferae; Antibacterial; MRSA; MDR; Staphylococcus aureus

1. Introduction

The genus Hypericum is a rich source of antibacterial

metabolites of which hyperforin from Hypericum perfo-

ratum (St. John�s Wort) is an exceptional example. Min-

imum inhibitory concentration (MIC) values for this

natural product range from 0.1 to 1 lg/ml against peni-

cillin-resistant Staphylococcus aureus (PRSA) and meth-

icillin-resistant S. aureus (MRSA) strains (Schempp

et al., 1999; Reichling et al., 2001). These results sub-

stantiate the use of St. John�s Wort in several countries

as a treatment for superficial burns and wounds that
heal poorly (Reichling et al., 2001). Additionally, the

possible use of this agent as an antibiotic is supported

by the observation that no in vitro resistance has been

observed at low concentrations and that even in strains

with reduced susceptibility, no cross resistance with clin-

ically used antibiotics could be detected (Hübner, 2003).

Given the considerable need to find novel anti-staphylo-

coccal compounds and the fact that surprisingly at pres-

ent there are no single chemical entity plant-derived

antibacterials used clinically, a molecule with hyperfo-
rin�s activity may well become a development candidate.

Hyperforin is a member of the acylphloroglucinol

group of natural products which are prolific within the

Guttiferae family, although only a small number of spe-

cies of Hypericum have been investigated for the anti-

bacterial properties of these metabolites (Winkelmann

et al., 2000, 2001; Gibbons, 2004). These natural prod-

ucts are based on an aromatic ring that in many cases
has been reduced or has a keto-enol form. Many of these

products are prenylated and/or farnesylated and possess

simple acyl groups such as 2-methylpropanoyl which is

found in hyperforin.

Our antibacterial studies on the Hypericum group

started with an evaluation of 34 species and varieties

collected from the national Hypericum collection at

the Royal Botanic Gardens at Wakehurst Place, UK
(Gibbons et al., 2002). This preliminary study revealed

the potential of Hypericum metabolites as antibacterials

0031-9422/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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and prompted us to make several large scale collec-

tions, one of which was Hypericum foliosum Aiton, a

species which is classified under section Androsaemum

and is endemic to the Azores (Robson, 1977). There

is little phytochemical data on this species although

the essential oil has been characterised (Santos et al.,
1999). This paper details the isolation and characterisa-

tion of the main anti-staphylococcal constituent of this

species.

(1)

HO

CH3

H3C

O CH3

CH3
OH

OH

CH3H3C

O

2. Results and discussion

Antibacterial activity was concentrated in the hexane

extract of the aerial parts of H. foliosum and the MIC

was 64 lg/ml, against S. aureus SA-1199B. This strain

possesses the NorA multidrug efflux transporter which

is the major characterised drug efflux pump in S. aureus

and confers resistance to certain fluoroquinolones and

quaternary ammonium antiseptics (Marshall and Pid-
dock, 1997). Preparative HPLC of vacuum liquid chro-

matography fraction 4 (eluted with 30% EtOAc in

hexane), the most active fraction (MIC = 32 lg/ml),

led to the isolation of compound 1 as a yellow oil.

HRCI-MS of 1 suggested a molecular formula of

C21H30O5 [M]+ (362.2079). The 1H NMR spectrum

(Table 1) provided signals for two highly deshielded

hydrogen bonded hydroxyl groups (dH 14.26, 14.25)
and an additional broad signal at dH 6.31 attributable

to a proton of another hydroxyl group. Further signals

for an olefin (dH 5.28 t, 1H), two methine protons (dH
3.81, 3.74), three methylene groups, four methyl singlets,

one methyl doublet and one methyl triplet completed the
1H resonances for 1 . The olefinic triplet was reminiscent

of an olefinic proton of a prenyl (dimethyl allyl) substi-

tuent (Nayar and Bhan, 1972) and this was supported by
HMBC correlations between the protons of two methyl

groups (dH 1.84, 1.79) and the carbon associated with

this olefin. The olefinic resonance also coupled to the

protons of one of the methylene groups (dH 3.40 d,

J = 7.2 Hz) further confirming the presence of a prenyl

moiety. In the HMBC spectrum, the protons of this

methylene coupled to three aromatic carbons, one to

which it was directly attached (dC 105.6) and to two oxy-

gen-bearing quaternary carbons. Hydroxyl groups were

attached to these carbon atoms and key correlations

were seen by the protons of these groups to carbons in

the aromatic ring (Fig. 1). The carbon spectrum was

indicative of a 1,3,5-trihydroxylated benzene with six

quaternary carbons, three of which were deshielded
due to the presence of hydroxyl substituents (Table 1).

This was supported by the presence of two hydrogen-

bonded and one non-hydrogen bonded OH groups in

the 1H spectrum. With the prenyl group attached at C-

4 of this substituted benzene and the lack of aromatic

protons, positions 2 and 6 of the aromatic nucleus must

be substituted with further moieties. This was proved by

inspection of the HMBC spectrum which showed corre-
lations between the protons of a methylene group (dH
2.86, 2.61) and an aromatic quaternary carbon (C-6).

In the COSY spectrum, these methylene protons cou-

Table 1
1H (500 MHz) and 13C NMR (125 MHz) spectral data and 1H–13C

long-range correlations of 1 recorded in CDCl3

Position 1H 13C 2J 3J

1 – 153.9

2 – *105.6

3 – 163.0

4 – *105.7

5 – 160.0

6 – 97.8

1 0 3.40 d (7.2) 21.9 C-20, C-4 C-3, C-5, C-3 0

2 0 5.28 t (7.2) 122.1

3 0 – 136.5

4 0 1.79 s 26.1 C-30 C-20, C-50

5 0 1.84 s 18.1 C-30 C-20, C-40

100 – 210.7

200 3.74 m 46.4

300 1.43 m, 1.85 m 27.1

400 0.91 t (7.6) 12.1 C-300 C-200

500 1.17 d (6.6) 17.0 C-200 C-100, C-300

1000 2.61 dd (16.7, 5.4) 26.2 C-6

2.86 dd (16.7, 5.0)

2000 3.81 bs 68.9

3000 – 78.3

4000 1.39 s 24.9 C-3000 C-2000, C-5000

5000 1.42 s 22.1 C-3000 C-2000, C-4000

1/3 - OH *14.26 / *14.25 – C-2/C-4

5 - OH 6.31 bs – C-5 C-4, C-6

Resonances denoted * may be interchangeable.

C
H2

O

CH3

H3C

O CH3

CH3
OH

OH

H2C

CH3H3C

H

O

Fig. 1. Key HMBC correlations for compound 1.

S. Gibbons et al. / Phytochemistry 66 (2005) 1472–1475 1473

451



pled to a broad singlet of an oxymethine group with res-

onances attributable to an epoxide moiety (Asakawa et

al., 1991). Two methyl singlets exhibited 3J correlations

to the carbon associated with this oxymethine and a 2J

correlation to an additional oxygen bearing portion of

the epoxide to which the methyl groups were directly at-
tached. This revealed the second substituent to be an

epoxidised prenyl group and resonances for this portion

are in close agreement to those found in the literature

for epoxyprenyl groups which are directly attached to

an aromatic ring and ortho to an hydroxyl (Asakawa

et al., 1991).

Resonances for the final substituent included a methyl

triplet which was coupled to a methylene group in the
COSY spectrum. This methylene moiety further coupled

to a methine proton which was coupled to by a methyl

doublet. This methyl doublet exhibited correlations in

the HMBC spectrum to the methine (2J), methylene (3J)

and a ketonic carbon (3J). These resonances completed

the final substituent and identified it as a 2-methylbutan-

oyl moiety which is a side chain found in acylphloroglu-

cinol natural products from Hypericum papuanum

(Winkelmann et al., 2000). The point of attachment of this

2-methylbutanoyl moiety must be at C-2 of the aromatic

ring allowing hydrogen-bonded deshielding of the hydro-

xyl groups at C-1 and C-3 via interaction with the car-

bonyl of the 2-methylbutanoyl group. Compound 1 is

therefore assigned as the newacylphloroglucinol 1,3,5-tri-

hydroxy-6-[2000,3000-epoxy-3000-methyl-butyl]-2-[200-methyl-

butanoyl]-4-[3 0-methyl-200-butenyl]-benzene and is
described here for the first time. Acylphloroglucinols that

are structurally related to 1 include adhumulone which

possesses a central 1,3,5-trioxygenated ring system, two

prenyl and one 2-methylbutanoyl substituents (Her-

mans-Lokkerbol and Verpoorte, 1994). Being the major

component of the active fraction, compound 1was tested

for its ability to inhibit the growth of three effluxing

strains and one standard strain of S. aureus andminimum
inhibitory concentrations are given in Table 2.

Compound 1 was slightly more active against strains

which possess efflux mechanisms of resistance

(MIC = 16 lg/ml) when compared to a standard S. aur-

eus ATCC 25923. XU212, in addition to possessing the

TetK efflux transporter which confers resistance to tet-

racycline, is also a methicillin-resistant S. aureus

(MRSA). SA-1199B possesses the NorA MDR efflux
transporter which is resistant to certain fluoroquino-

lones and antiseptics and 1 was marginally more active

than the fluoroquinolone norfloxacin. In the UK, the

number of citations in death certificates that mention

MRSA has dramatically risen during the 1990s and is

a major clinical burden (Crowcroft and Catchpole,

2002). Given the dearth of novel classes of anti-staphy-
lococcal agents, the occurrence of vancomycin resistance

in MRSA (Appelbaum and Bozdogan, 2004) and the

appearance of resistance to linezolid (Tsiodras et al.,

2001), one of the newest anti-MRSA agents, further

investigation of the acylphloroglucinol class as anti-

staphylococcal leads is appropriate.

3. Experimental

3.1. General experimental procedures

NMR spectra were recorded on a Bruker AVANCE

500 MHz spectrometer. Chemical shift values (d) were

reported in parts per million (ppm) relative to appropri-

ate internal solvent standard and coupling constants (J
values) are given in Hertz. Mass spectra were recorded

on a Finnigan MAT 95 high resolution, double focus-

ing, magnetic sector mass spectrometer. Accurate mass

measurement was achieved using voltage scanning of

the accelerating voltage. This was nominally 5 kV and

an internal reference of heptacosa was used. Resolution

was set between 5000 and 10,000.

IR spectra were recorded on a Nicolet 360 FT-IR
spectrophotometer and UV spectra on a Thermo Elec-

tron Corporation Helios spectrophotometer.

3.2. Plant material

H. foliosum was collected from the Royal Botanic

Garden at Wakehurst Place in Surrey in May 2003,

which forms part of the National Hypericum Collection
(Accession No. 1984-5158). A voucher specimen has

been deposited at the Centre for Pharmacognosy and

Phytotherapy.

3.3. Extraction and isolation

Four hundred and fifty one grams of air-dried and

powdered aerial parts were extracted in a Soxhlet
apparatus using sequential extraction by hexane (3 l),

Table 2

MICs of 1 and standard antibiotics in lg/ml

Strain (resistance mechanism) 1 Norfloxacin Erythromycin Tetracycline

ATCC 25923 32 2 0.25 0.25

SA-1199B (NorA) 16 32 0.25 0.25

RN4220 (MsrA) 16 2 128 0.25

XU212 (TetK, mecA) 16 16 >256 128

All MICs were determined in duplicate.

1474 S. Gibbons et al. / Phytochemistry 66 (2005) 1472–1475

452



chloroform (3 l) and finally methanol (3 l). The hexane

extract (10.52 g) was subjected to vacuum liquid chro-

matography (VLC) on silica gel (15 g) eluting with hex-

ane containing 10% increments of ethyl acetate to yield

12 fractions. The fraction eluted with 30% ethyl acetate

was further purified by multiple preparative reverse-
phase HPLC (four times on two coupled 40 · 100 mm

6 lm Nova-Pak HR C18 columns) using a gradient sys-

tem from 100% water to 100% acetonitrile both contain-

ing 0.1% AcOH. This was performed by holding at

100% water for 2 min and linearly increasing to 100%

acetonitrile at 15 min and maintaining this composition

until 20 min. The flow rate was 50 ml/min and com-

pound 1 (56.6 mg) had a retention time of 14.6 min.

3.4. Antibacterial assay

S. aureus strain ATCC 25923 was the generous gift of

E. Udo (Kuwait University, Kuwait). S. aureus RN4220

containing plasmid pUL5054, which carries the gene

encoding the MsrA macrolide efflux protein, was pro-

vided by J. Cove (Ross et al., 1989). Strain XU212, which
possesses the TetK tetracycline efflux protein, was pro-

vided by E. Udo (Gibbons and Udo, 2000). SA-1199B,

which overexpresses the norA gene encoding the NorA

MDR efflux protein was provided by G. Kaatz (Kaatz

et al., 1993). All S. aureus strains were cultured on nutri-

ent agar and incubated for 24 h at 37 �C prior to MIC

determination. Bacterial inocula equivalent to the 0.5

McFarland turbidity standard were prepared in normal
saline and diluted to give a final inoculum density of

5 · 105 cfu/ml. The inoculum (125 ll) was added to all

wells and the microtitre plate was incubated at 37 �C
for 18 h. The MIC was recorded as the lowest concentra-

tion at which no bacterial growth was observed as previ-

ously described (Gibbons and Udo, 2000).

3.5. 1,3,5-Trihydroxy-6-[2000,3000-epoxy-3000-methyl-butyl]-

2-[200-methyl-butanoyl]-4-[3 0-methyl-2 0-butenyl]-

benzene (1)

Pale yellow oil; ½a�21D þ 80� (c 0.075, CHCl3); UV

(CHCl3) kmax (log e): 241 (3.47), 279 (3.50) nm; IR mmax

(thin film) cm�1: 3852, 3170, 2974, 2924, 1716, 1635,

1540, 1123, 1050; 1H NMR and 13C NMR (CDCl3):

see Table 1; HRCI-MS (m/z): 362.2079 [M]+ (calc. for
C21H30O5, 362.2093).
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Abstract

The dichloromethane extract of the stem bark of Warburgia ugandensis afforded three new coloratane sesquiterpenes, namely:
6a,9a-dihydroxy-4(13),7-coloratadien-11,12-dial (1), 4(13),7-coloratadien-12,11-olide (2), and 7b-hydroxy-4(13),8-coloratadien-
11,12-olide (3), together with nine known sesquiterpenes, i.e., cinnamolide-3b-acetate (4), muzigadial (5), muzigadiolide (6), 11a-
hydroxymuzigadiolide (7), cinnamolide (8), 7a-hydroxy-8-drimen-11,12-olide (9), ugandensolide (10), mukaadial (11), ugandensidial
(12), and linoleic acid (13). Their structures were assigned on the basis of 1D and 2D-NMR spectroscopic and GC-MS analysis.

The compounds were examined for their antimycobacterial activity againstMycobacterium aurum,M. fortuitum,M. phlei andM.

smegmatis; and the active constituents showed MIC values ranged from 4 to128 lg/ml compared to the antibiotic drugs ethambutol
(MIC ranged from 0.5 to 8 lg/ml) and isoniazid (MIC ranged from 1 to 4 lg/ml).
� 2005 Elsevier Ltd. All rights reserved.

Keywords: Warburgia ugandensis; Canellaceae; Antimycobacterial activity; Drimane sesquiterpenes; Coloratane sesquiterpenes; 6a,9a-Dihydroxy-
4(13),7-coloratadien-11,12-dial; 4(13),7-Coloratadien-12,11-olide; 7b-Hydroxy-4(13),8-coloratadien-11,12-olide

1. Introduction

Warburgia ugandensis Sprague (Canellaceae), which
is commonly known as zogdom in Amharic, is character-
ized by its bitter and peppery taste. The stem bark has
been widely used in East African ethnomedicine for
the treatment of stomach-ache, constipation, toothache,
cough, fever, muscle pains, weak joints and general body
pains (Kokwaro, 1976; Watt and Breyer-Brandwijk,
1962). The Shinasha people in Ethiopia use the stem
bark for the treatment of tuberculosis. Species of the
genus Warburgia are known to be rich in sesquiterpenes
of the drimane and coloratane skeletones (Kioy et al.,

1990; Mashimbye et al., 1999), which have been shown
to possess insect antifeedant, antimicrobial, antiulcer,
molluscicidal (Kubo et al., 1983) and antifungal proper-
ties (Kubo and Taniguchi, 1988). Previous phytochemi-
cal investigation of W. ugandensis showed the presence
of muzigadial, ugandensidal, pereniporin B, polygodial,
mukaadial, warburganal, cinnamolide and 11a-hydroxy-
muzigadiolide in the stem bark; and ugandensolide,
ugandensidial, warburgin and warburgiadione in the
heart wood (Brooks and Draffan, 1969).

The drimanes, a group of sesquiterpenoides isolated
from species of the genus Warburgia, are characterized
by a,b-unsaturated carbonyl chromophores assembled
around a trans-decalin ring system. As part of our
search for antimycobacterial agents from Ethiopian
medicinal plants, we identified three new and nine
known sesquiterpenes along with a known unsaturated
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fatty acid from the stem bark of W. ugandensis and eval-
uated their antimycobacterial activity against four rap-
idly growing species of mycobacteria.

There are several reports on the constituents of this
plant, but no report has been found on their antimyco-
bacterial activity.

2. Results and discussion

Compound 1 was obtained as colourless needles in n-
hexane/CH2Cl2 (see Fig. 1). A molecular formula
C15H20O4 was determined by HRMS (m/z; measured
287.1264 [M + Na]+; calc. 287.1259). In addition, a
prominent peak at m/z 235 [M � CHO]+ was present
in the EI-MS spectrum, corresponding to a molecular
formula C15H20O4, which is in agreement with 15 car-
bon signals observed in the 13C NMR spectrum. A
broad band absorption at 3406 cm�1 in the IR spectrum
suggested the presence of hydroxyl groups. In addition,
the IR spectrum showed carbonyl absorptions at 1725,
1683 cm�1 and an olefinic absorption at 1640 cm�1.
An absorption maximum at 234 nm in the UV spectrum
was also indicative of an a,b-unsaturated lactone. The
1H NMR spectrum (Table 1) of 1 showed characteristic
signals of a coloratadiene sesquiterpene ring system
(Ying et al., 1995) with signals at d 5.03 and 5.13 attrib-
utable to two exocyclic methylene protons, as well as a
one proton doublet at d 7.10 for H-7. A singlet at d
0.96 and a doublet at 1.11 for two methyl groups were
also observed in the 1H NMR spectrum. The signals
for H-13a and H-13b protons were unambiguously as-
signed based on NOE correlations observed between
CH3-14 and H-13a and between H-6b and H-13b in
the NOESY spectrum. The signals at d 9.50 and 9.65
were attributed to two aldehyde groups which were fur-
ther confirmed by the carbonyl signals at d 192.6 and

200.5 in the 13C spectrum. The remaining two broad
singlets at d 1.59 and 4.07 in the 1H NMR spectrum,
which did not exhibit any correlations in the HMQC
spectrum, were assigned to two hydroxyl groups. The
former was assigned to a hydroxyl group bonded to
the tertiary carbon, C-6, whereas the downfield broad
singlet at d 4.07 was assigned to a hydroxyl group at-
tached to the quaternary carbon, C-9. This was further
supported by the downfield carbon resonances, d 66.1
and 77.6, observed in the 13C NMR spectrum of 1 for
C-6 and C-9, respectively. The 13C and DEPT analyses
gave signals corresponding to two methyl, three methy-
lene, six methine and four quaternary carbons further
confirming the presence of a coloratane type sesquiter-
pene. Carbon resonances at d 106.7, 139.3, 149.1 and
153.7 were assigned to four olefinic carbons, whereas
carbon signals at d 66.1 and 77.6 were assigned to
methine and quaternary carbons bearing hydroxyl
groups, respectively. The HMQC, HMBC and NOESY
experiments allowed unambiguous assignment of the
chemical shift values of the methylene protons at C-1
and C-2. Assignment of the relative stereochemistry of
the two hydroxyl groups in 1 was accomplished by anal-
yses of the coupling constants and NOESY spectrum.
The proton H-6 showed NOE correlation (Fig. 2) to
CH3-15, thus H-6 occupied a position axial to the axial
CH3-15 group at C-10 leaving OH-6 a-oriented. This is
in agreement with the observed coupling constants for
H-6 (J = 10.0 Hz) with H-5 and (J = 2.5 Hz) with H-7.
Similarly, a cross NOE peak was observed between the
aldehyde proton H-11 and CH3-15, indicating that the
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Fig. 1. The structure of compounds 1–4 isolated from W. ugandensis

stem barks.

Table 1
1H NMR spectral data for compounds 1–3a (500 Hz, CDCl3)

Proton 1 2 3

1a 1.02 (dt) (13.5, 4.0) 1.54 (dt) (13.5,
4.0)

1.47 (dt) (13.5,
4.0)

1b 2.05 (m) 1.65 (td) (13.5, 3.0) 2.58 (m)
2a 1.12 (m) 1.25 (m) 1.33 (m)
2b 1.73 (m) 1.70 (td) (13.0, 3.0) 1.80 (m)
3 2.00 (m) 2.05 (m) 2.11 (m)
5 2.65 (d) (10.0) 2.18 (m) 2.38 (bd) (13.0)
6a 2.35 (m) 1.92 (m)
6b 4.70 (dd) (10.0, 2.5) 2.32 (m) 1.99 (m)
7 7.10 (d) (2.5) 6.91 (q) (3.5) 4.54 (d) (4.0)
9 2.99 (m)
11a 9.65 (s) 4.48 (t) (9.0)
11b 4.02 (t) (9.0)
12a 9.50 (s) 4.68 (d) (17.0)
12b 4.96 (d) (17.0)
13a 5.13 (s) 4.90 (s) 4.86 (s)
13b 5.03 (s) 4.73 (s) 4.62 (s)
14 1.11 (d) (6.5) 1.11 (d) (6.5) 1.10 (d) (7.0)
15 0.96 (s) 0.65 (s) 0.89 (s)
6-OH 1.59 (bs)
7-OH 1.94 (s)
9-OH 4.07 (bs)

Coupling constant values (in parentheses) are in Hz.
a Chemical shifts are in ppm relative to TMS.
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aldehyde at C-9 is located equatorial to the axial CH3-15
leaving the hydroxyl at position 9 a-oriented. On the ba-
sis of these observations compound 1 was identified as
6a,9a-dihydroxy-4(13),7-coloratadien-11,12-dial.

Compound 2 was isolated as a white prism from
CH2Cl2. A molecular formula of C15H20O2 for 2 was de-
duced from the HRMS (m/z; measured 233.1542
[M + H]+; calc. 233.1536). The EI-MS spectrum also
gave m/z 232 [M]+. The IR spectrum exhibited a strong
absorption bands at 1757 and 1686 cm�1, suggesting the
presence of an a,b-unsaturated lactone and a band at
1639 cm�1 due to olefinic groups. The 1H NMR spec-
trum of compound 2 differed from 1 in the absence of
two aldehyde protons at C-11 and C-12. Instead, 2
exhibited mutually coupled methylene protons at d
4.02 and 4.48 (J = 9.0 Hz), which were absent in 1.
The 1H and 13C NMR spectra were highly similar to
that of 1, except that 2 lacked the hydroxyl group at
C-9 which was present in 1. Of the two methyl signals
observed in the 1H NMR spectrum, the singlet at 0.65

was assigned to CH3-15 and the doublet at d 1.11 was
assigned to CH3-14. The protons of the latter methyl
doublet gave HMBC correlation to the quaternary car-
bon C-4 and was therefore located at C-3. Three one
proton multiplets at d 2.05, 2.18 and 2.99 were assigned
to the H-3, H-5 and H-9, respectively. The chemical
shifts for the remaining methylene protons were as-
signed by a detailed analysis of HMQC and HMBC
spectra. In the 13C NMR spectrum, double bond carbon
resonances at 127.0 (C-8) and 135.5 (C-7), and a lactone
carbonyl carbon at 170.2 (C-12) suggested the presence
of a,b-unsaturated lactone group (Table 2). The relative
stereochemistry of the four asymmetric centres in the
coloratadiene skeleton was determined by COSY and
NOESY experiments (Fig. 3). Both the H-6a and H-6b
resonances were seen to be coupled in the COSY spec-
trum to H-5 and H-7. The NOESY spectrum of 2

showed correlations between the protons of H-9 and
H-5 and between the protons of H-9 and H-11a. These

Ha Hb

CHO

H

Heq

Hax

CHO

H

OH

H

H

HO

HaxHeq

Fig. 2. NOE correlations in compounds 1.

Table 2
13C NMR and HMBC spectral data for compounds 1–4 (125.8 Hz, CDCl3)

Carbon 1 2 3 4

d HMBC d HMBC d HMBC d HMBC

1 31.7 H-15 39.7 H-15 33.7 H-15 36.9 H-2b, H-5, H-15
2 31.8 H-1a, H-1b 32.3 H-1a, H-1b, H-14 31.8 H-14 23.5
3 38.8 H-13a, H-14 38.8 H-13a, H-14 38.5 H-13a, H-14 80.2 H-1a, H-2a, H-5

H-14H-13a, H-14
4 149.1 H-5, H-6, H-14 151.6 H-5, H-14 152.0 H-3a, H-5, H-14 37.7 H-14
5 50.4 H-7, H-13b, H-15 45.9 H-13b, H-15 44.2 H-6a, H-13b, H-15 49.4 H-1b, H-13b, H-14
6 66.1 H-5 26.9 31.5 24.7 H-5
7 153.7 H-6 135.5 62.3 H-6a 135.7
8 139.3 H-12 127.0 H-11a 56.9 H-6a, H-12a, H-12b, 7-OH 127.2
9 77.6 H-7, H-11. H-12, H-15 49.3 H-11a, H-11b, H-15 137.4 H-12a, H-12b, H-15 50.6 H-1a, H-5, H-11a, H-15
10 44.1 H-5, H-15 36.7 H-5, H-11b, H-15 36.8 H-6a, H-15 34.1 H-1a, H-2a, H-5, H-15
11 200.5 67.9 172.1 66.9
12 192.6 H-7 170.2 H-11a 69.9 169.7
13 106.7 H-5 105.5 104.7 27.6 H-5, H-14
14 18.2 18.6 18.1 15.9 H-3a, H-5 H-13
15 15.8 H-5 12.5 H-1a, H-5 16.4 H-1a 13.5 H-1a, H-5
CH3–CO– 21.2
CH3–CO– 170.7 H-3, CH3-CO

Ha Hb

H

Heq

Hax

H

H

HaxHeq

Heq Hax

H
H

H

O

O

Fig. 3. Significant NOE correlations in compound 2.
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correlations require that H-9, H-5, and H-11a all be cis

to each other, and therefore that the H-9 proton has an
a-orientation. The 1H–1H coupling observed between
H-9 and H2-11 in the COSY spectrum confirmed the po-
sition of the methylene group to be at 11. The H-11b
and H-11a protons were unambiguously distinguished
by the NOESY spectrum, which displayed cross NOE
peaks between the H-11b proton (d 4.02) and the methyl
H-15 protons (d 0.65), as well as between the H-11a pro-
ton (d 4.48) and the H-9a (d 2.99) protons. The b-orien-
tation of CH3-14 was supported by a NOE cross-peak
between CH3-14 and one of the exocyclic methylene pro-
tons, Ha-13, at d 4.90. This stereochemical assignment
would be in agreement with that of other coloratadiene
sesquiterpenes previously isolated from Warburgia spe-
cies (Kioy et al., 1990; Rajab and Ndegwa, 2000). There-
fore, the new compound 2 was established structurally
as 4(13),7-coloratadien-12,11-olide.

Compound 3 was isolated as colorless prisms from
CH2Cl2. A molecular formula C15H20O3 was obtained
from HRMS (m/z; measured 271.1302 [M + Na]+; calc.
271.1310). Similarly, a prominent peak m/z 246 [M �
2H]+ appeared in the EI-MS spectrum, corresponding
to the molecular formula C15H20O3, which was further
supported by two methyl, five methylene, three methine,
and five quaternary carbons signals observed in the 13C
and DEPT spectra. In addition, a fragment ion peak at
m/z 215 indicated the facile loss of a hydroxyl group.
The IR spectrum showed a hydroxyl stretch band at
3416 cm�1, unsaturated lactone absorptions at 1735
and 1670 cm�1 and olefinic absorption at 1646 cm�1.
An absorption maximum at 230 nm in the UV spectrum
was characteristic of a molecule possessing an unsatu-
rated lactone structure. The 1H NMR spectrum of 3

was very similar to that of 2 and exhibited two singlets
at d 4.62 and 4.86 that are typical of exocyclic methylene
protons, and a three protons doublet at d 1.10, which
further characterized the compound as a rearranged dri-
mane sesquiterpene in which one methyl group has mi-
grated from C-4 to C-3. Furthermore, two one proton
doublets at d 2.38 and 4.54 were assigned to the H-5
and H-7, respectively. The doublets at d 4.68 and 4.96
were unambiguously assigned to H-12a and H-12b,
respectively, based on NOE correlations observed be-
tween H-12a and H-7 in the NOESY spectrum
(Fig. 4). Similarly, the signals at d 1.92 and 1.99 in the
1H NMR spectrum were ascribed to H-6a and H-6b,
respectively, based on cross NOE peaks observed be-
tween H-6b and CH3-15, and H-6b and H-13b. A broad
singlet at 1.94 was attributed to a hydroxyl group at po-
sition 7. The position of the hydroxyl group at C-7 was
determined by analysis of its HMBC spectrum, which
showed a correlation between H-7 and C-8. This was
also supported by the methine carbon resonance at d
62.3 which suggested a hydroxyl substituted carbon,
which was correlated in the HMBC to H-6 and thus as-

signed as C-7. The chemical shift values of the methyl
protons at C-1 and C-2 were assigned based on HMQC,
HMBC and NOESY experiments. When compared with
the spectral data of 1, the lack of two aldehyde groups
was apparent from the 1H NMR spectrum of 3. The rel-
ative stereochemistry of the hydroxyl group was estab-
lished by analysis of the NOESY spectrum. The H-7
resonance showed a NOESY correlation to H-5, which
suggested an axial (a)-orientation for this H-7 proton,
leaving the hydroxyl group with an equatorial (b)-orien-
tation. These assignments were consistent with the cou-
pling constant data (J = 4.0 Hz) for H-7. On the basis of
these observations, the structure of 3 was assigned as 7b-
hydroxy-4(13),8-coloratadien-11,12-olide.

Compound 4 was obtained as colorless prisms from
n-hexane–CH2Cl2 mixture. The EI-MS spectrum of 4

showed a molecular ion peak at m/z 291 [M � H]+

and fragment ions at m/z 249 [M � 43]+ and 232
[M � 60]+ corresponding to the loss of an acetate and
acetic acid groups, respectively. The IR spectrum dis-
played, in addition to a,b-unsaturated lactone at 1760
and 1683 cm�1, the presence of an acetate group at
1731 cm�1. The 1H NMR data reported previously
(Kioy et al., 1990; Ying et al., 1995) for this compound
were highly similar to compound 4, but the chemical
shift values of each methylene proton were not assigned
explicitly. Four three protons signals were observed in
the 1H NMR spectrum of 4, of which the acetate methyl
resonance appeared at d 2.07. Of the remaining three
methyl groups, the singlet at d 0.84, which showed a
HMBC correlation with the C-9 at d 50.6, was located
at C-10, while the remaining two methyl groups could
be placed at C-4 on the basis of HMBC correlations.
Although, the carbon resonances for C-1, C-6, C-13,
C-15, C-12 and acetate carbonyl carbon reassigned by
Ying et al. (1995) were very similar with the 13C NMR
spectrum of 4, the carbon resonances for C-4 and C-
10 still needed to be reversed as shown in the 13C
NMR and HMBC spectra (Table 2). The 13C spectrum
of 4 revealed resonances for C-7, C-8, C-9 and C-11 in
close agreement with resonances for the corresponding
carbons in 2. The carbonyl carbon resonance of the ace-
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Fig. 4. Significant NOE correlations in compound 3.
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tate group appeared at d 170.7 and showed HMBC cor-
relations with H-3 at d 4.55, which indicated that the
acetate group was attached at C-3. This was supported
by the observation of NOE correlations between the
CH3–CO and CH3-15. The HMBC spectrum showed
connectivities between the H-11a proton (d 4.41 t) and
the carbonyl carbon of the lactone (d 169.7), and be-
tween the H-3a proton (d 4.55) and the carbonyl carbon
of the acetate (d 170.7), whereas the NOESY spectrum
displayed NOE cross-peaks between the H-3a and H-
5a protons, thus establishing the relative stereochemis-
try of the acetate group as b-oriented. Moreover, the
acetate methyl proton (d 2.07) showed an NOE correla-
tion with the axial C-15 methyl protons (d 0.84) but nei-
ther of the C-4 methyl protons (d 0.94 and 1.00) showed
an NOE with the H-3a proton. Although the optical
rotation value determined for 4 was slightly different
from previous report (Kioy et al., 1990), the above spec-
troscopic evidences strongly support the structural
assignment of compound 4 as cinnamolide-3b-acetate.
The full spectral data and unambiguous assignment of
resonances are reported here for the first time.

Compounds 5–13 were identified as muzigadial,
muzigadiolide, 11a-hydroxymuzigadiolide, cinnamolide,
7a-hydroxy-8-drimen-11,12-olide, ugandensolide, mukaa-
dial, ugandensidial, and linoleic acid (Z, Z), respectively
by spectroscopic analysis and comparison of their 1H
NMR, 13C NMR, and mass spectral data with those
in the literature (Kubo et al., 1976, 1983; Rajab and
Ndegwa, 2000; Nakanishi and Kubo, 1977; Maurs
et al., 1999). Although 9 has been reported from Capsi-

codendron dinisii (Mahmoud et al., 1980), this is the first
time it has been found in the genus Warburgia. In addi-
tion, compound 13, which is the constituent of most veg-
etable oils and animal fats, has been reported from the
genus for the first time.

The antimycobacterial activity of the isolated com-
pounds 1–13 was determined by the broth microtiter
dilution method against fast growing strains of myco-
bacteria and their MICs are presented in Table 3.

Among the compounds tested, compound 13 displayed
the most potent inhibitory activity with MIC values of
4, 8, 4, 16 lg/ml against M. aurum, M. fortuitum, M.

phlei and M. smegmatis, respectively. This is in agree-
ment with previous reports (Stavri et al., 2004; Seidel
and Taylor, 2004) about the antimycobacterial activity
of linoleic acid. Interestingly, muzigadial (5) having
the coloratadiene-dialdehyde structural feature dis-
played pronounced antimycobacterial activities with
MICs ranging from 16 to 64 lg/ml. Previous studies
done by Taniguchi et al. (1984) revealed that the dialde-
hyde moiety was responsible for the broad range of anti-
microbial activity of muzigadial, which might have also
contributed to enhancement of the antimycobacterial
activity. In contrast, compound 1 having one more hy-
droxyl group compared to compound 5 showed no
activity against the strains of mycobacteria in our assay.
This suggests that compounds polarity seems to influ-
ence the in vitro antimycobacterial activity of drimane
sesquiterpenes. Haemers et al. (1990) also reported that
higher lipophilicity may play an important role in the
antimycobacterial activity. This is due to the fact that
the mycobacterial cell wall contains lipophilic substance
such as mycolic acid, lipophilic compounds would there-
fore have the advantage of better penetration through
the cell wall and inhibit the growth of mycobacteria.
Among the sesquiterpene lactones compound 6 showed
moderate activity, whereas the remaining sesquiterpenes
failed to inhibit the growth of the four strains of myco-
bacteria up to 128 lg/ml. The use of W. ugandensis stem
bark in Ethiopian folk medicine to treat tuberculosis can
therefore be attributed to the presence of linoleic acid
and the drimane sesquiterpenes.

3. Experimental

3.1. General experimental procedures

Melting points were determinedwithKOFLERmicro-
scope and are uncorrected. Optical rotations were
measured on a Perkin–Elmer 241 MC polarimeter. Per-
kin–Elmer 881 infrared spectrophotometer was used in
recording the IR. UV spectra were recorded on Shimadzu
UV-160A spectrophotometer. Analytical TLC was per-
formed on Merck silica gel 60 and plates were sprayed
with 0.5% anisaldehyde sulphuric acid reagent. Semipre-
parative HPLC was performed using LiChrospher� RP-
18 (10 lm, 250 · 10 mm i.d.) column and Hypercarb-S
(100 · 4 mm i.d.), monitoring wavelength 214 nm.
NMR spectra were recorded at 500 MHz for 1H and
125 MHz for 13C on a Bruker AVANCE 500 spectrome-
ter. All spectra were measured in CDCl3, except for com-
pound 11 which was in pyridine-d5. HRMS was
determined with Micromass QTOF Ultima using the
internal standard [Glu]-fibrinopeptide B which had

Table 3
Antimycobacterial activity of compounds 1–13 and the antibiotic
drugsa

Compound MIC (lg/ml)

M. aurum M. fortuitum M. phlei M. smegmatis

5 32 16 64 64
2 128 128 NA 128
6 128 128 64 128
3 NA 128 NA NA
9 128 128 NA NA
12 NA 128 NA NA
13 4 8 4 16
Ethambutol 0.5 8 2 1
Isoniazid 4 1 4 4

a NA, not active; compounds 1, 7, 4, 8, 10, and 11 showed no activity
up to 128 lg/ml.
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[M + 2H]2+ = 785.8426. Mass spectra were further ob-
tained byEI-MSanalysis on a 5890 Series II plus gas chro-
matograph interfaced to a 5989 B mass spectrometer
(Hewlett-Packard). The analysis was performed on an
HP5-MS (29 m · 0.25 mm i.d., 0.50 lm film thickness)
fused silica capillary, carrier gas helium with a flow rate
1.0 ml/min; injection, interface and ion source tempera-
tures: 250 �Cand ionization at 70 eV. Strains ofM. aurum

(PI 104482),M. fortuitum (ATCC 6841),M. phlei (ATCC
19249) and M. smegmatis (ATCC 19420) were obtained
from the American Type culture collection or the Pasteur
Institute.

3.2. Plant material

Stem barks of W. ugandensis Sprague (Canellaceae)
were collected from a single tree growing in Harena For-
est, about 13 km from Dello Menna on the way to
Goba, Ethiopia in April 2001 and identified by Mr. Mel-
aku Wendafrash, the National Herbarium, Biology
Department, Science Faculty, Addis Ababa University.
A voucher specimen (collection No. 977) was deposited
at the National Herbarium for further reference.

3.3. Extraction and isolation

The powdered stem barks of W. ugandensis (800 g)
were extracted successively with n-hexane, dichloro-
methane and methanol in a Soxhlet apparatus. The
dichloromethane extract was concentrated under vac-
uum to yield 35 g of yellowish residue, of which 25 g
were subjected to vacuum column chromatography on
silica gel eluting with n-hexane/EtOAc mixtures of
increasing polarity and 18 fractions of 400 ml each were
collected. Fractions 3 and 4 eluted with n-hexane/EtOAc
(9:1) were combined and rechromatographed on silica
gel eluting with n-hexane/EtOAc (95:5) and further puri-
fied on semi-prep. HPLC with Hypercarb S column
using MeOH as eluent to yield 2 (5 mg). Fractions 5
and 6 eluted with n-hexane/EtOAc (8:2) were purified
by semi-prep. HPLC using MeCN/H2O (6:4 ! 8:2) gra-
dient elution for 50 min to afford 8 (9 mg). Fractions
7–13 were combined and applied to a Sephadex LH-20
column connected to a fraction collector using CH2Cl2
as eluent to give 120 subfractions of 15 ml each. Sub-
fractions 111 and 112 afforded pure compound 7
(32 mg). Subfraction 14 gave 4 (60 mg) after multiple
development on prep. TLC using n-hexane/EtOAc
(7:3) as eluent. Subfractions 16–18 were further sub-
jected to semi-prep. HPLC using MeCN/H2O (44:56)
isocratic elution for 70 min to give 5 (6 mg) and 12

(23 mg) at 56 and 66 min, respectively. Subfractions
49–54 were chromatographed on semi-prep. HPLC
using MeCN/H2O (45:55) isocratic elution to afford 1
(25 mg), 9 (4 mg) and 6 (10 mg) at 15, 35 and 41 min,
respectively. Similarly, purification of subfractions 63

and 64 by semi-prep. HPLC eluting with MeCN/H2O
(45:55) isocratic system yielded 11 (24 mg), 3 (15 mg)
and 10 (11 mg). Finally, compound 13 (35 mg) was puri-
fied from subfractions 33–37 by semi-prep. HPLC using
MeCN/H2O (25:75 ! 9:1 for 30 min and MeCN/H2O
(9:1) isocratic system from 31 to 55 min.

3.4. Antimycobacterial assay

The antimycobacterial activities of the compounds
were evaluated by the minimum inhibitory concentra-
tion assay method reported by Schinkovitz et al.
(2003) in 96-well microtiter plates. The test compounds
initially dissolved in DMSO were diluted in cation ad-
justed Mueller–Hinton broth (MHB) to give a concen-
tration of 256 lg/ml. One hundred and twenty five
microlitres of each test solution were added to each well
containing 125 ll of MHB to achieve a starting concen-
tration of 128 lg/ml. A twofold serial dilution of test
solutions were prepared to get final concentrations rang-
ing from 128 to 0.25 lg/ml. Mycobacterial strains were
cultivated on Columbia blood agar supplemented with
7% defibrinated horse blood agar. Bacterial suspension
with a turbidity of 0.5 on the MacFarland scale was
made in 0.9% NaCl solution and diluted to give a final
inoculum�s density of 5 · 105 cfu/ml. After addition of
125 ll of bacterial inocula into all wells, except the blank
the plates were incubated at 37 �C for 72 h. The lowest
assay concentration of the test compounds that produce
complete inhibition of the macroscopic growth (MIC)
were detected by addition of 20 ll methanol solution
of tetrazolium redox dye (MTT, 3.5 mg/ml) followed
by incubation at 37 �C for 20 min. Tests were conducted
three times in duplicate and ethambutol and isoniazid
were used as positive controls.

3.5. 6a,9a-Dihydroxy-4(13),7-coloratadien-11,12-dial

(1)

Colorless needles from n-hexane–CH2Cl2 mixture,
m.p. 137–139 �C, ½a�24D � 40 ðCH2Cl2; c1:6Þ, UVkCH2Cl2

max

nmðlog eÞ: 234ð3:6Þ, IRmCH2Cl2
max cm�1: 3406ð�OHÞ, 1725

and 1683 (CH@CHO)), 1640 and 796 (exocyclic methy-
lene), 1H NMR (500 MHz, CDCl3) see Table 1, 13C
NMR (125.8 MHz, CDCl3) see Table 2, HRMS Found
287.1264 [M + Na]+; C15H20O4Na, calc. 287.1259, EI-
MS (70 eV) m/z (rel. int.): 246 [M � H2O]+(5), 235
[M � CHO]+(100), 217 [M � CHO � H2O]+(26), 189
[M � CHO � H2O � CO]+(40), 175 [M � CHO � OH �
Me � CO]+(35), 105(60), 91(73), 77 (66), 55(81), 41(93).

3.6. 4(13),7-Coloratadien-12,11-olide (2)

White prism from CH2Cl2, m.p. 85–87 �C,
½a�24D þ 84:7 ðCH2Cl2; c1:5Þ, UVkCH2Cl2

max nmðlog eÞ: 231
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ð3:7Þ, IRmCH2Cl2
max cm�1: 1757 and 1686ðCH@CHOÞ,

1639 and 758 (exocyclic methylene), 1H NMR (500
MHz, CDCl3) see Table 1, 13C NMR (125.8 MHz,
CDCl3) see Table 2, HRMS Found 233.1542 [M +
H]+; C15H21O2, calc. 233.1536, EI-MS (70 eV) m/z (rel.
int.): 232 [M]+(22), 217 [M � CH3]

+(17), 190
[M � C3H6]

+(10), 122(100), 107(58), 91(22), 41(12).

3.7. 7b-Hydroxy-4(13),8-coloratadien-11,12-olide (3)

Colorless prism from CH2Cl2, m.p. 139–142 �C,
½a�25D þ 242:1 ðCH2Cl2; c1:9Þ, UVkCH2Cl2

max nmðlog eÞ: 230
ð3:3Þ, IRmCH2Cl2

max cm�1: 3414ð�OHÞ, 1735 and 1670
(CH@CHO)), 1646 and 786 (exocyclic methylene), 1H
NMR (500 MHz, CDCl3) see Table 1, 13C NMR
(125.8 MHz, CDCl3) see Table 2, HRMS Found
271.1302 [M + Na]+; C15H20O3Na, calc. 271.1310, EI-
MS (70 eV) m/z (rel. int.): 230 [M � H2O]+(100), 215
[M � H2O � CH3]

+(55), 201 [M � OH � 2CH3]
+(25),

185(45), 171(83), 91(90), 77 (74), 41(77).

3.8. Cinnamolide-3b-acetate (4)

Colorless prism from n-hexane–CH2Cl2 mixture, m.p.
147–149 �C, ½a�25D � 2:4ðCH2Cl2; c1:3Þ, UVkCH2Cl2

max nm
ðlog eÞ: 232:5ð3:6Þ, IRmCH2Cl2

max cm�1: 1706 and 1683
ðCH@CHOÞ), 1637 and 779 (exocyclic methylene), 1H
NMR (500 MHz, CDCl3): d 0.84 (3H, s, H-15), 0.94
(3H, s, H-13), 1.00 (3H, s, H-14), 1.42 (1H, ddd,
J = 13.5, 4.0, H-1a), 1.48 (1H, dd, J = 10.5, 4.5 Hz, H-
5), 1.64 (1H, dt, J = 13.5, 3.5 Hz, H-1b), 1.68 (1H, ddd,
J = 12.5, 1.5 Hz, H-2b), 1.74 (1H, ddd, J = 13, 4 Hz, H-
2a), 2.07 (3H, s, O–COCH3), 2.22 (1H, ddq, J = 12.0,
3.5, 1.5 Hz, H-6b), 2.44 (1H, dq, J = 20, 5, 4.0 Hz, H-
6a), 2.82 (1H, m, H-9a), 4.05 (1H, t, J = 9.0 Hz, H-11b),
4.41 (1H, t, J = 9.0 Hz, H-11a), 4.55 (1H, dd, J = 11.5,
4.5 Hz, H-3a), 6.89 (1H, q, J = 3.5 Hz, H-7), 13C NMR
(125.8 MHz, CDCl3) see Table 2, EI-MS (70 eV) m/z
(rel. int.): 291 [M � H]+(5), 249 [M � H � CH3 �
CO]+(7), 232 [M � CH3 � COOH]+(10), 217
[M � CH3 � COOH � Me]+(8), 122(100), 107(65),
43(52).

Acknowledgements

A.A. Wube gratefully acknowledges the Austrian
Academic Exchange Service (ÖAD) scholarship. One
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Abstract

During a study on the chemistry and biological activity of Kuwaiti plants, new metabolites including 4,6-dihydroxy-3-[3 0-methyl-

2 0-butenyl]-5-[400-hydroxy-300-methyl-200-butenyl]-cinnamic acid (1), the 3R,8R stereoisomer of the C17 polyacetylene dehydrofalcarin-

diol (2) and a C10 polyacetylene glucoside (3) were characterised by spectroscopic means. Additionally, the previously characterised

natural products 1,3R,8R-trihydroxydec-9-en-4,6-yne (4), spathulenol (5) and eriodyctiol-7-methyl ether (6) were also isolated.

Compounds 2, 3, and 4 were evaluated for their ability to inhibit the enzyme 12-lipoxygenase and 3 and 4 showed moderate activ-

ity at 30 lg/ml. Compound 2 was evaluated against a panel of colorectal and breast cancer cell lines and IC50 values ranged from 5.8

to 37.6 lg/ml. Against a panel of fast-growing mycobacteria and a standard ATCC strain of Staphylococcus aureus, compound 6

exhibited minimum inhibitory concentrations in the range of 64–128 lg/ml.

� 2004 Elsevier Ltd. All rights reserved.

Keywords: Artemisia monosperma; Kuwait; 12-Lipoxygenase; Mycobacterium; Staphylococcus aureus, cytotoxic; polyacetylene

1. Introduction

The native flora of Kuwait consists of approximately

400 vascular plants (Daoud and Al-Rawi, 1985; Al-

Rawi, 1987), with the family Asteraceae being the sec-
ond largest taxon, particularly noticeable in the spring

with their colourful flowers covering the entire desert.

As part of a continuing study into the chemistry and

biological activity of Kuwaiti plants (Gibbons et al.,

1999; Gibbons et al., 2000; Stavri et al., 2004), we have

studied Artemisia monospermaDel. (Asteraceae), a plant

that has restricted distribution in Kuwait, being found

growing along the Wadi-Al-Batin, a dry river bed run-

ning in a north-westerly direction along the border with

Iraq. Previous phytochemical studies on this species

have yielded polyyne, sesquiterpene (Stavri et al.,

2004) and acetophenone natural products (Bohlmann

and Ehlers, 1977). In this paper we detail the character-
isation of three new metabolites (1–3) and the isolation

of known metabolites including the sesquiterpene spath-

ulenol, an hydroxylated polyyne and the flavonoid eri-

odyctiol-7-methyl ether. Where sufficient material

permitted, compounds were evaluated for their activity

in 12-lipoxygenase, antibacterial and cytotoxicity assays.

2. Results and discussion

Vacuum liquid chromatography of the chloroform

extract of the aerial parts of A. monosperma led to the

0031-9422/$ - see front matter � 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.phytochem.2004.11.010
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isolation of a colourless oil (1). HREIMS of 1 suggested

a molecular formula of C19H24O5 [M]+ (332.1623). The
1H NMR spectrum (Table 1) provided signals for four

olefinic protons and one aromatic proton (dH 7.20).

Two of the olefins were doublets and coupled to each

other with large coupling constants indicative of a trans

double bond (dH 7.70 d, J = 16.0 Hz, dH 6.30 d, J = 16.0

Hz). The remaining two olefins appeared as triplets with

fine splitting and were reminiscent of the olefinic protons

of prenyl (dimethyl allyl) substituents (dH 5.61, dH 5.31)

(Nayar and Bhan, 1972). Three methyl singlets and two

protons of an oxymethylene group also appearing as a

singlet were detected in the 1H NMR spectrum, confirm-

ing the presence of two prenyl groups. The 13C NMR
spectrum provided signals for 19 carbons, including 8

quaternary carbons of which two were oxygen bearing,

5 were olefinic/aromatic carbons and one was a carbonyl

group (dC 172.1, C-9). With the presence of two prenyl

substituents (10 carbons), a trans double bond and aro-

matic quaternary carbons, the NMR data indicated the

presence of a prenylated trans-cinnamate structure.

Assuming a cinnamate moiety, it was possible by
COSY, HMQC and HMBC spectra to unambiguously

assign all resonances in the molecule and show that 1

was a diprenylated-dihydroxycinnamic acid. In the

COSY spectrum, the trans olefin (H-8), coupled to its

olefinic partner (H-7) and in the HMBC spectrum gave

a 2J correlation to a carboxyl carbonyl at C-9. The

attachment of this three carbon chain to the aromatic

ring was achieved by a 3J correlation in the HMBC spec-
trum between H-8 and an aromatic quaternary carbon

(C-1, dC 126.5). A further 3J signal between H-7 and

C-2 placed an aromatic methine group here. The proton

associated with this aromatic methine carbon then pro-

vided 3J signals to two oxygen-bearing quaternary aro-

matic carbons positioned at C-4 and C-6 of the

aromatic ring. The molecular formula and downfield

nature of the 13C resonances for these carbons con-

firmed that hydroxyl groups should be placed at these
positions. In the HMBC spectrum, H-2 also gave a 3J

signal to a methylene group (C-1 0) of a prenyl moiety.

This confirmed that one of the prenyl groups should

be attached at C-3 of the aromatic ring. From the 1H

NMR spectrum, H-2 appeared as a small doublet

(J = 3.5) which coupled to H2-1
0 in the COSY spectrum.

Therefore the coupling constant of 3.5 Hz can be attrib-

uted to allylic coupling between H-2 and H2-1
0. The

methylene protons (H2-1
0) coupled to an olefinic proton

(H-2 0) in the COSY spectrum and in the HMBC spec-

trum H2-1
0 also gave a 3J correlation to an olefinic qua-

ternary carbon (dC 135.9) placing this at C-3 0. Two

methyl groups (both at dH 1.80 s) gave 2J signals to

C-3 0 placing these groups on this quaternary carbon

and completing the first prenyl substituent. Further sig-

nals in the HMBC spectrum included those for H2-1
0 to

C-3, the aromatic carbon to which it is attached and a 3J

signal to the oxygen-bearing aromatic quaternary car-

bon, C-4. The second prenyl group was placed at C-5

based on a 2J correlation to this carbon from protons

of a further methylene (H2-1
00). In the COSY spectrum

H2-1
00 coupled to an olefinic proton (H-200) and in the

HMBC spectrum H2-1
00 provided a 3J correlation to

an olefinic quaternary carbon (C-300). A methyl singlet
(dH 1.80, H3-5

00) and a downfield methylene singlet (dH
4.08, H2-4

00) both gave 2J HMBC correlations to C-300,

therefore these groups must be directly attached to this

carbon. An hydroxyl was placed on the H2-4
00 methylene

carbon, which would account for the downfield shift of

both the 1H and 13C signals for this group. This com-

pleted resonances for the second prenyl moiety.

A sharp singlet at dH 3.96, had no correlation in the
HMQC spectrum and must therefore be an hydroxyl

group. This signal in the HMBC spectrum gave a 2J cor-

relation to an aromatic quaternary carbon (C-6), fixing

its position. Both prenyl groups must be ortho with re-

spect to C-4 as both methylene protons at H2-1
0 and

H2-1
00 gave 3J HMBC correlations to this carbon.

The structure of 1 was confirmed by correlations de-

tected in the NOESY spectrum (Fig. 1). A correlation
between H-2 and H2-1

0 placed these protons in close

spatial proximity. A second NOE between H-2 and

H-7 also meant these protons were in close association.

Two key NOEs determined the stereochemistry of the

second prenyl group. Firstly, an interaction between

H2-1
00 and H3-5

00 placed these protons on the same face

of this group (cis). A second NOE between the olefinic

proton H-200 and the oxymethylene protons H2-4
00 fur-

ther confirmed the proposed stereochemistry of this pre-

nyl group. Natural product 1 is therefore assigned as

Table 1
1H (500 MHz) and 13C NMR (125 MHz) spectral data and 1H–13C

long-range correlations of 1 recorded in CDCl3

Position 1H 13C 2J 3J

1 – 126.5

2 7.20 d (3.5) 128.5 C-4, C-6, C-7, C-1 0

3 – 127.7

4 – 155.3

5 – 127.2

6 – 146.7

7 7.70 d (16.0) 147.1 C-8 C-2, C-9

8 6.30 d (16.0) 114.2 C-9 C-1

9 – 172.1

1 0 3.37 d (7.0) 30.0 C-20, C-3 C-30, C-4
2 0 5.31 t (7.0) 121.0 C-10 C-40, C-50

3 0 – 135.9

4 0 1.80 s 17.9 C-30 C-20, C-50

5 0 1.80 s 25.8 C-30 C-20, C-40

100 3.40 d (7.5) 28.5 C-200, C-5 C-300, C-4
200 5.61 t (7.0) 122.8 C-100 C-400, C-500

300 – 137.1

400 4.08 s 68.5 C-300 C-200, C-500

500 1.80 s 13.8 C-300 C-200, C-400

6-OH 3.96 s – C-6
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4,6-dihydroxy-3-[30-methyl-2 0-butenyl]-5-[400-hydroxy-300-

methyl-200-butenyl]-cinnamic acid and is reported here

for the first time.

Compound 2 was isolated as a pale yellow oil from

the hexane extract. A molecular formula of C17H22O2

was established by ESI-MS in the positive mode

[M + H]+ (259.0). The 1H and 13C NMR spectra were

highly similar to those of falcarindiol, a widely occurring
polyacetylenic natural product commonly found in the

Apiaceae plant family and recently evaluated by us

against multidrug-resistant strains of Staphylococcus

aureus (Lechner et al., 2004). 2 differed from falcarindiol

as it exhibited signals in the 1H and 13C NMR spectra

(Table 2) indicating the presence of two vinyl groups.

This accounted for the presence of an additional down-

field methylene group at dH 2.05, (H2-15). Four acety-
lenic carbons, two remaining olefins and two

oxymethine groups were also present and similar to

those found in falcarindiol, and by extensive 1 and 2-

dimensional NMR studies (Table 2) we were able to

show that compound 2 was the closely related metabo-

lite, dehydrofalcarindiol. The data are in close agree-

ment with those previously published (Bernart et al.,

1996).
The absolute stereochemistry of 2 was determined by

Mosher 0s ester methodology (Seco et al., 2004), by ester-

ifying the two hydroxyl groups attached to the chiral

carbons with either R- or S-MPA (methoxyphenylacetic

acid). The DdR,S values (dR � dS) for H2-1 (+0.19 and

+0.15 ppm) and H-2 (+0.17 ppm) and also H-9 (+0.02

ppm) and H-10 (+0.10 ppm) were positive, indicating

R-stereochemistry at both C-3 and C-8. This is the first
report of the absolute stereochemistry of dehydrofalca-

rindiol as 3R,8R.

Natural product 3 was isolated as a pale yellow oil

from the methanol extract by reverse-phase PTLC. A

molecular formula of C16H22O8 was assigned by ESI-

MS [M + Na]+ (365.1). The 1H and 13C NMR spectra

(Table 2) provided resonances with similarity to 2 and

almost identical to those found in 1,3R,8R-trihydroxy-
dec-9-en-4,6-yne (4), a polyacetylenic natural product

recently reported by us from this species (Stavri et al.,

2004) but additional resonances were present for a hex-

ose sugar. Signals for the aglycone moiety indicated the

presence of an exo-methylene, an olefin, two oxymethine

groups, a methylene and oxymethylene groups as well as

four acetylenic quaternary carbons.

In the COSY spectrum of 3, the exo-cyclic methylene

protons coupled to the olefin proton which also coupled

to the first oxymethine signal (d 4.88, C-8). This oxyme-

thine then exhibited 2J and 3J correlations in the HMBC
spectrum to two acetylenic carbons (C-7 and C-6). Fur-

ther couplings in the COSY spectrum included those be-

tween the oxymethylene (C-1), methylene (C-2) and

remaining oxymethine proton (d 4.63, C-3) (Table 2),

which resulted in a CH(O)-CH2CH2O system. In the

HMBC spectrum the oxymethine resonance of this spin

system also coupled to two acetylenic quaternary car-

bons (C-4 and C-5). The shielded nature of the two

O

OH

HO OH

H2C

H3C CH2

H2
C

CH3

H3C

H H

OH

H

Fig. 1. Key NOE correlations for compound 1.

Table 2
1H (500 MHz) and 13C NMR (125 MHz) spectral data for 2 and 3

recorded in CDCl3 and CD3OD respectively

Position 1H 13C

2

1 5.25 dt (10.5, 1.0) 117.3

5.45 dt (17.0, 1.0)

2 5.93 ddd (15.5, 10.5, 1.5) 135.8

3 4.93 m 63.5

4 – 78.3

5 – 70.3

6 – 68.7

7 – 79.8

8 5.20 d (8.5) 58.6

9 5.53 ddt (10.5, 8.5, 1.0) 127.8

10 5.61 ddt (10.5, 7.5, 1.0) 134.5

11 2.11 m 27.6

12 1.38 m 29.1

13 1.33 m 28.7

14 1.38 m 28.6

15 2.05 m 33.7

16 5.81 ddt (17.0, 10.0, 7.0) 139.0

17 4.95 m 114.3

5.00 dd (17.5, 1.5)

3

1 3.73 dt (11.0, 6.0) 66.7

3.99 dt (10.0, 6.0)

2 1.97 dd (13.0, 7.0) 38.9

3 4.63 t (7.0) 60.0

4 – 82.0

5 – 68.9

6 – 70.1

7 – 79.5

8 4.88 m 63.8

9 5.91 ddd (17.0, 10.0, 5.5) 138.0

10 5.20 dt (10.0, 1.5) 116.6

5.41 dt (17.0, 1.5)

1 0 4.27 d (7.5) 104.5

2 0 3.17 dd (9.0, 8.0) 75.1

3 0 3.35 dd (9.0, 8.0) 77.9

4 0 3.28 m 71.6

5 0 3.50 m 78.0

6 0 3.68 dd (12.0, 5.0) 62.7

3.87 dd (11.5, 1.5)
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triple bonds suggested that they must be conjugated and

connected and this is a common feature in many acety-

lenes and was also seen with dehydrofalcarindiol (2).

The deshielded nature of C-3 and C-8 and the ESIMS

suggested that hydroxyl groups be placed at these posi-

tions. These data therefore confirmed that the aglycone
is in fact 1,3,8-trihydroxydec-9-en-4,6-yne.

The hexose gave signals for four oxymethine groups,

an oxymethylene and an anomeric carbon (dC 104.5)

(Table 2). The COSY spectrum provided correlations

between the anomeric proton (H-1 0) and H-2 0, H-2 0 to

H-3 0, H-3 0 to H-4 0, H-4 0 to H-5 0 and H-5 0 to the oxym-

ethylene protons (H2-6
0). The coupling between the ano-

meric proton and H-2 0 was large (7.5 Hz) as was the
coupling between H-2 0 and H-3 0 (9.0 Hz). H-3 0 appeared

as a double doublet with a second coupling of 8.0 Hz

indicating axial configuration for H-1 0, H-2 0, H-3 0 and

H-4 0. An NOE between H-1 0 and H-5 0 indicated axial

configuration for H-5 0 and this was further confirmed

by a second NOE between H-3 0 and H-5 0 and therefore

the hexose was assigned as glucose. The point of attach-

ment of the glucose moiety to the aglycone was shown to
be at C-1 of the polyacetylene due to the presence of a 3J

correlation between the anomeric proton and the oxy-

methylene carbon (C-1) in the HMBC spectrum.

Compound 3 is therefore assigned as 3(f),8(f)-dihy-
droxydec-9-en-4,6-yne-1-O-b-DD-glucopyranoside. It is

likely that the absolute stereochemistry of the hydroxyl

groups at positions 3 and 8 is the same as that previously

determined for the aglycone using Mosher�s ester meth-
odology, although the presence of glucose in the mole-

cule has added to the difficulty in conducting the

stereochemical analysis and therefore absolute configu-

ration has not been assigned at these positions.

Compounds 4, spathulenol (5) and eriodyctiol-7-

methyl ether (6), were also isolated and characterised

by direct comparison with the literature (Stavri et al.,

2004; Inagaki and Abe, 1985; Wollenweber, 1981).
Acetylenic compounds are known to have activity

against oxygenase enzymes (Resch et al., 2001; Liu et

al., 1998) and compounds 2, 3 and 4 were tested for their

ability to inhibit 12-lipoxygenase (Table 3). This enzyme

is implicated in many disorders including cancer, psori-

asis, atherosclerosis, rheumatoid arthritis and epilepsy

(Yoshimoto and Takahashi, 2002; Nie and Honn,

2002; Virmani et al., 2001; Müller, 1994). Compound 3

showed a moderate inhibitory dose dependent activity

whereas 4 revealed an inverse dose activity relationship.
The reason for this effect could not be elucidated during

the present investigation. However, it has been shown

previously that collagen or CRP (collagen-related pep-

tide) mediated platelet 12-LOX product generation

was potentiated by inhibition of PKC by the specific

inhibitor chelerythrine (Coffey et al., 2004).

The 3(f),8(f) isomer of compound 2 has been shown

to have cytotoxicity against human hepatocellular and
epidermoid carcinoma cell lines with IC50 values of 9.3

and 29.8 lg/ml, respectively (Setzer et al., 1995). Com-

pound 2 was therefore tested against a panel of colorec-

tal and breast cancer cell lines (Table 4) to ascertain its

IC50. The greatest efficacy (lowest IC50 value) was seen

with the breast cancer line MCF7, and COLO320DM

was the most sensitive of the colorectal cell lines. Inter-

estingly, this was the opposite of how this cell line re-
sponds to doxorubicin where it is highly resistant in

comparison to LS174T and SKCO1.

All compounds were also evaluated against fast-

growing strains of Mycobacterium and a standard

ATCC strain of S. aureus (Table 5). Only eriodyctiol-

7-methyl ether (6) was active against the bacteria tested,

with moderate minimum inhibitory concentrations

ranging from 64 to 128 lg/ml.
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3. Experimental

3.1. General experimental procedures

NMR spectra were recorded on a Bruker AVANCE

500 MHz spectrometer. Chemical shift values (d) were

Table 3

12-Lipoxygenase inhibitory activity of 2–4

Compound Concentration (lg/ml) % Inhibitiona

2 10 0

2 30 0

3 10 8.11

3 30 25.81

4 10 32.17

4 30 18.15

Baicalein 10 56.23

a % inhibition is calculated by comparing 12(S)-HETE contents of

samples containing the test compound versus control (solvent instead

of inhibitor) using the following equation: % inhibition = {[12(S)-

HETE]control�[12(S)-HETE]sample}/[12(S)�HETE]control.
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reported in parts per million (ppm) relative to appro-

priate internal solvent standard and coupling constants

(J values) are given in Hertz. Mass spectra were re-

corded on VG ZAB-SE instrument (FAB-EIMS) and

Finnigan navigator (ESIMS). IR spectra were recorded

on a Nicolet 360 FT-IR spectrophotometer and UV

spectra on a Perkin-Elmer Lambda 15 UV/Visible
spectrophotometer.

3.2. Plant material

Artemisia monosperma was collected from the sandy

gullies in north-western Kuwait that are bordered with

sandstone ridges. These gullies open westwards into

the plains of the Wadi Al-Batin that extend beyond
the border into Iraq. The material was identified by K.

T. M. A voucher specimen (KTM 4225, collected by

K.T. Mathew and S. Gibbons on the 19th of February,

1999) is deposited at the Kuwait University Herbarium

(KTUH).

3.3. Extraction and isolation

285 g of air-dried and powdered aerial parts were ex-

tracted in a Soxhlet apparatus using sequential extrac-

tion by hexane (3L), chloroform (3L) and finally

methanol (3L). The chloroform extract (10 g) was sub-

jected to vacuum liquid chromatography (VLC) on sil-

ica gel (15 g) eluting with hexane containing 10%

increments of ethyl acetate to yield 12 fractions. The

fraction eluted with 100% ethyl acetate was further puri-

fied by Sephadex LH-20 chromatography eluting with

methanol. Final purification by multiple preparative

TLC (2 times) (silica gel; toluene:EtOAc:AcOH,

30:68:2) afforded 1 (5.4 mg). Vacuum liquid chromatog-

raphy of the hexane extract (10.0 g) on silica gel (15 g)

eluting with hexane containing 10% increments of ethyl

acetate yielded 12 fractions. The fraction eluted with
40% ethyl acetate was subjected to flash chromatogra-

phy, eluting with hexane:ethyl acetate (8:2). Further

purification by multiple PTLC (3 times) (silica gel; hex-

ane: EtOAc; 8:2) afforded 2 (14 mg).

Vacuum liquid chromatography of the methanol ex-

tract (8.2 g) on silica gel (12 g) eluting with ethyl acetate

containing 10% increments of methanol yielded 12 frac-

tions. The fraction eluted with 70% ethyl acetate was
further purified by C18 solid phase extraction (eluting

with water:methanol; 8:2), followed by reverse phase

PTLC (water:methanol; 7:3) afforded 3 (18 mg).

3.4. Preparation of Mosher�s esters for compound 2

Compound 2 (5.26 mg) was dissolved in 525 ll of
CDCl3. 100 ll of this stock preparation was added to
a vial containing 1.9 mg of R- or S-MPA, 16.3 mg of

PS-carbodiimide resin (Argonaut Inc. Foster City CA,

USA), 0.4 mg of DMAP and 0.75 mL of CDCl3. The

reaction mixtures were agitated overnight on a Turbula

mixer. Each mixture was then applied to individual pre-

conditioned silica solid phase extraction cartridges. The

products were eluted from the cartridges using CH2Cl2
and evaporated to dryness under N2.

Table 4

Cytotoxicity evaluation of compound 2

Cell line Type of cancer Number of repeat assays IC50 (lg/ml)a Dilutions of DMSO causing toxicity Doxorubicin IC50 (ng/ml)c

LS174T Colorectal 3 14.8 (7.2)b 1/20–1/40 324 (100)+

SKCO1 Colorectal 3 13.3 (5.4) 1/20–1/40 28.5 (10)

COLO320DM Colorectal 2 9.6 1/20–1/40 1163 (168)

WIDR Colorectal 2 10.9 1/20–1/80 NT

MDA231 Breast 1 37.6 1/20–1/40 NT

MCF7 Breast 2 5.8 1/20–1/40 NT

NT, not tested.
a 2 was tested from 500 to 1.95 lg/ml and the DMSO control from 1/10 to 1/2560 dilutions to equate with the amount that would be present in the

drug dilutions.
b Mean values with SDs in parentheses.
c Values for doxorubicin from previous studies (Ford et al., 2001).

Table 5

Antibacterial activity of 6

Compound M. fortuitum

ATCC 6841

M. phlei

ATCC 11758

M. aurum

ATCC 23366

M. smegmatis

ATCC 14468

S. aureus

ATCC 25923

6 128 >128 64 128 128

Ethambutol 4 2 1 0.5 –

Isoniazid 0.5 2 2 2 –

Norfloxacin – – – – 0.5

–, Not tested
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3.5. 12-Lipoxygenase assay

The 12(S)-LOX inhibitory assay was conducted in vi-

tro using human platelets as reported previously (Schnei-

der et al., 2004). The platelets prepared from human

blood were preincubated with reduced glutathione and
the test compound or the positive control, baicalein.

The suspensions were further incubated in the presence

of arachidonic acid for 7 min and the reaction was termi-

nated by adding 2 M HCl. 12(S)-HETE was quantified

using a Correlate-EIA�-12(S)-HETE-kit (Assay De-

signs, Ann Arbor). The concentrations of 12(S)-HETE

were calculated in relation to a standard 12(S)-HETE.

The mean values of two measurements were taken and
tests were conducted three times.

3.6. Cytotoxicity assay

The in vitro sensitivity of 6 human cancer cell lines

(colorectal – LS174T, SKCO1, COLO320DM, WIDR:

breast – MDA231, MCF7) to 2 was tested in an MTT

assay, performed essentially as previously described
(Ford et al., 2001). Cell lines were grown as monolayers

in Eagle�s MEM (MDA231, MCF7, WIDR, LS174T,

SKCO1) or RPMI1640 (COLO320DM) containing

10% foetal calf serum and were maintained in culture

as previously described (Ford et al., 1996). Briefly, cell

lines were trypsinised and 104 cells plated into micro-

plate wells, allowed a 24-h recovery, exposed to concen-

trations of 2 or equivalent dilutions of DMSO for 24 h
followed by washing, a 24-h recovery period and then

termination of the assay.

3.7. Antibacterial assay

Mycobacterium species were acquired from the

NCTC. S. aureus strain ATCC25923 was the generous

gift of E. Udo (Kuwait University, Kuwait). Mycobac-
terial strains were grown on Columbia Blood agar (Ox-

oid) supplemented with 7% defibrinated Horse blood

(Oxoid) and incubated for 72 h at 37 �C prior to min-

imum inhibitory concentration (MIC) determination.

S. aureus ATCC 25923 was cultured on nutrient agar

and incubated for 24 h at 37 �C prior to MIC determi-

nation. Bacterial inocula equivalent to the 0.5 McFar-

land turbidity standard were prepared in normal saline
and diluted to give a final inoculum density of 5 · 105

cfu/ml. The inoculum (125 lL) was added to all wells

and the microtitre plate was incubated at 37 �C for

18 h for S. aureus and 72 h for M. fortuitum, M.

smegmatis and M. phlei. For M. aurum the plate was

incubated for 120 h. The MIC was recorded as the

lowest concentration at which no bacterial growth

was observed as previously described (Gibbons and
Udo, 2000).

Ethambutol and isoniazid were used as positive con-

trols for the mycobacterial strains and norfloxacin was

used for S. aureus.

3.8. 4,6-Dihydroxy-3-[3 0-methyl-2 0-butenyl]-5-

[400-hydroxy-300-methyl-200-butenyl]-cinnamic acid (1)

Colourless oil; UV (CHCl3) kmax (log e): 314 (8.15),

241 (7.86) nm; IR mmax (thin film) cm�1: 3328, 2915,

1684, 1635, 1473, 1270, 1199, 982; 1H NMR and 13C

NMR (CDCl3): see Table 1; HREI-MS (m/z): 332.1623

[M]+ (calc. for C19H24O5, 332.1623).

3.9. 3R,8R-Dehydrofalcarindiol (2)

Pale yellow oil; ½a�25D þ 39:8� (c 2.66, CHCl3); UV

(CHCl3) kmax (log e): 284 (8.27), 268 (8.52), 254 (8.36),

244 (8.25) nm; IR mmax (thin film) cm�1: 3351, 2929,

2856, 2232, 2146, 1641, 1457, 1285, 993; 1H NMR and
13C NMR (CDCl3): see Table 2; ESI-MS (m/z): 259.0

[M + H]+.

3.10. 3(f),8(f)-Dihydroxydec-9-en-4,6-yne-1-O-b-DD-
glucopyranoside (3)

Pale yellow oil; ½a�25D � 45:3� (c 0.75, CH3OH); UV

(CH3OH) kmax (log e): 265 (7.97), 212 (8.06); IR mmax

(thin film) cm�1: 3376, 2889, 1654, 1244, 1077, 1035;
1H NMR and 13C NMR (CD3OD): see Table 2; HRE-

SI-MS (m/z): 365.1190 [M + Na]+ (calc. for
C16H22O8Na, 365.1212).
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Antimycobacterial Coumarins from the Sardinian Giant Fennel
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Giovanni Appendino,*,† Enrico Mercalli,‡ Nicola Fuzzati,‡ Lolita Arnoldi,‡ Michael Stavri,§ Simon Gibbons,*,§

Mauro Ballero,⊥ and Andrea Maxia⊥

Dipartimento di Scienze Chimiche, Alimentari, Farmaceutiche e Farmacologiche, Università del Piemonte Orientale, Viale
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The structure of a new prenylated coumarin (E-ω-benzoyloxyferulenol, 1b) from the Sardinian giant fennel
(Ferula communis) has been confirmed by synthesis. The parent compound ferulenol (1a) showed sub-
micromolar antimycobacterial activity, which was partly retained in 1b and in the simplified synthetic
analogue 3, but diminished in its ω-hydroxy and ω-acetoxy derivatives (1c and 1d, respectively). The
outstanding activity of 1a, its low toxicity, and the evidence for definite structure-activity relationships
make this prenylated 4-hydroxycoumarin an interesting antibacterial chemotype worth further investiga-
tion.

The presence of two distinct chemotypes of giant fennel
(Ferula communis L.; Apiaceae) has complicated the study
of ferulosis, a hemorrhagic and often lethal intoxication of
livestock pasturing in areas of Sardinia infested with this
invasive species.1 On the other hand, this chemical poly-
morphism has given phytochemists a unique opportunity
to obtain large amounts of structurally unrelated bioactive
compounds from the same species. Thus, while the poison-
ous chemotype is an excellent source of ferulenol (1a),2 a
hemorrhagic prenylated coumarin that shows also pacli-
taxel (Taxol) mimicry,3 the potent phytoestrogen ferutinin
(2) can be obtained in large amounts from the nonpoisonous
chemotype.4 Remarkably, the two chemotypes occupy
distinct enclaves, and an extensive investigation failed to
detect mixed populations.5 The basis of this behavior
remains unknown, but preliminary studies have shown
distinct genetic diversities between the two chemotypes,
which are otherwise morphologically indistinguishable.6

During the development of an expeditious HPLC proce-
dure to fingerprint the two chemotypes, we noticed the
presence of a minor compound having chromatographic
behavior and a UV spectrum similar to those of ferulenol
but with a higher molecular weight (+104 amu), corre-
sponding to the introduction of a benzoyloxy group. From
the mass fragmentation pattern, this moiety was located
on one of the two ω-carbons of the prenyl group, but the
low natural abundance and the close chromatographic
behavior compared to ferulenol (1a), a major constituent
of the extract, prevented its direct isolation.7 To solve this
matter, we planned to synthesize the E-isomer of the
alleged structure (1b) from E-ω-hydroxyferulenol (1c), a
compound easily available by isolation,2 and compare the
chromatographic and spectroscopic properties (UV, MS) of

the synthetic compound with those of the unknown chro-
matographic peak.

Diastereomerically pure E-ω-hydroxyferulenol (1c) was
obtained, in 1.05% yield, along with ferulenol (1a, 0.55%)
and its ω-acetoxy derivative (1d, 0.20%),8 from a sample
of giant fennel collected in southern Sardinia. The presence
of E,Z-mixtures of ω-oxygenated ferulenols has been previ-
ously reported,8 but in the sample under investigation, both
ω-acetoxy and ω-hydroxyferulenol were obtained in a
diastereomerically pure E-form. To prepare a compound
with the alleged formula of the unknown peak, compound
1c was treated with an excess of benzoyl chloride to afford
the dibenzoate 1e, which was then subjected to chemose-
lective deprotection. Opening of the lactone ring and
decarboxylation to a prenylacetophenone9 were not ob-
served when a transamidation rather than a hydrolysis
reaction was employed. Pyrrolidine is the standard base
for the chemoselective transamidation of phenolic esters,
but in our case, the two reaction products (1b and N-
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benzoylpyrrolidine) had very similar chromatographic mo-
bility in a variety of solvents and could not be separated.
The problem was solved by replacing pyrrolidine with
ethylendiamine, which eventually afforded 1b in overall
56% yield from 1c. The NMR spectra confirmed the
structure 1b for the semisynthetic benzoate. Thus, when
compared with E-ω-hydroxyferulenol (1c), a downfield shift
(∆δ ) +0.70) was observed for the allylic oxymethylene
protons (H-12′a,b) in the 1H NMR spectrum and diagnostic
R- and γ-downfield (C-12′, C-10′; ∆δ ) 1.6 and 3.5,
respectively) and â-upfield (C-11, ∆δ ) 4.1) shifts in the
13C NMR spectrum.10 Semisynthetic 1b had a chromato-
graphic mobility and UV and MS spectra indistinguishable
from those of the unknown peak, suggesting that the two
compounds are identical.

The antitubercular activity of ferulenol (1a) has been
reported in preliminary form.11 We have confirmed this
antimycobacterial activity (Table 1), discovering excellent
potency toward four strains of fast-growing mycobacteria,
including Mycobacterium fortuitum ATCC 6841, which has
been shown to be of use as an alternative screening model
for potential antitubercular drugs.12 The 12′-hydroxy-, 12′-
benzoyloxy-, and 12′-acetoxy derivatives of ferulenol were
also evaluated using these fast-growing strains. Introduc-
tion of a hydroxyl or an acetoxyl at position C-12′ (1c and
1d, respectively) caused a marked reduction of potency,
whereas a benzoyloxy group at C-12′ was better tolerated,
fully restoring the antibacterial activity of the parent
compound against M. phlei and M. smegmatis and, to a
lesser extent, M. fortuitum and M. aurum. These observa-
tions indicate that a large and lipophilic group at C-12′ of
ferulenol is tolerated.

Although ferulenol (1a) shows in vivo anticoagulant
activity, its acute toxicity is low compared to warfarin.13

Indeed, rather than with the presence of ferulenol, the
toxicity of giant fennel seems better correlated with that
of its ω-oxygenated derivatives. Thus, ferulenol could be
detected in large amounts in samples of giant fennel
coming from areas (Sicily, Crete, and continental Greece)
where ferulosis is rare or unknown,14 while the presence
of ω-oxygenated derivatives is the hallmark of the plants
coming from Sardinia and Morocco, where this intoxication
is still widespread in livestock.1,15

Binding to tubulin seemingly underlies the cytotoxic
activity of ferulenol (1a),3 while as a 4-hydroxycoumarin
derivative, its anticoagulant properties are due to inhibition
of the enzyme vitamin K epoxide reductase.16 Since neither
protein is expressed in mycobacteria, a third and yet
unknown antimicrobial target for ferulenol may exist, with
possible divergences in the structure-activity require-
ments of the various molecular targets. In this context, it
is interesting to remark that the structure of ferulenol
combines two structural elements, the enolized â-dicarbo-
nyl and the farnesyl moieties, individually present in two
classes of antibacterial compounds.17,18 Novobiocin, a cou-
marin that has limited use as a treatment for infections
caused by Gram-positive bacteria, particularly resistant
Staphylococcus aureus strains, also possesses a hydroxyl
at C-4 and a substituent at C-3. This compound has been

shown to inhibit mycobacterial DNA gyrase,19 and it does
not seem unreasonable to assume as a starting working
hypothesis that ferulenol also exerts antimycobacterial
effects via this mechanism.

When compared to the therapeutically used antimyco-
bacterials such as isoniazid and ethambutol, the activity
of ferulenol (1a) is promising, validating further work to
evaluate the effects of its structural modification. Remark-
ably, antitubercular activity was substantially retained in
a simpler analogue, 3-nonyl-4-hydroxycoumarin (3) (MIC
) 3.5 µg/mL against M. fortuitum), a compound easily
available by synthesis.20 This observation shows that the
isoprenoid features of the substituent at C-3 (methyl
branches and double bonds) are redundant for the antimi-
crobial activity of ferulenol and suggests that this com-
pound can serve as a basis for an analogue program aimed
at defining the critical structure for antitubercular activity
and its dissection from cytotoxic and anticoagulant proper-
ties.

Experimental Section

General Experimental Procedures. IR spectra were
obtained on a Shimadzu DR 8001 spectrophotometer. The 1H
and 13C NMR spectra were recorded at room temperature on
a Varian INOVA 300 spectrometer, operating at 300 MHz for
1H and 75 MHz for 13C. Chemical shifts were referenced to
the residual solvent signal. HRMS were recorded on a VG
Prospect (Fisons) mass spectrometer. Mass spectral analyses
were performed with a Finnigan MAT LCQ ion trap sammspec-
trometer equipped with both ESI and APCI interfaces. HPLC-
DAD analyses were obtained on a system made up by a
SpectraSYSTEM AS 3000 automatic sample injector module
and a SpectraSYSTEM UV6000LP diode array detector (DAD).
Silica gel 60 (70-230 mesh) was used for gravity column
chromatography.

Plant Material. F. communis L. was collected in October
2001 near Cagliari, Sardinia, Italy, and identified by M.B. A
voucher specimen (612A) is deposited at the Dipartimento di
Scienze Botaniche, Università di Cagliari.

HPLC-DAD-UV Analysis of Giant Fennel Extracts.
Powdered, dried roots (0.5 g) were treated with MeOH (150
mL) and extracted under sonication. After filtration, the
extracts were analyzed on a Zorbax XDB column (250 × 4.6
mm) with a binary eluant system [0.1% HCOOH in water
(solvent A) and 0.1% HCOOH in acetonitrile (solvent B)],
starting with 55% A for 5 min and moving then to a linear
gradient, from 55% A to 10% A in 40 min. The flow rate was
1.0 mL/min, and the injection volume 10 µL. For ESIMS
detection, the following parameters were employed: (a) posi-
tive mode: capillary temp 250 °C; sheath gas flow 90 units;
auxiliary gas flow 60 units; source voltage 4.8 kV; capillary
voltage 19 kV; (b) negative mode: capillary temp 290 °C;
sheath gas flow 80 units; auxiliary gas flow 40 units; source
voltage 6.0 kV; capillary voltage 30 kV; vaporizer temperature
350 °C. The unknown peak identified as 1b had a retention
time of 36 min and UV maxima at 282 and 310 nm and
presented an intense ion at m/z 365, attributable to the loss
of benzoic acid from the pseudomolecular ion at m/z 487.

Isolation of ω-Hydroxyferulenol. A sample (450 g) of
roots was powdered and extracted with acetone (3 × 3 L). The
pooled extracts were evaporated to give 38 g of a brownish
syrup, which was fractionated by gravity column chromatog-
raphy (100 g silica gel, petroleum ether-EtOAc gradient) to
give ferulenol (1a) (petroleum ether-EtOAc (9:1), 2.23 g,
0.55%), E-ω-acetoxyferulenol (1d) (petroleum ether-EtOAc
8:2, 0.82 g, 0.20%), and E-ω-acetoxyferulenol (1c) (petroleum
ether-EtOAc (7:3), 4.2 g, 1.05%), identified by comparison (1H
NMR, TLC) with authentic standards.8

Synthesis of E-ω-Benzoyloxyferulenol (1b) from E-ω-
Hydroxyferulenol (1c). (a) To a solution of 1c (1.0 g, 2.6
mmol) in toluene (8 mL) were added benzoic acid (950 mg, 7.8
mmol, 3 molar equiv), dicyclohexylcarbodiimide (DCC) (1.6 g,

Table 1. Minimum Inhibitory Concentrations (MIC, µg/mL)
against Fast-Growing Mycobacterium Species of the Natural
Coumarins 1a-1d

species ferulenol (1a) 1b 1c 1d ethambutol isoniazid

M. fortuitum 2 16 64 32 8 0.5
M. phlei 2 2 16 8 2 4
M. aurum 2 8 32 16 0.5 2
M. smegmatis 0.5 2 16 8 0.5 1
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7.8 mmol, 3 molar equiv), and 4-(dimethylamino)pyridine
(DMAP) (79 mg, 0.65 mmol, 0.25 molar equiv). After stirring
overnight at room temperature, the reaction was worked up
by filtration over alumina (ca. 5 g) to remove dicyclohexyl urea
and the excess acid, and evaporation. The residue was further
purified by filtration over silica gel (20 g) using petroleum
ether-EtOAc (9:1) as eluant, to afford 1.3 g (82%) of crude
1e. (b) To a solution of 1e (583 mg, 0.96 mmol) in toluene (6
mL) was added an excess of ethylendiamine (320 µL, 288 mg,
4.8 mmol, 5 molar equiv), resulting in the formation of an
orange color. After stirring at room temperature for 20 min,
the reaction was worked up by dilution with EtOAc (10 mL)
and washing with 2 N H2SO4 and brine. After drying (Na2-
SO4) and evaporation, the residue was purified by gravity
column chromatography on silica gel (13 g, petroleum ether-
EtOAc (9:1) as eluant), to afford 319 mg of 1b (68% from 1d,
overall 56% from 1c).

E-ω-Benzoyloxyferulenol (1b): colorless syrup; UV (EtOH)
λmax (log ε) 282 (2.70), 310 (2.69) nm; IR (liquid film) νmax 3300-
2900 (broad), 1670, 1609, 1568, 1203, 1190, 1109, 1056, 757
cm-1; 1H NMR (300 MHz, CDCl3) δ 8.03 (2H, Bz-AA′), 7.60
(1H, Bz-C), 7.50 2H, Bz-BB′), 7.94 (1H, dd, J ) 7.9, 1.5 Hz,
H-5), 7.60 (1H, m, H-7), 7.34 1H, t, J ) 8.6 Hz, H-6), 7.32 (1H,
m, H-8), 5.21 (1H, td, J ) 8.4, 1.3 Hz, H-2′), 5.84 (1H, td, J )
8.2, 1.3 Hz, H-10′), 5.11 (1H, td, J ) 8.0, 1.2 Hz, H-6′), 4.68
(2H, s, H-12′), 3.32 (2H, d, J ) 7.0 Hz, H-1′), 2.10 (2H, m, H-5′),
2.10 (2H, m, H-9′), 2.03 (2H, m, H-8′), 2.01 (2H, m, H-4′), 1.80
(3H, d, J ) 1.0 Hz, H-13′), 1.69 (3H, d, J ) 0.9 Hz, H-15′),
1.59 (3H, d, J ) 1.0 Hz, H-14′); 13C NMR (75 MHz, MeOH-d4)
δ 166.7 (s, Bz), 165.0 (s, C-2), 160.7 (s, C-4), 152.4 (s, C-8a),
136.3 (s, C-3′), 134.3 (s, C-7′), 133.0 (d, Bz), 131.5 (d, C-7), 130.4
(s, C-11′), 130.1 (s, Bz), 129.4 (d, Bz), 129.3 (d, C-10′), 128.4
(d, Bz), 124.6 (d, C-6′), 124.0 (d, C-6), 123.0 (d, C-5), 121.0 (d,
C-2′), 116.8 (s, C-4a), 116.3 (d, C-8), 105.3 (s, C-3), 70.4 (t,
C-12′), 39.6 (t, C-4′), 38.9 (t, C-8′), 26.2 (t, C-9′), 26.1 (t, C-5′),
22.5 (t, C-1′), 15.3 (q, C-13′), 15.0 (q, C-14′), 12.9 (q, C-15′);
HREIMS m/z 486.2419 [M]+ (calcd for C31H34O5, 486.2406);
APCI+ MS-MS m/z 365 (35), 309 (100), 283 (80), 217 (45), 203
(49), 191 (55), 175 (32).

Synthesis of 3-Nonyl-4-hydroxycoumarin. To a cooled
(ice bath) solution of 4-hydroxycoumarin (50 g, 30.8 mmol) in
pyridine-piperidine (10:1, 800 mL) was added dropwise
nonanoyl chloride (57.7 mL, 56.5 g, 32.1 mmol, 1.05 equiv) for
ca. 5 min. At the end of the addition, the cooling bath was
removed and the solution was allowed to warm to room
temperature for 15 min and then refluxed for 48 h. After
cooling, the reaction mixture was poured into crushed ice (ca.
200 g), and the orange suspension was acidified (pH 2) with 2
N H2SO4. The precipitate was collected by filtration, washed
with water until neutral, dried, and crystallized from hot EtOH
to afford 28.1 g (30%) of 3-nonanoyl-4-hydroxycoumarin. A
portion of the latter (5 g, 26.3 mmol) was suspended in acetic
acid (50 mL), heated to 100 °C (oil bath), and magnetically
stirred until a clear solution was obtained. At this point,
NaBH3CN (2.1 g, 33.8 mmol, 1.3 molar equiv) was added in
small portions for ca. 10 min. At the end of the addition, the
oil bath was removed, and the solution was stirred to room
temperature for an additional 50 min. The reaction was then
worked up by the addition of water, causing the formation of
a bulky precipitate that was collected by filtration and repeat-
edly washed with water to afford 4.3 g (overall 27% from
4-hydroxycoumarin) of 3 as a white powder: mp 104 °C; IR
(KBr) νmax 3196, 1674, 1610, 1568, 1199, 1099, 1053, 914, 752
cm-1; 1H NMR (300 MHz, CDCl3) δ 7.95 (1H, dd, J ) 7.9, 1.5
Hz, H-5), 7.54 (1H, m, H-7), 7.34 (2H, m, H-6 and H-8), 2.67
(1H, t, J ) 7.6 Hz, H-1′), 1.61 (2H, m, H-2′), 1.40-1.21 (12H,
m, H-3′, H-4′, H-5′, H-6′, H-7′, H-8′), 0.85 (3H, t, J ) 7.3 Hz,
H-9); 13C NMR (50 MHz, CDCl3) δ 164.6 (s, C-2), 160.0 (s, C-4),
152.1 (s, C-8a), 131.4 (d, C-7), 124.0 (d, C-5 and C-6), 116.4 (d,
C-8), 115.8 (s, C-4a), 105.6 (s, C-3), 31.7, 29.2, 28.4, 23.9, 22.5
(t, C-3′, C-4′, C-5′, C-6′, C-7′, C-8′), 14.0 (q, C-9′); CIMS
(isobutanol) m/z 289 [M + 1]+ [C18H24O3 + H]+.

Biological Assays. Mycobacterium fortuitum ATCC 6841
was obtained from Dr. Peter Lambert, Aston University,
Birmingham, UK. Mycobacterium smegmatis ATCC 14468,

Mycobacterium phlei ATCC 11758, and Mycobacterium aurum
Pasteur Institute 104482 were obtained from Dr. Veronique
Seidel, The School of Pharmacy, University of London. Bac-
teria were maintained on Columbia blood agar (Oxoid) supple-
mented with 5% defibrinated horse blood (Oxoid). This assay
comprised a standard MIC determination21,22 of test compound
in Ca2+ and Mg2+ adjusted Mueller-Hinton broth (MHB).
Compounds 1a-1d were dissolved in DMSO and diluted out
into MHB, to give a starting concentration of 512 µg/mL, which
was then diluted across a 96-well microtiter plate in a 2-fold
serial dilution to give a final concentration range from 512 to
1 µg/mL. Bacterial inocula equivalent to the 0.5 McFarland
turbidity standard were prepared in normal saline and diluted
to give a final inoculum density of 5 × 105 cfu/mL. The
inoculum (125 µL) was added to all wells, and microtiter plates
were incubated at 37 °C for 72 h for M. fortuitum, M.
smegmatis, and M. phlei. For M. aurum, the plate was
incubated for 120 h. The MIC was recorded as the lowest
concentration at which no bacterial growth was observed. This
was facilitated by the addition of 20 µL of MTT (Sigma 10 mg/
mL in MeOH) to each well and incubation at 37 °C for 20 min,
where bacterial growth was indicated by a blue coloration.
Appropriate DMSO, growth, and sterile controls were carried
out. Ethambutol and isoniazid were used as positive controls.
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The occurrence of vancomycin-resistant Staphylococcus aureus (VRSA) and multidrug-resistant (MDR) strains of
this organism necessitate the discovery of new classes of anti-staphylococcal drug leads. At present there are no single
chemical entity plant derived antibacterials used clinically, and this biologically diverse group deserves consideration
as a source of chemical diversity for two important reasons. Firstly, plants have exceptional ability to produce
cytotoxic agents and, secondly, there is an ecological rationale that antibacterial natural products should be present
or synthesised de novo following microbial attack to protect plants from invasive and pathogenic microbes in their
environment. This review cites plant natural products that either modify resistance in Staphylococcus aureus or are
antibacterial through bacteriostatic or bactericidal properties. The activities described here show that there are many
potential new classes of anti-staphylococcal agents which should undergo further cytotoxicity, microbial specificity
and preclinical in vivo studies to assess their potential.
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1 Introduction

This review encompasses the literature from 1995 to 2003 on
plant derived anti-staphylococcal compounds which act as
either bacterial resistance modifying agents (RMAs) or have
direct antibacterial action. For antibacterial compounds, only
single chemical entities (SCEs) which have minimum inhibitory
concentrations (MIC) of less than 64 µg ml�1 (or less than 5
µl ml�1 or 0.25% v/v for liquids) have been selected from the
literature, and only examples where standard MIC determin-
ations employing either broth or agar dilution methodologies
are cited. These criteria have been applied so that direct com-
parison of activities can be made between compound classes.
Extracts, whilst traditionally used in many systems of medicine
to treat infections caused by bacteria, have been excluded
from this review in an attempt to focus on the potential of plant
derived SCEs.

The literature abounds with claims of natural products and
extracts displaying antibiotic activity with many papers describ-
ing compounds with MIC values over 1 mg ml�1 (1000 µg ml�1),
which from a clinical perspective has little relevance. It is
likely that a number of relatively inert substances may display
antibacterial activity at this high concentration.

Resistance modifying agents are compounds which potenti-
ate the activity of an antibiotic against a resistant strain. These
compounds may for example, specifically target a resistance
mechanism, such as the inhibition of multidrug resistance
(MDR), e.g. inhibition of the NorA efflux mechanism in
Staphylococcus aureus 1 or act in a synergistic fashion via an
undescribed mechanism.

Staphylococcus aureus is a commensal organism that is com-
monly cited as being a major hospital-acquired pathogen.2,3

Strains of this species that are resistant to β-lactams, notably
the methicillin-resistant Staphylococcus aureus (MRSA) strains,
have been described from clinical sources for over forty years.4,5

It is the ability of this Gram-positive organism to acquire
resistance to practically all useful antibiotics that is cause for
considerable concern. Furthermore, in the UK there has been a
significant increase in the number of death certificates whichD
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mention MRSA with 47 citations in 1993 rising to 398 in 1998.6

The threat of untreatable multidrug-resistant bacteria has
prompted a special report from the House of Lords 7 and a
report on hospital-acquired infections by the National Audit
Office.8 The latter estimates that hospital-acquired infections
and treatment of drug-resistant bacteria in the clinical setting
cost the tax payer an estimated one billion pounds per annum.

The occurrence of a fully vancomycin resistant strain
of MRSA in the US in 2002 9,10 indicates that the successful
treatment of MRSA strains by the use of this glycopeptide
antibiotic is not guaranteed. Linezolid (Zyvox®), a new
member of the oxazolidinone group and the streptogramin
quinupristin/dalfopristin mixture (Synercid®) are the newest
anti-staphylococcal agents and have been heralded as a solution
to MRSA infections. However, an isolated report of resistance
to linezolid 11 in a clinical isolate of Staphylococcus aureus
demonstrates that researchers should not be complacent in this
area, and that there is a continual need for a pipeline of new
agents to combat multidrug-resistant bacteria.

Abbreviations used in the review include SA (Staphylococcus
aureus), SE (Staphylococcus epidermidis), MRSA (methicillin-
resistant Staphylococcus aureus), MDR (multidrug-resistance)
and MIC (minimum inhibitory concentration),

2 Resistance modifying agents (RMAs)

The concept of a compound that inhibits resistance in a
bacterium which may be employed with a conventional
antibiotic is well accepted and Augmentin® is an important
example. This product, produced by GlaxoSmithKline, uses
a combination of amoxicillin (a beta lactam antibiotic) and
clavulanic acid, a microbially derived inhibitor of beta lactam-
ases. The inhibitor greatly increases the stability of amoxicillin
to degradation by beta lactamases 12 and the product is indi-
cated for the treatment of patients with community-acquired
pneumonia or acute bacterial sinusitis due to β-lactamase-
producing pathogens.

Resistance modifying agents may also target and inhibit
multidrug resistance (MDR) mechanisms. These are membrane
proteins of varying substrate specificity which efflux antibiotics
from the bacterial cell, resulting in a low intracellular ineffective
concentration of the drug.13 In combination with an antibiotic
that is a substrate for these mechanisms, an inhibitor will
increase the cellular concentration of the antibiotic therefore
restoring its efficacy. It has also been shown that the use of such
resistance modifying agents can also reduce the emergence of
antibiotic resistant variants.14

2.1 Methicillin-resistance reversing agents

From the highly prolific group of Hamilton-Miller, much work
on the ability of green tea and its constituents to inhibit methi-
cillin-resistance in MRSA has been undertaken.15,16 A patent 17

detailing the ability of ‘compound P’, which is also anti-
bacterial (MIC = 280 µg ml�1), to reverse methicillin-resistance
has been described and the structure of this was revealed 18 as
epicatechin gallate (1). This component appears to act by
inhibiting the synthesis of penicillin binding protein 2� (PBP2�)
and is selective affecting only staphylococci that synthesise
PBP2�. In the presence of a β-lactam antibiotic, epicatechin
gallate renders MRSA strains sensitive, and an electron micro-
scopy study has shown that 1 affects cell wall morphology of
resistant strains whereas sensitive strains are unaffected. This
highlights the potential of inhibiting the synthesis of PBP2�.

Diterpenes such as totarol (2) have also been shown to
potentiate methicillin activity against MRSA via interference of
PBP2� expression.19 When incorporated into the medium at 1
µg ml�1, totarol caused at least an eight-fold increase in methi-
cillin activity against an MRSA strain and totarol was anti-
bacterial (MIC = 2 µg ml�1) and inhibited respiration in S.
aureus.

Two papers 20,21 from the Tsuchiya group on the effects of the
hydrolysable tannins tellimagrandin I (3) and corilagin (4) show
that these compounds work synergistically with oxacillin and
that 4 reduces the MICs of various β-lactams but not other
antimicrobial agents such as vancomycin, the fluoroquinolone
ofloxacin or the macrolide erythromycin. The effects were seen
against MRSA strains but not a methicillin-sensitive Staphylo-
coccus aureus (MSSA) strain.20 The authors suggest that the
major action of this natural product is also by the inhibition of
PBP2� activity. In the presence of tellimagrandin I (3), the
MICs of tetracycline against some strains of MRSA were also
significantly reduced.20

2.2 Modulators of multidrug resistance (MDR)

Some isopimarane diterpenes from Lycopus europaeus
(Lamiaceae), typically 5, have been shown to reduce the MICs
of tetracycline and erythromycin by two-fold against strains
possessing the Tet(K) and Msr(A) transporters which confer a
high level of resistance to these antibiotics.22 The MDR inhibi-
tor reserpine (6) caused a four-fold reduction in the MIC of
tetracycline although erythromycin activity was unaffected.
The effects of (6) have been studied against a variety of multi-
drug-resistant MRSA and MSSA strains 23,24 and this compound
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enhances the activity of tetracycline and norfloxacin against
strains which possess efflux mechanisms such as the more
specific Tet(K) protein and the MDR transporter NorA, the
major drug efflux pump in this pathogen.25 The NorA pump
contributes significantly to decreased fluoroquinolone suscept-
ibility. In one of these studies, reserpine reduced sparfloxacin,
moxifloxacin and ciprofloxacin MICs up to four-fold in 11, 21
and 48 of 102 clinical isolates tested respectively.24

From the prolific groups of Stermitz and Lewis, a number of
inhibitors of MDR in S. aureus have been described.26–32 These
workers studied the synergistic interaction between berberine
(7), a plant antibacterial quaternary alkaloid produced by
Berberis fremontii and another natural product, 5�-methoxy-
hydnocarpin (8) also present in this species.26,27 Compound 8
potentiates the activity of berberine against strains possessing
the NorA MDR transporter, and MDR-dependent efflux of
berberine from cells was completely inhibited by this natural
product. The authors postulate that the plant has evolved
MDR inhibitors against MDR pumps in plant pathogens,
and that in combination with latent antibacterial products
(e.g. berberine), this offers an improved chemical defence. The
flavonolignan silybin from the Milk thistle (Silybum marianum)
of similar structure to 8, and the porphyrin phaeophorbide
A (9) (also from Berberis fremontii), have also been shown to be
inhibitors of S. aureus MDR.28,29 A key feature of these and
many other MDR inhibitors is their large size and high degree
of lipophilicity. These qualities are likely to be of importance
for their solubility in the bacterial membrane and binding to the
efflux transporters before inhibition can occur.

A number of methoxylated flavones 30 (10, 11) and iso-
flavones 31 (12–14) that potentiate the activities of berberine and
the synthetic fluoroquinolone antibiotic norfloxacin have been
described. The first two flavones from Wormwood, Artemisia
annua (Asteraceae) were earlier reported to potentiate the
activity of the antimalarial artemisinin against the causative
agent Plasmodium falciparum, and it is likely that in S. aureus
(and possibly P. falciparum), these compounds exert their
effects by inhibition of MDR pumps. Investigation of the
isoflavones 12–14 from Lupinus argenteus has shown that they
act as potentiators of berberine and linolenic acid antibacterial
activity, the latter being present in this Lupinus species.

MDR pump inhibitors have even been described from
popular horticultural taxa such as Geranium with some poly-
acylated neohesperidosides from G. caespitosum 32 for example
15, showing potentiation activity of berberine by increasing
berberine uptake by inhibition of MDR. Compound 15 was
also shown to be only weakly cytotoxic against three leukaemia
cell lines.

Salicylic acid (16), present in many plant species, has recently
been shown to induce a reduction in the accumulation of
the fluoroquinolone antibiotic ciprofloxacin and the MDR
substrate ethidium.33 Inactivation of NorA, the major MDR
transporter in S. aureus, did not alter the ability of salicylate to
induce increased ciprofloxacin and ethidium resistance.

3 Antibacterial natural products

This section covers compounds which are directly antibacterial
(cidal or static) and the section is broken down according to a
general biogenetic source and an attempt has been made to
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collate compounds according to structural similarity so that
antibacterial activities can be compared according to class.
Only the most active natural products from a literature source
are mentioned and where mode of action is known this has
been cited.

3.1 Monoterpenes

The tea tree (Melaleuca alternifolia, Myrtaceae) has long been
regarded as a useful topical antiseptic agent in Australia 34 and
there has been much research into the use of this oil as an anti-
septic for nursing staff. The most active purified compounds
from this oil include γ-terpinene, α-terpineol, terpinen-4-ol (17)
and linalool (18) with MICs in the range of 0.125–0.25%
v/v.35–37 The most broad-spectrum of these being (17) with
activity against Gram-negative bacteria.36 It was also shown that
non-oxygenated monoterpenes e.g. γ-terpinene and p-cymene
reduce the efficacy of 17 by reducing its aqueous solubility.37

From Artemisia asiatica,38 1,8-cineole (19) was found to be
the major anti-staphylococcal agent of the essential oil with an
MIC of 2 µl ml�1. This was also active against the Gram-
negative species Escherichia coli and Pseudomonas aeruginosa
(both MICs of 3 µl ml�1) which in many cases are insensitive to
plant antibacterials unless high concentrations are employed.

3.2 Sesquiterpenes

In a study to ascertain the active principles of a Nepalese medi-
cinal plant used to treat sinus infections,39 the guaianolide
sesquiterpene lactone 6-O-isobutyroplenolin (arnicolide C) (20)
was characterised as the most active against a methicillin-
sensitive Staphylococcus aureus (MSSA) strain (MIC 38 µg
ml�1). The authors postulate that the activity depends on the
presence of a beta unsubstituted cyclopentenone ring moiety
and work by others 40 showed that saturation of this dram-
atically reduced activity. Interestingly, the antibacterial activity
appears to be independent of an α-methylene-γ-lactone moiety,
although this group is needed for significant antitumour activ-
ity. Furthermore, compound 20 was shown to be bactericidal
and not bacteriostatic as bacteria grown in the presence of this
product could not be recultured. The related guaianolide 21,
from Artemisia gilvescens 41 showed excellent potential against a
clinical strain of MRSA (MIC, 1.95 µg ml�1) and only moder-
ate cytotoxicity toward a human colon carcinoma cell line

(IC50 = 16 µM) indicating that possibly this margin can be
exploited. Xanthatin (22), exhibited species specific activity
with only Gram-positive bacteria being affected and the
authors profiled 22 against twenty MRSA and seven MSSA
with MIC values being comparable for resistant and sensitive
strains.42

Daucane sesquiterpenes with various aromatic ester
moieties attached to them have been characterised from
Ferula species, notably F. hermonis 43 (23, MIC, 6.25 µg ml�1)
and F. kuhistanica (24, MIC, 8–16 µg ml�1). 44

Sesquiterpene ester 24 was hydrolysed and the antibacterial
activity of the hydrolysis products investigated. The sesqui-
terpene portion had greatly reduced activity (MIC, 125 µg ml�1)
and p-hydroxybenzoic acid was inactive indicating the
importance of both moieties for overall activity.44

Much work has been conducted on myrrh (Commiphora
molmol ) antimicrobial properties 45 as these exudates are
produced by trees belonging to the Burseraceae family, which
secrete resins rich in terpenoids and carbohydrates that are
probably produced by the tree as a defence against microbial
and insect attack following damage. The furano seco-A-ring
sesquiterpene curzerenone 25 was isolated along with other
sesquiterpene mixtures as being responsible for the anti-
staphylococcal activity (MIC = 0.7 µg ml�1) and this compares
very well with ciprofloxacin activity against the same strain
(MIC = 0.12 µg ml�1).45 This may account for the use of
myrrh in antiquity for treating wounds and as a local eye
medication.46

Mansinone F (26) from Ulmus davidiana var. japonica
exhibited superb activity versus 19 MRSA strains with MIC
values in the range of 0.39–3.13 µg ml�1 and these compare
favourably with vancomycin (0.39–1.56 µg ml�1), the most
widely used anti-MRSA antibiotic.47 The authors mention that
this structurally simple and unique ortho-naphthoquinone
offers much potential as a new anti-MRSA lead and certainly
this compound is amenable to synthetic modification and has
potential as a template for analogue synthesis.

The aromatic sesquiterpene phenol, xanthorrizol (27),48,49

had activity against SA and MRSA in the range of 16–32 µg
ml�1 and this compound was shown to non-specifically inhibit
DNA, RNA and protein synthesis 49 but a single oral dose did
not protect mice infected with SA introduced intraperitoneally.

3.3 Diterpenes

This is one of the largest groups of plant derived natural
products with anti-staphylococcal activity and certain plant
taxa and diterpene classes are well represented. In particular,
the genus Salvia from the Lamiaceae or mint plant family, is
prolific and a recent important review covers the antibacterial
and cardioactive properties of these species.50

266 N a t .  P r o d .  R e p . , 2 0 0 4 , 2 1,  2 6 3 – 2 7 7

D
ow

nl
oa

de
d 

on
 1

8 
M

ay
 2

01
1

Pu
bl

is
he

d 
on

 0
1 

M
ar

ch
 2

00
4 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
21

26
95

H
View Online

477

http://dx.doi.org/10.1039/b212695h


From Salvia blepharochlaena,51 the abietane diterpenes horm-
inone (28) and 7-acetylhorminone (29) were active toward SA
and S. epidermidis in the MIC range of 1.5–10 µg ml�1 and a
similar level of activity is seen from 1-oxoferruginol (30) from
Salvia viridis.52

Salvia additionally produces isopimarane type diterpenes 53

e.g. 31 having comparable activity (9 µg ml�1) 54 to amikacin (16
µg ml�1), ampicillin (8 µg ml�1) and cefoperazone (16 µg ml�1)
which are commonly used to treat infections caused by Gram-
positive bacteria. Abietane quinones from Salvia prionitis 55 and
S. lanigera 56 (e.g. sanigerone, 32 MIC = 13 µg ml�1 against SA)
highlight the potential of these compounds as lead structures.
Sanigerone (32) is a nor-diterpene, presumably formed via oxid-
ation of methyl-20 and decarboxylation resulting in the form-
ation of an unusual aromatic B-ring abietane. Other taxa in the
mint family excel at producing anti-staphylococcal compounds
and these include Plectranthus hereroensis, which produces an
acetylated abietane quinone (33, MIC = 31.2 µg ml�1) 57 related
to horminone (28), and P. elegans 58 (34 and 35) with similar
activities against Gram-positive bacteria, and causing inhib-
ition of fungal spore germination (Cladosporium cucumerinum).
The authors suggest that these compounds may have a role in
the chemical defence of Plectranthus. 58

From Dauphinia brevilabra (Lamiaceae) the methoxylated
abietic acid (36) 59 showed good potency of 1 µg ml�1 against a
standard laboratory SA strain (NCTC 6751) with the same
activity as chloramphenicol. Other reports of lamiaceous
species producing antibacterial diterpenes include Ballota
saxatilis subsp. saxatilis which yielded the furano-labdane
diterpene ballonigrine (37) with moderate activity against SA
and S. faecalis (25 µg ml�1).60

Coniferous plants (Pinopsida) are an interesting source of
antibacterial leads, again being rich in abietane type diterpenes
from Cephalotaxus 61 and Chamaecyparis 62 species, with MIC
values below 15 µg ml�1 and there is potential to exploit this
taxonomic group and the abietane diterpene class 63 providing
that adequate dereplication can be carried out to avoid
common and active natural products such as abietic acid itself.

The dehydroabietic acid (38) skeleton has been extensively
investigated to determine structural effects on anti-staphylo-
coccal and antifungal activity.64 This study showed that simple
derivatisation of dehydroabietic acid, for example, conversion
of the acid to aldehyde or alcohol, improved activity and that
removal of the isopropyl side chain from ring-C or the
introduction of an alcohol or ketone at C-7 or C-12 could
enhance activity depending on the organism. The stereo-
chemistry of the A/B ring junction did not appear to display
a significant role in antibacterial activity.

An excellent study has recently been conducted by Timmer-
mann and co-workers 65 on the isopimarane 39, using SA and
MRSA strains and activity was also shown against Bacillus
subtilis (MIC; 2, 2 and 4 µg ml�1 respectively). These authors
showed that the presence of an oxymethylene group at C-19 is
important to activity, since its replacement with a carboxylic
acid reduces activity. This is mirrored in the above case of
abietane diterpenes. Compound 39 rapidly and non-specifically
inhibited uptake and incorporation of radio-labelled thym-
idine, uridine and amino acids at its MIC. The authors suggest
that this may function by a membrane damaging effect
although no specific mechanism is described. Using human red
blood cells however, no haemolytic effect was observed until a
concentration of 32 µg ml�1 was used. The compound was also
evaluated in vivo for its ability, at a subcutaneous dose, to afford
protection against SA infection but no protection was seen in a
murine model.65

Work has been conducted on the totarane diterpene totarol
(40) during the period of this review to ascertain mode of
action 66 and structure activity relationships of derivatives.67

This product originally comes from a coniferous plant
Podocarpus nagi, and has activity against MRSA 68 and its
activity is improved when tested in combination with other
natural products.69 The Kubo group 66 have demonstrated that
40 inhibits oxygen consumption and respiratory-driven proton
translocation in whole cells, and oxidation of NADH in
a membrane preparation. Amongst several key enzymes
studied, NADH-cytochrome c reductase was inhibited whilst
cytochrome c oxidase was not. The authors postulate that the
site of respiratory inhibition of totarol was near CoQ in the
bacterial electron transport chain.

Modifications at C-12 and O-13 of totarol on antibacterial
properties have been evaluated and in general a phenolic moiety
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is essential for activity of <32 µg ml�1. Derivatisation of C-12
was deleterious and totarol and its derivatives appear to be only
active against Gram-positive species.67

Some of the rarer skeleta of diterpenes include the trachylo-
bane class, typically 41 which has activity (both at 6.25 µg
ml�1) against SA and Mycobacterium smegmatis, a model for
assessment of anti-tubercular drugs.70 Again this compound is
oxygenated at one of the methyl groups at C-4, which seems
to be a regular feature of many antibacterial diterpenes. This is
the case with beyerenoic acid (42) from the roots of Viguiera
hypargyrea (Asteraceae) with activity toward SA and Entero-
coccus faecalis (MIC; 12 µg ml�1) and this supports the use
of these roots as a treatment of gastrointestinal disorders in
Mexico.71 Fabiana densa var. ramulosa is used in traditional
medicine in Chile to treat coughs and illnesses of the lungs, and
a bioassay-guided study led to the isolation of the succinate
derivative 43 (MIC < 10 µg ml�1),72 which is structurally related
to 42.

Continuing in the same theme of South American medicinal
plants yielding useful anti-staphylococcal leads, Tincusi et al.,
have investigated an oleoresin from Peruvian Copaifera paupera
(Leguminosae). Diterpene 44 was active against SA and
S. epidermidis at 5 and 10 µg ml�1 respectively and the control,
cephotaxime had an MIC of 2.5 µg ml�1.73

Investigation of essential oils of two Helichrysum species led
to the characterisation of the cyclised labdane diterpene
manoyl oxide (45) as having bacteriostatic activity against SA
(MIC = 50 µg ml�1).74

3.4 Triterpenes

All of the triterpenes reviewed are either acids or esters and the
predominant skeleton is the ∆12-oleanene pentacycle. There are
two nor-friedelane triterpenes (46 and 47) from Crossopetalum
gaumeri with excellent potency toward S. epidermidis (0.54 and
1.11 µM respectively) when compared to chloramphenicol
(12.4 µM).75 These compounds are presumably formed via
by decarboxylation of methyl-24 allowing unsaturation in rings
A and B.

Even simple compounds that are almost phytochemically
ubiquitous such oleanolic acid (48) show appreciable anti-
staphylococcal activity (MIC 8 and 16 µg ml�1) against SA and

MRSA, and this compound was isolated from fractions with
higher activity that contained polyphenolic components.76

Esters of this skeleton, notably at the C-3 position such as 49
possessing a trans-p-coumarate, have been isolated and tested
against SA and Staphylococcus capitis with 12.5 µg ml�1 MIC
values 77 and even simple 29-oic acid derivatives possessing
hydroxyl groups around the skeleton have similar activity such
as maytenfolic acid (50).78

Triterpene glycosides are also represented and the acetylated
rhamnoside oleanene (51) 79 and its corresponding aglycone
have excellent potency versus SA with MICs at 6.25 and 3.13
compared to streptomycin at 0.78 µg ml�1.

Muhammad et al.,80 report an 11-ethoxy derivative (52) and a
seco-A-ring oleanene, koetjapic acid (53), from Maytenus
undata (Celastraceae) (MIC; 50 and 12.5 µg ml�1; SA) and the
seco compound is probably related to other oleananes present
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in the plant via a Baeyer–Villiger type oxidation. The prolific
group of Timmermann and co-workers, have characterised
from Acalypha communis (Euphorbiaceae), several active
cycloartane type triterpenes 81 with 54 demonstrating activity
against SA, MRSA and a vancomycin-resistant Enterococcus
faecium at 32, 64 and 8 µg ml�1 compared to penicillin G at
0.06, 128 and 128 µg ml�1 respectively.

3.5 Phenylpropanoids and stilbenoids

In this section, natural products with the structural features of
C6–C3 and C6–C2 moieties are covered and this includes the
phenylpropanoids, coumarins, lignans and stilbene related
compounds. Coumarins are known to have extensive anti-
bacterial activity and there are microbially derived examples
used clinically e.g. novobiocin, and these agents are thought to
exert their effects by inhibition of bacterial DNA gyrase.82

Osthol (55) from Prangos pabularia 83 is a 7-methoxylated,
8-prenylcoumarin with an MIC of 31.25 µg ml�1 towards a
methicillin-resistant strain but was inactive against E. coli and
P. aeruginosa, which is presumably due to poor penetration
through the cell wall of the Gram-negative species. Compound
56, bornyl coumarate, of mixed biosynthesis possessing both
phenylpropanoid and monoterpene moieties, had excellent
activity against a standard SA strain (0.6 µg ml�1).84 Presum-
ably, the lipophilic monoterpene portion of the molecule allows
membrane permeability of this compound and the phenolic
coumarate may act as an ionophoric moiety. The nor-lignan
(57) 85 from Styrax ferrugineus (Styracaceae), a plant which is
used in Brazil to treat wound infections, was isolated with a
series of other nor-lignans, some of which are glycosides, has an
MIC of 10 µg ml�1 compared to chloramphenicol (SA, 5 µg
ml�1). This is a simple achiral metabolite and would be an
excellent starting template to synthesise analogues to enhance
potency.

Other relatively simple examples include full lignans of the
aryl tetralin class e.g. 58 and 59, which are biosynthetically
related to the cytotoxic podophyllotoxin group.86 Both of these
compounds were profiled using 18 strains of MRSA with
values ranging from 4–32 µg ml�1 and interestingly these com-
pounds are only active toward MRSA strains and not MSSA
(methicillin-sensitive SA). This selectivity is intriguing and the
authors are investigating the mechanism of how these agents

function. This highlights the value of screening metabolites
against resistant and sensitive strains, particularly isolates of
direct clinical relevance.

Marchantin A (60) from a Hungarian liverwort Marchantia
polymorpha 87 has exceptional activity against a panel of both
Gram-positive and Gram-negative bacteria (SA; MIC = 6.8 nM
(!)) and as this compound is cyclic and has lipophilic and
hydrophilic domains, it is possible that it functions by forming
pores in cell membranes resulting in cell lysis. The exceptionally
complex vaticaphenol A (61) (not a tempting synthetic
target), is a resveratrol tetramer and was isolated employing
bioassay-guided fractionation of extracts of the stem bark of
Vatica oblongifolia ssp. oblongifolia (Dipterocarpaceae) from
Sarawak.88 This metabolite has moderate activity toward SA
and Mycobacterium smegmatis (50 and 25 µg ml�1 respectively)
but shows the best possible features of plant derived natural
products being highly functional and chiral. The productive
research group of Ilias Muhammad have isolated and char-
acterised from Machaerium multiflorum, a series of highly
unusual and rare stilbenoid-monoterpenes (e.g. 62).89,90 These
agents are hexahydrobenzopyrans and these are the first reports
of this type of compound from a higher plant other than the
genus Cannabis, and 62 was active against SA and MRSA
(5 and 4.5 µg ml�1 respectively).

3.6 Simple phenols and tropolones

The leaves of Piper gibbilimbum (Piperaceae) is a scrambling
shrub used in Papua New Guinea as an antiseptic to heal
abscesses, ulceration of the skin and also to treat fevers.
Fractionation of the petroleum extract of the leaves of this
plant afforded several alkenylphenols (e.g. gibbilimbol B; 63,
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Table 1 Flavonoid anti-staphylococcal natural products

Compound Subclass Bacterium MIC a Compound Subclass Bacterium MIC a

69 Chalcone 96,97 SA 3.0 78 Flavanone-stilbene 107 MRSA 3.13
70 Dihydrochalcone 98 SA/MRSA 10/4.5 79 Isoflavanone 108 SA 8.3
71 Flavone 99 MRSA 3.9–15.6 80 Isoflav-2-one-4-ol

(3-phenylcoumarin) 109
SA 9.7

72 Flavone 99 MRSA 62.5–125 81 Isoflavan 110 MRSA 3.13
73 Flavanone 100 SA 50 82 Isoflavan 97 SA/MRSA 3.13/6.25
74 Flavanone 101 SA/MRSA 1.56/1.56 83 Pterocarpan 111 MRSA 3.13–

6.25
75 Flavanone 102,103 SA/MRSA 3.13–6.25 84 Pterocarpan 111 MRSA 3.13–

6.25
76 Flavanone 105 SA/SE 5.0/5.0 85 Dimer 113 SA 15.3
77 Flavanone 106 SA/SE 1.8/1.8 86 Dimer 113 MDR/MRSA 8
a In µg ml�1; SA = Staphylococcus aureus; MRSA = methicillin-resistant Staphylococcus aureus; SE = Staphylococcus epidermidis; MDR = multidrug-
resistant strain. 

MIC = 2 µg ml�1, SE) which were evaluated using Brine Shrimp
and KB nasopharyngeal carcinoma cells (ED50 (63) 3.9 µg
ml�1).91

A semisynthetic study on derivatives of alkanin (64), which
has been esterified by a range of alkyl substituents at position
C-1� was conducted employing vancomycin-resistant entero-
cocci and MRSA.92 The parent natural product (64) exhibited
MIC values of 6.25 µg ml�1 against MSSA and MRSA but the
semisynthetic small branched alkyl esters had greater potency
(with the exception of aromatic esters).

Tropolones such as 4-acetyltropolone (65) and hinokitiol (66)
have been shown to have very low MICs against S. epidermidis
(1.56 and 0.2 µg ml�1 respectively) and activity is suggested as
being attributable to metal chelation between the carbonyl
group at C-1 and hydroxyl at C-2 in both molecules.93 Even
simple acids and esters such as gallic acid (67) and ethyl
gallate (68) have been evaluated for their anti-MRSA proper-
ties with MIC values recorded against 20 strains of MRSA and
7 strains of MSSA.94 These compounds exhibited no activity
toward S. epidermidis (MIC > 1000 µg ml�1) and MIC
values toward SA ranged from 15.7 to 62.5 µg ml�1. The
authors were prompted to investigate these natural products by
work carried out by Kono et al.,95 on the antimicrobial activity

of epicatechin gallate (1) against clinical isolates of MRSA,
because epicatechin gallate can produce gallic acid through its
hydrolysis.

3.7 Flavonoids

The activities of this group, which is one of the largest anti-
staphylococcal (and broadly antibacterial) classes of metabol-
ite, are reported in Table 1 where the subclass of flavonoid is
also detailed.

Chalcone 96,97 and dihydrochalcone 98 flavonoids are repre-
sented by 69 and 70 and these, probably the simplest of flavon-
oids, have very respectable activities. The simplicity of these
structures and the ease with which combinatorial libraries
could be prepared from this template make them an attractive
target, particularly licochalcone A (69) (originally isolated from
liquorice), which would be amenable to a variety of prenyl and
alkyl substitutions.

Even simple flavones 99 such as apigenin (71) and luteolin (72)
exhibit good to moderate activities against SA and MRSA
strains (3.9–62.5 µg ml�1), and these compare with methicillin
MIC values which, in some cases, were 1000 µg ml�1 against the
same resistant strains.
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It is the flavanones which are the most widely reported anti-
staphylococcal flavonoids 100–106 and all of those reported here
(73–77) possess either prenyl (sometimes more than one) or
geranyl groups that presumably contribute to the lipophilicity
and membrane solubility of these compounds. Of particular
note 101 within this group is 74 with excellent potency toward
standard and MRSA strains (Table 1). Sophoraflavanone G
(75) is antibacterial 102 but also has strong synergism 103 in
combination with vancomycin with a fractional inhibitory
concentration (FIC) index of 0.16. This is a significant effect
as FIC indices are an indicator of synergistic effects where
FIC <0.5 relates to synergism.104 This effect was also seen to a
lesser extent with other antibiotics and the authors propose that
a combination of 75 with vancomycin may contribute to better
treatment of an MRSA infection. Flavanone 77 is related to
sophoraflavanone G and isomeric with respect to the geranyl
(lavandulyl) subunit 106 and an investigation on the impact of
these monoterpene side chains on potency is valuable. Metab-
olite 78, alopecurone B, is a flavanone-stilbene,107 which when
tested against 21 strains of MRSA, had potencies of between
3.13 and 6.25 µg ml�1 that compare highly favourably with
methicillin (12.5–>100 µg ml�1), gentamicin and erythromycin
(both in the range 1.56–>100 µg ml�1).

The genus Erythrina (Fabaceae) produces a number of
prenylated isoflavonoids,108–110 (e.g. 79–81) and these are also
present in Glycyrrhiza species 97 of the same family (e.g. 82).
Compound 80 is also a 3-phenylcoumarin and it has been pos-
tulated that these compounds exert their effects by inhibition of
bacterial DNA gyrase.82

The pterocarpans (e.g. 83 and 84), which are biosynthetic-
ally related to isoflavonoids and have similar anti-staphylo-
coccal properties, occur within the same genera and species
e.g. Erythrina zeyheri.111 These metabolites are known to be
phytoalexins which are antimicrobial natural products bio-
synthesised de novo following colonisation of plants by bacteria
and fungi.112 This ecological rationale for the presence of
antibacterial products should certainly be exploited in lead
discovery.

In Botswana and Zimbabwe, Vahlia capensis is widely used
to treat eye infections and Majinda et al.,113 have isolated an

antibacterial flavonoid dimer (85) which may account for the
traditional use of this species. The Washambaa people of the
Western Usmabara Mountains of Tanzania use the yellow
bark of Ochna macrocalyx for gastrointestinal disorders and
from extracts of this species, a series of flavonoid dimers
e.g. 86 have been isolated. This compound exhibited good
activity (MICs = 8 µg ml�1) 114 against three SA strains which
possess efflux mechanisms, one of which is the NorA MDR
transporter, the major drug efflux pump in this species.

3.8 Alkaloids

There is excellent rationale that plant alkaloids should possess
antibacterial activity, particularly given the number of cyto-
toxic drugs and templates from this source such as the vinca
alkaloids (vincristine and vinblastine) and camptothecin and
its synthetic derivatives (topotecan and irinotecan). From
Clausena heptaphylla (Rutaceae), 87 has a broad spectrum of
activity with MIC values of 3, 6 and 20 µg ml�1 against SA,
Escherichia coli and Pseudomonas aeruginosa.115 This activity
toward the Gram-negative species, which are generally harder
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to find hits against, and the simple nature of this carbazole
alkaloid is intriguing. From the same carbazole class, mahanine
(88) showed a wide range of biological activities (MIC 12.5 µg
ml�1; SA), including cytotoxicity toward HL60 tumour cells
(MIC100 = 4.0 µg ml�1). Interestingly, this compound is also
antimutagenic and in an Ames test was able to inhibit
mutations caused by heterocyclic amines by 99% at a concen-
tration of 20 µM, and no toxicity was seen against Salmonella
typhimurium at this concentration.116

Cryptolepis sanguinolenta is widely used in West and Central
Africa to treat infectious disease and the major active anti-
microbial principle, cryptolepine (89) has been profiled using an
extensive panel of Gram-negative, Gram-positive bacteria and
yeasts. The MIC of the free base was less than 7.8 µg ml�1

whereas the hydrochloride salt was less active (60 µg ml�1)
toward S. aureus. This is unusual given the increased water
solubility of the salt which may in fact be detrimental to cellular
absorption (and hence reduced activity) of this indolo-
quinolizidine.117 There are few examples of polymeric alkaloids
in the literature and from Calycodendron milnei (Rubiaceae) a
series of small polymers based on the pyrrolidinoindoline
skeleton have been isolated.118 One of these, isopsychotridine
(90) (MIC; 5 µg ml�1; SA), has five monomers joined together
in which the first two monomer units are coupled through the
alicyclic carbons C-3a to C-3a and further linkages are formed
via bonds between the aromatic carbon C-7 and the C-3a
carbon of another monomer. These agents also display anti-
fungal, anti-yeast, anti-viral and cytotoxic activities.118

From the Clark group in Mississippi, an unusual azaanthra-
quinone (91) with an MIC of 6.25 µg ml�1 toward SA from
Mitracarpus scaber (Rutaceae) has been characterised and
compared with a commercially available synthetic sample.119

Goldenseal (Hydrastis canadensis) is a widely used herbal

product, especially in the United States for the treatment of a
variety of gastric disorders.120 It is a small perennial plant found
in North American damp forests and is used by the Cherokee
Indians as a disinfectant.121 Extracts and isolated compounds
from this species have been evaluated and the most active
anti-staphylococcal compound is the quaternary ammonium
alkaloid berberine (7) (MIC; 31 µg ml�1; SA) which is present in
the plant in high concentration (6%) and provides a rational
basis for the traditional antibacterial use of Goldenseal.122

The Southern prickly ash (Zanthoxylum clava-herculis,
Rutaceae), also produces quaternary alkaloids, and one of
these chelerythrine (92), is the major anti-staphylococcal agent
from this species. This agent has activity against a standard
S. aureus ATCC 25923 strain (4 µg ml�1) and toward three
strains possessing the efflux mechanisms MsrA, TetK and
NorA with MIC values of 8, 16 and 8 µg ml�1 respectively.123

These activities compare well with the activities of erythro-
mycin (64 µg ml�1), tetracycline (256 µg ml�1) and norfloxacin
(32 µg ml�1) against these resistant strains and indicate that
chelerythrine may be a poorer substrate for these efflux systems
than the antibiotics. Whilst chelerythrine in a known cytotoxin,
it is possible that modification of the benzo[c]phenanthridine
template could reduce the cytotoxicity and retain the
antibacterial activity of this group toward effluxing strains.

The final alkaloid to be reviewed is the aporphine 93 that
comes from the annonaceous Guatteria multivenia, which
has been evaluated against a series of yeasts (C. albicans,
Cryptococcus neoformans) and SA and MRSA strains with
MIC values of 2.0 µg ml�1 for the staphylococci.124

3.9 Polyketides and polyynes

An important paper published by Tegos et al.,125 has shown that
certain plant antimicrobials such as the polyketide derived
rhein and plumbagin (94) have striking activity against MDR
S. aureus and some Gram-negative bacteria when the MDR
pumps within these species are disabled. The potentiation of
activity is in some cases 100 to 2000-fold. This has great
broad-spectrum potential. Furthermore, measurement of
uptake of a plant metabolite (berberine) confirmed that
disabling the MDRs strongly increased the level of penetration
of the plant antimicrobial. The authors suggest that plants may
have developed a way of delivering their antimicrobials into
bacteria.
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Again from the prolific research group of Alice M. Clark, the
naphthopyrone 95, from Cassia quinquangulata 126 has excellent
potency toward SA and MRSA strains (MIC; 3.125 and 6.25 µg
ml�1) and the genus Cassia which includes the Senna species are
prolific producers of polyketide derived naphtho- and anthra-
quinone phenolics and are certainly worth exploring further.

Xanthones (96–99) are metabolites commonly found in the
Clusiaceae (Guttiferae) family and frequently occur as prenyl-
ated, geranylated or farnesylated products. Calozeyloxanthone,
96, from Calophyllum moonii and C. lankensis 127 was profiled
against 17 strains of SA (MIC; 4.1–8.1 µg ml�1) comparing
favourably with vancomycin (0.5–4 µg ml�1) and this agent
should certainly be further investigated using in vivo models.
From another guttiferaceous plant, Garcinia dioica, rubra-
xanthone (97) has even better in vitro potency than vancomycin
and is one of the most potent anti-MRSA agents from plants
to date, having MIC values ranging from 0.313–1.25 µg ml�1

toward MRSA and MSSA strains.128 The lipophilic nature of
this compound is probably responsible for good bacterial
uptake and the authors anticipate that these xanthones will
have wide pharmaceutical uses. Further examples of this class
include globulixanthones D and E (98 and 99) 129 (MIC; 8.0, 4.5
µg ml�1; SA respectively) and the dimer (99) may well be a DNA
intercalator having an interesting shape following rotation
around C-5–C-8� bond which may fit into a DNA groove.

Simple C6 compounds such as (3E )-hexenal display S. aureus
bacteriostatic effects at low concentration (0.1–1 µg ml�1),130

and these compounds are part of the scent or ‘green odour’ of
plant leaves and probably contribute to antimicrobial plant
defence. Other straight-chain polyketides include the poly-

acetylenes which have wide distribution in several plant families
(Asteraceae, Araliaceae and Apiaceae) and are in some cases
produced as phytoalexins. The polyynes 100 and 101 from
Mitrephora celebica 131 (Annonaceae) had moderate activity
(MIC; 25 and 12.5 µg ml�1, MRSA) and these acetylenic
compounds are not commonly found in the Annonaceae. The
authors remark that these acetylenic acids were unstable and
decomposed to blue methanol insoluble products. Falcarindiol
(102) is more stable, and two separate studies 132,133 one of which
defined the absolute stereochemistry of this product using
Mosher’s ester methodology as 3(R),8(S ),133 have evaluated the
anti-staphylococcal nature of this metabolite with activity
toward three strains of MDR SA of between 8–16 µg ml�1

and epidemic MRSA strain-15 was also evaluated (MIC 32
µg ml�1).

Verbalactone (103) from Verbascum undulatum is a cyclic
lactone derived from the dimerization of two C10 hydroxylated
fatty acids, and the stereochemistry of this compound was
determined to be all (R) by base hydrolysis to afford the acids
and then acid relactonisation to give the simple C10 lactone.
The data of this was compared with known compounds.134 This
natural product has moderate activity (MIC 62.5 µg ml�1, SA)
and may function as a ‘porin’ former by localising in the
bacterial membrane and causing cell lysis via formation of
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holes in the cell membrane. The final metabolite in this section,
aculeatin D (104), comes from the ginger family (Amomum
aculeatum, Zingiberaceae, MIC 8 µg ml�1, SE) 135 and is a
dispiro-ether with good cytotoxicity toward KB and L-6 cell
lines (IC50 = 0.38 and 1 µg ml�1 respectively). Furthermore this
metabolite was highly antiprotozoal towards Plasmodium and
Trypanosoma species (IC50 0.2–0.49 µg ml�1) and the mechan-
ism of cytotoxicity of this metabolite towards bacterial,
mammalian and protozoal cells is unknown.

3.10 Sulfur containing products

Oils from the Garlic genus for example garlic itself (Allium
sativum, Alliaceae) are rich in sulfur containing natural prod-
ucts (e.g. allicin) and are known to be strongly antimicrobial.120

A series of diallyl sulfides, including diallyl tetrasulfide (105)
have been evaluated 136 using SA and MRSA strains with MIC
values of 0.5 and 2.0 µg ml�1 respectively. The pure compounds
and the parent oils from garlic and Chinese leek (Allium
odorum) were also active against Candida and Aspergillus
species and are probably produced by Allium as latent anti-
microbial substances. Ajoene (106), a common constituent of
Allium species, occurs as both the E and Z isomers and is an
inhibitor of platelet aggregation and has potential as a treat-
ment for thrombosis. This metabolite also has anti-staphylo-
coccal activity (bactericidal) 137 with an MIC value of 16 µg
ml�1 and is additionally antibacterial to species of Bacillus,
Mycobacterium and Streptomyces.

When induced by UVA irradiation, terthiophenes have anti-
biotic activity towards viruses, bacteria, fungi nematodes and
eggs and larvae of insects.138 In a study of nine terthiophenes,
typified by 107, Ciofalo et al.,139 have shown that these com-
pounds are highly active when irradiated (MIC = 0.022 µg ml�1

(!), SA, amikacin = 5 µg ml�1) and are inactive at 10 µg ml�1 to
Pseudomonas aeruginosa. This natural product exhibits an
astounding level of potency toward S. aureus and whilst this
activity must be initiated by UV light there may be opportun-
ities to use this class as topical antibacterial agents. A far less

active thiophene-polyyne (108) from Balsamorhiza sagittata
(MIC 25 µg ml�1 against MRSA) is also moderately potentiated
by exposure to UV light for half an hour.140

3.11 Acylphloroglucinols

The acylphloroglucinols are natural products based on an
aromatic ring that in many cases has been reduced or has a
keto-enol form. The majority of these products are prenylated
and/or farnesylated and possess simple acyl groups such as
2-methylpropanoyl which is found in hyperforin (109). This
metabolite occurs in Hypericum perforatum (St John’s Wort)
and is commonly used as an herbal antidepressant product.120

Much work has been done on the antibacterial evaluation of
hyperforin and in vitro activity is exceptional with MIC values
ranging from 0.1–1 µg ml�1 against penicillin-resistant SA
(PRSA) and MRSA strains.141,142 These results substantiate the
use of St John’s Wort in several countries as a treatment for
superficial burns and wounds that heal poorly.142 A recent paper
describes that exposure of SA to hyperforin leads to a reduced
sensitivity to this agent, although the author suggests that
resistance cannot be acquired at the doses of which St John’s
Wort is given for antidepressant effects.143 Furthermore, the
potential use of this agent as an antibiotic is supported by the
observation that no resistance occurred at low concentrations
of hyperforin and that even in strains with reduced suscepti-
bility, no cross resistance with clinically used antibiotics could
be detected.143 These findings highlight the potential of the
acylphloroglucinol class as anti-staphylococcal drug-leads and
although this compound is known to be unstable 144 even the
degradation products, notably 110 and 111 that occur as a
mixture, display moderate activity (50 µg ml�1, SA).145

From the related species, Hypericum papuanum, a number of
these interesting molecules have been characterised with anti-
bacterial activity.146,147Compounds 112 and 113 are tautomeric
isomers characterised as a mixture by NMR spectroscopy in the
ratio of 4 : 3 respectively (MIC of mixture, 32 µg ml�1, SE). The
structure elucidation of these metabolites is not trivial due to
the presence of tautomers and in some cases rotameric forms
may also be present which can greatly complicate spectra. A
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further tautomeric mixture from the same plant 147 is seen
for 114 (only one form shown) with similar activity towards
S. epidermidis.

Traditional healers in the Free State province of South Africa
use Helichrysum caespititium as a wound treatment in male
circumcision rites and a bioassay-guided study of this species
led to the isolation of 115 (MIC, 5 µg ml�1, SA).148 This
compound also inhibited the growth of six fungi, including
species of Aspergillus, Cladosporium and Phytophthora, at
low concentration (0.5–5 µg ml�1), indicating an ecological
rationale for the presence of this metabolite.

Another plant species used in the Mediterranean as an
antiseptic is Myrtus communis, which produces myrtucom-
mulone A (116). This was evaluated using a standard ATCC
25923 SA strain, MRSA possessing the TetK (tetracycline)
efflux transporter and further efflux protein producing SA
strains, and MIC values ranged from 0.5–2 µg ml�1.149 The
MIC of 116 against SA-1199B which expresses the NorA MDR
efflux pump was 1 µg ml�1 indicating that myrtucommulone
A is not a substrate for this mechanism which would be
advantageous in a new class of antibiotic-leads.

4 Summary

That no single chemical entity plant-derived anti-staphylo-
coccal agents are used clinically is surprising given the
enormous amount of literature on antibacterial extracts and
their natural products. It is also puzzling given the use of

herbal medicinal products to treat bacterial infections, for
example cranberry juice in the management of urinary tract
infections.120,150

The reasons for this are complex, but probably stem from
pharmaceutical companies preferring to pursue microbially
derived products, of which there are many first class drug
examples which can be readily fermented with few re-supply
issues. Additionally, pharmaceutical companies have neglected
natural products preferring to utilise combinatorial chemistry
libraries as a source of chemical diversity. Unfortunately such
libraries lack the true chemical diversity that natural products
display (extensive functional group chemistry and chirality)
and these libraries are poor for discovery purposes but have
potential in lead optimisation. A series of important recent
reviews 151 have focused on this deficit and highlight the value of
natural products as a screening resource and it is likely that
pharmaceutical companies will once again turn their attention
to plants, microbes and marine organisms.

Plant sources of antibacterials should not be overlooked as
the anti-staphylococcal activities reported in this review are
appreciable. Several of the examples such as the acylphloro-
glucinols and terthiophenes are exceptional and even concerns
over re-supply issues could be overcome with access to
materials by large-scale cultivation, failing an economically
viable synthesis.

What is needed to progress these leads is further profiling
against other Gram-positive and Gram-negative bacteria,
particularly against resistant, clinically relevant species. In
order to interest a pharmaceutical company partner to take on
these compounds as development leads, mammalian cell
cytotoxicity should be evaluated to see if the margin between
bacterial and mammalian cell toxicity can be exploited and
ideally small in vivo experiments should be conducted to gauge
efficacy.

Pressure to find novel antibacterials with new modes of
action will drive exploitation of plant sources as antimicrobials.
The choice is logical given the ecological rationale that plants
produce natural products as a chemical defence against
microbes in their environment. Plants produce mammalian
cytotoxic compounds par excellence and the successes of taxol
and taxotere, camptothecin derivatives (topotecan, irinotecan),
the vinca alkaloids and the podophyllotoxins to name some of
the most successful clinically used anticancer drugs should be
justification alone for the exploitation of this chemical pool.

The way is also open for the development of bacterial
resistance modifying agents. These could readily mirror the
successes seen with RMAs of human tumour resistance, for
example inhibitors of p-glycoprotein, one of the major MDR
mechanisms. There is also an ecological rationale for the
production of natural products that modify microbial resist-
ance. Tegos et al.,125 speculate that plants may have evolved
compounds which evade MDR mechanisms and that plant
antimicrobials might be developed into broad spectrum anti-
biotics in combination with inhibitors of MDR. These MDR
proteins are, in all probability, commonly found in nature (as
efflux pumps to remove foreign toxic substances from the cell)
as they are in clinical isolates of resistant pathogens. Further
work on organisms which are environmentally relevant to
plants is likely to show that these pumps are part of the normal
removal of xenobiotics in both bacteria and fungi and it is likely
that the compounds that inhibit these processes are also present
in the same ecological niche.
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SHORT COMMUNICATION
The Antimycobacterial Components of Hops
(Humulus lupulus) and their Dereplication

Michael Stavri1, Ruth Schneider1, Gemma O’Donnell1, Doris Lechner1, Franz Bucar2 and
Simon Gibbons1*
1Centre for Pharmacognosy and Phytotherapy, The School of Pharmacy, University of London, London, UK
2Institute for Pharmacognosy, University of Graz, Graz, Austria

Bioassay-guided fractionation of a hexane extract of strobile hops (Humulus lupulus) was undertaken to
isolate and characterize the antimycobacterial constituents using the fast-growing mycobacterial species
Mycobacterium fortuitum. Activity was associated with a low polarity fraction and 1H NMR spectra indicated
the presence of a fatty acid mixture with unsaturated components. GC-MS of the derivatives indicated the
presence of palmitic, stearic and oleic acids with small quantities of lignoceric, arachidic, behenic and linoleic
acids. These compounds were assessed against M. fortuitum and all saturated fatty acids were inactive at
concentrations greater than 256 µµµµµg/ml, whereas the unsaturated fats oleic and linoleic acids displayed minimum
inhibitory concentrations of between 4 and 16 µµµµµg/ml against the fast-growing species tested. The widespread
occurrence of these components could render screening for antimycobacterials from natural sources highly
problematic without adequate dereplication. We propose that GC-MS of derivatised components of lipophilic
extracts be a first step before any antimycobacterial bioassay-guided study, as this technique is the method of
choice for dereplication of fatty acids. Copyright © 2004 John Wiley & Sons, Ltd.

Keywords: Mycobacterium; antibacterial; unsaturated fatty acids; GC-MS; dereplication.
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We were prompted by the lack of a report on
this species describing the antibacterial agents respons-
ible for antimycobacterial activity previously described.
Extracts were prepared and screened in an in vitro
assay using Mycobacterium fortuitum (ATCC 6841)
which has been shown to be of use as an alternative
screening model to M. tuberculosis for evaluating anti-
tubercular drugs (Gillespie et al., 2001). This species
has the obvious advantage over M. tuberculosis in that
it can be handled in a class 2 microbiological labor-
atory and is a fast growing strain, leading to the comple-
tion of one assay within 72 h.

MATERIALS AND METHODS

Bacteria. Mycobacterium fortuitum ATCC 6841 was
obtained from Dr Peter Lambert, Aston University.
Mycobacterium smegmatis ATCC 14468, Mycobacterium
phlei ATCC 11758 and Mycobacterium aurum Pasteur
Institute 104482 were obtained from Dr Veronique
Seidel, The University of Strathclyde.

Minimum Inhibitory Concentration Assay. Mycobac-
terium fortuitum, Mycobacterium smegmatis Mycobac-
terium phlei and Mycobacterium aurum. This assay
comprised a standard minimum inhibitory concentra-
tion (MIC) determination (Gibbons and Udo, 2000)
of test compound in Ca2+ and Mg2+ adjusted Mueller-
Hinton Broth (MHB). Extracts and bands were first
dissolved in DMSO and then diluted in MHB, to give
a starting concentration of 512 µg /ml which was diluted
out across a 96-well microtitre plate in a two-fold serial

INTRODUCTION

In a continuing project to investigate plants for
antimycobacterial activity, we evaluated extracts of
strobile hops with a view to isolate and characterise the
active constituents. An important review by Newton
et al. (2000), covering antimycobacterial plant extracts
led to this investigation and the primary literature cited
in this review, which associated activity of an ethanol
extract against M. tuberculosis (Gottshall et al., 1949),
did not detail the constituents responsible for activity.
However, the antibacterial activity of hops has been
described towards Gram-positive bacteria and fungi
(Langezaal et al., 1992; Simpson and Smith, 1992) and
thought to be due mainly to the presence of hop acids
which are acylated phloroglucinol natural products of
the humulone and lupulone type. The importance of
hops to the brewing industry as a taste modifier and
antibacterial agent is enormous and the effects of hops
on beer spoilage bacteria have recently been reviewed
(Sakamoto and Konings, 2003). The chemistry of hops
is well documented (Verzele and De Keukeleire, 1991;
Milligan et al., 1999; Miranda et al., 1999), presumably
due to its use in the brewing industry, and herbal prepara-
tions of hops are gaining in popularity as sedatives,
particularly in preparations to improve sleep patterns
in combination with valerian.
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dilution to give a final concentration range from 512–
1 µg/ml. Mycobacterial strains were grown on Columbia
Blood agar (Oxoid) supplemented with 7% defibrinated
Horse blood (Oxoid). Bacterial inocula equivalent to
the 0.5 McFarland turbidity standard were prepared
in normal saline and diluted to give a final inoculum
density of 5 × 105 cfu/ml. The inoculum (125 µL) was
added to all wells and the microtitre plate was incub-
ated at 37 °C for 72 h for M. fortuitum, M. smegmatis
and M. phlei. For M. aurum the plate was incubated for
120 h. The MIC was recorded as the lowest concentra-
tion at which no bacterial growth was observed. This
was facilitated by the addition of 20 µL of MTT (Sigma
10 mg/ml in MeOH) to each well and incubation at
37 °C for 20 min where bacterial growth was indicated
by a blue colouration. Appropriate DMSO, growth
and sterile controls were carried out. Ethambutol and
isoniazid were used as positive controls.

Isolation. Strobile hops were obtained from the Herbal
Apothecary (Syston, Leicester, UK, batch number
03540), and a voucher specimen (SG-2004-HL-1) has
been deposited in the Centre for Pharmacognosy and
Phytotherapy. Five hundred grams were powdered
and extracted in a Soxhlet apparatus using hexane,
dichloromethane and finally methanol (3 l each). Ac-
tivity was associated with the hexane extract (minimum
inhibitory concentration = 256 µg/ml). Nine grams of
this extract were subjected to VLC on silica gel eluting
with hexane and increasing polarity with 10% incre-
ments of ethyl acetate to give 11 fractions. A final wash
with methanol gave fraction 12. Fraction 4 (eluted with
30% EtOAc in hexane; MIC = 128 µg/ml), was sub-
jected to LH-20 Sephadex column chromatography
eluting with dichloromethane (fractions 1–6) and finally
with pure methanol to afford fraction 7. Fraction 7 was
then subjected to multiple development preparative
TLC (3 times; toluene:EtOAc:AcOH, 80:18:2) to afford
three bands (1–3) with MIC values of 16, 256 and
512 mg/ml respectively. Pure fatty acid standards were
obtained from the Sigma Chemical Company.

Derivatisation and GC-MS of band 1. Dried residue
of band 1 was derivatised by adding a mixture of
dimethylformamide-dimethylacetal/pyridine (1:1) and
heating for 10 min at 60 °C. Thereafter the sample was
directly used for GC-MS analysis by a 5890 Series II
plus gas chromatograph interfaced to a 5989 B mass
spectrometer (Hewlett-Packard). The analysis was per-
formed on an HP-Innowax (59 m × 0.25 mm i.d., 0.25 µm
film thickness) fused silica capillary. Temperature pro-
gramme: 160 °C to 250 °C by 2 °C/min, 250 °C for 5 min,
carrier gas helium, flow 1.0 ml/min; injector temper-
ature: 250 °C, interface temperature: 250 °C; ionisation
at 70 eV; ion source temperature 250 °C.

RESULTS AND DISCUSSION

At the outset of this study it seemed likely to us that
activity would be associated solely with the hop acids,
as the antibacterial effects were associated with a
non-polar fraction of a hexane extract. Vacuum liquid
chromatography on silica gel followed by gel filtration
chromatography and finally preparative-TLC on silica

gel led to the isolation of three bands, the least polar
and most active of which (band 1) had a minimum
inhibitory concentration (MIC) of 16 µg/ml against
Mycobacterium fortuitum. By analytical TLC 1 appeared
as one spot, however 1H NMR (CDCl3, 400 MHz) indic-
ated the presence of a mixture of fatty acids. Methyl
triplets appearing in the spectrum at 0.8 and 0.9 ppm,
a methylene envelope at 1.2 ppm, further deshielded
methylene groups at δ 1.5, 2.0, 2.2, 2.7 ppm together
with a multiplet at 5.3 ppm confirmed the presence
of a mixture of fatty acids, some of which exhibited
unsaturation. The integration indicated that these groups
are present in differing proportions which further
supported that this band contained a mixture of com-
ponents. The final signal in the 1H spectrum was a very
broad singlet at 8.3 ppm suggestive of an exchangeable
acidic proton which is characteristic for fatty acids in
dry solvents.

Fatty acids are notoriously difficult to separate by
conventional column and thin-layer chromatographies,
particularly where a series of homologues may be pre-
sent. Band 1 was therefore derivatised using DMF-
DMA/pyridine and subjected to GC-MS in an attempt
to identify the components (Fig. 1). The major com-
ponents of this analysis were saturated and unsaturated
fatty acids (Table 1). Palmitic, stearic and oleic acids

Figure 1. Selected ion chromatogram (m/z 74) obtained by GC-
MS analysis of derivatised band 1. Derivatisation to methyl
esters by DMF-DMA/pyridine, fragment ion m/z 74 formed by
McLafferty rearrangement is indicative for fatty acid methyl
esters.

Table 1. GC-MS analysis of band 1 following derivatisation to
methyl esters

Retention time (min) Compound

12.47 1 Myristic acid ME
15.94 2 Nonanedioic acid dimethyl ester
18.57 3 Palmitic acid ME
25.33 4 Stearic acid ME
26.18 5 Oleic acid ME
26.36 6 C18:1 ME
27.78 7 Linoleic acid ME
32.56 8 Arachidic acid ME
39.80 9 Behenic acid ME
46.64 10 Lignoceric acid ME
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Table 2. Minimum inhibitory concentrations (MIC) of fatty acids and standard antibiotics against fast
growing species of Mycobacteria

Compound M. fortuitum M. smegmatis M. phlei M. aurum

Oleic acid 16 8 16 8
Linoleic acid 4 8 8 8
Palmitic acid 512 ξ ξ ξ
Ethambutol 4 0.5 2 1
Isoniazid 0.5 2 2 2

MIC of compounds in µg/ml. Stearic, arachidic, behenic and lignoceric acid were inactive at
512 µg/ml. ξ – Not tested.

were the most prominent and minor quantities of
myristic, eicosanoic, behenic, lignoceric and linoleic
acids and an unidentified unsaturated C18 (C18:1) acid
was also present.

In an attempt to evaluate the antimycobacterial
activity of these components, pure standards were
acquired and tested against Mycobacterium fortuitum,
our screening strain. All of the saturated acids were
inactive at 256 µg/ml although oleic and linoleic acids
had minimum inhibitory concentrations of 16 and
4 µg/ml respectively. This prompted us to test these
compounds against other mycobacterial species namely
M. smegmatis, M. phlei and M. aurum and MIC
values were between 8 and 16 µg/ml for these strains
(Table 2). Whilst these unsaturated fatty acids are
known to be antibacterial (Dilika et al., 2000) this is the
first report of the antimycobacterial constituents of hops
and it is pertinent to note that none of the other frac-
tions tested in our assay exhibited appreciable activity
less than 256 µg/ml.

Exogenous oleic and linoleic acids have been
shown to inhibit fatty acid biosynthesis in Lactobacillus
plantarum with the synthesis of unsaturated fatty acids
being repressed more than saturated fat synthesis

(Weeks and Wakil, 1970) although it is not certain that
this effect is responsible for the antibacterial activity
observed here. It has also been shown in Helicobacter
pylori that oleic and linoleic acids are incorporated into
cell mass and phospholipids and growth inhibition was
associated with disruption of cell membranes (Khulusi
et al., 1995).

The antimycobacterial effects of Umkaloaba (Pelar-
gonium sidoides and Pelargonium reniforme) a tradi-
tional treatment for TB used in South Africa has
recently been demonstrated to be associated in part
due to the presence of these simple unsaturated fatty
acids (Seidel and Taylor, 2004).

The widespread occurrence of these practically ubi-
quitous compounds could complicate the search for new
natural antimycobacterial substances and we propose
that GC-MS be a first analytical step for evaluation of
lipophilic antimycobacterial extracts. This would not of
course rule out the possibility of the presence of other
active antimycobacterial fat soluble natural products of
which the terpenes are well represented (Cantrell et al.,
2001; Okunade et al., 2004) but this approach could be
used to prioritize extracts for large scale bioassay-guided
fractionation.
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Abstract

Bioassay-guided fractionation of a hexane extract prepared from the roots of the Chinese drug Angelica dahurica (Bai Zhi) led to
the isolation of the polyacetylenic natural product falcarindiol (1). The absolute stereochemistry of this compound was confirmed
by careful 1H NMR analysis of its (R)- and (S)-Mosher ester derivatives as the 3(R), 8(S) isomer. Activity was tracked using a

Mycobacterium fortuitum screening assay and the purified product was evaluated against multidrug-resistant and methicillin-resis-
tant strains of Staphylococcus aureus (MRSA). The minimum inhibitory concentrations (MIC) of this metabolite ranged from 8 to
32 mg/ml highlighting the potential of the acetylene natural product class as antibiotic-lead compounds. These MIC values compare

favourably with some of the newest agents in development for the treatment of MRSA infection and indicate that further eval-
uation of the antibiotic activity of acetylenes is warranted.
# 2004 Elsevier Ltd. All rights reserved.

Keywords: Bai Zhi; Angelica dahurica; Apiaceae; Mosher’s esters; Multidrug-resistance; Staphylococcus aureus; MDR; MRSA; Polyacetylenes

1. Introduction

Strains of Staphylococcus aureus express a series of
multidrug resistance (MDR) efflux pumps such as
Tet(K), Msr(A), Nor(A) and Qac(A) which confer
resistance to a wide range of structurally unrelated
antibiotics and antiseptics (Marshall and Piddock,
1997). These MDR pumps are part of an array of cyto-
plasmic membrane transport systems involved primarily
in the uptake of essential nutrients, the excretion of
toxic compounds and the maintenance of cellular
homeostasis (Paulsen et al., 1996). In a continuing pro-
ject to identify plant natural products with activity
against MDR strains of S. aureus, extracts from the
roots of Angelica dahurica (Apiaceae) were evaluated
for in vitro antibacterial activity.
The plant is a perennial herb growing to 2.5 m with a

hollow stem, large three-branched leaves and umbels

bearing many white flower heads. It grows wild in
thickets in China, Japan, Korea and Russia and the
cultivated herb is mainly from central and eastern
regions of China. The roots are known as Bai Zhi in
traditional Chinese medicine, where they are classified
as a sweat-inducing drug able to counter harmful exter-
nal influences on the skin, such as cold, heat, dampness
and dryness (Chevalier, 2001). Bai Zhi is also claimed to
be effective in the treatment of acne, erythema, head-
ache, toothache, sinusitis, colds and flu (Wagner, 1999).

2. Results and discussion

Antibacterial activity was associated with the hexane
extract. Bioassay-guided fractionation by VLC and
preparative thin-layer chromatography led to the isola-
tion of the major active compound (1), which was a
viscous pale yellow oil. Signals in the 13C NMR spec-
trum for four quaternary carbons at �C 79.9, 78.3, 70.3
and 68.7 ppm were indicative of a polyacetylene natural
product possessing two triple bonds. This was con-
firmed by a weak absorption in the IR spectrum at 2235
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cm�1, which is also characteristic of an alkyne (Williams
and Fleming, 1995). Further signals in the 1H and 13C
NMR spectra included a cis-double bond, two methine
protons bearing oxygen and three olefinic protons
which were coupled to each other in a COSY spectrum.
Two of these were part of an exo-cyclic methylene (�H
5.40 and 5.19). Negative ion mode APCI-MS revealed a
peak at 259 [M�H]� and this with the NMR data indi-
cated a molecular formula of C17H24O2. These data
were consistent with those published for the C17 poly-
acetylene falcarindiol (Fig. 1a), which is a common
component of apiaceous plant roots (Furumi et al.,
1998). The 3(R), 8(S) stereochemistry of falcarindiol
was confirmed by Mosher’s ester methodology (Rieser
et al., 1992; Su et al., 2002; Ward and Rhee, 1991) and
the (S)- and (R)-MTPA esters were prepared and
chemical shifts in the H2-1, H-2 and H-9/H-10 protons
were measured for both derivatives (Fig. 1a). Using
D�=�S��R methodology (Ohtani et al., 1991), for H2-1
and H-2 protons a positive value for D�? was observed
for both sets of signals indicating that these groups
should be place at R1 in Fig. 1b and that R2 would be
the point of connection for the triple bond resulting in a
3(R) configuration for this stereogenic centre. For H-9
and H-10, D� was negative indicating that this cis-dou-
ble bond should be placed at R2 and that the absolute
stereochemistry for C-8 corresponded to (S).
The literature also describes 3(S), 8(S)-falcarindiol

(Bernart et al., 1996; Kobaisy et al., 1997) which has a
positive specific rotation ([�]25D+144.8), whereas our
isolate has a negative value. Whilst optical rotation is
useful in characterizing known compounds, the pre-
sence of two chiral centres in a molecule could compli-
cate the comparison with literature data. This
investigation proves that the laevorotatory isolated fal-
carindiol corresponds to the 3(R), 8(S) diasteroisomer,
whilst the alternative laevoisomer would represent the
enantiomeric form of the previously described dextro-
rotatory natural product [i.e. 3(R), 8(R)]. Given the ease
of preparation of Mosher’s esters, the present applic-
ation exemplifies the potential of this approach to con-

firm the stereochemical identity of novel and known
natural products. This is particularly important where
bioactivity studies are conducted and changes in abso-
lute stereochemistry could dramatically alter biological
activity. The use of a solid phase carbodiimide resin
ensured that if the Mosher’s acid chlorides, which are
usually sufficiently reactive, are hydrolysed to the acids
by the presence of extraneous amounts of moisture in
the reaction solvent (i.e. dichloromethane or pyridine),
the esters are still formed by the coupling action of the
carbodiimide. These resins can then be conveniently
removed by filtration.
Falcarindiol displayed low minimum inhibitory con-

centrations against a panel of methicillin-resistant and
multidrug resistant (MDR) strains of Staphylococcus
aureus (Table 1). Two of these strains (XU212 and
RN4220) possess the TetK and MsrA transporters that
export tetracycline and macrolide antibiotics respec-
tively. Strain SA-1199B possesses the NorA MDR efflux
mechanism, the major drug pump in this pathogen.
Activity was also demonstrated against epidemic
MRSA strain EMRSA-15 which was a clinical isolate
initially isolated from hospitals in the Midlands and
south-east of England (Richardson and Reith, 1993).
Interestingly, falcarindiol was more active against the
MDR strains than against the non-resistant ATCC
strain. Whilst the anti-staphylococcal activity of 3(S),
8(S)-falcarindiol has been reported before (Kobaisy et
al., 1997), this is the first report of the 3(R), 8(S) isomer
possessing activity against MDR strains of this species.
This result supports a recent study (Tegos et al., 2002),
which demonstrated that certain plant natural products
are more active against MDR than sensitive strains.
Whilst falcarindiol has been shown to be mildly cyto-
toxic and has anti-inflammatory properties (Bernart et
al., 1996; Liu et al., 1998) the activity exhibited here
against MDR and methicillin-resistant Staphylococcus
aureus indicates that the acetylene class of natural pro-
ducts should be further investigated as antibiotic leads.
This is certainly worthwhile given the burden of drug-
resistant mycobacterial and staphylococcal species

Fig. 1. (a) Structure of falcarindiol (1) depicting its 3-(R), 8-(S) absolute stereochemistry. The figures in italics are for D� where D�=�S��R. �S and �R
are the chemical shift values for a particular group of the (S) and (R) Mosher’s esters of falcarindiol. (b) The Mosher’s ester was (R)- or (S)-a-
methoxy-�-trifluoromethylphenyl acetate (MTPA). When D� for a group of diagnostic resonances is positive then it must be placed at R1. When D�

for a group of diagnostic resonances is negative then the group must be placed at R2.
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which are difficult to treat and eradicate in both the
clinical and community setting (Levy, 1998).

3. Experimental

3.1. General experimental procedures

Optical rotations were measured on a Bellingham and
Stanley ADP 200 polarimeter. IR spectra were recorded
on a Nicolet 360 FT-IR spectrophotometer. 1H NMR
(500 MHz) and 13C NMR (125 MHz) spectra were
recorded in CDCl3 on a Bruker AVANCE 500 spectro-
meter. Chemical shifts values (�) are reported in parts
per million (ppm) relative to NMR solvent CDCl3
(�H=7.20, �C=77.0). Coupling constants (J values) are
given in Hertz. 1H–1H COSY, HMBC and HMQC
experiments were recorded with gradient enhancements
using sine shaped gradient pulses. APCI mass spectra
were recorded on a Finnigan Navigator instrument.
Vacuum liquid chromatography on Merck Silica gel 60
PF254+366 was used for fractionation and isolation.
TLC was performed using Kieselgel 60 F254 (Merck)
pre-coated plates and spots were visualized by spraying
with vanillin-sulphuric acid spray followed by heating.

3.2. Plant material

Air-dried roots of the plant were obtained from
Kingham Herbs (Batch no. 863402001) and a voucher
specimen (SG-2003-1) has been deposited at the
Centre.

3.3. Bacterial strains

S. aureus RN4220 containing plasmid pUL5054,
which carries the gene encoding the MsrA macrolide
efflux protein, was provided by J. Cove (Ross et al.,
1989). EMRSA-15 which possesses the mecA gene was
provided by Dr. Paul Stapleton, ULSOP. Strain XU-
212, which possesses the TetK tetracycline efflux pro-
tein, was provided by E. Udo (Gibbons and Udo, 2000).
SA-1199B, which overexpresses the norA gene encoding

the NorA MDR efflux protein was provided by G.
Kaatz (Kaatz et al., 1993). S. aureus strains were cul-
tured on nutrient agar (Oxoid) and Mycobacterium for-
tuitum was cultured on Columbia agar (Oxoid)
supplemented with 5% defibrinated horse blood
(Oxoid) and incubated for 24 and 72 h, respectively at
37 �C prior to MIC determination.

3.4. Minimum inhibitory concentration (MIC)

Tetracycline, norfloxacin, and erythromycin were
obtained from Sigma Chemical Co. Mueller-Hinton
broth (MHB; Oxoid) was adjusted to contain 20 and 10
mg/l of Ca2+ and Mg2+, respectively. An inoculum
density of 5�105 cfu of each of the test organisms was
prepared in normal saline (9 g/l) by comparison with a
MacFarland standard. MHB (125 ml) was dispensed
into 10 wells of a 96-well microtitre plate (Nunc, 0.3 ml
volume per well). Tetracycline and erythromycin were
dissolved in MHB to give stock solutions. A stock
solution of norfloxacin was prepared by dissolving the
antibiotic in DMSO (Sigma) and dilution in MHB to
give a final concentration of 0.625%. A DMSO control
was included in all assays.
Antibiotics were serially diluted into each of the wells

followed by the addition of the appropriate bacterial
inoculum. The plate was incubated at 37 �C for 72 h (for
Mycobacterium fortuitum) and 18 h (for Staphylococcus
aureus) and the MIC recorded as the lowest concen-
tration at which no growth was observed. This was
facilitated by the addition of 20 ml of a 5 mg/ml metha-
nolic solution of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyltetrazolium bromide (MTT; Sigma) to each of the
wells and incubation for 20 min. A blue colouration
indicated bacterial growth.

3.5. Isolation of falcarindiol

The chopped dry roots (500 g) were ground and
extracted sequentially in a Soxhlet apparatus with hexane
(2.5 l) and dichloromethane (2.5 l) which when con-
centrated under vacuum gave 6.57 g and 2.05 g of extracts
respectively. These were then screened for antibacterial

Table 1

Minimum inhibitory concentrations (MIC) of falcarindiol and standard antibiotics in mg/ml

Bacterium Falcarindiol Norfloxacin Tetracycline Erythromycin Ethambutol Isoniazid

S. aureus SA-1199B (NorA) 8 32 32 2 a a

S. aureus XU-212 (TetK) 16 8 256 a a a

S. aureus RN-4220 (MsrA) 16 64 64 64 a a

S. aureus EMRSA-15 (MecA) 32 2 0.25 a a a

S. aureus ATCC 25923 32 0.5 0.5 0.25 a a

M. fortuitum ATCC 6841 8 a a a 8 0.5

Resistance mechanism of staphylococcal strains in parentheses.
a Not tested.
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activity using an in vitro assay and the hexane extract
was found to be active. 6.57 g of this were subjected to
vacuum liquid chromatography (VLC) on silica gel by
eluting with 200 ml hexane, and increasing polarity by
10% increments with EtOAc and finally a wash with
methanol to yield 12 fractions.
Activity was traced to compound 1 which was iso-

lated from VLC fraction 5 (hexane–EtOAc, 6:4) by
PTLC using EtOAc–hexane (3:7, two developments) as
a solvent system. Purity was monitored by TLC
(EtOAc–hexane, 1:1) and 1 gave a black colouration on
TLC with vanillin-sulphuric acid at Rf 0.47.

3.6. Preparation of Mosher’s esters

Falcarindiol (18 mg) was dried under vacuum for 1 h
and then two portions (4 mg each) were dissolved in dry
CH2Cl2 (2 ml) containing 2 mg of dimethylaminopyr-
idine (Sigma Chemical Co.). Eight equivalents of PS-
carbodiimide resin (Argonaut Technologies Inc.) were
added to each portion of falcarindiol. Six equivalents of
either the (S) or the (R) isomer of a-methoxy-a-tri-
fluoromethylphenylacetyl chloride (Sigma Chemical
Co.) were added to a portion of falcarindiol which
resulted in the formation of the (R) and (S) Mosher’s
esters of falcarindiol respectively. The reaction mixtures
were stirred for 24 h, filtered to remove the PS-carbo-
diimide resin, concentrated under nitrogen and then re-
dissolved in CDCl3 (0.75 ml) and loaded into separate
NMR tubes. NMR spectra were then recorded at 500
MHz and differences in the signals of protons that
neighboured the chiral centres noted (Fig. 1a). The bulk
effect on chemical shifts induced by esterification with
the chiral reagents was calculated using D�=�S��R
where �S and �R are the shifts (in ppm) of diagnostic
protons neighbouring the chiral centres in falcarindiol
of the (S) and (R) Mosher’s esters, respectively. The
positive and negative magnitudes of D� were interpreted
using the model adapted by Kakisawa and collabora-
tors (Ohtani et al., 1991) (Fig. 1b).

3.7. 3(R), 8(S)-falcarindiol (1)

Pale yellow oil; [�]25D�130 (MeOH, c 0.02); IR nmax
(thin film) cm�1: 3393, 2925, 2855, 2235, 1735, 1718,
1457, 1375, 1228, 1216, 1034, 724; 1H NMR (CDCl3) �:
0.82 (t, 6.9 Hz, 3H, H3-17), 1.21 (m, 8H), 1.31 (m, 2H),
2.04 (q, 7.2 Hz, H2-11), 4.88 (d, 5.4 Hz, H-3), 5.14 (bd,
8.2 Hz, H-8), 5.19 (bd, 10.1 Hz, H-1b), 5.41 (bd, 17.0
Hz, H-1a), 5.46 (bd, 8.8 Hz, H-9), 5.56 (dt, 11.0 and 7.6
Hz, H-10) and 5.87 (ddd, 17.0, 10.1 and 5.3 Hz, H-2);
13C NMR (CDCl3) �: 14.1 (C-17), 22.6 (C-16), 27.7 (C-
11), 29.1 (C-14), 29.1 (C-13), 29.2 (C-12), 31.8 (C-15),
58.6 (C-8), 63.4 (C-3), 68.7 (C-6), 70.2 (C-5), 78.2 (C-7),
79.8 (C-4), 117.3 (C-1), 127.6 (C-9), 134.6 (C-10), 135.8
(C-2); APCI-MS: m/z 259 [M�H]�.
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Cryptolepine Hydrochloride: A Potent 
Antimycobacterial Alkaloid Derived 

 

from 

 

Cryptolepis sanguinolenta
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The activity of cryptolepine hydrochloride, a salt of the main indoloquinoline alkaloid from the West
African medicinal plant Cryptolepis sanguinolenta, was assessed against the fast growing mycobacterial
species Mycobacterium fortuitum, which has recently been shown to be of use in the evaluation of anti-
tubercular drugs. The low minimum inhibitory concentration (MIC) of this compound (16 µµµµg/mL) prompted
further evaluation against other fast growing mycobacteria namely, M. phlei, M. aurum, M. smegmatis,
M. bovis BCG and M. abcessus and the MICs ranged over 2–32 µµµµg/mL for these species. The strong
activity of this agent, the need for new antibiotics with activity against Mycobacterium tuberculosis,
coupled with the ethnobotanical use of C. sanguinolenta extracts to treat infections, highlight the potential
of the cryptolepine template for development of antimycobacterial agents. Copyright © 2003 John Wiley &
Sons, Ltd.

 

Keywords: Mycobacterium

 

; antibacterial; cryptolepine; 

 

Cryptolepis sanguinolenta

 

.

 

INTRODUCTION

 

There is still much opportunity to exploit the ethno-
pharmacological route to new drug leads (Heinrich
and Gibbons, 2001), particularly in the discovery of
antibiotic lead compounds, where there is a pressing
need for new classes of antimycobacterial agents to
manage infections caused by fast growing species. Addi-
tionally there is a requirement for new antibiotics to
treat tuberculosis (TB) where multidrug-resistant (MDR)
strains of 

 

Mycobacterium tuberculosis 

 

are implicated

 

.

 

Treatment of TB is protracted, and comprises a sche-
dule of antimycobacterial drugs of which rifampicin,
isoniazid, pyrazinamide and ethambutol are the core.
Unfortunately, resistance to these agents is becoming
increasingly common due to the emergence of strains
which possess MDR mechanisms (Raviglione 

 

et al

 

.,
2001).

Plants are an excellent source of antimycobacterial
compounds (Newton 

 

et al.

 

, 2000; Cantrell 

 

et al

 

., 2001;
Newton 

 

et al.,

 

 2002) but until recently there has been little
pressure to develop natural products from plants as
antitubercular leads, due to the susceptibility of strains
to standard agents.

In a project to discover antimycobacterial plant derived
natural products, cryptolepine hydrochloride (

 

1

 

) was
screened in an 

 

in vitro

 

 assay using 

 

Mycobacterium
fortuitum 

 

(ATCC 6841). This has recently been shown
to be of use as an alternative screening model to 

 

M.
tuberculosis 

 

for potential antitubercular drugs (Gillespie

 

et al

 

., 2001), can be handled in a class II microbiolo-
gical laboratory and is a fast growing strain with the
assay being complete in 72 h. The current study with
cryptolepine was driven because of the large number of
ethnopharmacological uses for the producing species of
the parent alkaloid, 

 

Cryptolepis sanguinolenta

 

, which in
West Africa is widely used particularly for the treatment
of microbial infections and malaria (Silva 

 

et al

 

., 1996;
Tona 

 

et al.

 

, 1999).
Previous work on the antibacterial properties of this

alkaloid have focused on diarrhoeal bacteria (Paulo 

 

et al.

 

,
1994), 

 

Escherichia coli 

 

and yeasts (Sawyer 

 

et al.

 

, 1995;
1997), antistaphylococcal activity (Boakye-Yiadom and
Heman-Ackah, 1979), and one report on the activity of
the free base and the hydrochloride against 

 

Mycobac-
terium fortuitum

 

 (Cimanga 

 

et al.

 

, 1996) although there
is no further evaluation of this compound against
other species of mycobacteria. Cryptolepine has also
recently been shown to intercalate into DNA at

 

* Correspondence to: Dr S. Gibbons, Centre for Pharmacognosy and
Phytotherapy, The School of Pharmacy, University of London, 29-39
Brunswick Square, London WC1N 1AX, UK. 
E-mail: simon.gibbons@ulsop.ac.uk
† Present address: Department of Microbiology, Shaheed Beheshti
University of Medical Sciences and Health Sciences, Tehran, Iran.
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non-alternating cytosine-cytosine sites (Lisgarten

 

et al

 

., 2002) which may account for the cytotoxicity of
this alkaloid.

 

MATERIALS AND METHODS

Isolation.  

 

Cryptolepine was isolated from 

 

C. sanguinolenta

 

roots and crystallized as the hydrochloride salt as pre-
viously described (Wright 

 

et al.

 

, 1996).

 

Bacteria.  

 

Mycobacterium fortuitum

 

 ATCC 6841 was
obtained from Dr Peter Lambert, Aston University.

 

Mycobacterium smegmatis

 

 ATCC 14468, 

 

Mycobacterium
phlei

 

 ATCC 11758, 

 

Mycobacterium abcessus

 

 ATCC
19977 and 

 

Mycobacterium aurum

 

 Pasteur Institute
104482 were obtained from Dr Veronique Seidel, The
School of Pharmacy. Intradermal BCG Vaccine BP
(Evans Medical Ltd, Leatherhead, UK) was used as
the source of 

 

M. bovis 

 

BCG, Copenhagen sub-strain
1077.

 

Minimum inhibitory concentration assay.  

 

Mycobacterium
fortuitum

 

, 

 

Mycobacterium smegmatis

 

, 

 

Mycobacterium
phlei

 

, 

 

Mycobacterium abcessus

 

 and

 

 Mycobacterium aurum

 

were assessed. This assay comprised a standard min-
imum inhibitory concentration (MIC) determination
(Gibbons and Udo, 2000) of test compound in Ca

 

2+

 

 and
Mg

 

2+

 

 adjusted Mueller-Hinton broth (MHB). Crypto-
lepine hydrochloride was dissolved in MHB, to give a
starting concentration of 512 

 

µ

 

g/mL which was then
diluted out across a 96-well microtitre plate in a two-
fold serial dilution to give a final concentration range
of 512–1 

 

µ

 

g/mL. Mycobacterial strains were grown on
Columbia blood agar (Oxoid) supplemented with 7%
defibrinated horse blood (Oxoid). Bacterial inocula
equivalent to the 0.5 McFarland turbidity standard
were prepared in normal saline and diluted to give a
final inoculum density of 5 

 

×

 

 10

 

5

 

 cfu/mL. The inoculum
(125 

 

µ

 

L) was added to all wells and the microtitre plate
was incubated at 37

 

 °

 

C for 72 h for 

 

M. fortuitum

 

, 

 

M.
smegmatis

 

, 

 

M. phlei

 

 and 

 

M. abcessus

 

. For 

 

M. aurum

 

 the
plate was incubated for 120 h. The MIC was recorded
as the lowest concentration at which no bacterial
growth was observed. This was facilitated by the addi-
tion of 20 

 

µ

 

L of MTT (Sigma 10 mg/mL in MeOH) to
each well and incubation at 37

 

 °

 

C for 20 min where
bacterial growth was indicated by a blue colouration.
Appropriate DMSO, growth and sterile controls were

carried out. Ethambutol and isoniazid were used as
positive controls. 

 

M. bovis 

 

BCG was cultured in 7H9
Middlebrook medium and activity against this organism
was determined using a 96-well microtitre plate assay
as previously reported for 

 

M. aurum 

 

(Newton 

 

et al.

 

,
2002), in which bacterial growth was determined by
measuring the optical densities of microtitre plate wells
at 550 nm. Streptomycin sulphate was used as a positive
control.

 

RESULTS AND DISCUSSION

 

Cryptolepine was tested against a panel of six species of
fast growing mycobacteria and the results of minimum
inhibitory concentrations are given in Table 1. Against
the cattle tuberculosis causing 

 

M. bovis,

 

 cryptolepine
hydrochloride had similar activity to that against the
screening organism, M. fortuitum of 12.5 and 16 µg/mL,
respectively. In a previous study in which both the
hydrochloride salt and the free base were assessed
against M. fortuitum, the salt was found to be almost
ten-fold less active than the free base (60 vs 6.25 µg/mL)
(Cimanga et al., 1996). Against M. smegmatis (1) was
slightly more active than against M. fortuitum and
M. bovis BCG.

Notably, antibiotic activity was most pronounced
against M. aurum and M. phlei with the activities being
comparable to those of the standard antibiotics etham-
butol and isoniazid. Fast growing mycobacteria have
been reported to cause peritoneal infections (Paul and
Devarajan, 1998) and are highly problematic for patients
with compromised immune systems, especially for those
with AIDS. The activity of (1) against M. aurum and
M. bovis BCG, which are slower growing species and
more likely to be better models for M. tuberculosis, indic-
ate that further evaluation against tuberculosis causing
bacteria is warranted.

Cryptolepine is present in the roots of C. sanguinolenta,
and as mycobacteria are part of the normal filamentous
bacterial flora of soil, it is possible that this compound is
produced as part of the plant chemical defence against
these and other bacteria. Investigation of the roots of
related species may well prove fruitful. The activity of
cryptolepine hydrochloride is promising and our results
indicate that further synthetic modification of the crypto-
lepine template is valuable, particularly if the broad
cytotoxicity of this agent can be ameliorated whilst
retaining the antimycobacterial activity.

Table 1. Minimum inhibitory concentrations (MIC) of cryptolepine hydrochloride and standard antibiotics against fast growing species
of Mycobacteria

Mycobacterium species Cryptolepine Ethambutol Isoniazid Streptomycin sulphate

Mycobacterium fortuitum 16 8 0.5 –
Mycobacterium smegmatis 8 0.25 2 –
Mycobacterium phlei 4 1 2 –
Mycobacterium abcessus 32 128 32 –
Mycobacterium aurum 2 1 2 –
Mycobacterium bovis BCG 12.5 – – 6.25

MIC of compounds in µg/mL.
– Not tested.
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SHORT COMMUNICATION

Activity of Zanthoxylum clava-herculis 
Extracts against Multi-drug Resistant 
Methicillin-Resistant Staphylococcus 
aureus (mdr-MRSA)

Simon Gibbons*, Julia Leimkugel, Moyo Oluwatuyi and Michael Heinrich
Centre for Pharmacognosy and Phytotherapy, The School of Pharmacy, University of London, London, UK

In a continuing search for compounds with antibiotic activity against methicillin-resistant Staphylococcus
aureus (MRSA) possessing multidrug efflux systems, we have demonstrated activity associated with extracts
from Southern prickly ash bark, Zanthoxylum clava-herculis. Bioassay-guided isolation of an alkaloid extract
led to the characterization of the benzo[c]phenanthridine alkaloid chelerythrine as the major active principle.
This compound exhibited potent activity against strains of MRSA, which were highly resistant to clinically
useful antibiotics via multidrug efflux mechanisms. Copyright © 2003 John Wiley & Sons, Ltd.

Keywords: Benzo[c]phenanthridine alkaloids; chelerythrine; efflux; MRSA; Nor(A); Msr(A); Tet(K); multidrug resistance; mdr.

INTRODUCTION

At present there are few available antibiotics that can
be used to treat life-threatening infections caused by
methicillin-resistant Staphylococcus aureus (MRSA)
and unfortunately resistance to the main antibiotic used
in its treatment, vancomycin, has become more frequent
(Martin and Wilcox, 1997; Perl, 1999; Rotun et al., 1999).
Whilst the oxazolidinone and streptogramin type anti-
biotics have recently been heralded as a solution to MRSA
infections, resistance to linezolid (an oxazolidinone)
has recently been reported in vancomycin-resistant
Enterococcus faecium (Gonzales et al., 2001), and the
possible occurrence of resistance to this agent in the
Staphylococci is very likely to occur. The ability of MRSA
to acquire resistance to the majority of therapeutically
relevant antibiotics necessitates the requirement for
new compounds that display broad-spectrum activity
against multiply resistant isolates of this organism.

To meet this need, we have been screening plant
extracts for activity against strains of MRSA which
have multidrug efflux proteins as resistance mechan-
isms (Gibbons and Udo, 2000), and have shown that
extracts from the bark of the Southern prickly ash,
Zanthoxylum clava-herculis, demonstrated considerable
activity against all of our resistant strains.

Previous phytochemical investigations on Zanthoxylum
clava-herculis led to the isolation of a number of
benzophenathridine and aporphine alkaloids, typically
chelerythrine and magnoflorine (Waterman and Grundon,
1983). As far as we are aware, this is the first report of
the activity of components of this species against efflux
mediated multidrug resistant strains of MRSA.

MATERIALS AND METHODS

Plant material

Powdered dry Southern prickly ash bark (3 kg) was
obtained from the Herbal Apothecary, Syston, Leicester,
batch No. 01962. A drug sample is deposited at the
School of Pharmacy.

Bacterial strains

MRSA strain XU212 (tetracycline resistant) was cultured
from clinical isolates of the Adan hospital (Kuwait).
MRSA strains RN4220 (macrolide resistant) and
1199B and (fluoroquinolone-resistant) were provided
by Drs Jon Cove and Glenn Kaatz respectively. S. aureus
standard strain ATCC 25923 was obtained from the
American Type Culture Collection. All strains were
cultured on nutrient agar (Oxoid) prior to determination
of minimum inhibitory concentration.

Determination of Minimum Inhibitory Concentration 
(MIC)

Mueller-Hinton broth (MHB) (Oxoid) was adjusted to
contain 20 mg/L and 10 mg/L of Ca2+ and Mg2+ respect-
ively. An inoculum density of 5 × 105 cfu of each of the
test organisms was prepared in normal saline (9 g/L).
MHB (125 µL) was dispensed into 10 wells of a 96 well
microtitre plate (Nunc, 0.3 ml volume) and then 125 µL
of test solution (2048 µg/ml) was serially diluted (2 fold)
into each of the wells. 125 µL of inoculum was then
added to each of the wells, which resulted in a test
compound concentration range of 512 to 1 µg/ml. The
plate was then incubated at 36 oC for 18 h and the MIC

* Correspondence to: Dr S. Gibbons, Centre for Pharmacognosy and
Phytotherapy, The School of Pharmacy, London, WC1N 1AX, UK. 
E-mail: simon.gibbons@ulsop.ac.uk
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was recorded as the lowest concentration at which no
growth was observed. Standard antibiotics tetracycline,
norfloxacin and erythromycin were obtained from the
Sigma chemical company.

Extraction and isolation

The powdered bark (2 Kg) was suspended for one week
in 80% methanol, 20% water (10 L). After filtration,
the solvent was removed under vacuum. The crude
extract was suspended in sulphuric acid (2%) and the
pH was adjusted to pH = 1. This acidic solution was
further purified by washing successively with hexane
(300 ml) three times to remove fatty acids. The alkaloidal
components were extracted from the aqueous phase
with dichloromethane at pH 9 to yield 8.47 g of crude
alkaloids. An additional portion of dried bark (500 g)
was extracted sequentially with hexane, dichloromethane,
methanol and water. All the crude extracts obtained
were tested against S. aureus strain XU-212 of which the
alkaloid extract was the most active (MIC = 32 µg/ml).
The alkaloidal extract (8 g) was subjected to BiotageTM

flash chromatography (Flash 75 S silica gel cartridge)
eluting with hexane with increasing 10% amounts of
ethyl acetate and finally 10% methanol in ethyl acetate.
Each of the fractions were monitored for activity. The
residue from the fraction eluted with 20% ethyl acetate
in hexane displayed good activity (MIC = 32 µg/ml)
and this was further purified by preparative TLC
(silica gel, solvent BuOH 30%, ethyl acetate 50%, formic
acid 5% and water 15%) to yield chelerythrine (4 mg)
which was identified by comparison of spectroscopic
data with an authentic sample (Sigma chemical Co.).

RESULTS AND DISCUSSION

Fractionation of the alkaloidal extract led to the isolation
of the benzo[c]phenanthridine alkaloid chelerythrine as
the major active natural product, and the minimum
inhibitory concentration (MIC) of this compound was
determined against our mdr strains and a standard
ATCC strain (Table 1). Each of the strains with mdr efflux
proteins were highly resistant to norfloxacin, tetracy-
cline and erythromycin and showed cross resistance to
these antibiotics. For example, the strain with the macro-
lide efflux system was highly resistant to norfloxacin
in addition to erythromycin (Table 1). Chelerythrine
displayed significant activity when compared to the
standard antibiotics tetracycline, erythromycin and nor-
floxacin. Whilst chelerythrine is known to have inhibitory
activity against yeast lipase (Grippa et al., 1999), this is
the first report describing activity against clinical strains
of MRSA with multidrug efflux mediated mechan-
isms of resistance. Recently it has been shown that
chelerythrine also acts as inhibitor of protein kinase C
and induces apoptosis of human tumor cells while
exhibiting only minimal toxicity in humans (Chmura
et al., 2000).

New drug leads for antibiotics are greatly needed at
present and it is possible that synthetic modification of
the benzo[c]phenanthridine template could be carried
out to reduce the general cytotoxicity of this class of
natural products whilst retaining the anti-staphylococcal
activity. The low MIC of chelerythrine may possibly
indicate that it is not a substrate for efflux mechanisms
present in MRSA, which would be advantageous in a
new group of anti-staphylococcal agents.
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Table 1. Minimum Inhibitory Concentrations (MIC’S) for test organisms

Bacterial Strain 
(mdr efflux system) MIC (µg/ml) of antibiotic

Chelerythrine Norfloxacin Erythromycin Tetracycline
RN4220 (Msr(A) ) 8 32 64 0.5
XU212 (Tet(K) ) 16 8 4096 256
1199-B (Nor(A) ) 8 64 2 32
ATCC 25923 4 16 0.25 0.5
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Abstract

In the present study, extracts of 34 species and varieties of the genus Hypericum were
screened for activity against a clinical isolate of methicillin-resistant Staphylococcus aureus,
which in addition possessed a multidrug efflux mechanism conferring a high level of
resistance to therapeutically useful antibiotics. Thirty-three of the 34 chloroform extracts
showed significant activity in a disk diffusion assay, and five extracts had minimum inhibitory
concentrations of 64 �g�ml, indicating that this genus has great potential to yield com-
pounds with potent activity against multidrug-resistant bacteria. � 2002 Elsevier Science
B.V. All rights reserved.

Keywords: Hypericum; Antibacterial activity

1. Introduction

There is a considerable need for new classes of anti-microbial agents in order to
counter the rapid increase in plasmid-determined, transmissible multidrug resis-

Ž .tance mdr . In particular, the occurrence and proliferation of mdr methicillin-re-
Ž .sistant Staphylococcus aureus MRSA is cause for major concern in the clinical

environment due to the few effective therapeutic agents that can be used against

� Corresponding author. Tel.: �44-207-753-5913; fax: �44-207-753-5909.
Ž .E-mail address: simon.gibbons@ulsop.ac.uk S. Gibbons .

0367-326X�02�$ - see front matter � 2002 Elsevier Science B.V. All rights reserved.
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509



( )S. Gibbons et al. � Fitoterapia 73 2002 300�304 301

� �this organism 1 . Intermediate resistance to vancomycin, one of the most widely
� �used glycopeptides which is used to treat MRSA infections has arisen in Japan 2

� �and the USA 3,4 . Recent developments in anti-staphylococcal agents include the
Ž . � Žoxazolidinone e.g. linezolid and streptogramin e.g. quinupristin�dalfostin syn-

.�ercid type antibiotics, however, resistance to linezolid has recently been reported
� �in vancomycin-resistant Enterococcus faecium 5 , and the occurrence of resistance

to this agent in the Staphylococci is highly likely. New classes of anti-MRSA
compounds are, therefore, of significant importance if we are to avoid a similar
situation to that of the glycopeptides, with no back up lead compounds to develop
into agents with activity against multi-drug resistant bacterial strains.

Species of the genus Hypericum are known to produce strongly antibacterial
compounds, typically prenylated phloroglucinol natural products such as hyperforin

� � � �from Hypericum perforatum 6 , the chinensins from Hypericum chinense 7 , and
filicinic acid derivatives from Hypericum drummondii, which show excellent anti-

Ž .staphylococcal activity with sub 1 �g�ml minimum inhibitory concentrations MIC
� �8 .

The activity of these natural products from Hypericum prompted us to collect 34
species and varieties of this group, extract and then screen them against a clinical

Ž . � �isolate of MRSA possessing the multidrug efflux transporter Tet K 9 which was
highly resistant to �-lactams, tetracyclines, macrolides and fluoroquinolones. Efflux
mechanisms of resistance actively export many classes of antibiotics from the
bacterial cell resulting in a low intracellular concentration of antimicrobial.

2. Experimental

2.1. Plant material

The aerial parts of all species studied were collected from the National Plant
Collection of Hypericum at the Royal Botanic Gardens Kew at Wakehurst Place,
and were shade dried at room temperature.

2.2. Preparation of extracts

Ž .Dried plant material varying in dry mass from 0.3 to 3 g was ground and
Ž .extracted sequentially in chloroform and methanol 15 ml each . Extracts were

filtered and blown down to dryness under nitrogen and stored at �80 �C prior to
assay. Extract yields were in the range of 0.1�14%.

2.3. Antibacterial assays and bacteria

Ž .Disk diffusion assay. Mueller�Hinton agar Oxoid in Petri dishes was inoculated
Ž 7 .with a bacterial suspension 10 cfu�ml and the excess suspension removed. Paper

Ž .disks 5 mm Oxoid were impregnated with test extracts at a concentration of 1
mg�disk, then laid onto the surface of the agar. An appropriate antibiotic control
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Ž .disk vancomycin, 5 �g�disk was also placed onto the surface of the agar. The
culture was then incubated for 18 h at 37 �C, and zones of inhibition appeared in
the presence of antibacterial substances.

Minimum inhibitory concentration assay. This assay comprised a standard mini-
Ž . 2�mum inhibitory concentration MIC determination of test compound in Ca and

2� Ž .Mg adjusted Mueller�Hinton Broth MHB . Extracts were dissolved in DMSO
and diluted in MHB, to give a starting extract concentration of 512 �g�ml which
was then diluted out across a 96-well microtitre plate in a two-fold serial dilution to
give a final concentration range from 512 to 1 �g�ml. The test organism was
inoculated into each well at a density of 5 � 105 cfu�ml. The plate was incubated
at 37 �C for 18 h and the MIC recorded as the lowest concentration at which no

Žgrowth was observed. This was facilitated by the addition of 20 �l of MTT Sigma
.10 mg�ml in MeOH to each well and incubation at 37 �C for 20 min where

bacterial growth was indicated by a blue colouration. Appropriate DMSO, growth
and sterile controls were carried out. Tetracycline was used as a positive control.

Ž .Bacteria. The test organism was a clinical isolate of MRSA strain XU212 from
Ž .the Adnan Hospital, Kuwait , possessing the previously characterised Tet K mul-

� �tidrug efflux mechanism 9 .

3. Results and discussion

Thirty-three of the chloroform extracts and 32 of the methanol extracts exhibited
Ž .good activity zones of inhibition � 7 mm diameter in the disk diffusion assay

Ž .Table 1 . Several of the chloroform extracts exhibited large zones of inhibition
Ž . Ž .� 20 mm when compared to vancomycin zone of inhibition: 18 mm, 5 �g�disk .
Whilst the concentration of 1 mg�disk is comparatively high, thin layer chromatog-
raphy of these extracts indicated that they are complex, and it is highly likely that
purification of the antibiotics from the extracts will result in compounds with very
low MIC values. Where sufficient extract was available, chloroform extracts which
exhibited inhibition zones greater than 13 mm, had minimum inhibitory concentra-

Ž .tions determined against the Tet K producing multidrug resistant strain of MRSA
Ž .Table 2 . The low minimum inhibitory concentrations of these extracts, when

Ž .compared to conventional antibiotics Table 2 , highlight the potential of the genus
Hypericum as an excellent source of anti-staphylococcal agents.

Previous systematic chemical studies on the anti-staphylococcal compounds from
this genus has been limited, possibly due to the fact that when most of the research
into new antibacterial agents from plants was conducted, there were a number of

Ž .agents e.g. vancomycin, teicoplanin that could be used to treat resistant staphylo-
coccal infections, and consequently there was little pressure to find new agents. A
literature search on these species has shown that Hypericum calycinum produces

� � � �xanthones 10 and chinensin-type 11 metabolites which have not been tested for
antibacterial activity. However, Hypericum hookerianum extracts have recently

� �been assessed for antibacterial activity 12 .
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Table 1
Ž .Antibacterial activities of Hypericum chloroform and methanol in brackets extracts against MRSA

astrain XU212

Hypericum species Inhibition Hypericum species Inhibition
zone in mm zone in mm

Ž . Ž .H. acmosepalum 8 12 H. kouytchense 12 7
Ž . Ž .H. addingtonii 11 9 H. lagarocladum 14 9
Ž . Ž .H. androsaemum 9 8 H. lancasteri 11 13
Ž . Ž .H. arnoldianum 11 13 H. maclarenii 9 12
Ž . Ž .H. beanii 14 11 H. maculatum ssp. maculatum 0 7
Ž . Ž .H. bellum ssp. latisepalum 12 13 H. moserianum 12 12
Ž . Ž .H. calycinum 16 12 H. olympicum ‘citrinum’ 19 6
Ž . Ž .H. cur�isepalum 9 9 H. olympicum f. minus ‘sulphureum’ 21 12
Ž . Ž .H. dummeri 13 8 H. olympicum f. uniflorum 19 7
Ž . Ž .H. foliosum 20 7 H. patulum 8 12
Ž . Ž .H. forrestii 13 9 H. prolificum 14 11
Ž . Ž .H. frondosum 16 9 H. pseudohenryi 11 13
Ž . Ž .H. hidecote 12 8 H. reptans 13 9
Ž . Ž .H. hircinum 12 6 H. re�olutum ssp. re�olutum 16 8
Ž . Ž .H. hircinum ssp. albimontanum 11 13 H. stellatum 10 13
Ž . Ž .H. hircinum ssp. majus 23 0 H. subsessile 10 9
Ž . Ž .H. hookerianum 9 10 H. xylosteifolium 7 0

Inhibition zones were measured as the diameter of the zone of inhibition. Zones were compared to
Ž . avancomycin 5 �g�disk , which gave a zone of 18 mm in diameter. XU212 is a clinical isolate of

Ž .methicillin-resistant Staphylococcus aureus possessing the multidrug efflux transporter Tet K .

Table 2
Ž .Minimum inhibitory concentrations MIC of selected chloroform extracts against MRSA strain XU212

Hypericum species MIC
Ž .�g�ml

H. beanii 256
H. calycinum 256
H. foliosum 64
H. hircinum ssp. majus 64
H. lagarocladu 128
H. olympicum f. minus ‘sulphureum’ 64
H. olympicum f. uniflorum 64
H. olympicum ‘citrinum’ 64
H. re�olutum ssp .re�olutum 128

Ž . Ž . Ž . Ž .MIC of standard antibiotics �g�ml : tetracycline 128 , erythromycin 4096 , norfloxacin 8 .

Whilst disk diffusion assays are a rapid way of detecting activity and may be used
to track such activity through a separation process, a major drawback is the poor
diffusability of lipophilic compounds through the media, resulting in small zones of

� �inhibition 13 . Additionally, MIC values may be misleading due to the presence of
low concentrations of highly active metabolites or high concentrations of poorly
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active metabolites. Consequently, further chemistry is needed to assess these
extracts.

These preliminary results highlight the potential of the genus Hypericum to
produce anti-staphylococcal leads with good activity against a multidrug resistant
strain. Bioassay-guided isolation is currently underway to characterise the antibac-
terial agents of this interesting taxon.
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The dimeric nonprenylated acylphloroglucinol semimyrtucommulone (6) was obtained from the leaves of
myrtle (Myrtus communis) as a 2:1 mixture of two rotamers. The known trimeric phloroglucinol
myrtucommulone A (1) was also isolated and characterized spectroscopically as a silylated cyclized
derivative (5). Myrtucommulone A showed significant antibacterial activity against multidrug-resistant
(MDR) clinically relevant bacteria, while semimyrtucommulone was less active.

Myrtle (Myrtus communis L., Myrtaceae) is the arche-
typal Mediterranean species, and its relevance in medicine,
cuisine, and art as well as in religion and myth can hardly
be overstated.1 Current economic interest focuses on the
berries and the leaves, which are used to make a popular
liqueur and as a hop substitute for beer,2 but several
investigations have evidenced the strong antibacterial
activity of myrtle leaf extracts,3 supporting the use of this
plant as an antiseptic in traditional Mediterranean medi-
cine.4 Phytochemical investigations spanning several de-
cades afforded various monoterpenoids, flavonoids, and
triterpenes,5 but the identity of the antibacterial principle
has long remained elusive. In the mid 1970s, Israeli
scientists eventually reported the isolation of a phloroglu-
cinol antibiotic from the leaves of myrtle. This compound
was named myrtucommulone A (1) and was obtained as a

mixture of homologues and tautomers which was not
amenable to a detailed NMR analysis.6 Related compounds
were also obtained,6,7 and one of them, the dimer myrtu-
commulone B (3), has recently raised interest for the
treatment of psoriatic disorders.8 We present here the

characterization of a new dimeric nonprenylated phloro-
glucinol from myrtle, the spectroscopic characterization of
myrtucommulone A as a silylated cyclized derivative, and
the disclosure of its significant activity against multidrug-
resistant bacteria.

Results and Discussion

An acetone extract from the dried leaves of myrtle was
fractionated by open CC to afford two phloroglucinol
mixtures. The MS of the least polar and abundant (0.14%)
fraction showed a cluster of five molecular ion peaks spaced
by 14 mass units in an approximate ratio of 12:4:2:1:1,
indicating a mixture of homologues. The NMR spectrum
in a variety of solvents showed only unresolved peaks and
was of little use for structure elucidation. Repeated crystal-
lizations eventually removed the minor homologues and
afforded a ca. 7:1 mixture (MS analysis) of two compounds,
having EIMS and mp identical to those reported for
myrtucommulone A (1).6 The structure of this compound
was established mainly on the basis of MS data,6 with
additional support from the acid-catalyzed cyclization to a
bis-pyrane derivative (2) amenable to NMR investigation.6b

The acidic treatment of our compound gave a complex
mixture, and we tried therefore to confirm its identity with
myrtucommulone A (1) using variable-temperature NMR
experiments and an alternative derivatization strategy.
Our compound proved too unstable for high-temperature
NMR measurements. Thus, heating in DMSO at 80 °C for
24 h afforded a mixture of two compounds, a dimer (4)
isomeric with myrtucommulone B (3) and a trimer related
to the bis-dehydrated product 2. In our hands, the two
compounds could not be separated, and their structure was
determined from the NMR analysis of the mixture. Owing
to severe overlapping of many signals, it was not possible
to fully characterize the trimeric product. However, the 13C
NMR spectrum showed that the central aromatic ring was
not symmetric, thus suggesting an angular (cf. 5) rather
than a linear (2) structure. The formation of the dimer 4
was followed monitoring the upfield signal for H-5, while
the substitution pattern of the benzene ring was estab-
lished by HMBC correlations. The absence of a signals for
6-OH and 6′-OH and NOESY correlations between H-5 and
4-OH as well as the 14′-methyl supported a tricyclic
structure, isomeric with myrtucommulone B, for 4. It
should be noted that the published NMR data for myrtu-
commulone B6b do not distinguish between structures 3 and
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670 7684; (O.S.): +46 4622 28213. Fax (G.A.): + 39 011 670 7687; (O.S.):
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4, and the possibility that this compound might actually
be reformulated as 4 should not be neglected. In this case,
the facile transformation of 1 to 4 makes it possible that
myrtucommulone B is an artifact of extraction and/or
isolation.

Acetylation and methylation of 1 gave complex mixtures,
but silylation eventually delivered, in modest yield (23%),
a derivative that maintained the carbon-carbon connectiv-
ity of the natural product and was amenable to spectro-
scopic analysis. The molecular formula of 5 (C50H78O9Si2)
evidenced the presence of two -OTES groups, while careful
analysis of the 2D NMR data settled unambiguously the
structure and configuration. Surprisingly, the pentacyclic
angular enol ether 5 was obtained in a configurationally
unitary form and free from homologues. This structure is
the one expected for a compound formed from the bis-
acetalization, the monodehydration, and the disilylation of
a starting material having the bona fide formula of myr-
tucommulone A and is consequently complementing the
previous structural identification based on the MS data.
As to the site(s) of homologation of myrtucommulone A,
the cluster of homologous peaks observed for the parent
ion was also present in the mass peak resulting, after
dehydration, from the R-cleavage of the isobutyryl group
[M - C3H7 - H2O], suggesting that homologation occurs
at the isobutylidene bridge(s). The tautomeric composition
of myrtucommulone A remains unknown. On the basis of
previous studies of the prototropic equilibria in benzyl-
substituted syncarpic acids,9 several plausible tautomeric
forms can be envisaged for myrtucommulone A, with
formula 1 representing only one of the three possibilities
where aromaticity of the central ring is maintained.

The more polar and abundant phloroglucinol 6, named
semimyrtucommulone, was obtained free from homologues.
HRMS data established the molecular formula C25H34O7,
while the NMR spectra showed duplication of all reso-
nances. The failure to evidence two compounds by HPLC
techniques and the coalescence of the NMR signals at 90
°C indicated that 6 was a mixture of two tautomers or
rotamers, in a ratio of ca. 2:1 at room temperature. The

two sets of 1H NMR signals showed the same proton spin
systems (one isobutylidene group, one isopropyl, four
methyls bound to nonprotonated aliphatic carbons, and one
benzylic methyl), suggesting that the equilibrating species
were rotamers rather than tautomers. Due to the high
number of nonprotonated carbons, HMBC experiments
were utilized extensively to correlate the 1H and 13C
resonances and assemble them into the same dimeric
phloroglucinol structure 6. Again, correlations from the
hydroxyl protons as well as from the methyl protons
revealed the carbon skeleton of 6. Silylation afforded a ca.
1:1 mixture of two isomeric cyclized derivatives, identified
as 7 and 8. HRMS experiments revealed the same elemen-

tal composition for these compounds. The unsaturation
index, along with the NMR data, suggested that they are
tricyclic derivatives, similar to compound 5. NOESY cor-
relations were used to distinguish between the two com-
pounds. Thus, while the benzylic 11-methyl of 7 correlated
with the methylene protons of both TES groups, in 8 the
correlation with one of the TES groups was replaced by
that with the 11-methyl. In addition, the signal for the
hemiacetal proton in 8 was sufficiently resolved to give a
NOESY correlation to the 14′-methyl and HMBC correla-
tions to C-1′, C-5′, and C-6′. In both compounds, H-1′ gave
NOESY correlations with the 12′-, 13′-, 9-, and 10-methyls,
establishing the relative configuration. Remarkably, both
compounds were configurationally pure, confirming the
surprising capacity of oligomeric phloroglucinols to form
polycyclic structures in a highly stereoselective way. Also
noteworthy is the observation that, while the silylation of
myrtucommulone A (1) yielded only one isomer, two
isomers were instead formed from semimyrtucommulone
(6). A possible explanation is that the phenolic hydroxyl
in the linear trimeric assembly corresponding to 7 (that
is, 2) is sterically more encumbered than in the corre-
sponding angular assembly like 5 (corresponding to 7) and,
thus, essentially unreactive with the bulky silylating agent.
Acetylation of 6 gave one product (6a), identified by MS
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as a tetraacetate derivative of the natural product. The 1H
NMR spectrum taken at 500 MHz was poorly resolved,
temperature dependent, and not suitable for structural
identification. As expected for a dynamic equilibrium, a
decrease of the instrumental frequency improved the
resolution, and at 50 °C and 200 MHz most peaks of the
1H NMR spectrum could be assigned. Since acetylation
blocks prototropic equilibria, the detection of a dynamic
process in the peracetyl derivative of 6 further confirmed
that the duplication of the resonances in the NMR spectra
of the natural product is due to a conformational process.
The differences in NOESY pattern between the two rota-
mers of 6 could not be easily translated into definite
arrangements around the bonds 1′-7 and 1-7, where
hindered rotation seems most likely to occur. The discovery
of a slow rotameric equilibrium in alkylidene-bridged
phloroglucinyl-syncarpyl dimers makes factorial the prob-
lem of the characterization of 1, suggesting that this
compound, apart from the tautomeric equilibration typical
of syncarpic acid derivatives,8 can also undergo conforma-
tional equilibration.

A biological evaluation of 1 and 6 showed activity against
clinically relevant microorganisms. The minimum inhibi-
tory concentrations10 of 1 and 6 were determined against
strains of multidrug-resistant (MDR) Staphylococcus au-
reus which possessed efflux mechanisms of resistance to
macrolides, tetracyclines, and fluoroquinolones via the Msr-
(A),11 Tet(K),12 and Nor(A)13 transporters, respectively
(Table 1). Myrtucommulone (1) showed a submicromolar
or low micromolar activity against all the bacteria inves-
tigated, while semimyrtucommulone was 30-60-fold less
active. Interestingly, the strains investigated were more
susceptible to these agents than a standard ATCC strain,
possibly indicating that these phloroglucinols are not
substrates of multidrug efflux. Further work is underway
to assess whether these compounds are inhibitors of these
efflux mechanisms, which would also account for the potent
activity observed against these MDR strains. Given the
current shortage of efficient antibacterial agents against
MDR bacteria, myrtucommulone A qualifies as a new and
interesting lead for drug discovery.

The unifying feature of myrtle phloroglucinols is the
presence of a fully substituted phloroglucinol core bound
via isobutylidene bridge(s) to syncarpyl moiety(ies). The
lack of prenylation sets these compounds apart from plant
phloroglucinols,14 while substitution at the phloroglucinol-
syncarpyl bridge clearly distinguishes them from fern
phloroglucinols.15

In conclusion, the leaves of myrtle provide access to
unique chemical diversity, whose involvement in the
antibacterial activity of the plant seems well established.
Apart from the antibiotic properties, myrtle extracts show
also powerful hypoglycemic activity16 and can inhibit aryl
hydrocarbon hydroxylase,17 two activities of pharmacologi-
cal interest in the realm of diabetes and chemoprevention.
Further studies are, however, necessary to assess if also

these properties can be traced back to the unique phloro-
glucinol constituents of the plant.

Experimental Section

General Experimental Procedures. IR spectra were
recorded on a Shimadzu DR 8001 spectrophotometer. HRMS
(EI, 70 eV) were taken on VG 7070 EQ and JEOL SX102
spectrometers. 1H and 13C NMR spectra were recorded with a
Bruker DRX-500 spectrometer (500 and 125 MHz, respec-
tively) equipped with a Bruker ARX500 spectrometer with an
inverse multinuclear 5 mm probehead equipped with a shielded
gradient coil. The 1H NMR spectrum of 6a was recored on a
Bruker AM 200 spectrometer (200 MHz). The solvent signals
(CHCl3/CDCl3 7.26/77.0 ppm, DMSO-d6 2.50/39.5 ppm) were
used as internal reference. The chemical shifts (δ) are given
in ppm, and the coupling constants (J) in Hz. COSY, HMQC,
and HMBC experiments were recorded with gradient enhance-
ments using sine-shaped gradient pulses. For the 2D hetero-
nuclear correlation spectroscopy the refocusing delays were
optimized for 1JCH ) 145 Hz and nJCH ) 10 Hz. The raw data
were transformed and the spectra were evaluated with the
standard Bruker XWIN-NMR software (rev. 010101). HRMS
(EI, 70 eV) and CIMS were taken on a VG 7070 EQ spectrom-
eter. HRFABMS were taken on a JEOL SX102 spectrometer.
Silica gel 60 (70-230 mesh, Merck) and LiChroprep RP-18
(25-40 µM) were used for open-column chromatography (CC).
A Waters Microporasil semipreparative column (0.8 × 30 cm)
was used for HPLC, with detection by a Waters differential
refractometer 340.

Plant Material. Various samples of Myrtus communis L.
were collected in Sardinia during the years 1999-2001. The
extraction and isolation procedure reported refers to a sample
collected at Corongiu (Laconi, NU) on November 12, 2000. The
plant was identified by M.B., and a voucher specimen (CAG
514) is deposited at the Dipartimento di Scienze Botaniche,
Università di Cagliari.

Extraction and Isolation. Dried and powdered leaves (1
kg) were extracted with acetone at room temperature (4 × 3
L). Evaporation of the pooled extracts left a green gum, which
was taken up in ethanol (1 L) and treated with an equal
volume of 3% aqueous lead(II) acetate. After resting overnight,
the solution was filtered over a bed of Celite (ca. 20 g),
concentrated to ca. 500 mL, and diluted with water (500 mL).
The mixture was extracted with EtOAc (4 × 300 mL), and the
pooled organic phases were dried (Na2SO4) and evaporated to
give 18 g (1.8%) of a green paste. A portion of this (15 g) was
chromatographed on a Florisil column (250 g) packed with
petroleum ether-EtOAc, 95:5, and eluted with a petroleum
ether-EtOAc gradient. Fractions eluted with 9:1 petroleum
ether-EtOAc gave a semisolid residue, which was washed
with ether to afford 0.9 g of myrtucommulone A (1) as a yellow
powder. Fractions eluted with 5:5 to 1:9 petroleum ether-
EtOAc contained a mixture of myrtucommulone A and semi-
myrtucommulone and were further rechromatographed over
Si gel (150 g, petroleum ether-EtOAc, 1:9) and then over RP-
Si gel (30 g, MeOH-water, 8:2) to afford an additional 0.31 g
of myrtucommulone A (overall yield 1.21 g, 0.12%) and 1.4 g
(0.14%) of semimyrtucommulone (6).

Semimyrtucommulone (6): yellow powder, mp 147 °C; IR
(KBr) νmax 3501, 3517, 1707, 1614, 1470, 1385, 1289, 1157,
1020 cm-1; 1H NMR (CDCl3) (major rotamer) δ 11.6 (1H, s,
4-OH), 10.5 (1H, s, 6′-OH), 5.46 (1H, s, 6-OH), 3.94 (1H, hept,
J ) 6.8 Hz, H-8′), 3.78 (1H, d, J ) 11.0 Hz, H-7); 2.99 (1H, m,
H-8); 2.09 (3H, s, H-11), 1.47 (3H, s, H-13′); 1.41 (3H, s, H-11′),
1.32 (3H, s, H-14′), 1.30 (3H, s, H-12′), 1.18 (6H, d, J ) 6.8
Hz, H-9′ and H-10′), 0.83 (3H, d, J ) 6.4 Hz, H-9), 0.72 (3H, d,
J ) 6.4 Hz, H-10); 13C NMR (CDCl3) (major rotamer) δ 212.7
(s, C-4′), 211.2 (s, C-7′), 203.2 (s, C-2′), 178.5 (s, C-6′), 161.6
(s, C-4), 160.8 (s, C-2), 156.0 (s, C-6), 114.2 (s, C-1′), 108.6 (s,
C-1), 108.6 (s, C-5), 102.9 (s, C-3), 54.7 (s, C-3′), 48.9 (s, C-5′),
40.9 (d, C-7), 39.0 (d, C-8′), 26.5 (q, C-11′), 25.9 (q, C-13′), 25.8
(d, C-8), 24.8 (q, C-14′), 23.3 (q, C-12′), 22.0 (q, C-9), 21.8 (q,

Table 1. Minimum Inhibitory Concentrations (MIC) of 1 and 6
against Various Staphylococcus aureus Strains

MIC (µg/mL)bacterial strain
(MDR efflux system) 1 6 tetracycline

RN4220 (Msr(A))a 0.5 32 0.5
XU212 (Tet(K))b 1 32 256
1199-B (Nor(A))c 1 32 32
ATCC 25923d 2 64 0.5

a Macrolides resistant. b Tetracyclines resistant. c Fluoroquino-
lones resistant. d Standard ATCC strain.
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C-10), 19.4 (q, C-9′), 19.3 (q, C-10′); HREIMS m/z 446.2288
[M]+ (8) (calcd for C25H34O7, 446.2304).

Thermal Degradation of Myrtucommulone (1). A sample
of 1 in DMSO-d6 was heated to 80 °C. The course of the
degradation could be followed focusing on the upfield signal
of H-5 (δ 6.24) and C-5 (δ 94.2) in the 1H and 13C NMR spectra,
respectively. After 48 h the degradation was complete, and a
mixture of isomyrtucommulone B (4) and a trimeric dehydra-
tion product was obtained. 1H NMR data for 4: (CDCl3) δ 13.9
(1H, s, 2-OH), 11.2 (1H, s, 4-OH) 6.24 (1H, s, H-5), 4.12 (1H,
d. J ) 3.6 Hz, H-7), 3.91 (1H, hept., J ) 6.8 Hz, H-8′), 1.85
(1H, m, H-8), 1.50 (3H, s, H-13′), 1.35 (3H, s, H-14′), 1.31 (3H,
s, H-11′), 1.25 (3H, s, H-12′), 1.12 and 1.10 (2 × 3H, d, J ) 6.8
Hz, H-9′ and H-10′), 0.69 (6H, d, J ) 6.8 Hz, H-9 and H-10);
13C NMR (CDCl3) δ 211.5 (s, C-4′), 211.0 (s, C-7′), 196.9 (s,
C-2′), 167.4 (s, C-6′), 162.4 (s, C-2), 159.7 (s, C-4), 156.5 (s,
C-6), 110.9 (s, C-1′), 106.6 (s, C-3), 103.2 (s, C-1), 94.2 (d, C-5),
55.6 (s, C-3′), 46.8 (s, C-5′), 38.9 (d, C-8′), 35.0 (d, C-8), 31.2
(d, C-7), 25.2 (q, C-11′), 23.5 (q, C-12′), 25.0 (q, C-13′), 24.0 (q,
C-14′), 19.2 (q, C-9), 18.8 (q, C-9′), 18.4 (q, C-10), 17.7 (q, C-10′).

Silylation of Myrtucommulone (1). To a suspension of
1 (200 mg) in dry CH2Cl2 (5 mL) were added an excess (20
molar equiv) of TES-Cl and imidazole. After stirring at room
temperature overnight, the reaction was worked up by addition
of Si gel 60 (1 g) and evaporation. The residue was purified
twice by CC (Si gel, 5 g, petroleum ether-EtOAc, 95:5) to
eventually afford 61 mg (23%) of 5 as an oil, along with 49 mg
of recovered starting material. IR (liquid film) νmax 3408, 1720,
1590, 1548, 1470, 1370, 1300, 1185, 1018 cm-1; 1H NMR
(CDCl3) δ 4.27 (1H, d, J ) 3.3 Hz, H-7′), 4.17 (1H, dd, J ) 5.9
and 3.6 Hz, H-7), 3.69 (1H, d, J ) 5.9 Hz, H-1′), 2.71 (1H, s,
6′-OH), 2.57 (1H, m, H-8), 2.02 (1H, m, H-8′), 1.74 (3H, s, H-9′′),
1.65 (3H, s, H-13′′), 1.61 (3H, s, H-14′′), 1.57 (3H, s, H-14′),
1.45 (3H, s, H-11′′), 1.43 (3H, s, H-12′), 1.37 (3H, s, H-12′′),
1.37 (3H, s, H-10′′), 1.35 (3H, s, H-13′), 1.32 (3H, s, H-11′),
0.96 (2H, t, J ) 8 Hz, 4-OTES), 0.94 (3H, d, J ) 6.8 Hz, H-9),
0.89 (2H, t, J ) 8 Hz, 7′′-OTES), 0.83 (3H, d, J ) 6.8 Hz, H-9′),
0.73 (3H, q, J ) 8 Hz, 4-OTES), 0.67 (3H, d, J ) 6.8 Hz, H-10),
0.61 (3H, d, J ) 6.8 Hz, H-10′), 0.48 (3H, q, J ) 8 Hz, 7′′-
OTES); 13C NMR (CDCl3) δ 214.2 (s, C-4′), 212.4 (s, C-4′′), 205.4
(s, C-2′), 197.7 (s, C-2′′), 168.6 (s, C-6′′), 151.7 (s, C-4), 149.2
(s, C-6), 147.0 (s, C-2), 135.9 (s, C-7′′), 117.9 (s, C-3), 112.4 (s,
C-8′′), 112.3 (s, C-1′′), 109.6 (s, C-5), 108.8 (s, C-1), 98.9 (s, C-6′),
58.2 (s, C-3′), 56.1 (s, C-3′′), 54.8 (s, C-5′), 47.6 (s, C-5′′), 44.6
(d, C-1′), 34.1 (d, C-8′), 32.9 (d, C-7′), 31.6 (d, C-8), 29.7 (d,
C-7), 27.3 (q, C-12′), 25.7 (q, C-13′′), 25.4 (q, C-14′′), 24.7 (q,
C-11′′), 24.6 (q, C-12′′), 23.9 (q, C-14′), 21.7 (q, C-11′), 20.4 (q,
C-10′′), 20.4 (q, C-9′), 20.2 (q, C-9), 17.6 (q, C-13′), 16.9 (q, C-9′′),
16.4 (q, C-10′), 15.8 (q, C-10), 6.8 and 6.7 (t, OTES), 5.4 and
5.1 (q, OTES); EIMS (70 eV) m/z 878 [M]+ (2), 863 (3), 849
(19), 835 (100), 735 (13), 721 (12), 703 (9); diagnostic NOESY
correlations H-1′/H-12′, H-1′/H-13′, H-1′/H-9, H-1′/H-10, H-9/
13′′-methyl, H-10/13′′-methyl, H-7/14′′-methyl; CIMS (NH3)
m/z 879 [M + H]+ (73); HRFABMS (NaI added) m/z 901.5115
[M + Na]+ (5) (calcd for C50H78O9Si2Na, 901.5082); HRFABMS
(KBr added) m/z 917.4937 [M + K]+ (10) (calcd for C50H78O9-
Si2K, 917.4821).

Acetylation of Semimyrtucommulone (6). To a solution
of 6 (686 mg, mmol) in pyridine (4 mL) was added Ac2O (4
mL). After stirring overnight at room temperature, the excess
Ac2O was quenched by the addition of MeOH (2 mL), and the
reaction was worked up by dilution with 2 N H2SO4 and
extraction with EtOAc. The organic phase was sequentially
washed with 2 N H2SO4, water, saturated NaHCO3, and brine.
After drying (Na2SO4), removal of the solvent left a semisolid
residue, which was purified by CC (15 g Si gel, petroleum
ether-EtOAc, 95:5, as eluant) to afford, after crystallization
from ether, 426 mg (45%) of 6a as a white powder: mp 178
°C; IR (KBr) νmax 1778, 1767, 1726, 1692, 1620, 1377, 1206,
1182, 1096, 1044 cm-1; 1H NMR (CDCl3, 50 °C) δ 3.97 (1H, m,
H-8′), 3.65 (1H, m, H-7); 2.86 (1H, m, H-8); 2.32, 2.30, 2.28,
2.24, 2.16 (each 3H, s, 4 × OAc and H-11), 1.37-1.22 (br m,
H-11′, H-12′, H-13′, H-14′), 1.16 (6H, d, J ) 7.0 Hz, H-9′ and

H-10′), 0.85 (3H, d, J ) 6.4 Hz, H-9), 0.67 (3H, d, J ) 6.4 Hz,
H-10); HREIMS m/z 614.2712 [M]+ (2) (calcd for C33H42O11,
614.2727).

Silylation of Semimyrtucommulone (6). To a solution
of 6 (200 mg) in dry CH2Cl2 (5 mL) were added excess (12 molar
equiv) TES-Cl and imidazole. After stirring at room temper-
ature overnight, the reaction was worked up by addition of Si
gel 60 (1 g) and evaporation. The residue was purified by CC
(Si gel, 5 g, eluant petroleum ether-EtOAc, 95:5) to give a
mixture of 7 and 8 (88 mg), which was further purified by
HPLC (petroleum ether-EtOAc, 98:2) to afford 24 mg of 7 and
22 mg of 8 as colorless oils. Compound 7 was obtained as an
oil: IR (liquid film) νmax 3413, 1721, 1596, 1571, 1458, 1379,
1306, 1165, 1037 cm-1; 1H NMR (CDCl3) δ 4.02 (1H, dd, J )
3.8 and 5.5 Hz, H-7), 3.52 (1H, d, J ) 5.5 Hz, H-1′), 3.01 (1H,
hept., J )7.0 Hz, H-8′), 2.44 (1H, m, H-8), 2.08 (3H, s, H-11),
1.79 (1H, brs, 6′-OH), 1.46 (3H, s, H-13′), 1.38 (3H, s, H-12′),
1.31 (3H, s, H-11′), 1.28 (3H, s, H-14′), 1.13 (3H, d, J ) 7.0
Hz, H-9′), 1.12 (3H, d, J ) 7.0 Hz, H-10′), 0.97 (3H, t, J ) 8.1
Hz, 6-OTES), 0.91 (3H, t, J ) 7.9 Hz, 4-OTES), 0.85 (2H, q, J
) 8.1 Hz, 6-OTES), 0.84 (3H, d, J ) 6.9 Hz, H-9), 0.67 (2H, q,
J ) 8 Hz, 4-OTES), 0.52 (3H, d, J ) 6.8 Hz, H-10); 13C NMR
(CDCl3) δ 215.0 (s, C-4′), 209.1 (s, C-7′), 205.7 (s, C-2′), 153.6
(s, C-2), 149.5 (s, C-4), 145.7 (s, C-6), 118.3 (s, C-3), 115.3 (s,
C-5), 113.9 (s, C-1), 98.5 (s, C-6′), 58.0 (s, C-3′), 54.6 (s, C-5′),
45.7 (d, C-1′), 42.3 (d, C-8′), 30.9 (d, C-7), 30.3 (d, C-8), 27.2
(q, C-12′), 24.3 (q, C-13′), 21.9 (q, C-11′), 19.9 (q, C-9), 18.2 (q,
C-9′), 18.1 (q, C-14′), 17.1 (q, C-10′), 16.0 (q, C-10), 11.6 (q,
C-11), 6.7 (q, 6-OTES), 6.6 (q, 4-OTES), 5.5 (t, 6-OTES), 5.3
(t, 4-OTES); CIMS (NH3): 675.4108 [M + H]+ (100) (calcd for
C37H63O7Si2, 675.4112), 645 (8%), 575 (17%), 561 (32%), 439
(24%), 325 (12%), 297 (10%). Compound 8 was also an oil: IR
(liquid film) νmax 3420, 1720, 1587, 1548, 1466, 1370, 1309,
1188, 1018 cm-1; 1H NMR (CDCl3) δ 4.02 (1H, dd, J ) 4.0 and
5.5 Hz, H-7), 3.62 (1H, d, J ) 5.5 Hz, H-1′), 2.89 (1H, hept., J
)7.0 Hz, H-8′), 2.60 (1H, brs, 6′-OH), 2.45 (1H, m, H-8), 2.03
(3H, s, H-11), 1.59 (3H, s, H-13′), 1.43 (3H, s, H-14′), 1.42 (3H,
s, H-12′), 1.32 (3H, s, 11′), 1.10 (3H, d, J ) 7.0 Hz, H-9′), 1.09,
(3H, d, J ) 7.0 Hz, H-10′), 0.91 (3H, t, J ) 8.1 Hz, 6-OTES),
0.90 (3H, t, J ) 7.9 Hz, 4-OTES), 0.84, (3H, d, J ) 6.9 Hz,
H-9), 0.80 (2H, q, J ) 8 Hz, 6-OTES), 0.70 (2H, q, J ) 8 Hz,
4-OTES), 0.52 (3H, d, J ) 6.8 Hz, H-10; 13C NMR (CDCl3) δ
214.7 (s, C-4′), 209.0 (s, C-7′), 205.7 (s, C-2′), 149.7 (s, C-4),
149.4 (s, C-6), 148.4 (s, C-2), 122.0 (s, C-3), 113.0 (s, C-1), 112.4
(s, C-5), 98.2 (s, C-6′), 58.1 (s, C-3′), 54.4 (s, C-5′), 45.9 (d, C-1′),
42.2 (d, C-8′), 30.5 (d, C-7), 30.4 (d, C-8), 27.3 (q, C-12′), 24.3
(q, C-13′), 21.7 (q, C-11′), 19.9 (q, C-9), 18.3 (q, C-14′), 17.4 (q,
C-9′), 17.2 (q, C-10′), 15.9 (q, C-10), 9.5 (q, C-11), 6.6 (q,
6-OTES), 6.6 (q, 4-OTES), 5.3 (t, 6-OTES), 5.0 (t, 4-OTES);
CIMS (NH3) m/z 675.4071 [M + H]+ (100) (calcd for C37H63O7-
Si2, 675.4112), 659 (28), 645 (88), 561 (32), 543 (9), 493 (13),
463 (14), 439 (4), 325 (5), 297 (6), 237 (36).
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a b s t r a c t

Three new unusual sesquiterpenes (1–3) were isolated from the tropical rainforest basidiomycete, Mar-
asmiellus troyanus and their structure elucidation was achieved by NMR spectroscopy, single-crystal X-
ray structural analysis and a modified Mosher’s ester method to determine the absolute stereochemistry
of compound 1. These unusual metabolites are probably derived from the caryophyllane class of sesqui-
terpenes and a possible biosynthetic route to these compounds is proposed. These small natural products
represent the best possible features of chemical diversity, being chiral and exhibiting extensive functional
group chemistry highlighting the value of natural products as a screening resource for therapeutics dis-
covery programmes.

� 2010 Elsevier Ltd. All rights reserved.

Basidiomycetes are prolific producers of natural products de-
rived from the terpenoidal biosynthetic pathways. In particular,
their ability to produce a wide array of sesquiterpene,1 diterpene,2

sesterterpene3 and triterpene4 natural products, makes them a
highly attractive target for those interested in screening for biolog-
ically active compounds as these classes are chiral and produce an
exceptional diversity of functional group chemistry. As part of our
continuing efforts to isolate and characterise a novel chemistries
from fungi5 and plants,6 we herein describe the isolation7 and
structure elucidation of three highly unusual cis-caryophyllane
sesquiterpenes from Marasmiellus troyanus Murr., a pan-tropical
decomposer agaric (‘gill fungus’), which forms troops of small
white fruiting bodies on woody debris in rainforests.8

The first of these compounds (1) (Fig. 1) was subjected to full
NMR spectroscopic investigation and single-crystal X-ray struc-
tural analysis (Fig. 2). HRESI-MS confirmed the molecular formula
of C15H24O4 by accurate mass measurement of the protonated ad-
duct [M+H]+, 269.1755 indicating a sesquiterpene. Full 1H and 13C
NMR spectral analysis (Tables 1 and 2) together with HMBC spec-
tra allowed the full unambiguous assignment of all resonances. In
the HMBC spectrum, two geminally coupled methyl groups (d 1.32
and 1.39) exhibited couplings to a quaternary carbon (dC 34.7), to a
methine (dC 50.0) and to a methylene carbon (dC 36.2). In the COSY

spectrum, the hydrogens of this methylene coupled to a methine
hydrogen (3.03, m) which in turn coupled to the hydrogen of the
methine carbon which was coupled to by the geminal methyl pair.
This indicated a dimethyl-substituted cyclobutane moiety which is
common among sesquiterpenes such as b-caryophyllane (4).9

Assuming a caryophyllane-type skeleton (Fig. 1), the methine car-
bon at dC 50.0 was C-1 and H-1 (d 2.87) coupled to a deshielded
oxymethine hydrogen (d 4.43, br d, H-2), which in turn coupled
to a further deshielded oxymethine (H-3, d 4.48). In the HMBC
spectrum, the C-3 carbon was coupled to by the hydrogens of a
methyl doublet (d 1.20) which in turn coupled to the methine car-
bon to which it was directly attached (C-4, 2.28) and to a further
methine carbon (C-5). The COSY spectra revealed couplings be-
tween H-5 and a deshielded oxymethylene group (d 4.20, 4.25).
A methyl singlet (C-15) exhibited a 3J coupling to C-5, to a quater-
nary carbon to which it was directly attached (C-8) and to a car-
bonyl carbon (dC 181.6, C-7) and back into the cyclobutane ring
by a coupling to C-9. The carbonyl carbon was also coupled to by
the oxymethylene (H2-6) hydrogens indicating a lactonic bridge
between C-6 and C-7. In the 1H NMR spectrum, two broad singlets
were present which did not display any connectivity to carbons in
the HMQC spectra indicating that they were hydroxyl groups. From
the accurate mass measurement, four oxygen atoms were present
supporting the inclusion of the lactone and the two hydroxyl moi-
eties which should be placed at C-2 and C-3 due to the downfield
nature of the 1H and 13C resonances at these positions. Given the
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chiral nature of 1 and those seven-membered rings have a degree
of flexibility, single-crystal X-ray structural analysis was con-
ducted10 to confirm the structure of 1 and to attempt to resolve
the relative stereochemistry of this unusual compound. This
showed that 1 was a cis-fused caryophyllane type sesquiterpene,
confirmed the NMR spectral interpretation, and resolved the rela-
tive chemistry as depicted in Figures 1 and 2. For the assignment
of the absolute configuration, Mosher’s ester methodology11 was
considered but we were concerned that the presence of two vicinal
diols at positions 2 and 3 could complicate the analysis. Fortu-

nately the reaction of 1 with the S and R enantiomers of MPA gave
only the 2-esters, presumably because the 3-carbinol is more ste-
rically hindered, having hydroxyl and methyl groups as neighbours
(Fig. 3). Shifts of H-1 and H-3 were diagnostic for an S chiral centre
at C-2. The beauty of this methodology was that by resolving the
absolute stereochemistry of one chiral centre, the relative configu-
ration provided by the X-ray data then permitted unambiguous

Table 1
1H (500 MHz, mult, J in Hz) NMR assignments for 1a, 2b and 3c

No. 1 2 3
dH dH dH

1 2.87, bt, 9.0 2.30 m 2.29, dt, 12, 2.5
2 4.43, br d, 10.5 5.19, d, 10.4 3.93, bt, 11.0
3 4.48, t, 5 — 3.66, dd, 9.0, 1.5
4 2.28, m 3.05, m —
5 2.98, m 3.65, m 2.82, m 1.58, ddd, 11.0. 6.5, 4.5
6 4.20, bt, 9.0 4.25, bt, 8.0 4.46, t, 8.3 4.19, dd, 11.4, 8.6 3.98, m
7 — — —
8 — — —
9 3.03, m 2.89, m 3.37 m

10 1.75, m 1.95, m 1.93, t, 11.4 1.82, ddd, 10.6, 7.1, 3.5 1.94, ddd, 11.0. 9.0, 3.0 1.72, t, 10.5
11 — — —
12 1.39, s 1.36, s 1.25, s
13 1.32, s 1.26, s 1.12, s
14 1.20, d, 7.5 1.19, d, 7.3 0.88, s
15 1.77, s 1.05, s 5.08, dd, 3.0, 2.5 4.70, t, 2.5
OH-2 5.74, br s 6.51, br s 2.91, d, 9.0
OH-3 6.72, br s — 4.32, d, 9.0
OH-7 — — 5.65, s

a In CDCl3.
b In C5D5N.
c In acetone-d6.

Table 2
13C NMR assignments (125 MHz) for 1a, 2b and 3c

Carbon 1 2 3

1 50.0 52.6 49.8
2 72.2 74.2 70.2
3 79.2 213.3 79.8
4 34.6 43.8 48.7
5 41.0 37.6 34.0
6 68.5 67.6 65.3
7 181.6 179.5 109.5
8 47.9 47.6 151.4
9 38.1 38.3 34.1

10 36.2 35.0 39.5
11 34.7 36.0 34.9
12 26.4 26.1 32.0
13 30.6 29.7 27.3
14 14.5 11.4 23.7
15 19.7 18.8 109.6

a In CDCl3.
b In C5D5N.
c In acetone-d6.
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Figure 2. Molecular projection of 1 (50% probability amplitude displacement
ellipsoids for C, O; arbitrary radii of 0.1 Å for H).

5494 L. Evans et al. / Tetrahedron Letters 51 (2010) 5493–5496

520



assignment of the stereochemistry of all stereogenic centres as 1S,
2S, 3R, 4R, 5S, 8S and 9S. Compound 1 was therefore assigned as
2S,3R-dihydroxy-carophyllan-[5,8]-6,7-olide12 and is described
herein for the first time.

Compound 2 was submitted to full 1H, 13C, and 2-dimensional
NMR analysis again permitting the unambiguous assignment of
all resonances. Accurate mass measurement of 2 revealed a molec-
ular formula of C15H22O4 being two hydrogens less than that of 1.
The NMR data for 2were highly similar to those for 1 (Tables 1 and
2) with the exception of a 3-keto group whose presence was con-
firmed by a 3J HMBC correlation from methyl-14 to C-3 (d 213.3)
which would explain the difference in molecular formula com-
pared to 1. Compound 2was therefore assigned as the 3-oxo deriv-
ative of 1, 2S-hydroxy-3-oxo-carophyllan-[5,8]-6,7-olide13 and is
reported here for the first time.

Resonances for the final compound (3) were distinctly different
from those for 1 and 2, with the ester functional group being re-
placed with a hemiketal, methyl 15 being an exo-cyclic methylene
and, from analysis of the HMBC spectra (Fig. 4), ring C of the tricy-
cle was now found to be a [4,7] rather than a [5,8] linkage as seen
in 1 and 2.

Analysis of the HMBC and COSY spectra again allowed full
unambiguous assignment of all 1H and 13C resonances (Tables 1
and 2 and Fig. 4). The geminal methyl pair of the cyclobutane again
gave correlations to C-11, C-1 and C-10 and in the COSY spectrum
H-1 coupled to H-2 which in turn coupled to H-3. In the HMBC
spectrum, methyl-14 coupled to C-3, C-4, C-5 and C-7 which was
a deshielded carbon (dC 109.5). In the COSY spectrum, the hydro-
gens of methylene C-5 coupled to a deshielded oxymethylene pair
(C-6) which in the HMBC spectrum coupled through oxygen to C-7
indicating that a hemiketal group should be placed at C-7. For com-
pound 3, C-15 was an exo-methylene (rather than a methyl as seen
in 1 and 2) and in the HMBC spectrum the hydrogens of this group
coupled to C-7, C-8 and C-9, completing all the resonances for 3.
Stereochemistries at carbons 1, 2, 3 and 9 were identical to those
for 1 and 2. In the NOESY spectrum, methyl-14 gave NOE correla-
tions to H-3 and CH2-15, suggesting that they were on the same
face. A key NOE between the hydroxyl of the hemiketal at C-7
and the C-3 hydroxyl indicated an alpha orientation for the hemi-
ketal hydroxyl and a trans B/C ring junction, which was also seen
for compounds 1 and 2. Compound 3 is therefore assigned as
2S,3R,7S-trihydroxy-carophyllan-[4,7]-6,8-oxide.14

These compounds are newmembers of the rare cis-fused caryo-
phyllane class of sesquiterpene and the novel tricyclic nature has
not been recorded previously. The nearest related natural products

are cis-fused caryophyllanes from the ectomycorrhizal fungus Heb-
eloma longicaudum.15

The biosynthesis of compounds 1 and 2 (Scheme 1) is likely to
follow from a caryophyll-4,8(15)-diene precursor (5), which could
undergo a Baeyer–Villiger type oxidation to afford the lactone (6).
Subsequent attack of the exo-cyclic methylene by the 4,5 double
bond would give [5,8] ring closure and would result in a stable ter-
tiary carbocation at C-4. Oxidation at positions 2 and 3 would lead
to metabolites 1 and 2.

The biosynthesis of compound 3 is more problematic. Starting
from the same lactone intermediate (6) as 1 and 2, attack of the
lactone carbonyl by the 4,5 double bond would result in a hemike-
tal at C-7 and a [4,7] B/C ring junction architecture. This would be
less favourable, as in the formation of this 4–7 bond a carbocation
would be generated on C-5 (rather than on C-4 above) and this
would be a secondary and less stable carbocationic centre.

These novel and unusual natural products represent the best fea-
tures of natural chemical diversity, being chiral and possessing
extensive functional group chemistry. It is surprising that natural
products of this type still remain un-tapped as a screening resource
for pharmaceutical drug discovery. The lack of success of combina-
torial chemistry to afford newdrug entities16 indicates that it is only
a matter of time before pharmaceutical companies return to Basid-
iomycetes to exploit their chemical diversity for drug discovery.
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Two new norlignans, hyperiones A (1) and B (2), three new acylphloroglucinols, aspidinol C (3) and hyperaspidinols
A (5) and B (6), the known compound aspidinol D (4), and the symmetrical dimeric xanthone hyperidixanthone (7)
were isolated from Hypericum chinense. Their structures were established by spectroscopic analysis. In an antibacterial
assay using a panel of multidrug-resistant (MDR) strains, compounds 3 and 4 exhibited promising activity against the
NorA efflux protein overexpressing MDR Staphylococcus aureus strain SA-1199B with a minimum inhibitory
concentration (MIC) of 2 µg/mL (8.4 µM) and 4 µg/mL (16.8 µM), respectively. The positive control antibiotic norfloxacin
showed activity at MIC 32 µg/mL (100 µM).

There is an urgent need to develop new classes of antibacterial
agents to combat bacterial multidrug resistance (MDR), which can
contribute to the failure of many classes of antibiotics in clinical
therapy. Multidrug-resistant Staphylococcus aureus infections,
particularly those caused by methicillin-resistant S. aureus (MRSA),
have been a major threat to public health in hospitals and the
community over the past decade. Despite the development of new
compounds such as linezolid, MRSA infections remain a consider-
able concern due to the few agents that can be used in their
treatment. In 2002, MRSA strains fully resistant to vancomycin
were isolated in the United States.1 Resistance to linezolid has also
been reported in some patients followed by prolonged antibiotic
treatment in the United States.2 Therefore, there is a need to develop
new classes of antibiotics to fight the problem of drug resistance.
The genus Hypericum is a valuable source of naturally occurring
inhibitors of bacterial growth, including compounds with activity
against MDR and MRSA.3 As part of our ongoing research on plant
metabolites with activity against S. aureus antibiotic-resistant
variants,4 we have studied the chemistry and antibacterial activity
of extracts of Hypericum chinense L. (Hypericaceae). This herb is
widespread in China and has long been used for the treatment of
fever, sepsis, acute laryngo-pharyngitis, conjunctivitis, hepatitis, and
snake bite.5 Former research on its chemical constituents resulted
in the characterization of pharmacologically active compounds such
as the antimicrobial compounds chinensins I and II,6 the anti-HIV
agents biyouyanagin A7 and biyouyanagin B,8 and several substi-
tuted xanthones.9,10 A series of spiro-lactones, hyperolactones A-D,
were also discovered.8,11,12

Our current phytochemical investigation of H. chinense has
resulted in the isolation of two new norlignans (1 and 2), three
new acylphloroglucinols (3-6), a known compound (4), and a
symmetrical dimeric xanthone (7). Against a panel of multidrug-
resistant strains, two acylphloroglucinols (3 and 4) showed promis-
ing activity against the NorA overexpressing MDR Staphylococcus
aureus strain SA-1199B.

Results and Discussion

Powdered leaves of H. chinense were extracted with 95% EtOH,
and the extract was separated into petroleum ether-soluble, EtOAc-
soluble, and MeOH-soluble fractions. Repeated chromatography
on the EtOAc-soluble fraction yielded compounds 1-6, sesamin,
and betulinic acid. Similarly, the EtOAc-soluble fraction of the roots
afforded compound 7.

Compound 1 was obtained as colorless oil. HREIMS (m/z
340.0950) indicated a molecular formula of C19H16O6, which was
supported by its 1H and 13C NMR spectra (Table 1). The 13C NMR
spectrum revealed a carbonyl [δ 196.7 (C-7)], which was coupled
to two aromatic protons [δ 7.47 (d, J ) 1.8 Hz, H-2) and 7.55 (dd,
J ) 8.2 Hz, J ) 1.8 Hz, H-6)] in the HMBC spectrum. These
aromatic hydrogens formed a piperonyl group with the remaining
protons at δ 6.87 (d, J ) 8.2 Hz, H-5) and the methylenedioxy
protons downfield at δ 6.13 (s, OCH2O-10). The two methylene-
dioxy protons correlated with the carbons at δ 148.3 (C-3) and
152.0 (C-4), confirming a 3,4-methylenedioxyphenyl (piperonyl)
ketone system.11 Similarly, another 3′,4′-methylenedioxyphenyl
moiety was established by the 1H and 13C NMR, DEPT, and HMBC
data. These two fragments were confirmed by the EIMS, which
exhibited fragment ion peaks at m/z 149 (base peak) and 121,
corresponding to the acylpiperonyl ion [ArCO]+ and piperonyl ion
[Ar]+ fragments, generated due to bond cleavage at C-7/C-8 and
C-1′/C-7′, respectively.13

The remaining bridge assignment was established as a tetrahy-
drofuran ring according to the NMR spectroscopic data. A signal
at δ 4.86 (dd, J ) 9.8 Hz, J ) 5.8 Hz, H-7′), which in the HMBC
spectrum was coupled to C-2′ and C-6′, was assigned to the benzylic
oxygen-bearing carbon C-7′ (δ 82.0). The correlation between H-7′
and H-8′a (δ 2.51, m) and H-8′b (δ 2.30, m) shown in the 1H-1H
COSY spectrum indicated a C-7′ and C-8′ (δ 38.3) linkage. The
multiplet signals centered at δ 4.28 (H-9a) and 4.17 (H-9b) were
assigned to the oxygen-bearing carbon C-9 (δ 70.3). The multiplet
centered at δ 4.09 (m, H-8), assigned to C-8 at δ 47.0, displayed
a correlation with C-7, C-9, and C-8′, indicating a tetrahydrofuran
moiety of cyclo[C8-C9-O-C7′-C8′], with C-8 connected to the
C-7 carbonyl and C-7′ to the phenyl ring at C-1′. This structure
was therefore a norlignan compound with a C6C3-C2C6 skeleton.
NOE experiments (Table 1) indicated a cis-configuration between
H-8 and H-7′, which were both close to H-9a and H-8′a in space.
Thus, the relative configuration of 1 was elucidated as shown, and
this compound was given the trivial name hyperione A.

Compound 2 was obtained as a white, amorphous powder. The
molecular formula C19H16O6 was indicated by HREIMS, the same
as that of 1. Analyzing the NMR data, compound 2 was deduced
to have the same planar structure as 1. However, 1 and 2 showed
different Rf values in TLC, and their 1H NMR spectra revealed an
obvious disparity in the splitting of H-9a, H-9b, and H-7′. Therefore,
2 was presumed to be a stereoisomer of 1 with the differences at
the bridging tetrahydrofuran ring. In the 1H NMR spectrum, an
NOE between H-8 and H-7′ was observed. The H-8 proton showed
no enhancement when H-7′ was irradiated, and Vice Versa.
Furthermore, according to the NOE experiments, H-8 was close to
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H-8′b, while H-7′ to H-8′a, which confirmed a trans-configuration,
and 2 was given the trivial name hyperione B.

In the isolation, a lignan was obtained and identified as sesamin
by its NMR and X-ray data. Considering the reference,11 hyperione
B (2) was therefore presumed to be derived from sesamin by losing
a -CH2- moiety in the plant, and the analogue hyperione A (1)
could be derived from asarinin, an epimer of sesamin (Scheme S1,
Supporting Information).

Aspidinol C (3), yellow crystals, had the molecular formula
C13H18O4 (by HREIMS). Six aromatic carbon signals (δC 163.5,
162.8, 160.2, 104.7, 103.4, 90.2) were displayed in its 13C NMR
spectrum (Table 2), in which three signals were downfield and over
δC 160, implying a phloroglucinol skeleton. The 1H NMR spectrum
showed two hydroxy groups and a methoxy group, which were
likely to be the three substituents of a phloroglucinol skeleton. This
conclusion was confirmed by HMBC correlations (Figure 1a)
between these groups and the corresponding aromatic quaternary
carbons. The aromatic methyl (δH 1.91, s) was coupled to OH-
bearing C-2 (δC 162.8) and C-3 (δC 103.4) and to OCH3-bearing
C-4 (δC 163.5) and was therefore placed at position 3. The only
aromatic proton (δH 6.13, s) was coupled to C-1, C-3, C-4, and
C-6, and therefore it was placed at position 5, para to C-2. The
positions of these substituents were further supported by their NOE

correlations (Figure 1b). The chain attached to C-1 included a
carbonyl (C-1′), a methylene doublet (C-2), a methine septet (C-
3), and a six-hydrogen methyl doublet (C-4 and C-5). The other
aromatic hydroxyl group was placed at C-6 on the basis of its NOE
spectrum (Figure 1b). Considering the coupling constant together
with its 1H-1H COSY correlations, an isobutyl side chain was
deduced [-CH2-CH-(CH3)2]. In the HMBC spectrum, the me-
thylene doublet was coupled to C-1′, and therefore an isopentanoyl
chain was directly attached to C-1 of the phloroglucinol skeleton.
The carbonyl group at C-1′ and the 2-OH formed an intramolecular
H-bond. Furthermore, the base peak at m/z 181 [M - C4H9]+ in
the EIMS was attributable to the fragment generated from cleavage
between C-1 and C-1′. Therefore, 3 was identified as 1-[2,6-
dihydroxy-4-methoxy-3-methylphenyl]-3′-methylbutan-1′-one, a new

Table 1. NMR Spectroscopic Data for Hyperiones A (1) and B (2)

1 (CDCl3) 2 (acetone-d6)

no. δC, mult. δH (J in Hz) HMBC (C no.) δC, mult. δH (J in Hz) HMBC (C no.)

1 131.1 C 132.1 C
2 108.2 CH 7.47, d (1.8) 3, 4, 6, 7 108.7 CH 7.48, d (1.8) 3, 4, 6, 7
3 148.3 C 149.3 C
4 152.0 C 152.9 C
5 108.0 CH 6.87, d (8.2) 1, 3, 4 108.6 CH 6.98, d (8.2) 1, 3
6 124.7 CH 7.55, dd (8.2, 1.8) 2, 4, 7 125.7 CH 7.70, dd (8.2, 1.8) 2, 4, 7
7 196.7 C 198.1 C
8a 47.0 CH 4.07, m 7, 9, 8′ 46.9 CH 4.28, m 9
9 70.3 CH2 (a) 4.28, m 7, 8, 7′, 8′ 71.0 CH2 (a) 4.40, t (8.2) 7, 8, 7′, 8′

(b) 4.17, m 7, 8, 7′, 8′ (b) 3.95, dd (8.2, 6.3) 7
1′ 135.1 C 137.5 C
2′ 106.7 CH 6.93, d (1.8) 4′, 6′, 7′ 107.0 CH 6.92, d (1.6) 4′, 6′, 7′
3′ 147.7 C 148.6 C
4′ 147.1 C 147.7 C
5′ 108.0 CH 6.76, d (7.8) 1′, 3′ 108.5 CH 6.80, d (7.8) 1′, 3′
6′ 119.7 CH 6.84, dd (7.8, 1.8) 2′, 4′, 7′ 120.0 CH 6.87, dt (7.8, 1.6) 2′, 4′, 7′
7′b 82.0 CH 4.86, dd (9.8, 5.8) 2′, 6′ 81.4 CH 4.83, t (7.8, 7.0) 2′, 6′
8′ 38.3 CH2 (a) 2.51, m 7, 8, 9, 7′ 39.0 CH2 (a) 2.60, m 7, 8, 9

(b) 2.30, m 7, 7′ (b) 2.05, m 7′
10 101.9 OCH2O 6.13, s 3, 4 103.1 OCH2O 6.18, s 3, 4
9′ 101.0 OCH2O 5.96, s 3′, 4′ 101.9 OCH2O 5.99, s 3′, 4′
a NOE of H-8 (1): H-2, H-6, H-7′, H-9a, H-8′a; NOE of H-8 (2): H-2, H-6, H-8′b. b NOE of H-7 (1): H-2′, H-6′, H-8, H-9a, H-8′a; NOE of H-7 (2):

H-2′, H-6′, H-8′a.

Table 2. NMR Spectroscopic Data of Aspidinols C (3) and D (4)

3 (acetone-d6) 4 (CDCl3)

no. δC, mult. δH (J in Hz) HMBC (C no.) δC, mult. δH (J in Hz) HMBC (C no.)

1 104.7 C 104.4 C
2 162.8 C 159.8 C
3 103.4 C 103.5 C
4 163.5 C 163.0 C
5 90.2 CH 6.13, s 1, 3, 4, 6 91.6 CH 5.97, s 1, 3, 4, 6
6 160.2 C 161.1 C
7 6.5 CH3 1.91, s 2, 3, 4 7.1 CH3 2.01, s 2, 3, 4, 5
8 55.0 OCH3 3.81, s 4 55.6 OCH3 3.82, s 4
1′ 205.8a C 210.5 C
2′ 52.6 CH2 2.96, 2H, d (6.7) 1′, 3′, 4′, 5′ 46.0 CH 3.75, m (6.7) 1′, 3′, 4′, 5′
3′ 25.0 CH 2.24, m (6.7) 2′, 4′, 5′ 27.0 CH2 (a) 1.83, m 1′, 2′, 4′, 5′

(b) 1.42, m 1′, 2′, 4′, 5′
4′ 22.2 CH3 0.94, d (6.7) 2′, 3′, 5′ 12.0 CH3 0.92, t (7.4) 2′, 3′
5′ 22.2 CH3 0.94, d (6.7) 2′, 3′, 4′ 16.7 CH3 1.18, dd (7.1, 1.2) 1′, 2′, 3′
2-OH 13.63, s 2, 3 13.62, s
6-OH 10.12, s 9.67, s
a Signal shown in CDCl3 but overlapped in acetone-d6.

Figure 1. Key HMBC and NOE correlations: (a) key HMBC
correlations of 3; (b) key NOE correlations of 3; (c) key HMBC
correlations of 4.
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compound of the acylphloroglucinol type, which was given the
trivial name aspidinol C.

Compound 4 showed fragment ion peaks similar to those of 3
in the EIMS, and the base peak at 181. Its 1H and 13C NMR spectra
indicated the same skeleton as 3, with the exception of the C-1
side chain. The substituent at C-1 included a methine multiplet (C-
2′), a methylene multiplet (C-3′), a methyl triplet (C-4′), and a
methyl doublet (C-5′). By examining the coupling constants, the
triplet methyl was placed next to the methylene. In the 1H-1H
COSY spectrum, the methylene was coupled to the methine, which
was coupled to the methyl doublet. In the HMBC spectrum the
methylene multiplet was coupled to C-2′ and C-5′, while the methyl
doublet was coupled to C-1′, C-2′, and C-3′. Therefore, a 2-me-
thylbutanoyl side chain was deduced, which was directly attached
to C-1 of the aspidinol skeleton to form an intramolecular hydrodren
bond with the 2-OH. This compound was isolated from Eucalyptus
pulVerulenta in 1984.14 Here we report its complete NMR assign-
ments for the first time (Table 2) and have given it the trivial name
aspidinol D.

Compound 5 was obtained as pale yellow oil. The HRESIMS
([M + H]+ 561.21066, calcd for C32H33O9 561.21191) suggested a
molecular formula of C32H32O9, consistent with its 1H and 13C NMR
spectroscopic data (Table 3). Further inspection of the spectra
indicated signals similar to those of 1 and 3 combined, with signals
reminiscent of an aspidinol skeleton (resembling that of 3) and two
methylenedioxyphenyl groups (resembling those in compound 1).
However, 5 was not a simple mixture of the two compounds
mentioned above, but it was a complex single compound formed
by combination of the two aspidinol moieties. This was supported
by its TLC and HPLC chromatograms taken together with
spectroscopic evidence from its HMBC spectrum.

Through careful examination of the 1H and 13C NMR and HMBC
spectra, the carbons and protons of the aspidinol skeleton and two
methylenedioxyphenyl groups were unambiguously assigned by
direct reference to compounds 1 and 3. The two protons H-5 and
6-OH in 3 were assumed to be substituted by alkyl groups in 5,
since no such signals were displayed in the 1H NMR spectrum of
5. The bridge between the three moieties deduced above consisted
of two methylene groups (δC 37.7, 19.5), two methine groups (δC

81.6, 44.3), a quaternary carbon (δC 109.3), which were observed
in the DEPT spectrum, and two oxygen atoms left according to
the given molecular formula.

The 1H-1H COSY spectrum (Table 3) provided the evidence of
how these saturated carbons were bonded: H-17 of a methine was
coupled to H2-16a/b, which were both coupled to H-15, with the
latter coupling to H2-14a/b. In the HMBC spectrum, H2-14a/b were
coupled to C-4, C-5, and C-6 of the aspidinol skeleton. The H-17
proton (δH 5.24, q), which was attached to an oxygen-bearing
carbon, was coupled to three aromatic carbons (C-1′, C-2′, and C-6′)
from one of the methylenedioxyphenyl groups. H-14b and H-16b,
together with H-2′ and H-6′ from the other methylenedioxyphenyl
group, were all coupled to a downfield quaternary carbon (δC 109.3,
C-18), which, from its downfield nature, was attached to two
oxygens (Figure 2a). Considering the degree of unsaturation as 17,
the structure was deduced as shown. The ROESY spectrum
elucidated a cis-configuration of H-15 and H-17. Compound 5 was
therefore identified as a new acylphloroglucinol derivative, and it
was given the trivial name hyperaspidinol A.

Compound 6 was obtained as pale yellow oil. The molecular
formula of C32H33O9 was assigned by the HRESIMS [M + H]+,
and its 1H and 13C NMR spectra closely resembled those of 5. The
spectroscopic data of the side chain resembled that of 4, instead of

Table 3. NMR Spectroscopic Data of Hyperaspidinols A (5) and B (6)

5 (CDCl3) 6 (CDCl3)

no. δC, mult. δH (J in Hz) HMBC(C no.) δC, mult. δH (J in Hz) HMBC (C no.)

1 108.1 C 107.6 C
2 163.0 C 163.0 C
3 112.1 C 112.1 C
4 162.3 C 162.2 C
5 104.0 C 104.0 C
6 153.2 C 152.9 C
7 206.9 C 211.7 C
8 53.3 CH2 (a) 3.14, dd (16.0, 5.7) 7, 9, 10, 11 45.8 CH2 4.00, m 7, 9, 11

(b) 2.83, dd (16.0, 7.7) 7, 9, 10, 11
9 24.9 CH 2.20, m 8, 10, 11 27.7 CH (a) 1.82, m 7, 10, 11

(b) 1.35, m 7, 10, 11
10 22.7 CH3 0.84, d (6.7) 8, 9, 11 11.5 CH3 0.77, dd (7.8, 7.3) 8, 9
11 22.4 CH3 0.81, d (6.7) 8, 9, 10 15.6 CH3 1.12, dd (6.8, 2.4) 7, 8, 9, 10
12 8.4 CH3 2.12, s 2, 3, 4, 5 8.5 CH3 2.18, s 2, 3, 4
13 60.3 OCH 3.71, s 4 60.2 OCH3 3.77, s 4
14 19.5 CH2 (a) 2.95, d (17.0) 4, 5, 6, 15, 18 19.3 CH2 (a) 3.01, dd (16.3, 2.0) 4, 5, 6, 15, 16, 18

(b) 2.67, dd (17.0, 5.3) 4, 5, 6, 15, 16 (b) 2.74, dd (16.3, 6.8) 5, 6, 15, 16
15 44.3 CH 2.87, m 5, 16 44.5 CH 2.93, m 5, 14, 16
16 37.7 CH2 (a) 2.40, m 15, 18 37.7 CH2 (a) 2.47, m 15, 18

(b) 1.84, m 14, 15, 17, 1′′ (b) 1.88, m 14, 17, 1′′
17 81.6 CH 5.24, dd (16.0, 7.7) 1′′, 2′′, 6′′ 81.8 CH 5.31, m 16, 1′′, 2′′, 5′′
18 109.3 C 109.4 C
1′ 135.5 C 135.5 C
2′ 106.3 CH 7.01, d (1.8) 18, 4′, 6′ 106.2 CH 7.08, d (1.5) 3′, 6′
3′ 147.8 C 147.7 C
4′ 147.8 C 147.7 C
5′ 108.0 CH 6.79, d (7.5) 6′ 107.9 CH 6.85, d (overlapped)
6′ 119.0 CH 7.00, dd (7.9, 1.8) 18, 2′, 4′ 119.0 CH 7.06, dd (6.8, 1.5) 18, 2′, 3′, 4′
7′ 101.3 CH 5.98, d (1.3) 3′, 4′ 101.2 CH 6.03, s 3′, 4′
1′′ 135.1 C 135.1 C
2′′ 106.6 OCH2O 6.78, d (overlapped) 17, 4′, 6 106.5 OCH2O 6.83, d (overlapped)
3′′ 147.1 C 147.7 C
4′′ 147.1 C 147.0 C
5′′ 108.0 CH 6.70, d (7.9) 1′′, 3′′, 4′′ 107.9 CH 6.75, d (7.9)
6′′ 119.4 CH 6.75, d (7.9) 17, 2′′, 4′′ 119.4 CH 6.80, dd (7.9, 1.3)
7′′ 101.0 OCH2O 5.91, d (1.3) 3′′, 4′′ 101.0 OCH2O 5.96, s 3′′, 4′′
2-OH 13.87, s 1, 2, 3 13.80, s 1, 2, 3
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the isopentanoyl signals seen in compound 3. Analysis of the
HMBC spectra (Figure 2b) confirmed that the differences between
5 and 6 were solely due to the presence of a 2-methylbutanoyl
side chain (in 6) rather than a 3-methylbutanoyl side chain seen in
5. The structure of compound 6 is, therefore, as shown, and it was
named hyperaspidinol B.

Compound 7 was obtained as yellow crystals, and the molecular
formula C30H22O10 was determined by an accurate mass measure-
ment of 542.1210 (calcd for C30H22O10, 542.1213) in the HREIMS.
The EIMS showed a molecular ion peak at m/z 542 [M]+ and an
obvious peak at m/z 271, which was presumably due to one-half
of the molecule. The 1H NMR spectrum showed four aromatic
protons of one benzene ring, two methoxy groups, and one hydroxy
group. The 13C NMR data suggested a typical substituted xanthone
skeleton15 with two methoxy carbons and 12 aromatic carbons.
These data indicated a structure consisting of two identical
substituted xanthone moieties. Two methoxy groups and the one
hydroxy group were attached to the substituted benzene ring, with
the remaining free position (C-1) being the point of attachment to
the other xanthone.

The locations of these substituents were supported by NOE
experiments for the protons of compound 7 (Figure 3a). There
existed a correlation between 2-OCH3 and 3-OCH3 (δH 3.43 and
3.95), respectively, in the NOE spectrum, and further radiation on
the 3-OCH3 resulted in an enhancement of the OH proton at δH

9.98 (4-OH). Therefore the 3-OCH3 group (δH 3.95) had an ortho
relationship with the other groups. The bond between the two
xanthones was then expected to be either at C-1 or at C-4. The
bonding position at C-1 was suggested by correlations between the
4-OH proton and C-3, C-4, and C-4a in the HMBC spectrum of 7,
and this linkage was further supported by the existence of C-9a at
δC 115.8. This structure was also supported by its molecular ion
(542 [M]+) and the main fragment ions of cleavage in the EIMS
(Figure 4). Compound 7 possessed a symmetrical dimeric xanthone
skeleton and was therefore identified as 1-[4′-hydroxy-2′,3′-
dimethoxy-1′-xanthonyl]-4-hydroxy-2,3-dimethoxyxanthone, with
the trivial name hyperidixanthone.

Betulinic acid was also isolated and identified by comparing its
MS and NMR data with those in the literature.16,17

The isolates were tested for antibacterial activity against several
resistant S. aureus strains, and only 3 and 4, with the simple
aspidinol skeleton, showed promising activity against all of the
strains. Compounds 5 and 6, possessing a more complex skeleton,
exhibited no inhibitory activity (Table 4). Among the tested strains,
SA-1199B possesses the NorA efflux protein, which confers
resistance to certain fluoroquinolones and quaternary ammonium
antiseptics. Against this strain, both 3 (2 µg/mL, 8.4 µM) and 4 (4

µg/mL, 16.8 µM) were more active than the control antibiotic
norfloxacin (32 µg/mL, 100 µM). For MDR strain XU212, which
possesses the TetK efflux transporter and is resistant to both
tetracycline and methicillin, 4 showed inhibitory activity comparable
to norfloxacin (8 µg/mL, 33.2 µM). A hospital epidemic MRSA,18

EMRSA-16, was much more sensitive to 3 and 4 than to norfloxacin
(Table 4). However, 3 and 4 showed moderate activity but were
less active than the positive control antibiotic against the standard
S. aureus strain ATCC 25923, the erythromycin-resistant strain
RN4220 that carries the MsrA macrolide efflux protein, and the
drug-resistant strain EMRSA-15.19 These findings are encouraging,
and further investigation of aspidinol as a template is suggested.

Experimental Section

General Experimental Procedures. Optical rotations were measured
using a JASCO P-1020 polarimeter. IR spectra were recorded using
an Avatar 360 ESP FTIR spectrophotometer, and UV spectra on a
Hitachi U-2900 spectropolarimeter. 1H and 13C NMR spectra were
obtained on a Varian Mercury Plus 400 MHz spectrometer. EIMS were
obtained on an Agilent 5973N MSD spectrometer, and HREIMS on
an IonSpec 4.7 T FTMS. Column chromatography (CC) was carried
out with silica gel (10-40 µm, Qingdao Marine Chemical Plant).
Fractions obtained from CC were monitored by TLC (silica gel plate
HGF254, 10-40 µm, Qingdao Marine Chemical Plant, Yantai, China;
RP-18 plates, E. Merck Co. Ltd.). The developed TLC plates were
visualized by spraying with 20% H2SO4 followed by heating.

Plant Material. The dried whole herb of Hypericum chinense (8.5
kg) was purchased in Chaling County in Hunan Province, China, and
separated into roots, stems, and leaves. A voucher specimen (No. HC-
003) was deposited at the Natural Medicine Chemistry Laboratory of
the School of Pharmacy, Fudan University. The plant was identified
by Dr. Zhang Wen-Ju, Associate Professor at the Center of Biodiversity
of the Biology School, Fudan University, China.

Extraction and Isolation. Dried leaves of H. chinense (2.26 kg)
were chopped and then extracted with 95% ethanol (5 × 3.5 L) at 45
°C for 4 h to afford 437.8 g of extract. The extract was partitioned into
petroleum ether (73.3 g), EtOAc (109.5 g), and MeOH fractions. The
EtOAc fraction was subjected to CC over silica gel, eluting with a
gradient from petroleum ether to EtOAc, and finally washed with MeOH
to afford fractions 1-16. Fraction 7 (2.96 g) was rechromatographed

Figure 2. Key HMBC correlations: (a) key HMBC correlations of
5; (b) key HMBC correlations of 6.

Figure 3. Key NOE and HMBC correlations: (a) key NOE
correlations of 7; (b) key HMBC correlations of 7.

Figure 4. Generation of main fragment ions in the EIMS of 7.

Table 4. MICs (µg/mL) of 3, 4, a Mixture of 5 and 6, and
Norfloxacin

compound SA1199B XU212 ATCC25943 RN4220 EMRSA-15 EMRSA-16

3 2 32 8 16 8 4
4 4 8 8 8 4 4
5 and 6 >128 >128 >128 >128 >128 >128
norfloxacin 32 8 0.5 0.5 0.5 128
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on a silica gel column eluting with petroleum-EtOAc to yield 1 (10.0
mg) and betulinic acid (20.0 mg). Fraction 6 was rechromatographed
to yield 2 (19.0 mg), 3 (101.9 mg), and sesamin (32.8 mg). Compounds
4 (19.7 mg), 5 (3.0 mg), and 6 (6.7 mg) were obtained from fraction
4. Similarly, 7 (10.0 mg) was isolated from the roots of H. chinense
(1.96 kg).

Bacterial Strains. S. aureus standard strain ATCC 25923 and
tetracycline-resistant strain XU212, which possesses the TetK tetracy-
cline efflux protein, were provided by Dr. Edet Udo.20 Strain SA-1199B,
which overexpresses the norA gene encoding the NorA MDR efflux
pump, was the kind gift of Professor Glenn W. Kaatz.21 Strain RN4220,
which possesses the MsrA macrolide efflux protein, was provided by
Dr. Jon Cove.22

Minimum Inhibitory Concentration (MIC) Assay. All strains were
cultured on nutrient agar (Oxoid) and incubated for 24 h at 37 °C prior
to MIC determination. The control antibiotic norfloxacin was obtained
from Sigma Chemical Co. Mueller-Hinton broth (MHB; Oxoid) was
adjusted to contain 20 and 10 mg/L of Ca2+ and Mg2+, respectively.
An inoculum density of 5 × 105 cfu of each S. aureus strain was
prepared in normal saline (9 g/L) by comparison with a 0.5 McFarland
turbidity standard. The inoculum (125 µL) was added to all wells, and
the microtiter plate was incubated at 37 °C for 18 h. For MIC
determination, 20 µL of a 5 mg/mL methanolic solution of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT; Sigma)
was added to each of the wells and incubated for 20 min. Bacterial
growth was indicated by a color change from yellow to dark blue. The
MIC was recorded as the lowest concentration at which no growth was
observed.

Hyperione A (1): colorless oil; [R]20
D +195.6 (c 0.045, CHCl3);

UV (MeOH) λmax (log ε) 307 (1.07), 276 (1.15), 229 (2.54), 207 (2.08)
nm; IR (CH2Cl2) νmax 1670, 1603, 1503, 1488, 1441, 1248 cm-1; 1H
NMR, 13C NMR, HMBC, and NOE data, see Table 1; EIMS m/z 340
[M]+ (34), 310 (1), 177 (13), 164 (54), 149 (100), 121 (25), 65 (18),
63 (10); HREIMS m/z [M]+ 340.0950 (calcd for C19H16O6, 340.0947).

Hyperione B (2): white, amorphous powder; [R]20
D +48.0 (c 0.050,

acetone); UV (MeOH) λmax (log ε) 308 (1.06), 276 (1.20), 230 (2.56),
207 (2.04) nm; IR (CH2Cl2) νmax 1672, 1604, 1503, 1488, 1441, 1248
cm-1; 1H NMR, 13C NMR, HMBC, and NOE data, see Table 1; EIMS
m/z 340 [M]+ (20), 310 (1), 177 (20), 164 (100), 149 (72), 121 (19),
65 (13), 63 (7); HREIMS m/z [M]+ 340.0946 (calcd for C19H16O6,
340.0947).

Aspidinol C (3): yellow crystals, mp 155-158 °C; UV (CHCl3)
λmax (log ε) 330 (3.30), 288 (3.40), 267 (3.42), 243 (2.65) nm; IR (film)
νmax 3321, 2956, 1644, 1591, 1520, 1471, 1434, 1242, 1133, 794, 473
cm-1; 1H NMR, 13C NMR, and HMBC, see Table 2; EIMS m/z 238
[M]+ (25), 223 (14), 205 (4), 196 (4), 181 (100), 154 (6), 138 (2), 69
(4); HREIMS m/z [M]+ 238.1207 (calcd for C13H18O4, 238.1205).

Aspidinol D (4): yellow crystals, mp 95-97 °C; [R]20
D -11.5 (c

0.400, CHCl3); UV (CHCl3) λmax (log ε) 293 (3.26), 288 (3.33), 275
(3.26), 241 (2.10) nm; IR (film) νmax 3387, 2963, 1635, 1585, 1412,
1229, 1145, 1097, 801 cm-1; 1H NMR, 13C NMR, and HMBC data,
see Table 2; EIMS m/z 238 [M]+ (16), 223 (1), 181 (100), 138 (2), 69
(3), 65 (2), 55 (2), 41 (2).

Hyperaspidinol A (5): pale yellow oil; 1H NMR, 13C NMR, and
HMBC data, see Table 3; ESI [M + H]+ 561.2, [M + Na]+ 583.1;
HRESIMS m/z [M + H]+ 561.21066 (calcd for C32H33O9, 561.21191).

Hyperaspidinol B (6): pale yellow oil; IR (CHCl3) νmax 2924, 1612,
1504, 1489, 1442, 1248, 1125, 1038, 937, 811 cm-1; 1H NMR, 13C
NMR, and HMBC data, see Table 3; ESI [M + H]+ 561.2, [M + Na]+

583.1; HRESIMS m/z [M + H]+ 561.21125 (calcd for C32H33O9,
561.21191).

Hyperidixanthone (7): yellow crystals, mp 370-375 °C); UV
(DMSO) λmax (log ε) 315 (2.40), 281 (3.38), 270 (3.31) nm; IR (film)
νmax 3443, 2925, 1634, 1593, 1456, 1404, 1331, 1289, 1067, 951, 758
cm-1; 1H NMR (DMSO) δH (J in Hz) 9.96 (1H, s, OH-4/4′), 7.83 (1H,
dd, 7.94, 1.83, H-8/8′), 7.79 (1H, dt, 7.80, 1.83, H-6/6′), 7.65 (1H, dd,
8.25, 0.70, H-5/5′), 7.32 (1H, dt, 7.18, 0.70, H-7/7′), 3.95 (3H, s, OCH3-
3/3′), 3.43 (3H, s, OCH3-2/2′); 13C NMR (DMSO) δC 175.7 (C-9/9′),
154.8 (C-10a/10a′), 146.5 (C-2/2′), 145.9 (C-3/3′), 143.9 (C-4a/4a′),
138.4 (C-4/4′), 134.8 (C-6/6′), 125.9 (C-8/8′), 123.9 (C-7/7′), 121.1
(C-8a/8a′), 117.7 (C-5/5′), 115.8 (C-9a/9a′), 109.7 (C-1/1′), 60.6 (OCH3-
3/3′), 60.0 (OCH3-2/2′); EIMS m/z 542 [M]+ (95), 527 [M - CH3]+

(5), 511 [M - OCH3]+ (100), 285 (71), 271 (24), 258 (25), 240 (23),
121 (9); HREIMS m/z [M]+ 542.1210 (calcd for C30H22O10, 542.1213).
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Prenylated Benzophenone Peroxide Derivatives from Hypericum sampsonii

by Zhi Yong Xiaoa), Yi Han Zenga), Qing Mu*a), Winnie Ka Po Shiub), and Simon Gibbonsb)

a) School of Pharmacy, Fudan University, Zhangheng Road 826, Zhangjiang Pudong, Shanghai 200032,
P. R. China (e-mail: muqing2000@yahoo.com)
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Two new prenylated benzophenone peroxide derivatives, peroxysampsones A and B (1 and 2, resp.),
together with a known compound, plukenetione C (3), were isolated from the roots of the Chinese
medicinal plantHypericum sampsonii, and their structures were elucidated by detailed spectral analysis.
These compounds are the unusual peroxides of polyprenylated benzophenone derivatives, containing the
unique caged moiety of 4,5-dioxatetracyclo[9.3.1.19,13.01,7]hexadecane-12,14,15-trione. In the biological
test, peroxysampsone A (1) showed comparable activity with norfloxacin against a NorA over-expressing
multidrug-resistant (MDR) strain of Staphylococcus aureus SA-1199B.

Introduction. – Hypericum sampsonii Hance (Hyperiaceae) is a herbal medicine
used in the treatment of blood stasis, to relieve swelling, and as an antitumor herb in
China [1]. Due to its various bioactivities, the phytochemistry of this species has been
investigated, and polyprenylated benzophloroglucinol derivatives and xanthones have
been isolated from the plant [2]. Antibacterial screening tests have driven us to yielded
constituents which inhibit a NorA over-expressing multidrug-resistant (MDR) Staph-
ylococcus aureus strain SA-1199B from the root of H. sampsonii [3]. Our further
phytochemical work on this species has led to the isolation of two new peroxides of
polyprenylated benzophenone derivatives, which contained a unique caged dioxate-
tracyclic polyketone skeleton and were given the trivial names peroxysampsones A and
B (1 and 2, resp.), together with a known analogue, plukenetione C (3 ; Fig. 1)1). Few
peroxides of prenylated benzophenone derivatives have been isolated from guttiferous
plants previously [4] [5], and this is the first report of peroxides of prenylated
benzophenone derivatives obtained from plants of the Hypericum genus.

Results and Discussion. – Peroxysampsone A (1) was obtained as an optically active
colorless oil, [a]18D ¼ þ17.0 (c¼0.128, CHCl3). Its molecular formula, C33H42O8, was
established by HR-MALDI-MS peak atm/z 589.2772 ([MþNa]þ ; calc. 589.2777). The
IR spectrum showed strong bands for OH (3424 cm�1) and C¼O groups (1734, 1698,
and 1666 cm�1). The existence of an unsubstituted Bz group, three non-conjugated
ketone C¼O groups (d(C) 204.3, 205.1, and 208.3), eight Me groups together with an
olefinic H-atom (d(H) 5.10 (br. t, 7.0)) revealed that the compound 1 was an analogue
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of prenylated benzophenone derivative from the plant of H. sampsonii [2] [3a]. By
careful comparison of the 1H-NMR spectral data (Table 1) with those of known
prenylated benzophenone derivatives, compound 1 was found to be almost identical,
with respect to the 1H-NMR data, with plukenetione C (3) [5], a metabolite previously
obtained from Clusia plukenetii belonging to plants of the Guttiferae family, except for
resonances attributable to an O�CH group (d(H) 4.95 (dd, J¼2.7, 11.7, H�C(3)) in 1,
while d(H) 4.56 (dd, J¼2.9, 11.6, H�C(3)) in 3). The peaks at m/z 492 ([M�
(CH3)2COO]þ ), and 459 ([M� (CH3)2COO�O2]þ ) in the EI-MS due to the loss of O2

also provided persuasive evidence for the presence of a peroxide [6]. The high
similarity between 1 and 3 was also supported by the 13C-NMR-spectral data, with
slight differences in the resonances of C(3) and C(17) (Table 1). Tracing the
connectivities from the geminal dimethyl group at C(10) by means of 2D-NMR data,
compound 1 was established as possessing the same skeletal moiety as 3, i.e., 4,5-
dioxatetracyclo[9.3.1.19,13.01,7]hexadecane-12,14,15-trione, corresponding to the partial
formula of C30H35O6. An extra O-atom in the residual formula (C3H7O2 in 1 and C3H7O
in 3), as well as the downfield quaternary C-atom (d(C) 84.2 (C(17)) in 1 and 73.1
(C(17)) in 3) necessitated the placement of a OOH rather than a OH group at C(17) as
seen in 3. The existence of the OOH group in peroxysampsone A (1) was verified by the
positive reaction between the MeOH solution of 1 and wet paper with KI-starch. The
relative configuration of peroxysampsone A was determined as 1 by ROESY spectra
(Fig. 2).

Peroxysampsone B (2) was isolated as an optically active colorless oil, [a]20D ¼ �41.2
(c¼0.042, CHCl3), with the following spectral characteristics: IR (film) 3567, 3436,
1736, 1701, 1700 cm�1, and UV (CHCl3) 247 (3.91), 212 (3.08), 210 (3.08) nm. The
features of a prenylated benzophenone skeleton were shown in the 1H- and 13C-NMR
data of 2 (Table 2). Its molecular formula of C33H42O7, the same as plukenetione C (3),
was established by the HR-MALDI-MS peak at m/z 573.2823 ([MþNa]þ ). Further
analysis of its 2D-NMR spectral data (Table 2) revealed that compound 2 was an
isomer of plukenetione C (3).

The differences in relative configuration occurred at C(3) and C(7) in the peroxide
ring. The presence of a correlation H�C(7)/H�C(3) and H�C(7)/Hb�C(15) in the
ROESY spectra of 2 (Fig. 2) led to the assignment of the Hb�C(3) and Hb�C(7),
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Fig. 1. Structures of peroxysampsones A and B (1 and 2, resp.), and plukenetione C (3).
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which differed from Ha�C(3) and Ha�C(7) in the structures 1 or 3 shown in Fig. 2.
Thus, peroxysampsone B (2) corresponds to 3,7-epiplukenetione C.

Compound 3was also obtained as an optically active colorless oil, [a]18D ¼ þ27.5 (c¼
0.272, CHCl3), and its structure was determined as plukenetione C by comparison of its
spectral data with those in the literature [5]. Its relative configuration was determined
to be the same as that of peroxysampsone A (1) by analysis of the ROESY spectra
(Fig. 2), and this has not been reported previously.

In an antibacterial experiment, SA-1199B was used for drug-resistant inhibition
bioassay. This strain is a fluoroquinolone-resistant Staphylococcus aureus which

CHEMISTRY & BIODIVERSITY – Vol. 7 (2010) 955

Table 1. NMR Data for Peroxysampsone A (1) and Plukenetione C (3)1). d in ppm, J in Hz.

1 3

d(H) d(C) HMBC (H!C) d(H) d(C)

C(1) 66.4 66.5
CH2(2) 1.56 (dd, J¼2.7, 14.9, Ha) 30.8 12, 1, 7 1.54 (dd, J¼2.9, 14.7) 31.0

3.53 (dd, J¼11.7, 14.9, Hb) 12, 1, 3, 13, 17 3.54 (dd, J¼11.6, 14.7)
CH(3) 4.95 (dd, J¼2.7, 11.7) 85.6 2, 19, 18 4.56 (dd, J¼2.9, 11.6) 88.8
C(6) 88.5 88.4
CH(7) 2.78 (dd, J¼8.2, 11.0) 42.5 12, 1, 6, 8, 13, 21, 20 2.77 (dd, J¼8.0, 11.0) 42.4
CH2(8) 2.42 (m, Ha) 31.4 1, 7, 9, 15 2.40 (m) 31.4

1.52 (m, Hb) 6, 7, 9 1.50 (m)
CH(9) 2.10 (m) 44.3 11, 7, 8, 15, 14, 10, 23, 22 2.10 (m) 44.3
C(10) 50.3 50.3
C(11) 81.8 81.7
C(12) 208.3 208.0
C(13) 205.1 205.1
C(14) 68.4 68.4
CH2(15) 2.58 (dd, J¼5.1, 14.1, Ha) 41.6 8, 9, 14, 16, 13, 31 2.55 (dd, J¼7.0, 14.3) 41.6

1.86 (dd, J¼0.8, 14.1, Hb) 8, 9, 14, 10, 31 1.87 (d, J¼14.3)
C(16) 204.3 204.4
C(17) 84.2 73.1
Me(18) 1.17 (s) 20.5 3, 17, 19 1.13 (s) 24.9
Me(19) 1.20 (s) 21.4 3, 17, 18 1.07 (s) 25.9
Me(20) 1.09 (s) 17.7 6, 7, 21 1.08 (s) 17.8
Me(21) 1.30 (s) 28.2 6, 7, 20 1.29 (s) 28.2
Me(22) 1.48 (s) 24.9 11, 9, 10, 23 1.48 (s) 24.9
Me(23) 1.36 (s) 22.6 11, 9, 10, 22 1.35 (s) 22.6
C(24) 192.1 192.1
C(25) 134.7 134.6
CH(26) 7.16 (dt, J¼2.5, 8.4) 128.8 24, 28, 30 7.15 (dt, J¼2.0, 8.4) 128.8
CH(27) 7.30 (dt, J¼2.0, 8.0) 128.0 25, 29 7.28 (dt, J¼1.8, 8.2) 128.0
CH(28) 7.41 (m) 132.4 26, 30 7.41 (t, J¼8.0) 132.4
CH(29) 7.30 (dt, J¼2.0, 8.0) 128.0 25, 27 7.28 (dt, J¼1.8, 8.2) 128.0
CH(30) 7.16 (dt, J¼2.5, 8.4) 128.8 24, 26, 28 7.15 (dt, J¼2.0, 8.4) 128.8
CH2(31) 2.60 (d, J¼7.0) 29.7 15, 14, 16, 13, 32, 33, 34 2.59 (d, J¼7.0) 29.7
CH(32) 5.10 (br. t, J¼7.0) 118.7 32, 35, 34 5.09 (br. t, J¼7.0) 118.8
C(33) 135.3 135.3
Me(34) 1.69 (s) 26.1 32, 33, 35 1.68 (s) 26.0
Me(35) 1.69 (s) 18.1 32, 33, 34 1.68 (s) 18.1
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possesses fluoroquinolone efflux mediated by NorA [7] [8]. In the screening, only
compound 1 exhibited comparable activity against SA-1199B with a MIC value of
110 mm, while the MIC value of norfloxacin, the positive control, was 100 mm. It is
possible that the activity is largely due to the presence of the OOH group in
peroxysampsone A.

Experimental Part

General. TLC: silica gel (SiO2; HGF254, 10–40 mm, Yantai, Huanghai, P. R. China). Column
chromatography (CC): SiO2 (10–40 mm, Merck) and ODS (C-18, 15–35 mm, Merck). Optical rotations:
Jasco P-1020 polarimeter. UV Spectra: Shimadzu UV-1600PC spectrophotometer; lmax (log e) in nm. IR
Spectra: AvatarTM 360 E.S.P.TM FT-IR spectrophotometer; ñ in cm�1. 1H- and 13C-NMR Spectra: Varian
Mercury Plus 400 MHz; d in ppm rel. to Me4Si as internal standard, J in Hz. ESI-, HR-MALDI-, EI-, and
FAB-MS: Agilent 1100 Series LC/MSD, IonSpec 4.7 T FT-MS; Agilent 5973N MSD (70 eV), and VG
AutoSpec 3000 spectrometer, resp.; in m/z (rel. %).

Plant Material. Hypericum sampsonii was collected from Cha Lin County in Hunan Province, P. R.
China. Avoucher specimen (No. HS-003) was deposited with the Natural Medicine Chemistry laboratory
of the School of Pharmacy, Fudan University. The plant was identified by Dr. Wen-Ju Zhang, associate
Professor in the Center of Biodiversity of the Biology School, Fudan University, P. R. China.

Extraction and Isolation. Powdered roots of the plant (1.1 kg) were extracted with 95% EtOH (3 l�
4) at 458 during 4 d, affording 90 g of extract after removal of the EtOH in vacuo at 458. Petroleum ether
(PE; 100 ml�4), MeOH (100 ml�4), and H2O (90 ml), resp., were employed to dissolve the residue,
then the resulting solns. were evapored to dryness. The EtOH extract (90 g) was thus fractionated into a
PE part (40 g), a MeOH part (13 g), and H2O-soluble fractions (400 ml). The PE-soluble fraction was
subjected to CC over SiO2, eluting with a gradient from PE to AcOEt, and final washing with MeOH
afforded 15 fractions, Frs. 1–15. Fr. 3 was subjected to repeated chromatography on SiO2 columns with
PE/AcOEt 3 :7 to yield a brown gum-like fraction (260 mg), which contained a main yellowish spot on
TLC at Rf (PE/AcOEt 3 :7) 0.45. The fraction was separated as two constituents by SiO2 CC, and
compounds 1 (100 mg) and 3 (29 mg) were finally obtained, by further purification on SiO2 CC
alternatively with PE/AcOEt from 7 :3 to 8 :2 and CHCl3/AcOEt 95 :5, and on reversed-phase SiO2 CC
with MeOH/H2O 82 :18. Fr. 8 was subjected to SiO2 CC with PE/CHCl3/acetone 5 :4 :1 to yield 2
(3.1 mg).

Peroxysampsone A (¼ rel-(1R,3S,7S,9S,11R,13S)-11-Benzoyl-3-(1-hydroperoxy-1-methylethyl)-
6,6,10,10-tetramethyl-13-(3-methylbut-2-en-1-yl)-4,5-dioxatetracyclo[9.3.1.19,13.01,7]hexadecane-12,14,15-
trione ; 1). [a]18D ¼ þ17.0 (c¼0.128, CHCl3). UV (CHCl3): 247 (3.88), 210 (3.13). IR (film): 3424, 3060,
2981, 2931, 2848, 1734, 1698, 1666, 1596, 1581, 1447. 1H- and 13C-NMR, and HMBC: see Table 1. EI-MS:

CHEMISTRY & BIODIVERSITY – Vol. 7 (2010)956

Fig. 2. Selected ROESY cross-peaks (H$H) of compounds 1, 2, and 3
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492 (1, [M� (CH3)2COO]þ ), 459 (2, [M� (CH3)2COO�O2]þ ), 105 (100, [PhCO]þ ). FAB-MS: 659 (1,
[MþHþglycerol]þ ), 567 (5, [MþH]þ ), 493 (4, [MþH� (CH3)2COO]þ ), 475 (5, [M� (CH3)2COO�
H2O]þ ). HR-MALDI-MS: 589.2772 ([MþNa]þ , C33H42NaOþ

8 ; calc. 589.2777).
Peroxysampsone B (¼ rel-(1R,3R,7R,9S,11R,13S)-11-Benzoyl-3-(1-hydroxy-1-methylethyl)-

6,6,10,10-tetramethyl-13-(3-methylbut-2-en-1-yl)-4,5-dioxatetracyclo[9.3.1.19,13.01,7]hexadecane-12,14,15-
trione ; 2). [a]20D ¼ �41.2 (c¼0.042, CHCl3). UV (CHCl3): 247 (3.91), 212 (3.08), 210 (3.08). IR (film):
3567, 3436, 2977, 2925, 2848, 1736, 1701, 1700, 1597, 1581, 1447. 1H- and 13C-NMR, HMBC, and ROESY
correlations : see Table 2. EI-MS: 518 ([M�O2]þ ) . HR-MALDI-MS: 573.2823 ([MþNa]þ ,
C33H42NaOþ

7 ; calc. 573.2828).
Plukenetione C (¼ rel-(1R,3S,7S,9S,11R,13S)-11-Benzoyl-3-(1-hydroxy-1-methylethyl)-6,6,10,10-

tetramethyl-13-(3-methylbut-2-en-1-yl)-4,5-dioxatetracyclo[9.3.1.19,13.01,7]hexadecane-12,14,15-trione ; 3).
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Table 2. NMR Data for Peroxysampsone B (2)1). d in ppm, J in Hz.

d(H) d(C) HMBC (H!C) ROESY (H$H)

C(1) 66.5
CH2(2) 3.10 (dd, J¼11.0, 14.5, Ha) 31.1 1, 3, 13, 17 Hb�C(2), Hb�C(3), Me(19), Me(21)

1.66 (dd, J¼3.9, 14.5, Hb) 1, 7 Ha�C(2), Hb�C(3), Me(19), Me(18)
CH(3) 4.88 (dd, J¼3.9, 11.0) 88.3 2 Ha�C(2), Hb�C(2), Me(19), Me(18)
C(6) 88.4
CH(7) 2.56 (overlapped) 40.9 12, 1, 6, 11, 13 Hb�C(8), Hb�C(15), Me(20)
CH2(8) 2.08 (m, Ha) 28.7 1, 6, 7, 9, 10 Hb�C(8), Me(21), Me(20), Me(23)

1.90 (m, Hb) 1, 7, 9, 10 Hb�C(7), Hb�C(15)
CH(9) 2.06 (m) 42.8 11, 7, 8, 15, 14, 10 Ha�C(15), Hb�C(15), Me(23), Me(22)
C(10) 48.5
C(11) 81.9
C(12) 203.6
C(13) 207.5
C(14) 68.9
CH2(15) 2.56 (overlapped, Ha) 36.1 8, 9, 14, 16, 13 CH(9), Hb�C(15), Me(22)

2.12 (d, J¼14.8, Hb) 8, 9, 14, 16, 10, 13 Hb�C(7), Hb�C(8), CH(9), Ha�C(15)
C(16) 204.3
C(17) 73.6
Me(18) 1.16 (s) 25.5 3, 17, 19 Me(19), Hb�C(2), CH(3)
Me(19) 1.28 (s) 27.1 3, 17, 18 Me(18), CH2(2), CH(3)
Me(20) 1.32 (s) 29.5 6, 7, 21 Hb�C(7), Me(21)
Me(21) 1.19 (s) 19.4 6, 7, 20 Ha�C(8), Me(20), Me(23)
Me(22) 1.43 (s) 25.0 11, 9, 10, 23 CH(9), Ha�C(15), Me(23)
Me(23) 1.36 (s) 22.4 11, 9, 10, 22 Ha�C(8), CH(9), Me(21), Me(22)
C(24) 193.0
C(25) 135.4
CH(26) 7.13 (d, J¼7.4) 128.4 24, 28, 30 CH(27)
CH(27) 7.28 (t, J¼8.2) 128.2 25, 29 CH(26), CH(28)
CH(28) 7.42 (t, J¼7.4) 132.5 26, 30 CH(27), CH(29)
CH(29) 7.28 (t, J¼8.2) 128.2 25, 27 CH(28), CH(30)
CH(30) 7.13 (d, J¼7.4) 128.4 24, 26, 28 CH(29)
CH2(31) 2.60 (d, J¼7.4) 29.1 2, 14, 32, 33 CH(32), Me(35)
CH(32) 5.25 (t, J¼7.4) 118.7 35, 34 CH2(31), Me(34)
C(33) 135.7
Me(34) 1.74 (s) 26.1 32, 33, 35 CH(32), Me(35)
Me(35) 1.68 (s) 18.1 32, 33, 34 CH2(31), Me(34)
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[a]18D ¼ þ27.5 (c¼0.272, CHCl3). UV (CHCl3): 248 (3.98), 222 (3.33), 209 (3.20). IR (film): 3418, 3044,
2979, 2932, 1734, 1698, 1683, 1596, 1581, 1447. 1H- and 13C-NMR: see Table 1. EI-MS: 550 (1,Mþ ), 532 (1,
[M�H2O]þ ), 517 (1, [M�H�O2]þ ); 105 (100, [PhCO]þ ). FAB-MS: 501 ([M�H2O�O2]þ ), 475
([M� (CH3)2COO]þ ). HR-MALDI-MS: 573.2823 ([MþNa]þ , C33H42NaOþ

7 ; calc. 573.2828).
Bioassay. Bacteria SA-1199B is a strain of Staphylococcus aureus overproducing the NorA MDR

efflux protein, the major drug pump in S. aureus, and was resistant to norfloxacin (MIC 79 mg/ml) [7].
This strain was a gift of Prof. G. K. Kaatz [9].

Minimum Inhibitory Concentration (MIC) Assay. Bacteria were cultured on nutrient agar (Oxoid)
and incubated for at 378 24 h prior to MIC determination. The control antibiotic norfloxacin was
obtained from Sigma Chemical Co. Mueller–Hinton broth (MHB;Oxoid) was adjusted to contain 20 and
10 mg/l of Ca2þ and Mg2þ , resp. An inoculum density of 5�105 cfu of S. aureus was prepared in normal
saline (9 g/l) by comparison with a 0.5 MacFarland turbidity standard. The inoculum (125 ml) was added
to all wells, and themicrotitre plate was incubated at 378 for 18 h. ForMIC determination, 20 ml of a 5 mg/
ml MeOH soln. of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl1-2H-tetrazolium bromide (MTT; Sigma)
was added to each of the wells and incubated for 20 min. Bacterial growth was indicated by a color
change from yellow to dark blue. TheMIC was recorded as the lowest concentration at which no growth
was observed [9].

We thank for the financial supports from the National Science Foundation of China (30772630) and
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A new coumarin, 7-[(2′E,6′E)-7′-carboxy-5′(ζ)-hydroxy-3′-methylocta-2′,6′-dienyloxy]-
coumarin, was isolated from the leaf of Clausena suffruticosa. Its structure was established by
means of spectroscopic data analyses, including mass spectrometry and both 1D and 2D NMR
spectroscopy.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.
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1. Introduction

Clausena suffruticosa, locally known as Kalomoricha (Ruta-
ceae), is an understory shrub that is widely distributed in the
hilly areas of the Chittagong and Sylhet districts of
Bangladesh [1]. Although ethnopharmacological information
on C. suffruticosa is not available, other members of this genus
are known to have traditional medicinal uses. For example, C.
excavata is used traditionally in Bangladesh as a diuretic [2].
In southeast Asian countries, this plant is also useful in
paralysis, colic, stomach trouble, fever and headache, mus-
cular pain and malarial fever [2,3] and additionally several of
these species are known to be effective as diuretics,
astringents, insecticides, tonics and as vermifuges [4]. In
some countries, C. excavata has been used for cough, rhinitis,
sore, wounds, yaws and detoxification [5]. In Taiwan and
China, Clausena lansium has been used as a folk medicine for
the treatment of coughs, asthma and gastro-intestinal
diseases. The seeds are used for gastro-intestinal diseases
such as acute and chronic gastro-intestinal inflammation,
ulcers, and they are also used ethnomedically as a vermifuge

and for digestive disorders [6]. Previous phytochemical
studies with Clausena have led to the isolation of carbazole
alkaloids [2], coumarins [7] and limonoids [8]. As a part of our
continuing investigation for bioactive compounds from
Bangladeshi rutaceous plants, we here report the isolation
of a new coumarin (1) from the leaves of C. suffruticosa.

2. Experimental

2.1. General

Optical rotations: Perkin Elmer Polarimeter 341. IR: Perkin
ElmerSpectrum1000FT-IR Spectrometer. UV: ThermoElectron
Corporation UV/vis Spectrophotometer. HRTOFMS (positive-
ion mode): Micromass Q-TOF Global Tandem Mass Spectrom-
eter. NMR: Bruker AVANCE 500 Spectrometer (500 MHz for 1H
and 125 MHz for 13C).

2.2. Plant material

The leaves of C. suffruticosa were collected from Ramaka-
langa, Sylhet, Bangladesh in October 2005. The plant was
identified by Dr. Mahbuba Khanam, Bangladesh National
Herbarium, Mirpur, Ministry of Environment and Forest
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Dhaka, Bangladesh, where a voucher specimen (DACB-31233)
of this collection has been maintained.

2.3. Extraction and isolation

The air dried powdered leaves (124.5 g) were sequentially
extracted with a Soxhlet apparatus using n-hexane, ethyl
acetate and methanol to yield 6.1, 6.15 and 8.0 g of extracts,
respectively. A portion of the n-hexane extract (3.5 g) was
fractionated by VLC over Si gel 60H using hexane-EtOAc and
EtOAc-MeOH mixtures of increasing polarity. Concentration
of the VLC fraction eluted with 60% EtOAc in hexane yielded a
white semisolid mass, which upon repeated washings with
hexane led to the isolation of compound 1 (9.5 mg).

2.4. 7-[(2′E,6′E)-7′-carboxy-5′(ζ)-hydroxy-3′-methylocta-
2′,6′-dienyloxy] coumarin (1)

White semisolid mass; [α] D
20 −27.2 (c 0.001, CHCl3); UV

λmax (logε): 203 (3.56), 323 (2.88) nm; IR νmax (solution in
CHCl3): 3367, 3022, 1753, 1615, 1508, 1217, 1129, 1003, 838
and 756 cm−1; 1H NMR (500 MHz, CHCl3) and 13C NMR
(125 MHz, CHCl3) see Table 1; positive-ion HRTOFMS m/z:
345.1353 [M+H]+ (calcd for C19H21O6, 345.1338).

3. Results and discussion

Extensive chromatographic separation and purification of
theVLC fraction obtained from then-hexane solublematerials of
the leaf of C. suffruticosa yielded compound 1 as a white
semisolid mass. It was visualized as a blue fluorescing as well as
quenching spot on aTLCplate underUV light at 254 and366 nm,
respectively. Spraying the developedplatewith vanillin–sulfuric
acid followedbyheating at 110 °C for 5 min gave a red color. The
UV spectrum of 1 inMeOH displayed absorptionmaxima at 203
and 323 nm typical of a 7-oxygeneted coumarin [7]. The high
resolution ESI-TOF MS of compound 1 exhibited the pseudo-
molecular ion [M+H]+, peak atm/z 345.1353, corresponding to
the molecular formula C19H20O6.

The 1H (500 MHz, Table 1) and 13C NMR data (125 MHz,
Table 1) of 1 revealed resonances which were typical of a 7-
oxycoumarin [9]. The 13C NMR spectrum displayed a total of
19 carbon resonances, while the DEPT135 and HMQC
experiments indicated that 12 out of 19 carbons had attached
protons. Analysis of the 13C and DEPT135 spectra allowed
discernment of the carbon resonances into two methyls, two
methylenes, eight methines and seven quaternary carbons,
including a carboxylic acid. A 7-substituted coumarin nucleus
was evident from an AB doublet (J=9.5 Hz) centered at δ
6.26 (H-3) and δ 7.65 (H-4) and further ABD resonances at
7.38 (d, J=8.5 Hz, H-5), 6.85 (dd, J=8.5, 2.0 Hz, H-6) and δ
6.81 (d, J=2.0 Hz, H-8) from the 1H NMR spectrum. The
remaining signals in the 1H NMR spectrum demonstrated the
existence of a geranyl-derived (C10) side chain. In the HMBC
experiment, the methylene at δ 4.63 (H2-1′; δC 65.3 from
HMQC) showed 3J connectivity to an oxygenated quaternary
carbon at 162.1 ppm (C-7) which further supported the
presence of the side chain at C-7. In the COSY spectrum, H2-1′
showed a strong interaction with a methine proton at δ 5.61
(H-2′) which was further connected to methyl (δC 17.7) and
methylene (δC 43.5; δH 2.42 from HMQC) carbons in the
HMBC. Again, in the COSY experiment, an oxymethine proton
at δ 5.03 (H-5′) showed a strong interaction with methylene
protons at δ 2.42 (H-4′) and amethine hydrogen resonance at
δ 7.05 (H-6′; δC 148.3 fromHMQC). The downfield shift of this
proton at δ 7.05 and its associated carbon at 148.3 suggested
its position to be beta (β) to the carboxylic acid (174.1; 3J
HMBC connectivity to H-6′ and H3-8′). In the NOESY
experiment, the interaction between H-1′ and Me-3′ sug-
gested this methyl to be trans to H-2′. Similarly, CH3-8′ and H-
6′ were in a trans orientation from the NOE interaction
between CH3-8′and H-5′. Accordingly, compound 1
was therefore identified as 7-[(2′E,6′E)-7′-carboxy-5′(ζ)-
hydroxy-3′-methylocta-2′,6′-dienyloxy] coumarin which is
reported here for the first time. The presence of this new 7-
geranyloxycoumarin in the genus Clausena is of chemotaxo-
nomic significance as the plant family Rutaceae is one of the
richest sources of coumarins [10]. In particular, the genus
Clausena is well known to produce coumarins [7]. 7-
geranyloxycoumarins structurally similar to 1 are present in
a number of rutaceous plants including those of Aegle,
Atalantia, Citrus, Geijera and Micromelum [10,11].

This metabolite was evaluated for antibacterial activity
against a panel of multidrug-resistant (MDR) andmethicillin-
resistant Staphylococcus aureus (MRSA), but exhibited no
activity at 128 μg/ml.
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a b s t r a c t

In a project to isolate and characterise anti-staphylococcal compounds from members of the genus
Hypericum, a dibenzofuran and a pyranone were isolated from the dichloromethane and hexane extracts
of Hypericum revolutum ssp. revolutum Vahl (Guttiferae) and Hypericum choisianum Wall. ex. N. Robson
(Guttiferae), respectively. The structures of these compounds were elucidated by 1- and 2D-NMR spec-
troscopy and mass spectrometry as 3-hydroxy-1,4,7-trimethoxydibenzofuran (1) and 4-(3-O-300)-300-
methylbutenyl-6-phenyl-pyran-2-one (2). The metabolites were evaluated against a panel of multi-
drug-resistant strains of Staphylococcus aureus. Compound 1 exhibited a minimum inhibitory concentra-
tion (MIC) of 256 lg/ml, whereas compound 2 was inactive at a concentration of 512 lg/ml.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Hypericum belongs to the Guttiferae family (alternative name
Clusiaceae) and is a genus of approximately 450 species. The wide-
spread interest in the use of H. perforatum (St. John’s Wort) in mild
to moderate depression has attracted much attention in investigat-
ing the bioactive metabolites from other species in this genus. Ex-
tracts from various Hypericum species have been shown to possess
antibacterial (Rocha et al., 1995), anti-staphylococcal (Shiu and
Gibbons, 2006), antiviral (Weber et al., 1994), anti-inflammatory
(Trovato et al., 2001) and anti-oxidant (Conforti et al., 2002) activ-
ities. The most commonly isolated compounds from this genus in-
clude acylphloroglucinols (Gibbons et al., 2005; Shiu and Gibbons,
2006), xanthones (Bennett and Lee, 1989), flavonoids (Crockett
et al., 2005), tannins (Ploss et al., 2001) and, less frequently, benzo-
pyrans (Décosterd et al., 1986).

The anti-staphylococcal activity of 34 Hypericum species was
studied previously by our group (Gibbons et al., 2002). In the pre-
liminary study, 33 out of 34 chloroform extracts showed activity
in a disk diffusion assay. The chloroform extract of H. revolutum
ssp. revolutum Vahl exhibited a minimum inhibitory concentra-
tion (MIC) of 128 lg/ml against the methicillin-resistant Staphylo-
coccus aureus (MRSA) strain, XU212. There is very little literature

on this species although a paper by Kassu et al. (1999) refers to
the use of H. revolutum as toothbrush sticks. This prompted us
to carry out a large-scale plant collection and bioassay-guided
isolation of antibacterial compounds from this plant. A new
dibenzofuran (1) was isolated from H. revolutum ssp. revolutum.
Previous phytochemistry of H. choisianum is limited to the charac-
terisation of its essential oil content (Demirci et al., 2005), and we
therefore investigated this species which afforded a new pyra-
none (2). The structural elucidation of these compounds is de-
scribed in this paper. Extensive literature and internet searches
indicate that the medicinal and traditional uses of these two spe-
cies are unknown.

2. Results and discussion

Bioassay-guided fractionation of the dichloromethane (DCM)
extract of the aerial parts of H. revolutum ssp. revolutum led to
the isolation of (1) as a pale yellow oil. HRESI-MS suggested a
molecular formula of C15H14O5 [M�H]� (273.0763). In the 13C
NMR spectrum (Table 1), 12 signals in the aromatic region and
three methoxyl signals were observed. The pattern of the aromatic
carbon signals showed similarity to that of a xanthone nucleus, dif-
fering in the absence of a carbonyl signal in this compound. These
data suggested that compound 1 was a dibenzofuran substituted
with three methoxyl groups (Kokubun et al., 1995, 1995a). The

0031-9422/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.phytochem.2008.12.016
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1H NMR spectrum (Table 1) showed signals for three aromatic
hydrogens in an ABD system with resonances at dH 6.89 (d,
J = 8.5 Hz, H-9), dH 6.47 (dd, J = 3, 8.5 Hz, H-8) and dH 6.53 (d,
J = 3 Hz, H-6), an aromatic hydrogen singlet (dH 6.25 s, H-2), a
broad signal at dH 5.42 corresponding to an hydroxyl group and
three methoxyl singlets (dH 3.92 s, 3.83 s, 3.76 s).

In the HMBC spectrum, correlations were seen between the
methoxyl groups with resonances at dH 3.76 (C7–OCH3), 3.83
(C1–OCH3) and 3.92 (C4–OCH3) and dC 155.9 (C-7), 143.9 (C-1)
and 128.5 (C-4), respectively, confirming the chemical shifts of
the carbons to which the methoxyl groups were attached. A
cross-peak in the NOESY spectrum was observed between the
methoxyl group at C-1 and the aromatic proton singlet (H-2),
and the methoxyl group at C-4 and the hydroxyl group, thus plac-
ing them next to each other (Fig. 1). The hydrogen of the hydroxyl
group showed a 3J correlation with the carbon to which the aro-
matic hydrogen singlet was attached (dC 94.2, C-2) and to the car-
bon to which a methoxyl group was attached (dC 128.5, C-4). The
hydroxyl group was placed between these groups in the same aro-
matic ring. The aromatic hydrogen (H-2) also displayed a 3J HMBC
correlation (Fig. 1) with C-9b (dC 126.2) but not to the oxygen-
bearing carbon at dC 144.0 (C-4a), thus placing it at C-2 and not
C-3.

For the other aromatic ring, a cross-peak could be seen between
the methoxyl singlet at dH 3.76 (C7–OCH3) and H-6 and H-8 in the
NOESY spectrum (Fig. 1). This methoxyl group was therefore
placed between the aromatic hydrogens in the ABD system. Since
the meta- and ortho-coupled aromatic proton at dH 6.47 (H-8)
showed a strong 3J HMBC correlation with carbons at dC 135.9
(C-9a) but not dC 141.2 (C-10a), it could be implied that the meth-
oxyl group was placed at C-7 and not C-8, which would also yield
an ABD system. This completed the NMR assignment of compound
1, which was characterised as the new natural product 3-hydroxy-
1,4,7-trimethoxy-dibenzofuran. This compound was structurally

related to a series of dibenzofurans, which are phytolexins isolated
from Mespilus (Rosaceae) species (Kokubun et al., 1995, 1995a). To
our knowledge, compound 1 is the first dibenzofuran to be isolated
from the Hypericum genus to date.

Compound 2 was isolated as a yellow oil from the hexane ex-
tract of the aerial parts of H. choisianum. It showed an [M + H]+

peak at m/z 255.1021 in the HRESI-MS, which corresponded to a
molecular formula of C16H14O3. The 1H NMR spectrum (Table 2) re-
vealed signals for five aromatic hydrogens in a mono-substituted
benzene ring with resonances at dH 7.78 (m, 2H, H-20, H-60), dH
7.43 (m, 2H, H-30, H-50) and dH 7.42 (m, 1H, H-40), an olefinic singlet
(dH 6.42, H-5), two olefinic hydrogens with resonances at dH 6.45
(d, J = 10 Hz, H-100) and dH 5.42 (d, J = 10 Hz, H-200), and a methyl
singlet integrating for six protons (dH 1.48 s, H3-400, H3-500). The
13C NMR spectrum (Table 2) displayed signals for three highly
deshielded aromatic carbons (dC 161.7, C-2; 163.9, C-3; 160.1, C-
6), two quaternary aromatic carbons at dC 131.3 (C-10) and 99.3
(C-4), three aromatic methines belonging to the mono-substituted
benzene ring (dC 125.6, C-20, C-60; 128.9, C-30, C-50; 130.9, C-40), two
olefinic methines (dC 116.4, C-100; 125.5, C-200), a further olefinic
methine at dC 97.8 (C-5), a deshielded quaternary aliphatic carbon
at dC 80.2 (C-300) and two methyl carbons at dC 28.6 (C-400, C-500). The
molecular formula determined by mass spectrometry suggested
that the deshielded carbons were oxygen-bearing.

In the HMBC spectrum, a cross-peak was seen between the
methyl singlet (dH 1.48, 6H, H-400, H-500) and a methyl carbon at
dC 28.6 (C-400, C-500), indicating the presence of a gem-dimethyl moi-
ety (Fig. 2). The methyl groups also correlated to the oxygen-bear-
ing quaternary carbon at dC 80.2 (C-300) and an olefinic methine
carbon at dC 125.5 (C-200). A correlation between the olefinic hydro-
gen at C-200 (dH 5.42) and the neighbouring olefinic proton (dH 6.45,
H-100) was seen in the COSY spectrum. The coupling constant be-
tween the olefinic hydrogens was 10 Hz, implying that they were
in a cis-configuration. H-100 exhibited an HMBC correlation to a
highly deshielded oxygen-bearing carbon at dC 163.9 (C-3),

Table 1
1H (500 MHz) and 13C NMR (125 MHz) spectral data and 1H–13C long-range
correlations of 1 recorded in CDCl3.

Position 1H (J, Hz) 13C 2J 3J

1 – 143.9 – –
2 6.25 s 94.2 C-1 C-4, C-9b
3 – 135.7 – –
4 – 128.5 – –
4a – 144.0 – –
5a – 141.2 – –
6 6.53 d (3) 102.6 C-5a, C-7 C-8, C-9a
7 – 155.9 – –
8 6.47 dd (3, 8.5) 109.1 – C-6, C-9a
9 6.89 d (8.5) 116.9 C-9a C-5a, C-7
9a – 135.9 – –
9b – 126.2 – –
1-OCH3 3.83 s 56.5 – C-1
4-OCH3 3.92 s 61.9 – C-4
7-OCH3 3.76 s 55.8 – C-7
3-OH 5.42 bs – – C-2, C-4
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Fig. 1. Key HMBC (single headed arrows) and NOESY interactions (double headed
arrows) correlations for 1.

Table 2
1H (500 MHz) and 13C NMR (125 MHz) spectral data and 1H–13C long-range
correlations of 2 recorded in CDCl3.

Position 1H (J, Hz) 13C 2J 3J

1 – – – –
2 – 161.7 – –
3 – 163.9 – –
4 – 99.3 – –
5 6.42 s 97.8 C-4, C-6 C-3, C-10

6 – 160.1 – –
10 – 131.3 – –
20/60 7.78 m 125.6 – C-6, C-40 , C-60/20

30/50 7.43 m 128.9 C-40 C-10 , C-50/30

40 7.42 m 130.9 – C-20/60

100 6.45 d (10) 116.4 – C-3, C-300

200 5.42 d (10) 125.5 C-300 C-4
300 – 80.2 – –
400 1.48 s 28.6 C-300 C-200 , C-500

500 1.48 s 28.6 C-300 C-200 , C-400
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Fig. 2. Key HMBC (single headed arrows) and NOESY (double headed arrows)
correlations for 2.
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whereas H-200 showed an HMBC correlation to a quaternary aro-
matic carbon at dC 99.3 (C-4). These 1H and 13C NMR data were sug-
gestive of the presence of a dimethylpyran ring (Seo et al., 1999).

Further inspection of the HMBC spectrum revealed correlations
between the aromatic hydrogen singlet at dH 6.42 (H-5) and C-3, C-
4, and two quaternary carbons at dC 160.1 (C-6) and 131.1 (C-10),
thus placing it at C-5 (Fig. 2). The presence of a mono-substituted
phenyl group at C-6 was confirmed by investigating the HMBC
spectrum. The hydrogen resonance at dH 7.42 (H-40) was correlated
to the equivalent carbons, C-20 and C-60, at dC 125.6 via three bonds.
The two equivalent aromatic hydrogens at dH 7.43 (2H, H-30, H-50)
showed a 2J correlation to C-40, and 3J correlations to the corre-
sponding equivalent carbon (C-50, C-30) and the substituent-bear-
ing quaternary aromatic carbon (dC 131.3, C-10). The remaining
equivalent signals in the phenyl moiety (dH 7.78, 2H, H-20, H-60),
showed 3J correlations to the corresponding equivalent carbon
(dC 125.6, C-60, C-20), C-40, and to an oxygen-bearing carbon at dC
160.1 (C-6). Finally, the position of the phenyl substituent at C-6
was also confirmed by an NOE correlation between H-5 and H-20/
H-60 (Fig. 2).

The remaining carbon (dC 160.1), which was not correlated to
any hydrogen in the HMBC spectrum, was placed at C-2 to com-
plete the structure of this compound, giving a pyran-2-one nu-
cleus. The chemical shift of C-2 was typical of the carbonyl group
in a pyran-2-one ring (Dharmaratne et al., 2002). Compound 2
was therefore identified as the new 4-(3-O-300)-300-methylbute-
nyl-6-phenyl-pyran-2-one, and is reported here for the first time.

Compounds 1 and 2 were assessed for antibacterial activity
against a panel of S. aureus strains in an MIC assay (Table 3). Com-
pound 1 was weakly active against the tested strains with an MIC
value of 256 lg/ml against all strains. Unlike the control antibiotics,
the antibacterial activity of compound 1 was constant against all
the tested strains. This might imply that the mechanism of action
of this compound was not affected by the multidrug-resistant
mechanisms in these strains. A series of structurally similar dib-
enzofurans have been isolated from the sapwood ofMespilus germa-
nica when challenged by Nectria cinnabarina, a coral spot fungus
(Kokubun et al., 1995, 1995a). Those authors found that these dib-
enzofurans acted as the major phytoalexins and showed antifungal
activity, with ED50s in the range of 12–100 ppm. The antibacterial
activity of these compounds has not been investigated, however.
Compound 2 was inactive at a concentration of 512 lg/ml.

3. Experimental

3.1. General experimental procedures

NMR spectra were recorded on a Bruker AVANCE 500 MHz
spectrometer. Chemical shifts values (d) were reported in parts

per million (ppm) relative to the appropriate internal solvent stan-
dard and coupling constants (J values) were given in Hz. IR spectra
were recorded on a Nicolet 360 FT-IR spectrophotometer and UV
spectra on a Thermo Electron Corporation Helios spectrophotome-
ter. The specific rotation was measured on a Perkin–Elmer Polarim-
eter Model 343. Mass spectra were recorded on a Finnigan MAT 95
high resolution, double focusing, magnetic sector mass spectrome-
ter. Accurate mass measurement was achieved using voltage scan-
ning of the accelerating voltage. This was nominally 5 kV and an
internal reference of heptacosa was used. Resolution was set be-
tween 5000 and 10,000.

3.2. Plant material

The aerial parts of H. revolutum ssp. revolutum (Accession no.
1972–3163) and H. choisianum (Accession no. 1977–4670) were
collected from the Royal Botanic Garden at Wakehurst Place in Sur-
rey, England in August 2003 and August 2005, respectively. Vou-
cher specimens were deposited in the herbarium at the Centre
for Pharmacognosy and Phytotherapy at the University of London
School of Pharmacy.

3.3. Extraction and isolation

Air-dried and powdered aerial parts of Hypericum revolutum ssp.
revolutum (495 g) were extracted in a Soxhlet apparatus sequen-
tially with hexane (3 l), dichloromethane (3 l) and methanol (3 l).
The DCM extract (1.8 g) was subjected to LH-20 Sephadex chroma-
tography, affording five fractions eluted with chloroform:methanol
(1:1) and one fraction with a final methanol wash. Fractions five
and six were combined and further separated on a LH-20 Sephadex
column, giving eight fractions eluted with chloroform:methanol
(1:1) and one fraction eluted with methanol. The fraction eluted
with methanol was purified by preparative thin-layer chromatog-
raphy (silica) using toluene-ethyl acetate-acetic acid (60:38:2),
yielding compound 1 (4.5 mg; Rf = 0.58).

1.0 kg of air-dried, powered aerial parts of H. choisianum was
extracted in a Soxhlet apparatus using sequential extraction as de-
scribed above. The hexane extract (9.9 g) was subjected to vacuum
liquid chromatography (VLC) on silica gel eluting with hexane con-
taining 10% increments of ethyl acetate to yield 12 fractions. Frac-
tions 5–7 showed similar TLC profiles and were combined (1.1 g)
and this was further separated using LH-20 Sephadex chromatog-
raphy. This resulted in seven fractions eluted with chloro-
form:methanol (1:1) and one fraction with a final methanol
wash. Fractions 7 and 8 were combined (332.1 mg) and purified
further by preparative reverse phase HPLC (Waters Prep C18 col-
umn, 19 � 300 mm, 10 lm) using a gradient of 5% acetonitrile in
water to 100% acetonitrile over 30 min. The flow rate was 50 ml/
min. Compound 2 (5.0 mg) had a retention time of 13.0 min.

VLC fraction 4 was subjected to reverse phase solid phase
extraction (SPE; Phenomenex Strata, C18, 10 g/60 ml Giga tubes),
affording three fractions eluted with methanol and one fraction
eluted with acetone. The first SPE fraction was further fractionated
using reverse phase SPE, giving five fractions eluted with 80% ace-
tonitrile in water and one fraction eluted with 100% acetone as a
final wash. SPE fraction 1 was purified using preparative TLC (sil-
ica) with toluene-ethyl acetate-acetic acid (80:18:2), yielding com-
pound 2 (7.2 mg, Rf = 0.59). A total of 12.2 mg of compound 2 was
isolated using the two methods.

3.4. Bacterial strains

S. aureus standard strain ATCC 25923 and tetracycline-resistant
strain XU212 which possesses the TetK tetracycline efflux protein
were provided by (Gibbons and Udo (2000)). Strain SA-1199B

Table 3
MICs of 1, 2 and standard antibiotics in lg/ml.

Strain
(MDR
efflux
protein)

1 2 Norfloxacin Tetracycline Erythromycin Oxacillin

ATCC
25923

256 >512 1 – – –

SA-1199B
(NorA)

256 >512 32 – – –

XU212
(TetK)

256 >512 – 128 – –

RN4220
(MsrA)

256 >512 – – 256 –

EMRSA-15 256 >512 – – – 32
EMRSA-16 256 >512 - - - 512

All MICs were determined in duplicate.
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which overexpresses the norA gene encoding the NorA MDR efflux
pump was provided by Kaatz et al. (1993). Strain RN4220 which
possess the MsrA macrolide efflux protein was provided by (Ross
et al. (1989). The epidemic strains EMRSA-15 and EMRSA-16 were
provided by Richardson and Reith (1993) and Cox et al. (1995).

3.5. Minimum inhibitory concentration (MIC) assay

All strains were cultured on nutrient agar (Oxoid) and incu-
bated for 24 h at 37 �C prior to MIC determination. Control antibi-
otics norflorxacin, tetracycline, erythromycin and oxacillin were
obtained from Sigma Chemical Co. Mueller–Hinton broth (MHB;
Oxoid) was adjusted to contain 20 and 10 mg/l of Ca2+ and Mg2+,
respectively. An inoculum density of 5 � 105 cfu of each S. aureus
strain was prepared in normal saline (9 g/l) by comparison with
a 0.5 MacFarland turbidity standard. The inoculum (125 ll) was
added to all wells and the microtitre plate was incubated at
37 �C for 18 h. For MIC determination, 20 ll of a 5 mg/ml methano-
lic solution of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoli-
um bromide (MTT; Sigma) was added to each of the wells and
incubated for 20 min. Bacterial growth was indicated by a colour
change from yellow to dark blue. The MIC was recorded as the low-
est concentration at which no growth was observed (Gibbons and
Udo, 2000).

3.6. 3-hydroxy-1,4,7-trimethoxydibenzofuran (1)

Pale yellow oil; ½a�22D 0� (c 0.19, CHCl3); UV (CHCl3) kmax (log e):
240 (3.87) nm; IR mmax (thin film) cm�1: 3412, 1504, 1472, 1264,
1208, 1155; 1H NMR and 13C NMR (CDCl3): see Table 1; HR ESI-
MS (m/z): 273.0763 [M�H]� (calc. for C15H14O5, 273.0768).

3.7. 4-(3-O-300)-300-methylbutenyl-6-phenyl-pyran-2-one (2)

Yellow oil; ½a�22D 0� (c 0.24, CHCl3); UV (CHCl3) kmax (log e): 242
(4.03), 255 (3.98), 374 (3.82) nm; IR mmax (thin film) cm�1: 1717,
1700, 1696, 1653, 1616, 1558, 1506; 1H NMR and 13C NMR (CDCl3):
see Table 2; HR ESI-MS (m/z): 255.1021 [M + H]+ (calc. for
C16H14O3, 255.1016).
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One new compound, 4-hydroxy-4a,7-dimethoxy-4,4a-dihydrodibenzo-p-dioxin-2(3H)-one (1),
was isolated from the aerial parts of the hybrid Hypericum x ‘Hidcote’, together with 8 known
compounds: caryophyllene-4,5-epoxide, quercetin, quercitrin, quercetin-3-O-β-D-
galactopyranoside, epicatechin, betulinic acid methyl ester, β-sitosterol and β-sitosterol glucoside.
The structure of the new compound, as well as its absolute configuration, was established bymeans
of spectroscopic data analyses, including 2D NMR spectroscopy and X-ray structural analysis.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

The genus Hypericum (Guttiferae) is known to produce
antibacterial acylphloroglucinol metabolites, such as the
drummondins from Hypericum drummondii [1], the hyper-
brasilols from Hypericum brasiliense [2,3] and hyperforin from
Hypericum perforatum [4]. These findings prompted us to
investigate the antistaphylococcal activity of 34 Hypericum
species collected from the National Hypericum collection at
the Royal Botanic Gardens at Wakehurst Place, UK [5]. This
work has led to the isolation of several new acylphloroglu-
cinols displaying moderate levels of activity against methi-
cillin-resistant and multidrug-resistant strains of
Staphylococcus aureus [6,7]. As a part of our ongoing projects
on the chemistry and biological activities of natural products
from the genus Hypericum, we have recently investigated the
chemical constituents of Hypericum x ‘Hidcote’, which is a
hybrid of H. calycinum and H. cyathiflorum widely grown in
Europe for its attractive yellow flowers and foliage. To the best
of our knowledge, the phytochemistry of this plant has not
been investigated previously. Herein we report on the
isolation of a new and unusual natural product based on a
dibenzodioxinone skeleton given the trivial name hyperhid-

cotin, together with eight known compounds: caryophyllene-
4,5-epoxide, quercetin, quercitrin, quercetin-3-O-β-D-galac-
topyranoside, β-sitosterol, β-sitosterol glucoside, epicatechin
and betulinic acid methyl ester. The structure of the new
compound was elucidated by extensive spectroscopic ana-
lyses of the 1D and 2D NMR, HRTOFMS spectra and single
crystal X-ray structural analysis. The dibenzodioxinone
skeleton has not been obtained from plants before, but
similar derivatives have been reported from the synthesis
literature [8]. The other known compounds were obtained for
the first time from this plant.

The new metabolite was evaluated for antibacterial
activity against a panel of multidrug-resistant (MDR) and
methicillin-resistant Staphylococcus aureus (MRSA), but
exhibited no activity at 128 µg/ml.

2. Experimental

2.1. General

Optical rotations: Perkin Elmer Polarimeter 341. IR: Perkin
Elmer Spectrum 1000 FT-IR Spectrometer. UV: Thermo
Electron Corporation UV/vis Spectrophotometer. HRTOFMS
(positive-ion mode): Micromass Q-TOF Global Tandem Mass
Spectrometer. NMR: Bruker AVANCE 500 Spectrometer
(500 MHz for 1H and 125 MHz for 13C).
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2.2. Plant material

The stem of Hypericum x ‘Hidcote’ was collected from the
National Hypericum Collection at the Royal Botanic Gardens
Wakehurst Place in August 2005 with accession number
1969-31269. The authenticity of this species has been verified
by Dr N.K.B. Robson. A voucher specimen of this collection is
maintained at the Centre for Pharmacognosy and Phytother-
apy (SG-2005-2/6).

2.3. Extraction and isolation

Dried stems of the plant (923.6 g) were powdered and
sequentially extracted with hexane, chloroform andmethanol
in a Soxhlet apparatus.

VLC fractionation of the hexane extract (16.1 g) on silica
gel was performed using the mobile phase hexane, EtOAc and
methanol in order of increasing polarity. The fraction eluted
with 5% EtOAc in hexane was further subjected to SPE (silica),
eluting with hexane-EtOAc mixtures, and the fraction eluted
with 6% EtOAc in hexane was separated by repeated
preparative thin-layer chromatography (silica; 8% EtOAc in
hexane; 5% EtOAc in toluene) to yield caryophyllene-4,5-
epoxide (3.9 mg). The fraction eluted with 10% EtOAc in
hexane yielded β-sitosterol (12.6 mg) by repeated prepara-
tive-TLC (silica; 25% EtOAc in hexane).

The chloroform extract (7.6 g) was fractionated by VLC
over silica gel 60H, using hexane-EtOAc and EtOAc-MeOH
mixtures of increasing polarity. The eluates were combined
on the basis of TLC analysis. The VLC fraction eluted with 5%
MeOH in ethyl acetate was separated by repeated preparative
TLC (silica; 35% EtOAc in hexane; 30% EtOAc in toluene) to
yield compound 1 (7.5 mg).

A portion of the methanol extract (15 g) was fractionated
by VLC over silica gel 60H, eluted by CHCl3-MeOH mixtures
of increasing polarity and divided into several fractions. The
fraction eluted with 5% MeOH in chloroform gave a
semisolid residue, which was washed with methanol to
afford β-sitosterol glucoside (9.2 mg) as a pale yellow
powder. The fraction eluted with 20% MeOH in chloroform
was separated by SPE (Strata S1-1 silica), eluting with CHCl3-
MeOH mixtures of increasing polarity. Its subfraction eluted
with 6% MeOH in chloroform was subjected to preparative
TLC (15% MeOH in chloroform) to yield quercetin (5.2 mg).
The fraction eluted with 30% MeOH in chloroform, was
separated again by VLC over silica gel 60H, eluting with
CHCl3-MeOH mixtures of increasing polarity. Its subfraction
which was eluted with 15% MeOH in chloroform was later

subjected to normal phase preparative TLC (developed with
25% MeOH in chloroform) and then to reversed-phase
preparative TLC (developed with 50% MeOH in water) to
yield epicatechin (18.9 mg), quercetin-3-O-β-D-galactopyr-
anoside (11.5 mg) and quercitrin (4.3 mg). The known
compounds were identified by comparison with data from
the literature.

Compound 1, (Fig. 1) 4-hydroxy-4a,7-dimethoxy-4,4a-
dihydrodibenzo-p-dioxin-2(3H)-one, colourless crystal;
[α] D

20–72.5 (c 0.001, MeOH); UV λmax (logε): 202.5 (4.61),
247.5 (4.34), 295.0 (4.14) nm; IR νmax (solution in CHCl3):
3456,1648,1603,1506,1445,1333,1267,1205,1037, 919 cm−1;
1H NMR (500MHz, CHCl3) and 13C NMR (125MHz, CHCl3) see
Table 1; positive-ion HRTOFMS m/z: 279.0879 [M+H]+

(calcd for C14H14O6, 279.0863).

2.4. X-ray structure determination of compound 1

C14H14O6 (fw=278.25), 100(2) K, monoclinic, P21/n,
a=13.0930(6), b=5.1216(1), c=17.8702(8) Å, β=90.190
(4)°, V=1198.32(8) Å3, Z=4, µ (Mo–Kα)=0.122 mm−1, ρ-
cal=1.542 g cm−3; crystal dimensions: 0.44×0.29×0.18mm;
22229 reflections measured (θmax=37.7°), 6124 were unique
(Rint=0.041) and of these 4172 had IN2σ(I) for which final
R1, wR2 values were 0.047 and 0.140, respectively, for 185
parameters. Data were collected using an Oxford Diffraction
Gemini diffractometer using Mo–Kα radiation. The structure
was solved by direct methods followed by full-matrix
refinement on F2 using Shelx-97 [9]. All hydrogen atoms
were added at calculated positions and refined by use of a
riding model with isotropic displacement parameters based
on the isotropic displacement parameter of the parent atom.
Anisotropic displacement parameters were employed
throughout for the non-hydrogen atoms. The molecule is
shown in Fig. 3 with non-H atoms drawnwith 50% probability
ellipsoids. CCDC 710303 contains the supplementary crystal-
lographic data for this paper. These data can be obtained free

Fig. 1. The structure of compound 1.

Table 1
NMR data of compound 1.

Position δH δC COSY NOESY HMBC (H→C)

2J 3J

1 5.80 d
(0.5)

109.0 C-8b C-3, C-4a

2 194.6
3 2.84 m 42.9 H-4 4α-H, 4β-OH C-4,

C-2
C-4a, C-1

4 4.44 m 72.7 H-3, 4-OH 3α-H, 3β-H
4a 93.8
4b 134.0
5 7.04 d (8.5) 118.1 H-6 6-H C-4b C-8a, C-7
6 6.66 dd

(8.5,2.5)
110.7 H-5,H-8 5-H, 7-OCH3 C-4b, C-8

7 156.0
8 6.68 d

(2.5)
102.5 H-6 7-OCH3 C-7 C-4b, C-6

8a 141.2
8b 162.0
4-OH 2.64 d

(4.5)
H-4 4-H

4a-OCH3 3.54 s 54.0 C-4a
7-OCH3 3.80 s 56.1 6-H, 8-H C-7
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of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

3. Results and discussion

The powdered stem and aerial parts of Hypericum x
‘Hidcote’was extracted sequentially with hexane, chloroform
and methanol. Vacuum-liquid chromatography (VLC) frac-
tionation of the chloroform extract was subjected to solid
phase extraction (SPE) (Strata S1-1 silica, 55 µm, 70A) and
preparative thin-layer chromatography (TLC) to yield com-
pound 1 and betulinic acid methyl ester. Compound 1,
recrystallised from toluene and acetone, and its molecular
formula was established as C14H14O6 from the [M+H]+ ion
peak atm/z 279.0879 (calculated: 279.0863 for C14H14O6) in
positive ion HRTOFMS. The mass spectrum showed a further
ion peak at m/z 247.0623 corresponding to the [M−OCH3]+

ion, indicating the presence of a methoxyl group in the
molecule. The IR spectrum showed absorption bands for
hydroxyl (3456 cm−1), carbonyl (1648 cm−1) and benzene
ring (1603, 1506 cm−1), which were confirmed by the 13C
NMR data (Table 1). The 13C NMR spectrum exhibited 14
signals, which by 1H NMR and 13C DEPT-135 spectra
corresponded to six quaternary carbons, five methines, one
methylene and two methoxyl groups. The aromatic hydro-
gens at δ 6.66 (dd, J=8.5, 2.5 Hz), δ 7.04 (d, J=8.5 Hz) and
δ 6.68 (d, J=2.5 Hz) in the 1H NMR spectrum of 1 (Table 1)

indicated the presence of a 1,2,4-trisubstituted benzene ring.
1H and 13C signals of this ring were assigned by the
correlations of δ 7.04 (H-5) with δ 118.1 (C-5), δ 6.66 (H-6)
with δ 110.7 (C-6) and δ 6.68 (H-8) with δ 102.5 (C-8) in the
HMQC spectrum. Correlations in the HMBC experiment
(Fig. 2) from H-5 to C-4b, C-7 and C-8a (134.0, 156.0 and
141.2), from H-6 to C-4b and C-8 and from H-8 to C-6, C-8a
and C-4b (110.7, 141.2 and 134.0) enabled full unambiguous
assignment of all of the resonances in this ring. Additionally a
correlation of one of the methoxyl hydrogen resonances
(δ3.80)with C-7 (156.0) in the HMBC spectrum revealed that
this methoxyl was attached to the benzene ring at C-7. This
was further supported by NOE correlations between the
hydrogens of this methoxyl group and H-6 and H-8 in the
NOESY spectrum. The hydrogen resonance at δ 2.64
(d, J=4.5 Hz) which had no correlation with any carbon in
HMQC spectrum was associated with an hydroxyl group. In
the 1H–1H COSY experiment, this hydroxyl hydrogen exhib-
ited a correlationwith H-4 (δ 4.44, m) which was attached to
an oxygen-bearing carbon and H-4 further correlated to a
methylene (δ 2.84, m) establishing the partial structure –

CH2–CHOH–. An olefinic hydrogen (H-1, δ5.80) was attached
to a double-bond and its HMBC correlations with C-8b and
the carbon of a carbonyl group (δ194.6) indicated the partial
structure of an α,β-unsaturated ketone. The remaining meth-
oxyl group was positioned on a quaternary carbon (C-4a), as
was deduced by the correlation of its hydrogens with C-4a
in the HMBC spectrum. In the HMBC spectrum, the correlations
of H-1 and H-3 with C-4a, H-1 with C-3 and H-3 with C-1
confirmed that the partial structures –CH2–CHOH–, α,β-unsatu-
rated ketone and C4a–OCH3 completed an α,β-unsaturated
six-ring ketonemoiety (Fig. 2). This moietywas connected to
the other benzene ring by two oxygen ether bonds from C-4a
and C-8b to C-4b and C-8a, respectively. This was supported
by a NOE correlation of the methoxyl group at position 4a
with H-5 in the NOESY spectrum. An attempt at assignment
of the relative configuration at positions 4 and C-4a however
was made by analysis of its NOESY data (Fig. 2). However, no
NOE correlation between the hydrogens of the methoxyl at
4a and H-4 could be observed which may indicate that the

Fig. 2. HMBC correlations (single headed arrows) and NOESY correlations
(double headed arrows) of 1.

Fig. 3. X-ray crystal structure of compound 1.
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methoxyl at 4a and the hydrogenwere trans to each other. To
prove that this was the case and assign the absolute
stereochemistry at these positions, compound 1 was recrys-
tallised from amixture of toluene and acetone and submitted
to single crystalX-ray structural analysis (Fig. 3). This confirmed
our NMR assignments and established the absolute stereo-
chemistry at positions 4 and 4a as S and R respectively. In view
of the above data, compound 1 was identified as 4-hydroxy-
4a,7-dimethoxy-4,4a-dihydrodibenzo-p-dioxin-2(3H)-one, is
given the trivial name hyperhidcotin (Fig. 1) and is reported
here for the first time. Dihydrodibenzodioxinones are rare in
nature and are presumably biosynthesised by simple phenolic
coupling between two phenols. The oxygenation pattern in
ring-C of 1 is typical for a phloroglucinol (1,3,5-trihydroxy-
benzene) natural product common to Hypericum and to the
Guttiferae as a whole.
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a b s t r a c t

A phytochemical study of the asteraceous herb Pulicaria crispa (Forssk.) Oliv. resulted in the characterisa-
tion of three guaianolide sesquiterpenes, 2a,4a-dihydroxy-7aH,8aH,10aH-guaia-1(5),11(13)-dien-8b,
12-olide (1), 1a,2a-epoxy-4b-hydroxy-5aH,7aH,8aH,10aH-guaia-11(13)-en-8b,12-olide (2) and 5,10-epi-
2,3-dihydroaromatin (3). The structures were assigned on the basis of extensive 1 and 2D NMR
experiments. Compound 3 exhibited weak antimycobacterial activity against Mycobacterium phlei with
aminimum inhibitory concentration of 0.52 mMand cytotoxicity (IC50 of 5.8 ± 0.2 lM) in a human bladder
carcinoma cell line, EJ-138.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Pulicaria crispa (Forssk.) Oliv. [syn. Pulicaria undulata (L.)
C.A.Mey., Francoeuria crispa (Forssk.) Cass.] is an annual herb or
sometimes a perennial sub shrub, belonging to the family Astera-
ceae, producing small bright yellow flowers. This species is distrib-
uted in Saudi Arabia, Kuwait, Iran, Iraq, Egypt, Afghanistan,
Pakistan, India and parts of north and west tropical Africa (Boulos,
2002; Al-Rawi, 1987). P. crispa is a medicinal plant used by people
of southern Egypt and Saudi Arabia to treat inflammation and also
as an insect repellent (Ross et al., 1997) and is also used as an her-
bal tea. Phytochemical studies of this herb have identified it to be a
rich source of sesquiterpene lactones of the guaianolide (Dendou-
gui et al., 2000), eudesmanolide (San Feliciano et al., 1989) and
xanthanolide classes as well as kaurane diterpenes (Abdel-Mogib
et al., 1990).

2. Results and discussion

Compound 1 (Fig. 1) was isolated as a colourless oil and a
molecular formula of C15H20O4 [M]+ (264.1355) was assigned by
HR-EIMS. The 1H and 13C NMR signals (Table 1) were characteristic
of a guaianolide sesquiterpene, which is distinctive of the genus
Pulicaria (Dendougui et al., 2000). Assuming a guaianolide skeleton
for compound 1, a methyl singlet attributed to C-15 exhibited a 2J

correlation to C-4 and 3J correlations to a methylene carbon (C-3)
and an olefinic quaternary carbon (C-5). By inspection of the COSY
spectrum, the methylene hydrogens at C-3 coupled to a deshielded
oxymethine hydrogen (H-2, dH 4.86), which in turn gave a 2J corre-
lation to a second olefinic quaternary carbon (dC 140.8, C-1) as well
as a 3J correlation to C-5. H2-3 confirmed the assignment of a cyclo-
pentene ring system with two 3J correlations to C-1 and C-5. The
downfield appearance of C-2 and C-4 in the 13C NMR spectrum
as well as H-2, in the 1H NMR spectrum indicated that hydroxyl
groups should be placed at these positions therefore completing
ring A. The oxymethine group at position 2 was allylic causing
the appearance of both the carbon and hydrogen signals to be
shifted further downfield. A second methyl (C-14) appearing as a
doublet in the 1H spectrum gave a COSY coupling to a methine pro-
ton (H-10) and in the HMBC spectrum exhibited two 3J correlations
to C-1 and C-9, placing the methyl adjacent to ring A. H2-9 gave a
strong COSY coupling towards a downfieldmethine hydrogen (H-8,
dH 4.76) which in turn coupled to H-7. The 7-membered ring of ring
B was completed by a COSY coupling between H-7 and methylene
H2-6 and by 2J and 3J HMBC correlations from H2-6 and H-7 to C-5,
respectively. A 3J correlation between H-7 and an exo-cyclic olefinic
methylene carbon (C-13) placed this exo-cyclic methylene on ring
C of the molecule. 2J and 3J HMBC signals between the hydrogens of
this exo-methylene and its olefinic quaternary partner (C-11) and
an ester carbonyl carbon (C-12) confirmed the position of these
groups as part of the guaianolide ring-C lactone. The deshielded
nature of H-8, indicated that it was attached to a carbon bearing
an oxygen, completing ring C by forming a 5-membered lactone
ring system between C-8 and C-12.
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The relative stereochemistry of 1 was determined by inspection
of the 1H and NOESY spectra. An NOE correlation between H-7 and
H-8 indicated that these two hydrogens are on the same face of the
molecule. As only the coupling constants could be measured for H-
8 and not for H-7, a model of this molecule indicated that these
hydrogens were cis (a-oriented). This correlated well with one of
the coupling constants measured for H-8 of 8.5 Hz and helped to
confirm the cis orientation. A similar coupling constant measured
for the known compound 4 also corroborated this assignment. A
1,3 NOE interaction between H-8 and H-10 allowed the assignment
of H-10 as being a, therefore methyl-14 must be positioned in a b-
orientation. A third NOE between methyl-14 and H-2 placed H-2 in
a b-orientation and so the hydroxyl attached to C-2 must be a. An
NOE between H-2 and the downfield hydrogen of the methylene at
position 3 (dH 2.35) meant that this proton must be on the same
face of the molecule (b). Thus a 1,3 interaction between Hb-3 and
methyl-15 showed that this group should also be assigned as b.
This was further confirmed by an NOE correlation between
methyl-15 and both hydrogens of H2-6. Compound 1 is therefore

assigned as 2a,4a-dihydroxy-7aH,8aH,10aH-guaia-1(5),11(13)-
dien-8b,12-olide and is reported here for the first time.

Compound 2 was isolated as a pale yellow oil and the HR-EIMS
revealed a molecular formula of C15H20O4 [M]+ (264.1363). The
NMR data were similar to those of 1. The 13C NMR spectrum indi-
cated the presence of 15 carbons, including a carbonyl, two olefinic
and two oxygenated quaternary carbons. The 1H NMR spectrum
provided signals for an exo-methylene group, two methyls and
two deshielded methine hydrogens. The 1H spectrum provided evi-
dence to suggest that 2 was a guaianolide due to the similarity in
the spectral data when compared with compound 1. The structure
of 2 (Fig. 1) was closely related to that of 1, except for the absence
of a double bond between C-1 and C-5 and the absence of an hy-
droxyl group attached at C-2. Instead ring A of 2 was saturated
with the formation of an epoxide between C-1 and C-2. The
remainder of the guaianolide structure was identical to that of 1
with similar HMBC and COSY correlations. The 13C resonances at
dC 72.4, (C-1) and dC 59.6, (C-2) were characteristic for epoxide car-
bons (Trifunovic et al., 2006) especially for methine C-2. The hy-
droxyl hydrogen was also detected in the 1H spectrum as a sharp
singlet and provided information on point of attachment, with a
2J correlation to C-4 and a 3J correlation to C-15. This further cor-
roborated the structure of ring-A as a cyclopentane ring. The 1H
NMR data for 2 were in close agreement with that of the literature
(Zdero et al., 1988). However, the NOESY spectrum provided evi-
dence to indicate that 2 was in fact the epimer of the guaianolide
isolated by Zdero et al., at the C-4 position and stereochemistry
at C-2, 7, 8 and 10 were identical to that in 1.

H-7 showed an NOE to H-5, which in turn gave a 1,3 interaction
with the methyl hydrogens of C-15. This indicated that both H-5
and H3-15 must also be on the same face of the molecule as H-7
in an a-orientation. The methylene hydrogens at C-6 each gave
an NOE to H3-15 and a molecular model of this molecule showed
that these hydrogens were equidistant from the methyl group fur-
ther confirming the relative stereochemical assignment at C-4. The
hydroxyl group must therefore be in a b-orientation. This is the
point of difference between the relative stereochemistry of 2 and
that assigned by Zdero et al. The guaianolide detailed in the litera-
ture was described with the methyl group in a b-orientation and
the hydroxyl group in an a-orientation. The C-14 methyl hydrogens
gave a 1,3 interaction to the epoxide methine (H-2) placing this

Table 1
1H (500 MHz) and 13C (125 MHz) spectral data of 1–4. 1 and 4 were recorded in CD3OD, 2 was recorded in CDCl3 and 3 was recorded in C6D6

Position 1 2 3 4

1H 13C 1H 13C 1H 13C 1H 13C

1 – 140.8 – 72.4 1.16 m 48.6 – 151.1
2 4.86 m 87.4 3.59 s 59.6 0.97 ddd (9.0, 3.0) 24.6 5.37 t (1.5) 120.3

1.42 dddd (12.5, 9.5, 6.5, 1.0)
3 2.09 dd (13.5, 4.5) 46.0 1.77 d (14.5) 40.6 1.72 ddd 35.6 2.37 dd (16.0) 47.5

2.35 dd (13.5, 7.0) 2.06 d (15.0) 2.01 m
4 – 81.6 – 78.2 – 222.4 – 82.1
5 – 144.9 2.02 dd (13.0, 2.0) 54.9 – 50.2 2.48 d (12.5) 59.7
6 2.41 dd (15.0, 5.0) 25.5 1.38 bdd (12.5) 30.6 1.11 dd (13.0, 2.5) 35.4 1.46 dd (12.5) 32.7

2.46 ddt (15.0, 5.0, 2.5) 1.79 m 2.19 m 1.99 m
7 3.44 m 44.1 3.21 m 41.9 2.21 m 45.1 3.37 ddd (12.0, 9.5, 4.0) 43.3
8 4.76 ddd (12.5, 8.5, 4.5) 81.5 4.72 ddd (12.0, 7.5, 4.5) 79.1 3.69 ddd (12.0, 9.0, 3.0) 81.0 4.82 m 82.6
9 1.99 m 37.2 1.73 d (14.0) 35.3 0.95 d (12.5) 44.8 1.56 dd (12.0) 39.1

2.07 dd (13.5, 0.5) 2.02 d (17.5) 1.93 m
10 2.65 dq (12.0, 7.0, 2.0) 31.0 2.14 m 30.0 1.24 m 30.0 2.24 bs 32.4
11 – 141.6 – 140.1 – 142.1 – 142.4
12 – 172.0 – 169.5 – 169.9 – 172.1
13 5.75 d (2.5) 123.1 5.65 d (2.0) 123.3 4.99 d (3.0) 119.3 5.73 d (2.5) 122.9

6.21 d (3.0) 6.29 d (2.5) 6.04 d (3.5) 6.20 d (3.0)
14 1.18 d (7.0) 20.6 0.90 d (7.0) 17.2 0.64 d (6.5) 20.4 1.22 d (6.5) 20.6
15 1.21 s 27.0 1.17 s 23.5 0.56 s 22.4 1.25 s 24.7
4-OH 3.70 s
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Fig. 1. Structures of 1–4.
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proton on the same face of the molecule as H3-14 (b). Therefore the
epoxide must be a-oriented and this follows the representation of
the epimeric form of the molecule described by Zdero et al. (1988).
Compound 2 is assigned as 1a,2a-epoxy-4b-hydroxy-5aH,7aH,8a-
H,10aH-guaia-11(13)-en-8b,12-olide and is reported here for the
first time.

Compound 3 was isolated as a white amorphous powder and
the accurate EI-MS in the positive mode provided the molecular
ion of m/z 248.1412 to establish a molecular formula of
C15H20O3. The 1H NMR and 13C NMR spectra provided signals for
a sesquiterpene, but this time for a pseudoguaianolide sesquiter-
pene. The HMBC spectrum provided similar signals as for the pre-
vious guaianolide sesquiterpenes discussed above, again with
notable differences occurring in ring A. The position of methyl-15
strongly indicated that a Wagner–Meerwein rearrangement had
taken place, moving this group from C-4 to C-5 of the molecule
to give a pseudoguaianolide. The normal biosynthetic pathway
from the C15 precursor farnesyl pyrophosphate would place this
methyl group at C-4. However, in the case of 3, C-4 had been oxi-
dised to a ketonic carbonyl. Methyl-15 appeared as a singlet and
gave a 2J correlation to a quaternary carbon C-5 (dC 50.2) as well
as 3J correlations to C-1 (dC 48.6), C-6 (dC 35.4) and the carbonyl
of C-4 (dC 222.4). This ketonic carbonyl was highly deshielded
and this was due to the highly strained nature of the cyclopentane
ring (ring A). The methylene hydrogens of C-3 gave a COSY corre-
lation with H2-2, which in turn gave a further COSY correlation to
H-1. The methine proton, H-1, also gave a COSY correlation to H-
10, which in turn gave a COSY signal to H2-9 and to a methyl dou-
blet (H3-14) placing these groups here. The methylene protons at-
tached at C-9 then gave a COSY correlation to the oxymethine
proton, H-8. A COSY correlation between H-8 and H-7 indicated
that they should be placed at the ring junction of ring B and C as
seen in compounds 1 and 2. This was confirmed by an allylic cou-
pling detected between H-7 and the exo-methylene hydrogens H2-
13. The COSY correlations detected for 3 were similar to those of
the previously discussed guaianolides.

The relative stereochemistry of 3 (Fig. 1) was achieved by NOE’s
detected in the NOESY spectrum along with analysis of measured
coupling constants. An NOE between H-8 and H-7 placed these
protons on the same face of the molecule in an a-orientation. The
large coupling constant (9.0 Hz) again indicated that these hydro-
gens were cis. A second NOE between H-8 and H-10 also placed
these hydrogens on the same face of the molecule (a), therefore
methyl-14 must be b-oriented. This was further confirmed by
NOE’s between both H2-2a and H2-2b to methyl-14. A molecular
model showed that the methylene hydrogens were equidistant
with respect to methyl-14, whereas if the methyl group were a-ori-
entated this would not be possible. An NOE between H-8 and H-1
also placed this hydrogen in an a-orientation, thus confirming the
relative stereochemistry at this position. Finally, methyl-15 exhib-
ited NOE’s with H-10 and H2-3a placing this group on the same
face of the molecule as H-1, H-7, H-8 and H-10 (a).

Compound 3 has been isolated previously (Abdel-Mogib et al.,
1990; Bohlmann and Mahanta, 1979; Rustaiyan et al., 1987), how-
ever the relative stereochemistry of this compound differs from all
of these compounds referred to in at least one position. All pub-
lished literature has quoted the 1H NMR data in deuterated chloro-
form, which suffers from signal overlap. However, for the purpose
of comparing the 1H NMR data with that of the literature, 3 was
also analysed in deuterated chloroform. The 1H NMR data for 3
was in agreement with that of the literature for 2,3-dihydroarom-
atin (Merfort and Wendisch, 1993) with the exception of H-7 and
H-8 which were reported to be further downfield. The downfield
values reported for these hydrogens are consistent with previous
literature articles for guaianolides that have these protons in a cis
(a) arrangement (Zdero et al., 1988), whereas they appear more

upfield when H-7 (�2.75 ppm) and H-8 (�4.30 ppm) are trans (Ab-
del-Mogib et al., 1990; Rustaiyan et al., 1987). To confirm this rel-
ative assignment the NOESY experiment for 3 acquired in
deuterated benzene again indicated that H-7 and H-8 should be
cis (a-oriented). Compound 3 differs from 2,3-dihydroaromatin at
positions 5 and 10. The methyl groups attached to these carbons
in compound 3 are b- and a-oriented, respectively. However in
2,3-dihydroaromatin the methyl groups at positions 5 and 10 are
a- and b-oriented, respectively. The pseudoguaianolide 3 is re-
ported here for the first time as 5,10-epi-2,3-dihydroaromatin.
5,10-epi-2,3-Dihydroaromatin also exhibited weak antimycobacte-
rial activity against Mycobacterium phlei with a minimum inhibi-
tory concentration (MIC) of 0.52 mM. Whilst the activity
recorded is weak it can provide a starting point for analogues with
greater activity, particularly as the known guaianolide aromaticin,
similar to 3, has been reported to exert an antimycobacterial effect
with an MIC of 0.064 mM (Cantrell et al., 2001; Copp, 2003).

Compound 3 was evaluated in vitro for anti-cancer activity in
an established human bladder carcinoma cell line, EJ-138 and dem-
onstrated promising activity in this cell line, with an IC50 of
5.8 ± 0.2 lM.

Compound 4 was isolated as a colourless oil and solved for a
molecular formula of C15H20O3 by ESI-MS. The 1H NMR spectral
data were identical to those of 1,2-dehydro-1,10a-dihydropseu-
doivalin (Zdero et al., 1988) which has previously been isolated
from Pulicaria sicula and this is the first report of the 13C NMR data
for this compound and the first report of the full NMR data in deu-
terated methanol (Table 1).

3. Experimental

3.1. General experimental techniques

NMR spectra were recorded on a Bruker AVANCE 500 MHz
spectrometer. Chemical shift values (d) were reported in parts
per million (ppm) relative to appropriate internal solvent standard
and coupling constants (J values) are given in Hertz. Mass spectra
were recorded on a Finnigan MAT 95 high resolution, double focus-
ing, magnetic sector mass spectrometer. Accurate mass measure-
ment was achieved using voltage scanning of the accelerating
voltage. This was nominally 5 kV and an internal reference of hep-
tacosa was used. Resolution was set between 5000 and 10,000.

IR spectra were recorded on a Nicolet 360 FT-IR spectrophotom-
eter and UV spectra on a Thermo Electron Corporation Helios
spectrophotometer.

The cancer cell growth inhibition assay details are provided in
the supporting information.

3.2. Plant material

The plant material used for this study was collected from KSIR
field station, in the Kebd area of Kuwait on the 27th of April
1999. The material was identified by K.T. Mathew and a voucher
specimen (KTM 4612, collected by Simon Gibbons and K.T. Math-
ew) is deposited at the Kuwait University Herbarium (KTUH).

3.3. Extraction and isolation

The air dried aerial parts of P. crispa (185 g) were coarsely pow-
deredand sequentially extracted in a Soxhlet apparatuswithhexane
(3.5 L), chloroform (3.5 L) and finally methanol (3.5 L). The hexane
extract (6.7 g) was subjected to vacuum liquid chromatography
(VLC) on silica gel (10 g) eluting with hexane containing 10% incre-
ments of ethyl acetate to yield 12 fractions. The fraction eluted with
80% ethyl acetate underwent further fractionation by Sephadex LH-
20 chromatography eluting with dichloromethane (DCM) followed
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bymethanol. Final purification of themethanol fraction bymultiple
preparative thin layer chromatography (TLC) in reverse phasemode
(C18; H2O:methanol, 1:1) (two times) afforded 1 (7.6 mg). Com-
pound 4was purified from the same VLC fraction as 1. DCM fraction
3 of Sephadex LH-20 chromatography was subjected to solid phase
extractionusing a6:4methanol:H2O systemtopurify4 (12 mg). VLC
fraction 7 (6:4 ethyl acetate:hexane)was subjected to Sephadex LH-
20 chromatography eluting with DCM followed by multiple pre-
parativeTLCof fraction2 innormalphasemode (65:35hexane:ethyl
acetate; two times). This afforded compound 2 (9.5 mg). VLC frac-
tion 6 (1:1 hexane:ethyl acetate) was also subjected to Sephadex
LH-20 chromatography, eluting with DCM. On addition of hexane
to fraction 2 a white precipitate was observed. Three washes of the
precipitate with hexane followed by decanting the supernatant en-
abled the purification of compound 3 (100 mg).

3.4. 2a,4a-Dihydroxy-7aH,8aH,10aH-guaia-1(5),11(13)-dien-8b,12-
olide (1)

Colourless oil; ½a�23D þ 37:0� (c 0.378, CHCl3); UV (CH3OH): kmax:
(loge) 218 (8.56) nm; IR vmax (thin film) cm�1: 3352, 2963, 1748,
1653, 1276, 986; 1H NMR (500 MHz, CD3OD) and 13C NMR
(125 MHz, CD3OD) see Table 1. HREIMS m/z 264.1355 (calc. for
C15H20O4, 264.1362).

3.5. 1a,2a-Epoxy-4b-hydroxy-5aH,7aH,8aH,10aH-guaia-11(13)-en-
8b,12-olide (2)

Pale yellow oil; ½a�23D þ 33:7� (c 0.475, CHCl3); UV (CH3OH): kmax:
(loge) 214 (8.52) nm; IR vmax (thin film) cm�1: 3566, 2933, 1761,
1653, 1271, 1128; 1H NMR (500 MHz, CDCl3) and 13C NMR
(125 MHz, CDCl3) see Table 1. HREIMS m/z 264.1363 (calc. for
C15H20O4, 264.1362).

3.6. 5,10-epi-2,3-Dihydroaromatin (3)

White amorphous powder; ½a�25D þ 104:8� (c 4.75, CHCl3); UV
(ACN): kmax: (log e) 222 (7.20) nm; IR vmax (thin film) cm�1:
2968, 2931, 1763, 1736, 1125, 996; 1H NMR (500 MHz, C6D6) and
13C NMR (125 MHz, C6D6) see Table 1. HREIMS m/z 248.1412 (calc.
for C15H20O3, 248.1413).

3.7. 1,2-Dehydro-1,10a-dihydropseudoivalin (4)

Colourless oil; ½a�24D þ 23:9� (c 0.418, CHCl3); UV (CH3OH): kmax:
218 nm; IR vmax (thin film) cm�1: 3420, 2963, 1759, 1270, 1128,
969; 1H NMR (500 MHz, CD3OD) and 13C NMR (125 MHz, CD3OD)
see Table 1. Negative ESI-MS: m/z = 293.1 [M�H+2Na]�.

3.8. Bacterial strain and antibacterial assay

M. phlei ATCC 11758 was obtained from NTCC. M. phlei was cul-
tured on Columbia blood agar (Oxoid) supplemented with 7% defi-
brinated horse blood (Oxoid) and incubated for 72 h prior to MIC

determination. A bacterial inoculum equivalent to 5 � 105 cfu/mL
was prepared in normal saline using the 0.5 McFarland turbidity
standard followed by dilution. The MIC was recorded as the lowest
concentration at which no bacterial growth was observed (Gibbons
and Udo, 2000). Ethambutol was used as a positive control, whilst
growth and sterile controls were also performed.

3.9. Cancer cell line

The EJ-138 human bladder carcinoma cell line (ECACC, Salis-
bury, UK) was cultured in RPMI 1640 cell culture medium supple-
mented with 1 mM sodium pyruvate, 2 mM L-glutamine and 10%
fetal bovine serum (all from Sigma, Poole, UK).
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Using 1- and 2-dimensional NMR experiments and high-resolution mass spectrometry, a novel sesquiterpene, possessing         
a new skeleton, has been characterized from the n-hexane extract of the aerial parts of Pulicaria crispa (Asteraceae) as         
rel-2α,6α-dimethyltetracyclo-decal-3-en-2,12-diol-8α,13-olide and given the trivial name pulicrispiolide. 
 
Keywords:  Pulicaria crispa, Asteraceae, sesquiterpene lactone. 
 
 
 
The genus Pulicaria Gaertner (syn. Francoeuria 
Cass.) comprises approximately 80 species widely 
distributed throughout Europe and Asia [1]. Pulicaria 
crispa (Forssk.) Oliv. [syn. P. undulata (L.) C.A. 
Mey., Francoeuria crispa (Forssk.) Cass.] is an 
annual herb producing small bright yellow flowers 
and is prevalent in Saudi Arabia, Kuwait, Iran, Iraq, 
Afghanistan, Pakistan, India, parts of north  and west 
tropical Africa and Egypt [2, 3]. 
 
The species is used medicinally in southern Egypt 
and Saudi Arabia to treat inflammation and as an 
insect repellant [4]. Previous studies have centered on 
the isolation of many sesquiterpene lactones 
belonging to the guaianolide [5], eudesmanolide [6] 
and xantholide classes, and kaurane diterpenes [7]. 
 
Compound 1 was isolated as a pale yellow oil      
from the n-hexane extract of P. crispa. Accurate 
mass measurement yielded an ion at m/z 246.1264 
[M-H2O]+, which gave the expected formula,        
less a water molecule, of C15H18O3. The 1H and      
13C NMR spectra (Table 1) showed signals for      
two olefinic hydrogens, three methylene groups,   
two oxymethine groups, two methyl moieties,        
and an ester carbonyl carbon.   From the HMBC data  
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Figure 1: COSY (double headed arrows) and HMBC (single headed 
arrows) correlations for compound 1. 

 
(Figure 1), methyl-15 (δH 1.25) appeared as a singlet 
and gave a 2J correlation with a quaternary carbon,  
C-2 (δC 69.8), and 3J correlations to a methylene 
carbon (C-1, δC 44.7) and an olefinic carbon           
(δC 142.2, C-3). Due to the downfield resonance of 
C-2, an hydroxyl group was placed there.    
 
The olefinic proton, H-3, exhibited a COSY 
correlation with its olefinic partner, H-4 (δH          
5.98 d, J = 8.5 Hz,  δC 129.2, C-4)  and  both  showed  
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                                                                      Table 1: 1H (500 MHz) and 13C (125 MHz) NMR spectroscopic data for 1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

an HMBC correlation with a quaternary carbon 
placed at C-5 (δC 53.5). The 13C resonance for C-5 
was characteristic of a quaternary carbon at a ring 
junction [8]. The olefinic hydrogen, H-4, also showed 
a 3J correlation with a methine carbon (δC 30.4, C-6), 
which in turn exhibited a 2J HMBC correlation and 
COSY correlation with a second methyl group       
(δH 1.16 d, J = 7.5 Hz, δC 21.7, C-14). Methyl-14 
showed a 3J correlation with C-5 and a methylene 
group at C-7. COSY correlations between H2-7 and a 
deshielded proton H-8 (δH 4.03 dt, J = 7.5, 2.5 Hz), 
and H-8 and H-9 (δH 2.21 bt, J = 7.5 Hz) placed these 
groups there. 2J and 3J correlations between H2-1 and 
H-6 respectively, with a quaternary carbon C-10     
(δC 49.6) completed rings A and B of this 
sesquiterpene. The methine proton H-9 showed a 
COSY correlation with the methylene protons of   
H2-11, which in turn gave a COSY correlation with a 
deshielded methine proton, H-12 (δH 3.24 d, J = 4.0 
Hz, δC 83.7). Again, due to the downfield appearance 
of C-12, an hydroxyl group was placed here.            
3J HMBC correlations between H-9 and C-5, between 
H-9 and C-12 and also between H2-11 and C-5 
confirmed that C-12 should be connected to C-5 
forming a cyclopentane ring (ring C). This was 
further confirmed by a 3J signal between H-12 and  
C-10.   
 
Ring D was identified as being a 5-membered lactone 
ring system. The position of the carbonyl (δC 177.7, 
C-13) was determined by two 3J correlations between  

H2-1 and C-13 and also between H-8 and C-13, 
therefore placing the carbonyl group of the lactone at 
C-10. This left the oxygen atom of the lactone group 
to be attached at C-8, which would explain why this 
group is deshielded. The HMBC data established the 
presence of a sesquiterpene with a novel skeleton and 
a molecular formula of C15H20O4, which was 
confirmed by mass spectrometry, where an ion at  
m/z 246.1264 [M-H2O]+ (calculated for C15H18O3: 
246.1256) was detected. 
 
The relative stereochemistry of 1 was established by 
signals obtained in the NOESY spectrum. The 
cyclopentane ring (ring C) was positioned β with 
respect to the plane of rings A and B, whilst the       
5-membered lactone ring was α-orientated. H-6 
showed a 1,3 interaction with H-12, suggesting that 
H-6 must be β-oriented. Therefore, H-12 must be 
orientated towards ring B, with the hydroxyl group 
attached to this carbon being orientated towards ring 
A. This was supported by a strong NOE between H-4 
and H3-14, placing this methyl group in an α-
orientation. An NOE between H-3 and H3-15 placed 
this methyl group in an α-orientation. Finally, NOE’s 
between H2-1β and H-9 and between H-9 and H-8 
placed these protons in a β-orientation, thus 
completing the relative stereochemistry of this novel 
sesquiterpene skeleton. Compound 1 is, therefore, 
assigned as 2α,6α-dimethyltetracyclo-decal-3-en-
2,12-diol-8α,13-olide (pulicrispiolide) and this is the 
first report of this sesquiterpene skeleton. 
 

Position 1H 13C  2J 3J 
1 1.31 d (13.0) 44.7  C-2, C-10 C-3, C-5, C-9, C-13, C-15 
 2.15 d (13.5)     

2 - 69.8    
3 6.34 d (8.5) 142.2  C-2  C-5, C-15 
4 5.98 d (8.5) 129.2  C-5 C-2, C-6 
5 - 53.5    
6 1.45 t (8.0) 30.4  C-5, C-7, C-14 C-8, C-10, C-12 
7 1.26 m  31.8  C-6, C-8 C-5, C-9, C-14 
 1.36 bd (2.5)     

8 4.03 dt (7.0, 2.5) 80.5   C-6, C-13 
9 2.21 bt (7.5) 50.9  C-8 C-1, C-5, C-7, C-12 
10 - 49.6    
11 1.39 d (4.0) 35.2  C-9, C-12 C-5, C-8 

 1.60 dd (15.0, 8.5)     
12 3.24 d (4.0) 83.7   C-9, C-10 
13 - 177.7    
14 1.16 d (7.5) 21.7  C-6  C-5, C-7 
15 1.25 s 24.3  C-2 C-1, C-3 
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Experimental 

General experimental techniques: NMR spectra 
were recorded on a Bruker AVANCE 500 MHz 
spectrometer. Chemical shift values (δ) were 
reported in parts per million (ppm) relative to an 
appropriate internal solvent standard, and coupling 
constants (J values) are given in Hertz. Mass 
spectra were recorded on a Finnigan MAT 95 high 
resolution, double focusing, magnetic sector mass 
spectrometer. Accurate mass measurement was 
achieved using voltage scanning of the accelerating 
voltage. This was nominally 5kV and an internal 
reference of heptacosa was used. Resolution was 
set between 5000 and 10,000. 
 
IR spectra were recorded on a Nicolet 360 FT-IR 
spectrophotometer and UV spectra on a Thermo 
Electron Corporation Helios spectrophotometer.  
 
Plant material: The plant material used for this 
study was collected from KSIR field station, in the 
Kebd area of Kuwait on the 27th April, 1999. The 
material was identified by K.T. Mathew and a 
voucher specimen (KTM 4612, collected by Simon 
Gibbons and K.T. Mathew) is deposited at the 
Kuwait University Herbarium (KTUH). 
  
Extraction and isolation: The air dried aerial parts 
of Pulicaria crispa (185 g) were coarsely powdered 
and sequentially extracted in a Soxhlet apparatus 
with n-hexane (3.5 L), chloroform (3.5 L) and 
finally methanol (3.5 L). The n-hexane extract was 
concentrated under vacuum to yield 6.7 g of a green 

gum, which was subjected to vacuum liquid 
chromatography (VLC) on silica gel (12 g), eluting 
with n-hexane containing 10% increments of ethyl 
acetate to yield 12 fractions. The fraction eluted in 
50% n-hexane underwent further separation by 
open column chromatography on Sephadex, eluting 
with dichloromethane, followed by normal-phase 
SPE (Phenomenex Strata Silica gel, 10 g / 60 mL 
giga tubes) eluting with 30% ethyl acetate in         
n-hexane. Fractions eluted from SPE were 
combined and subjected to multiple preparative 
TLC (two times) with toluene-ethyl acetate-acetic 
acid (80:18:2) as the mobile phase, to yield 1      
(7.5 mg) 
 
rel-2α,6α-Dimethyltetracyclo-decal-3-en-2,12-
diol-8α,13-olide (1) 
 

Pale yellow oil. 
[α]D: 22.9º (c 0.35, CHCl3). 
Rf: 0.5 (toluene-EtOAc-AcOH). 
IR (film):3649, 2968, 2931, 1770, 1507, 1015 cm-1. 
1H NMR (500 MHz, C6D6): Table 1  
13C NMR (125 MHz, C6D6): Table 1  
COSY and HMBC: Table 1 and Figure 1.  
HREIMS: m/z [M-H2O]+ calcd for C15H18O3: 
246.1256; found 246.1264. 
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Polyisoprenylated Benzoylphloroglucinol Derivatives from Hypericum sampsonii
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Bioassay-directed fractionation using multidrug-resistant (MDR) Staphylococcus aureus resulted in the isolation of four
new polyprenylated benzophloroglucinol derivatives, sampsoniones N–Q (1–4), and four known compounds, 7-epiclu-
sianone (5) and sampsoniones B, L, and R, from the roots of Hypericum sampsonii. The structures of these compounds
were established by analysis of spectroscopic data, and the structures of 4 and 5 were determined by single-crystal
X-ray diffraction crystallography. In the bioassay, 7-epiclusianone (5) showed promising activity with a minimum
inhibitory concentration (MIC) of 7.3 µM against the NorA overexpressing MDR S. aureus strain SA-1199B; the positive
control antibiotic norfloxacin showed activity at MIC 100 µM.

Multidrug-resistant Staphylococcus aureus infections, particularly
those caused by methicillin-resistant S. aureus (MRSA), have been
a major threat to public health in hospitals and the community in
the past decade. Despite new advances in antibiotic development,
MRSA infections remain a considerable concern due to the ability
of this organism to rapidly acquire resistance to new agents. In
2002, MRSA strains fully resistant to vancomycin were isolated in
the United States.1 Resistance to linezolid, a member of the
oxazolidinone class has also been reported in some patients followed
by prolonged antibiotic treatment in the United States.2 There is
therefore a continuing need to discover and characterize new classes
of antibiotics to reduce the pressures of bacterial resistance. In the
search for antibacterial compounds with activity against MDR S.
aureus from plants, a number of species of the genus Hypericum
have been investigated due to their ability to produce extracts with
antibacterial activity toward multidrug-resistant (MDR) strains.3

Hypericum sampsonii Hance (Guttiferae) is a Chinese herbal
medicine used in the treatment of numerous disorders such as
backache, burns, diarrhea, snakebites, and swellings.4 Because of
its various bioactivities, this species has been investigated and
polyprenylated benzophloroglucinol derivatives and xanthones have
been isolated from this plant.5–8 Guided by antibacterial screening
using SA-1199B, an MDR strain of S. aureus that overexpresses
the NorA efflux protein, the major characterized drug pump in S.
aureus, the petroleum fraction of the roots from H. sampsonii was
found to possess activity at a minimum inhibitory concentration
(MIC) of 64 µg/mL. Herein, we report the phytochemical investiga-
tion on the nonpolar fraction of the root extract of H. sampsonii.

Results and Discussion

The powdered roots of Hypericum sampsonii were extracted with
95% EtOH, and the extract was fractionated into petroleum ether-,
methanol-, and water-soluble fractions. The active petroleum ether-
soluble fraction was rechromatographed on silica gel and RP-18
to afford four new polyisoprenylated benzophenone derivatives,
denoted sampsoniones N (1), O (2), P (3), and Q (4), and four
known compounds, sampsonione L, 7-epiclusianone (5), and
sampsoniones B and R. Of these, 5 showed promising activity with
an MIC of 7.3 µM (4 µg/mL) against SA-1199B, while the positive
control drug norfloxacin showed activity at MIC 100 µM (32 µg/
mL).

Sampsonione N (1) was obtained as an optically active colorless
oil, [R]D

20 +22.0 (c 0.090, CHCl3); HR-MALDI-MS of 1 indicated

a molecular formula of C33H42O5 ([M + Na]+ 541.2924, calcd for
C33H42O5Na+, 541.2915). The 13C NMR spectrum of 1 (Table 1)
showed signals for three carbonyls (δC 207.7, 193.0, 190.7), a
benzoyl group (δC 173.2, 137.0, 128.2 × 2, 128.5 × 2, 132.7),
eight methyls, four methylenes, four methines, and eight aliphatic
quaternary carbons. These data, in combination with biogenetic
considerations, suggested that the compound possessed a ben-
zoylphloroglucinol structural feature.5 The remaining 20 carbon
signals were assigned to four isoprenyl moieties, and the NMR data
for 1 were very similar to those of sampsonione M (1a), which
was previously isolated from the same plant.5 The difference
between 1and 1a emerged at C-8, in which the substituent group
was 3-methyl-2-butenyl in 1, instead of a geranyl group in 1a.
Compound 1 was a new benzoylphloroglucinol and was named
sampsonione N.

Sampsonione O (2), C33H42O5, had the same molecular formula
as 1, and the 13C NMR data (Table 1) of 2 were similar to those of
1 except for C-1, C-2, C-7, and C-8 (1: δC 69.0, 173.2, 190.7, and
63.5; 2: δC 78.3, 188.7, 177.0, and 54.1). However, the dihydrofuran
ring was formed through an oxygen atom at C-7 in 2 instead of at
C-2 in 1 and was established by the presence in the HMBC
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‡ University of London.
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spectrum of a correlation between the methine proton of C-5 and
the quaternary carbon at C-7 (177.0) of 2. This assignment was
supported by the presence of the corresponding correlation between
H-23 and C-7. The structure for 2 is shown in Figure 1 and was
confirmed by the 1H–1H COSY, HMQC, HMBC, and ROESY
spectra, and compound 2 was named sampsonione O.

Sampsonione P (3) had a molecular formula of C33H42O5 on the
basis of HR-MALDI-MS ([M + Na]+ 541.2924). The 13C NMR

and 1H NMR data of 3 (Table 2) were compared with those of the
known compound sampsonione L.5 2D NMR data also suggested
that 3 and sampsonione L had the same skeleton and differed only
with regard to the side chains attached to C-1 and C-3. Compound
3 possessed a 3-methyl-2-butenyl group and a benzoyl moiety. In
the HMBC spectrum, the proton signals at δH 2.68 (H-13a) and
2.48 (H-13b) were correlated with the carbon signals at δC 68.5
(C-1), 194.0 (C-2), and 206.1 (C-12). In the ROESY spectrum, the
proton signals at δH 2.68 (H-13a) and 2.48 (H-13b) were correlated
with those at δH 1.20 (H-33) and 1.05 (H-34). These correlations
suggested that the 3-methyl-2-butenyl group was connected to C-1
and the benzoyl group to C-3 in 3, rather than the former connected
to C-3 and the latter to C-1 as seen in sampsonione L.5 Therefore,
the structure of 3 was assigned as shown in Figure 1 and given the
trivial name sampsonione P.

Sampsonione Q (4) was obtained as fine, colorless crystals, [R]D
20

-9.65 (c 0.401, CHCl3); HR-MALDI-MS indicated a molecular
formula of C33H40O5 ([M + Na]+ 539.2768, calcd for C33H40O5Na+,
539.2769). The analysis of 1D and 2D NMR spectra revealed that
4 was closely related to the adamantyl derivative sampsonione J,
previously isolated from H. sampsonii.5 The difference was in the
side chain at C-11, with a geranyl group in sampsonione J being
replaced by the 3-methyl-2-butenyl group in 4. The R-configuration
of H-8 in 4 was confirmed by the W-coupling between δH 2.51 (dt,
J ) 2.7, 5.5, 8.2, H-8) and 2.63 (dt, J ) 2.7, 5.9, 14.1, H-10a), as
well as an NOE interaction of H-8 with the C-32 methyl protons.
Therefore, the structure of 4 was assigned as shown and named
sampsonione Q, and the structure was confirmed by X-ray crystal-
lography (Figure 1).

Compound 5 was isolated as colorless crystals, mp 98 °C, [R]D
20

-9.65 (c 0.401, CHCl3) and existed as a mixture of 1,3-ene-one

Table 1. NMR Data for Sampsoniones N (1) and O (2)

1 2

no. δH (J in Hz) δC HMBCa ROESY no. δH (J in Hz) δCb HMBCa ROESY

1 69.0 1 78.3
2 173.2 2 188.7
3 3 119.3
4R 4.66, dd (9.0, 10.6) 93.4 5R, 5�, 21, 22 4R 2.81, dd (10.6, 15.3) 28.2 3, 5, 7, 20 5R

4� 2.96, dd (6.7,15.3) 3, 5, 7, 20 22
5R 2.81, dd (10.6, 14.9) 26.9 2, 6, 20 4R 5R 4.79, dd (6.7, 10.6) 93.5 4, 7, 21, 22 4R, 21, 22
5� 2.96, dd (8.6, 14.5) 2, 4, 6, 20 4R, 21, 22
6 118.5 6
7 190.7 7 177.0
8 63.5 8 54.1
9a 2.16, dd (7.4,14.1) 40.6 7, 8, 10, 12, 23 10, 34 9a 2.18, dd (6.6, 14.1) 39.4 7, 8, 10, 11, 23 10, 23, 34
9b 2.12, dd (0.8,14.1) 10 9b 2.22, dd (1.2, 14.1) 7, 8, 10, 23 10, 23
10 1.50, m 48.5 1, 8, 9, 11, 28 9a, 9b, 28 10 1.53, m 48.8 1, 8, 9, 11, 28,

33, 34
9, 34

11 48.9 11 49.9
12 207.7 12 207.7
13 193.0 13 193.8
14 137.0 14 137.2
15 7.57, m 128.2 13, 17, 19 16 15 7.56, dd (1.1, 8.2) 128.8 13, 17, 19 16
16 7.35, t (8.2) 128.5 14, 18 15, 17 16 7.26, dt (1.6,2.0,9.0) 128.6 14, 18 15, 17
17 7.49, t (7.4) 132.7 15, 19 16, 18 17 7.39, m 132.8 15, 19 16, 18
18 7.35, t (8.2) 128.5 14, 16 17, 19 18 7.26, dt (1.6,2.0,9.0) 128.6 14, 16 17, 19
19 7.57, m 128.2 13, 15, 17 18 19 7.56, dd (1.1, 8.2) 128.8 13, 15, 17 18
20 70.7 20 72.5
21 0.89, s 26.3 4, 20, 22 5�, 22, 31 21 1.31, s 26.5 5, 20, 22 5R, 22, 31
22 0.88, s 23.7 4, 20, 21 5�, 21 22 1.22, s 23.8 5, 20, 21 4�, 5R, 21, 31
23a 2.60, dd (6.7, 14.1) 29.8 7, 8, 9, 12,

24, 25
27 23 2.53, d (6.6) 30.1 7, 8, 9, 12, 24, 25 23, 27

23b 2.49, dd (7.8, 14.4)
24 5.08, t (7.4) 119.2 23, 26, 27 24 5.03, t (6.6) 120.8 23, 26, 27
25 134.8 25 135.6
26 1.68, s 26.1 24, 25, 27 26 1.70, s 26.6 24, 25, 27
27 1.71, s 18.2 24, 25, 26 23 27 1.70, s 18.8 24, 25, 26
28a 2.24, br, d 29.0 10, 30 10, 33 28a 2.25, br, d 30.5 9, 10, 29, 30 33
28b 2.0, m 10 28b 1.95, m 10, 29, 30
29 4.89, t (7.04) 124.6 28, 31, 32 29 4.95, t (7.0) 125.4 28, 31, 32 31
30 132.8 30 133.0
31 1.67, s 25.8 30, 32 21 31 1.70, s 26.4 29, 30, 32 21, 22, 32
32 1.55, s 17.9 30, 31 32 1.58, s 18.5 29, 30, 31 31
33 1.48, s 23.5 1, 10, 11, 34 10, 28 33 1.49, s 23.2 1, 10, 11, 34 28a, 34
34 1.43, s 26.7 1, 10, 11, 33 9a, 10 34 1.33, s 27.3 1, 10, 11, 33 9a, 33

a Carbons that correlate with the proton resonance.

Figure 1. X-ray crystallography of sampsonione Q (4).
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tautomers in the ratio of 3:2 in CDCl3 solution. Its structure was
confirmed as 7-epiclusianone by X-ray crystollagraphy (Figure 2).9–12

In this experiment, 5 was isolated as the main constituent (2.8%) from
40 g of the petroleum ether residue. S. aureus strain SA-1199B, which
is resistant to norfloxacin, overproduces the NorA MDR efflux protein,
the major drug pump in S. aureus.13 7-Epiclusianone (5) showed
promising activity against SA-1199B at an MIC of 7.3 µM (4 µg/
mL), while norfloxacin showed activity at an MIC of 100 µM (32
µg/mL). Therefore, 5 was assumed to be the predominant active
constituent of H. sampsonii root extract (256 µg/mL for the EtOH
extract and 32 µg/mL for the petroleum fraction).

Other polyisoprenylated benzoylphloroglucinol derivatives were
isolated and determined to be sampsonione B5d and sampsonione
L,5d respectively. Also isolated was the known polyisoprenylated
benzoylphloroglucinol derivative 1-benzoyl-7R-(1-hydroxy-1-me-
thylethyl)-13,13-methyl-3,11-di(methyl-2-butenyl)tricycle[4.3.1.13,11]-
undecane-2,12,14-trione,14 which was given the trivial name samp-
sonione R. Absolute configurations of these compounds remain to
be determined, and except for 7-epiclusianone (5), none of these
metabolites exhibited activity against MDR S. aureus strain SA-
1199B.

Experimental Section

General Experimental Procedures. Optical rotations were mea-
sured using a JASCO P-1020 polarimeter. IR spectra were recorded
using an Avatar 360 ESP FTIR spectrophotometer and UV spectra on
a Shimadzu UV-1600PC spectropolarimeter. 1H and 13C NMR spectra
were obtained on a Varian Mercury Plus 400 MHz. Column chroma-
tography was carried out with silica gel (10–40 µm, Merck) and ODS
(C-18, 15–35 µm, Merck). Fractions obtained from column chroma-
tography were monitored by TLC (silica gel HGF254, 10–40 µm,
Yantai, Huanghai, China). ESI mass spectra were obtained on an Agilent
1100 Series LC/MSD spectrometer and HR-MALDI-MS spectra on
an IonSpec 4.7 T FTMS. X-ray crystallographic analysis was carried
out on a Bruker Smart Apex CCD diffractometer with graphite-
monochromated Mo KR radiation (λ ) 0.71073 Å).

Plant Material. Hypericum sampsonii was collected from Cha Lin
County in Hunan Province, China. A voucher specimen (No. HS-003)
was deposited at the Natural Medicine Chemistry Laboratory of the
School of Pharmacy, Fudan University. The plant was identified by
Dr. Zhang Wen-Ju, Associate Professor in the Center of Biodiversity
of the Biology School, Fudan University, China.

Extraction and Isolation. Powdered roots of the plant (1.1 kg)
were extracted with 95% EtOH and afforded 90 g of extract after
evaporation under vacuum at 45 °C. The extract was partitioned into
petroleum ether- (40 g), methanol- (13 g), and water-soluble fractions.

Table 2. NMR Data for Sampsoniones P (3) and Q (4)

3 4

no. δH (J in Hz) δC HMBCa ROESY no. δH (J in Hz) δCb HMBCa ROESY

1 68.5 1 81.8
2 194.0 2 200.5
3 116.6 3 72.5
4 176.2 4a 2.82, dd (6.3, 15.3) 26.8 2, 3, 5, 22 24

4b 2.44, dd (7.4, 15.3) 2, 3, 5, 8,
14, 22

24

5 5 4.96, br, t (7.1) 118.6 23, 24 23
6� 4.54, dd (5.4, 10.9) 91.5 9b, 26, 27 6 56.9
7R 2.74, dd (10.9, 12.9) 30.6 6, 8, 9, 12, 25 7�, 26, 27 25
7� 1.78, dd (5.4, 12.9) 4, 8 7R, 9a 7� 2.69, d (8.6) 61.4 3, 8, 25 25
8 58.7 8R 2.51, dt (2.7, 5.5, 8.2) 55.8 7, 9 9, 26, 32
9a 2.12, dd (7.1, 14.5) 36.4 4, 8, 10, 28 7�, 10, 34 9 1.71, m 45.9 1, 3, 11 8, 10a, 10b
9b 2.34, d (14.5) 4, 8, 10, 11,

12, 28
6�, 10 26, 32, 33

10 1.51, m 46.2 9a, 9b, 28b, 10a 2.63, dt (2.7, 5.9, 14.1) 40.9 8, 13, 14 9, 33
29, 33, 34 10b 2.28, dd (2.7, 14.1) 9, 11,

12, 13
9

11 47.5 11 68.7
12 206.1 12 202.2
13a 2.68, overlap 25.4 1, 12, 14, 15 13b, 14, 33 13 55.1
13b 2.48, overlap 1, 2, 14, 15 13a, 14, 33, 34
14 4.90, m 119.4 13a, 13b, 16 14 202.8
15 135.0 15 192.8
16 1.63, s 26.2 14, 15, 17 14 16 134.4
17 1.60, s 18.1 14, 15, 16 17 7.16, m 129.3 15, 19, 21 18
18 191.7 18 7.27, m 127.9 16, 20 17, 19
19 137.5 19 7.42, m 132.5 17, 21 18, 20
20 7.68, dd (1.2, 8.2) 128.8 18, 22, 24 21 20 7.27, m 127.9 16, 18 19, 21
21 7.39, t (7.8) 128.5 19, 23 20, 22 21 7.16, m 129.3 15, 17, 19 20
22 7.52, t (6.3) 133.3 20, 24 21, 23 22 134.8
23 7.39, t (7.8) 128.5 19, 21 22, 24 23 1.62, s 26.0 5, 22, 24 5, 24
24 7.68, dd (1.2, 8.2) 128.8 18, 20, 22 23 24 1.68, s 18.2 5, 22, 23 4, 23
25 70.4 25 1.33, s 24.7 7, 6, 26 7�
26 1.09, s 23.8 6, 25, 27 6�, 7R 26 1.29, s 19.1 7, 6, 25 8
27 1.10, s 26.7 6, 25, 26 6�, 7R 27 2.56, d (7.04) 27.4 10, 11,

12, 14,
31

28, 29
28a 2.21, m 29.0 29, 30 28b, 29, 33 28 5.18, br, t (7.1) 118.2 30, 31 30
28b 2.52, m 10, 28a, 29 30, 31 30
29 4.90, m 124.3 10, 28a, 28b, 31 29 135.4
30 133.4 30 1.68, s 26.0 28, 29, 31 28, 31
31 1.69, s 25.9 29, 30, 32 29 31 1.66, s 18.1 28, 29, 30 27, 30
32 1.65, s 17.8 29, 30, 31 32 1.41, s 22.5 1, 9, 13, 33 8, 9
33 1.20, s 22.4 1, 10, 11, 34 10, 23a, 23b, 28a, 34 33 1.48, s 23.1 1, 9, 13, 32 9, 10a
34 1.05, s 26.9 1, 10, 11, 33 9a, 10, 23b, 33 34

a Carbons that correlate with the proton resonance.
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The petroleum ether-soluble fraction was subjected to column chro-
matography over silica gel, eluting with a gradient from petroleum ether
to ethyl acetate and finally washed with methanol to afford 15 fractions
(1–15). Fraction 1 (8.9g) was recrystallized from acetone to give 5
(1.1 g). Fraction 3 was chromatographed on silica gel columns eluted
with petroleum ether–ethyl acetate to yield 4 (39.3 mg) and sampso-
nione B (19.4 mg). Fraction 8 was chromatographed on silica gel
(petroleum ether–chloroform–acetone) and ODS (MeOH–H2O) to yield
1 (9.7 mg), 2 (12.9 mg), 3 (2.4 mg), sampsonione L (3.9 mg), and
sampsonione R (15.3 mg).

Sampsonione N (1): colorless oil; [R]D
20 +22.0 (c 0.090, CHCl3);

UV (CHCl3) λmax (log ε) 278 (3.88), 246 (3.99) nm; IR (film) ν 3434,
3064, 2965, 2925, 1724, 1699, 1655, 1632, 1600, 1580, 1446 cm-1;
1H NMR (400 MHz) and 13C NMR (CDCl3, 100 MHz) data, see Table
1; HR-MALDI-MS [M + Na]+ 541.29245 (calcd for C33H42O5Na+,
541.2915).

Sampsonione O (2): colorless oil; [R]D
20 +87.9 (c 0.073, CHCl3);

UV (CHCl3) λmax (log ε) 284 (4.02), 248 (4.08), 216 (3.67) nm; IR
(film) νmax 3468, 3052, 2970, 2926, 2848, 1725, 1698, 1626, 1613,
1446 cm-1; 1H NMR (400 MHz) and 13C NMR (CDCl3, 100 MHz)
data, see Table 1; HR-MALDI-MS [M + Na]+ 541.29245 (calcd for
C33H42O5Na+, 541.2930).

Sampsonione P (3): colorless oil; [R]D
20 +18.6 (c 0.022, CHCl3);

UV (CHCl3) λmax (log ε) 249 (4.08) nm; IR (film) νmax 3479, 3056,
2969, 2924, 2851, 1732, 1682, 1631, 1448 cm-1; 1H NMR (400 MHz)
and 13C NMR (CDCl3, 100 MHz) data, see Table 2; HR-MALDI-MS
[M + Na]+ 541.29245 (calcd for C33H42O5Na+, 541.2915).

Sampsonione Q (4): yellow oil; [R]D
20 –9.65 (c 0.401, CHCl3);

UV (CHCl3) λmax (log ε) 248 (3.98), 206 (3.27) nm; IR (film) νmax

3055, 2962, 2923, 2851, 1745, 1704, 1597, 1582, 1447 cm-1; 1H NMR
(400 MHz) and 13C NMR (CDCl3, 100 MHz) data, see Table 2; HR-
MALDI-MS [M + Na]+ 539.27680 (calcd for C33H40O5Na+, 539.2769).

X-ray Crystal Data for 4. Crystal data were as follows: colorless,
fine crystal, C33 H40 O5, fw 516.65, monoclinic, crystal size 0.15 ×
0.12 × 0.05 mm, space group P2(1), a ) 11.183(5) Å, b ) 10.895(5)
Å, c ) 11.768(5) Å, V ) 1427.1(11) Å3, Z ) 2, Dcalcd ) 1.202 g/cm3,
F(000) ) 556, reflections collected 7107, reflections unique 3266 (Rint

) 0.0268), final R indices for I > 2σ(I) R1 ) 0.0443, wR2 ) 0.1045,
R indices for all data R1 ) 0.0561, wR2 ) 0.1104, completeness to 2θ
(26.99) 99.8%, maximum transmission 0.9960, minimum transmission
0.9882. The structure was solved by direct methods using the program
SHELXS. Refinement method was full-matrix least-squares on F2, and
goodness-of-fit on F2 is 1.069. The X-ray diffraction material has also
been deposited in the Cambridge Crystallographic Data Center (CCDC)
as deposit no. CCDC 656236.

Bacteria. SA-1199B is a strain of S. aureus overproducing the NorA
MDR efflux protein, the major drug pump in S. aureus, and was resistant
to norfloxacin (MIC ) 32 µg/mL). Additionally, some of this resistance
is a result of a GrlA subunit substitution known to correlate with
diminished fluoroquinolone susceptibility.13

Minimum Inhibitory Concentration (MIC) Assay. Bacteria were
cultured on nutrient agar (Oxoid) and incubated for 24 h at 37 °C prior
to MIC determination. The control antibiotic norflorxacin was obtained
from Sigma Chemical Co. Mueller-Hinton broth (MHB; Oxoid) was
adjusted to contain 20 and 10 mg/L of Ca2+ and Mg2+, respectively.
An inoculum density of 5 × 105 CFU of S. aureus was prepared in
normal saline (9 g/L) by comparison with a 0.5 MacFarland turbidity
standard. The inoculum (125 µL) was added to all wells, and the
microtiter plate was incubated at 37 °C for 18 h. For MIC determination,
20 µL of a 5 mg/mL methanolic solution of 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide (MTT; Sigma) was added to each
of the wells and incubated for 20 min. Bacterial growth was indicated
by a color change from yellow to dark blue. The MIC was recorded as
the lowest concentration at which no growth was observed.15
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Fractionation of the methanol extract of Phlomis amanica resulted in the isolation of a new pi-
marane type diterpene, amanicadol (1), together with the known glycosides lamiide, verbascoside
(= acteoside), syringaresinol-4-O-β -glucoside, liriodendrin, syringin, and a caffeic acid ester, chloro-
genic acid. The structure of the new compound was established on the basis of extensive 1D and
2D NMR spectroscopic data interpretation. Molecular modeling studies on 1 were conducted and
showed that it exhibited low conformational flexibility. Additionally, NMR chemical shifts were cal-
culated for 1 in vacuo, and calculated values were in very close agreement with those found experi-
mentally.

Key words: Phlomis amanica, Lamiaceae, Amanicadol, Diterpene, Pimarane

Introduction

The genus Phlomis (Lamiaceae) is represented by
34 species in the flora of Turkey [1]. Some Phlomis
species are used as tonics and stimulants in Anatolian
folk medicine [2]. A few members of the genus are
used for their antiinflammatory, wound healing, and
pain relief properties in Chinese medicine [3, 4].

Our previous phytochemical studies on Turkish
Phlomis species were focused on glycosidic com-
pounds. However, in a continuation of our phytochem-
ical investigations on the same species, we have now
isolated a new pimarane type diterpene, amanicadol (1)
from the n-hexane extract of Phlomis amanica, an en-
demic species. Chromatographic separations on the n-
BuOH extract of the title plant afforded the known gly-
cosides lamiide, verbascoside (= acteoside), syringa-
resinol-4-O-β -glucoside, liriodendrin, syringin as well
as a caffeic acid ester, chlorogenic acid.

Results and Discussion

Compound 1 was obtained as an amorphous powder.
The molecular formula was established as C20H32O

0932–0776 / 06 / 1100–1433 $ 06.00 © 2006 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com

on the basis of a HRESIMS molecular ion peak at
m/z = 299 [M+H]+, and the analysis of its 1H and
13C NMR spectroscopic data (Table 1). The IR spec-
trum of 1 displayed absorption bands typical for hy-
droxyl groups and double bonds. The combined anal-
ysis of the 13C NMR and DEPT spectra revealed the
presence of 20 carbon signals assigned to four methyls,
seven methylenes, five methines (one tertiary alcohol
and two olefinic carbon atoms), and four quaternary
carbon atoms. These data, together with the molec-
ular composition, suggested that 1 possessed 5 de-
grees of unsaturation. The presence of two π-bonds
further indicated that the compound was a tricyclic
diterpene. The 1H NMR spectrum showed signals due
to four tertiary methyl groups at δ = 1.01, 0.91, 0.87
and 0.85, three vinylic protons from a monosubstituted
double bond at δ = 5.90, 4.93, and 5.02 [ABX pat-
tern, JAB = 1.3 Hz, JAX = 10.5 Hz (cis-coupling), and
JBX = 17.5 Hz (trans-coupling)], a geminal proton of
a secondary hydroxyl group at δ = 4.05 (dt, J = 4.8
and 6.6 Hz), and a singlet resonance at δ = 5.30 in
addition to the proton signals assigned to the rings
A, B and C. A detailed analysis of DQF COSY data
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Fig. 1. Selected HMBC correlations of 1 (H → C).

revealed the identification of three spin systems aris-
ing from the rings A, B and C, H2-1/H2-2/H2-3, H-5/
H2-6/H2-7, and H-9/H-11/H2-12, respectively. In the
13C NMR spectrum the carbon resonances appearing at
δ = 149.1 (C-15) and 110.6 (C-16) supported the pres-
ence of an exocyclic vinyl group. This proposal was
also confirmed by the long range 1H-13C NMR (Fig. 1)
correlation between the methyl signal at δ = 1.01
(H-17) and the carbon resonance at δ = 149.1 (C-15)
as well as HMBC correlations between the vinylic pro-
tons (δ = 4.93 and 5.02) and the quaternary signal
at δ = 37.5 (C-13). An olefinic methine carbon sig-
nal was observed at δ = 127.4 (C-14), which showed
an HMQC correlation with the proton resonance at
δ = 5.30. In the HMBC spectrum this olefinic hydro-
gen coupled to C-8 (δ = 136.5) indicating the pres-
ence of a trisubstituted double bond in the ring C. All
of these findings indicated that compound 1 possessed
a pimara-8(14),15-diene skeleton [5 – 7]. The signal at
δ = 4.05 (dt, J = 4.8 and 6.6 Hz), observed in the spin
system of ring C, was attributed to a geminal proton
signal of a secondary hydroxyl group. The location of
the secondary hydroxyl group was determined as C-11
by analysing the DQF-COSY and HMBC spectra. The
relative stereochemistry of 1 was established by NOE
DIFF and NOESY experiments with mixing times of
400, 800 and 1200 msec. In all NOESY experiments
NOE correlations were observed between Me-18 and
Me-20, Me-20 and H-11, and also between H-11 and
Me-17 which was suggestive of a relative β -axial ori-
entation of H-11, revealing OH-11 to be α and equato-

Table 1. 13C (CDCl3, 100.0 MHz) and 1H (CDCl3, 400.0 Hz)
NMR data for 1. Values in parenthesis are calculated chemi-
cal shifts.

C DEPT δC (ppm) δH (ppm) J (Hz)
1 CH2 40.2 (41.67) 1.33 (1.54) d 4.0

1.89 (1.56) dd 12.7/1.4
2 CH2 19.1 (21.81) 1.57 (1.59) t 3.1
3 CH2 42.1 (41.89) 1.24 (1.31) d 4.4

1.41 (1.41) m –
4 C 33.4 (37.18)
5 CH 54.9 (55.82) 1.13 (1.21) dd 12.5/2.6
6 CH2 23.1 (25.60) 1.65 (1.57)∗ –

1.30 (1.52) dd 12.9/4.4
7 CH2 36.3 (37.64) 2.34 (2.16)m –

2.10 (2.12) m –
8 C 136.5 (134.55)
9 CH 60.0 (62.1) 1.77 (1.89) d 4.8
10 C 39.1 (44.4)
11 CH 66.2 (66.4) 4.05 (4.27) dt 4.8/6.6
12 CH2 43.5 (43.16) 1.65 (1.59)∗ –
13 C 37.5 (42.45)
14 CH 127.4 (126.92) 5.30 (5.45) s –
15 CH 149.1 (143.92) 5.90 (6.05) dd 17.5/10.5
16 CH2 110.6 (106.02) 4.93 (5.09) dd 10.5/1.3

5.02 (5.15) dd 17.5/1.3
17 CH3 27.0 (23.23) 1.01 (1.14) s –
18 CH3 22.1 (22.66) 0.87 (0.86) s –
19 CH3 33.8 (33.87) 0.91 (0.92) s –
20 CH3 15.9 (16.96) 0.85 (1.00) s –
∗ Unclear due to signal overlapping.

rial [8]. Additionally, an NOE correlation observed be-
tween H-9 and H-5 indicated that both hydrogen atoms
were in a relative α-axial orientation. This confirmed
the trans A:B ring junction stereochemistry of 1. Com-
pound 1 was assigned as rel-(5S, 9R, 10S, 11R, 13R)-
11-α-hydroxypimara-8(14), 15 diene.

The 3D structure of 1 was built using the Maestro
modelling software package and the conformational
search was performed using Macromodel [9, 10]. It
was found that 1 exibited low conformational flexi-
bility. Furthermore, the geometry was optimized us-
ing DFT calculations utilizing the B3LYP/6-31∗∗ ba-
sis set [11]. The distances between different groups of
hydrogen atoms were consistent with observed NOE
signals (Fig. 2). The NMR chemical shifts were cal-
culated for 1 in vacuo, which gave some remark-
able agreements with experimentally found values (Ta-
ble 1). Structures and chemical shifts for other possi-
ble stereoisomers were also calculated, but those could
not explain the presence of the NOE signals, and the
calculated values of chemical shifts did not agree so
well with experimentally determined chemical shifts.
This has suggested that our stereospecific assignments
a correct. A literature survey revealed that 1 was a
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Fig. 2. 3D structure of 1. Labels depict
hydrogen atoms that exibit NOE correla-
tions used for the assignment of the stere-
ochemistry. (Distances in Å).

new compound from nature and the trivial name aman-
icadol is proposed.

The structures of the known compounds lamiide
(2) [12], verbascoside (3) [13], syringaresinol-4-O-β -
glucoside (4) [14], liriodendrin (5) [15], syringin (6)
[16, 17], and chlorogenic acid (7) [18] were identi-
fied by their physical and spectroscopic (1H NMR,
13C NMR, DEPT, 2D NMR and MS) data and by com-
paring the data obtained with those published in the
literature.

Conclusion

Phlomis species are generally known to contain
glycosidic secondary metabolites such as iridoids,
phenylethanoids, flavonoids, and lignans. Up to date
only some labdane-type diterpenes have been reported
from the genus [19, 20]. This is the first report of the
isolation and characterization of a pimarane-type diter-
pene from a member of the genus Phlomis.

Experimental Section

General experimental procedures

Optical rotations were recorded on a Rudolph Autopol
IV polarimeter. UV (CH2Cl2) spectra were recorded on a
Shimadzu UV-160A spectrophotometer. FTIR (KBr) spectra
were determined on a Perkin-Elmer 2000 FTIR spectropho-
tometer. NMR measurements in CDCl3 were performed on
a JEOL JNM-A400 FT-NMR (1H: 400 and 13C: 100 MHz)
and a Bruker AVANCE 500 spectrometer (1H: 500 and 13C:
125 MHz). Chemical shifts were given in ppm with tetram-
ethylsilane as an internal standard.

Accurate mass measurements were determined on a Mi-
cromass Q-TOF Ultima Global Tandem Mass Spectrome-
ter. The sample was run under electrospray ionization mode
using 50% acetonitrile in water and 0.1% formic acid as a

solvent. The instrument was calibrated before analysis using
the ions produced from [Glu]-fibrinopeptide B as an internal
standard, [M+2H]2+ = 785.8426.

For open column chromatography (CC) Kieselgel 60
(0.063 – 0.200 mm, Merck) and Sephadex LH-20 (Fluka)
were used. MPLC was performed on a Büchi (2.5× 46 cm)
glass column packed with LiChroprep RP-18 (Merck) (40 –
63 µm) using a Büchi B-684 pump. VLC separation was re-
alized on a small glass column (5.2× 10 cm) packed with
LiChroprep RP-18 (Merck) (40 – 63 µm). TLC was car-
ried out on pre-coated Kieselgel 60 F254 aluminium sheets
(Merck). Compounds were detected by UV fluorescence and
by spraying with 1% vanillin/H2SO4, followed by heating at
100 ◦C for 1 – 2 min.

Plant material

Phlomis amanica Vierch. was collected from Arsuz
(Hatay), in the vicinity of Kale village, 151 m, Southwest
Anatolia, Turkey. Voucher specimens have been deposited in
the Herbarium of the Department of Biology, Faculty of Sci-
ence, Hacettepe University (AAD 10654).

Extraction and isolation

Air-dried and powdered aerial parts of P. amanica (450 g),
were extracted with MeOH (3× 2 L) at 40 ◦C. The concen-
trated methanolic extract was suspended in H2O (100 mL)
and partitioned between n-hexane (4×100 mL), CHCl3 (4×
100 mL), and n-BuOH (4× 100 mL). 8.8 g of the n-hexane
extract was separated on a silica gel column (40× 100 cm)
with a solvent gradient of CH2Cl2-MeOH (100 : 0 → 50 :
50), to afford six main fractions (Frs. I – VI, 200 mL, each).
Fr. II (305 mg) was further rechromatographed by Sephadex
LH-20, eluting with cyclohexane-acetone-dichloromethane-
methanol (1 : 1 : 1 : 2). The elution volume of each fraction
was (Frs II1−10) 200 mL each. Fr. II5−6 (180 mg) was
applied to a silica gel column eluting with a gradient of
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n-hexane-EtOAc (99 : 1 → 95 : 5, 25 mL each) to give 1
(30 mg).

The n-BuOH extract (30 g) of P. amanica was first
chromatographed on a polyamide column with MeOH-H2O
(0 : 100 → 100 : 0) mixtures to give Frs. A (1.49 g), B (8.5 g),
C (1.2 g), D (3.3 g), and E (3.76 g). Fr. B was applied to
VLC using a RP-18 column with MeOH-H2O (0 : 100 →
45 : 55) mixtures to afford 2 (5 mg). Fr. B13−16 (134 mg),
obtained from VLC, were subjected to repeated column chro-
matographic separations on Sephadex LH-20, RP-18 and
silica gel to yield 5 (4 mg) and 6 (6 mg). Fr. C (1.2 g)
was first subjected to MPLC and eluted with MeOH-H2O
(0 : 100 → 100 : 0) to give 120 fractions (Frs. C1−120).
Fr. C98−108 (200 mg) was rechromatographed by silica gel
column chromatography, followed by VLC to afford 4 (4 mg)
and 7 (12 mg). Fr. E (3.76 g) was applied to VLC us-
ing MeOH-H2O (0 : 100 → 45 : 55) mixtures to yield 3
(15 mg).

Amanicadol (1)

Amorphous powder; [α]20
D −0.029◦ (CHCl3, c1) UV/vis

(CH2Cl2): λmax(lgεmax) = 244 nm (3.99). IR [KBr]: νmax =

3400, 3080, 1634, 1595. 1H and 13C NMR data are given
in Table 1, HRESIMS, m/z = 289.2522 [M+H]+ (calcd. for
C20H32O 289.2526).

Molecular modelling

The 3D structure of 1 was generated using the Maestro 7.5
package [9]. The conformational searching was performed
using the Monte Carlo method [21] and OPLS-AA force
[22] included in Macromodel 9.1 [10]. The most stable con-
formers were further optimized using Jaguar 6.5 [23] at the
B3LYP/6-31∗∗ level of theory. 1H and 13C shielding con-
stants were computed by pseudo spectral methods [24]. The
theoretical chemical shifts were calculated taking into ac-
count TMS as the reference compound whose shielding con-
stants were calculated under the same conditions.
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T. Ersöz, A. Başaran (eds): New Trends and Meth-
ods in Natural Products’ Research (Proceedings Book
of XIIth International Symposium on Plant Originated
Crude Drugs, Ankara, May 20 – 22, 1998), pp. 127 –
131, Rekmay Press, Ankara (2000).

[20] M. Katagiri, K. Ohtani, R. Kasai, K. Yamasaki, C.-R.
Yang, O. Tanaka, Phytochemistry 35, 439 (1994).
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Abstract

A fusidane triterpene, 16-deacetoxy-7-b-hydroxy-fusidic acid (1), was isolated from a fermentation of the mitosporic fungus Acremo-

nium crotocinigenum. Full unambiguous assignment of all 1H and 13C data of 1 was carried out by extensive one- and two-dimensional
NMR studies employing HMQC and HMBC spectra.

Compound 1 was tested against a panel of multidrug-resistant (MDR) and methicillin-resistant Staphylococcus aureus (MRSA)
strains and showed minimum inhibitory concentration values of 16 lg/ml.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Acremonium crotocinigenum; Fusidane triterpene; Fusidic acid; Antibacterial; MRSA; MDR; Staphylococcus aureus

1. Introduction

Our studies on the production of metabolites by taxa of
tropical rainforest fungi in fermentation, have led to the
isolation and characterisation of a new metabolite, desig-
nated 16-deacetoxy-7b-hydroxy-fusidic acid (1), which is
structurally related to the commercial antibiotic, fusidic
acid, a widely used therapeutic for methicillin-resistant
Staphylococcus aureus (MRSA) infections which is still of
interest as a template for antibiotic activity improvement
(Søtofte and Duvold, 2001). The metabolite is a prominent
component of fermentation liquors from shake cultures of
an isolate of the mitosporic fungus Acremonium crotocini-
genum, cultured from rotting wood in Rio Palenque Forest

Reserve, Pichincha Province, Ecuador in 1986, and cur-
rently held in the University of Westminster culture collec-
tion. Acremonium is a polyphyletic genus, often confused
with Cephalosporium and is related to a number of ascomy-
cete teleomorphs (Gams, 1971). It contains some 105 spe-
cies, including a number which have been shown to
produce biologically active metabolites (Kirk et al.,
2001). Previous studies on A. crotocinigenum found sesquit-
erpenoid compounds of the isocrotonic acid type (Gyimesi
and Melera, 1967).

The detection of 1 was part of a programme for screen-
ing tropical fungi for new antibiotics with activity against
MRSA. There is currently an acute need for new effective
antibiotics for MRSA treatment, especially since the
appearance of vancomycin resistant (VRSA) strains (Cen-
ters for Disease Control and Prevention, 2003; Chang
et al., 2003). Liquid fermentation was used in conjunction
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with bioautography, to qualitatively indicate the presence
of antibacterial compounds, facilitating the isolation of
compound 1 by vacuum liquid chromatography.
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2. Results and discussion

Bioautography of the Diaion HP20 resin extract of the
fermentation filtrate led to the isolation of compound 1

as a white solid. High-resolution ESI-TOFMS in the posi-
tive mode suggested a molecular formula of C29H46O5. Sig-
nals in the 1H and 13C NMR spectra (Table 1) for five

methyl singlets, one methyl doublet, four olefinic carbons
and a carbonyl of a carboxylic acid (dC 173.8), were indic-
ative of a fusidane class triterpene of the fusidic acid type
(Rastup-Andersen and Duvold, 2002).

By careful analysis of the HMBC, HMQC and COSY
spectra it was possible to show that 1 was a new fusidic acid
analogue. Assuming that the methyl doublet was C-28 of
the fusidane skeleton, the protons of this group coupled
to a methine proton (dH 1.54, H-4) in the COSY spectrum.
H-4 formed part of a spin system with a deshielded methine
(dH 3.73, H-3) and two methylene groups (at C-2 and C-1).
In the HMBC spectrum, C-1 was coupled to by the protons
of methyl-C19 (dH 0.95) which showed further couplings to
C-10 (2J), C-9 (3J) and C-5 (3J). In the COSY spectrum, H-
5 (dH 2.31 m) coupled to both protons of a methylene moi-
ety (C-6, dH 1.45, 1.67), which further coupled to a
deshielded oxymethine proton (C-7, dH 3.00, t). Inspection
of the HMBC spectrum showed that the carbon associated
with this deshielded proton was coupled to by the protons
of a further angular methyl singlet (C-30), which showed
additional couplings to a methine carbon (C-9) and two
quaternary carbons (C-8, dC 45.6 and C-14, dC 49.6). This
completed the resonances for the A and B rings of com-
pound 1. Inspection of the COSY spectrum showed that
the proton associated with C-9 (H-9) formed part of a
CH–CH–CH2–CH spin system which allowed identifica-
tion of positions C-9, C-11, C-12 and C-13, respectively.
C-11 was deshielded (dC 68.7, dH 4.37) indicating that an
oxygen should be placed here. Furthermore, H-13 (delin-
eated by inspection of the HMQC spectrum) was also
deshielded (dH 3.05) suggesting that it was allylic and that
an olefinic carbon (C-17) should be placed at the neigh-
bouring carbon, which is typical for fusidic acid metabo-
lites (Rastup-Andersen and Duvold, 2002). The protons
of a methyl group (C-18) coupled to C-13 (3J), C-14 (2J)
and to a methylene carbon (C-15, 3J). CH2-15 coupled to
a deshielded allylic methylene group (dH 2.68, 2.86 (CH2-
16)) which again was supportive of being alpha to an ole-
finic carbon (C-17, dC 160.4). This completed rings C and
D of 1. H-13 and H2-16 both gave a 2J coupling to C-17
and a 3J coupling to C-20, suggesting a C-17,20 double
bond. In the HMBC spectrum C-17 was also coupled to
by the protons of an allylic methylene (C-22, dH 2.44)
which also coupled to a carbonyl carbon of a carboxylic
acid group (C-21) and an olefinic methine carbon (C-24,
dC 124.0). A further methylene (C-23) could be placed
between C-22 and C-24 by couplings observed in the
COSY spectrum. Finally, two deshielded geminal methyl
groups could be placed on an olefinic carbon (C-25) via

their HMBC correlations to this carbon and to the olefinic
partner C-24 finalising the C-24–C-25 double bond. These
resonances completed the eight carbon chain of the fusi-
dane triterpene skeleton. HRESI-MS of 1 suggested a
molecular formula of C29H46O5 [M]+ (475.3422). From
the chemical shift values of H-3, H-7 and H-11, hydroxyl
groups must be placed at these positions. From the molec-
ular formula and chemical shift of the C-21 carbon, a car-

Table 1
1H (400 MHz) and 13C NMR (100 MHz) spectral data and 1H–13C long-
range correlations of 1 recorded in CDCl3

Position 1H 13C 2J 3J

1 1.50 m, 2.23 m 30.0
2 1.75 m, 1.81 m 29.9
3 3.73 bq 71.4 C-2 C-5
4 1.54 m 37.3
5 2.31 m 36.2
6 1.45 m, 1.67 m 34.1
7 3.99 t (8.0) 70.9 C-6 C-14, C-30
8 – 45.6 – –
9 1.52 m 50.8 – –
10 – 36.7 – –
11 4.37 bs 68.7 – C-8
12 1.75 m, 2.39 m 36.4
13 3.05 bd (12.1) 46.0 C-14, C-17 C-15, C-20
14 – 49.6 – –
15 1.54 m, 1.77 m 33.4 – –
16 2.68 m, 2.86m 33.0 C-15, C-17 C-20
17 – 160.4 – –
18 0.89 s 15.9 C-14 C-8, C-13, C-15
19 0.95 s 24.4 C-10 C-5, C-1, C-9
20 – 125.0 – –
21 – 173.8 – –
22 2.44 m 28.5 C-20, C-23 C-17, C-21
23 2.02 m, 2.17 m 29.4 C-22, C-24 C-25
24 5.12 t, (7.2) 124.0 C-23 C-26, C-27
25 – 132.2 – –
26 1.61 s 18.0 C-25 C-24, C-27
27 1.67 s 25.9 C-25 C-24, C-26
28 0.93 d (6.8) 16.0 C-4 C-3, C-5
30 1.36 s 14.6 C-8 C-7, C-9, C-14
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boxylic acid must be placed at C-21 and this is identical to
that seen in fusidic acid (see Fig. 1).

The final consideration was to assign stereochemistry of
hydroxyl groups at C-3, C-7 and C-11. The hydrogens at
C-3 and C-11 were assigned as equatorial (rel b) on the
basis of no large discernable couplings for these signals,
which would make the hydroxyl groups at these positions
both a and axial. The coupling constant for H-7 (d 3.99,
t) was 8.0 Hz indicating an axial-axial interaction with
the axial partner of CH2-6. This would make H-7 axial
(a) and the OH at this position therefore equatorial (b).
This was further supported by an NOE between H-7 and
CH3-30 indicating that they are both on the alpha face of
the fusidane skeleton.

Fusidic acid and all known analogues to date have no
substitution on carbon 7. Compound 1 possesses an hydro-
xyl at this position. A. crotocinigenum has also been found
to produce analogues with an hydroxyl on carbon 16 and 1

is the first member of this class to be completely unsubsti-
tuted at the C-16 position.

Compound 1 was tested against a battery of drug-resis-
tant bacteria and where active, possessed a minimum inhib-
itory concentration of 16 lg/ml, which although
occasionally more active than erythromycin and norfloxa-
cin, was significantly less potent than the fusidic acid
comparator.

3. Experimental

3.1. General experimental procedures

NMR spectra were recorded on a Bruker AVANCE
500 MHz spectrometer. Chemical shift values (d) were
reported in parts per million (ppm) relative to appropriate
internal solvent standard and coupling constants (J values)
are given in Hertz. Accurate mass measurements were
determined on a Micromass Q-TOF Ultima Global Tan-
dem Mass Spectrometer. The sample was run under elec-
trospray ionisation mode using 50% acetonitrile in water
and 0.1% formic acid as solvent. [Glu]-fibrinopeptide B

peptide was used as an internal standard,
[M+2H]2+ = 785.8426.

IR spectra were recorded on a Nicolet 360 FT-IR spec-
trophotometer and UV spectra on a Thermo Electron Cor-
poration Helios spectrophotometer.

3.2. Fungal strain

Cultures were maintained on malt extract agar (Oxoid)
and for long term storage on malt extract agar plugs sub-
merged in sterile distilled water at room temperature, as
part of the University of Westminster culture collection
(Culture No. cc56). The isolate was identified as A. crotoci-
nigenum by David Brayford, initially through DNA
sequencing of a PCR product amplified from the variable
ITS (internal transcribed spacer) region of the ribosomal
RNA locus using the conserved primers ITS1F and ITS4
(White et al., 1990; Gardes and Bruns, 1993). A search of
DNA sequence databases with 508 bp of DNA sequence
from this PCR product using the FASTA algorithm (Pear-
son and Lipman, 1988; http://www.ebi.ac.uk/fasta/)
revealed the most closely related sequence accession to be
AJ621773 (Acremonium crotocinigenum), which showed
98.2% identity over a 513 bp overlap. This A. crotocinige-
num strain was isolated from the basidiome of Trametes

versicolor in a Hungarian coal mine (Schol-Schwarz,
1965) and was named by Gams (1971). Comparisons of
the conidia, chlamydospores and colony appearance with
those described in Schol-Schwarz (1965) and Gams
(1971) were used to confirm that cc56 was indeed morpho-
logically the same as A. crotocinigenum. Further confirma-
tion was obtained by direct comparison of cc56 with strain
CABI 112775 (syn. CBS 129.64) kindly supplied by the
International Mycological Institute, Egham, UK. The
ITS sequence for isolate cc56 has been deposited in the
GenBank database (accession number DQ882846).

3.3. Fermentation and extraction

Inoculum for the fermentation was prepared by vigor-
ously shaking twenty 8 mm diameter plugs, excised from
an actively growing culture of A. crotocinigenum on 2%
malt extract agar (Oxoid), in 10 ml of sterile distilled water
containing 2–3 ml of glass beads (VWR). The resulting
mycelial suspension (2 ml) was added to each of twenty
1000 ml conical flasks, containing 200 ml of sterilised 2%
potato dextrose broth (Difco). The flasks were incubated
on a rotary shaker (200 rpm) for two weeks at 26 �C.

Biomass was removed from the culture broth by filtering
through muslin prior to filtration through a Whatman No.
1 filter paper. The filtrate was then extracted with Diaion
HP20 resin (400 ml; Mitsubishi) which had previously been
washed with HPLC grade methanol (Merck) and thor-
oughly conditioned with distilled water. The resin was
removed, washed with distilled water (2 · 1000 ml) and
eluted with HPLC grade methanol (2 · 1000 ml). The
methanolic eluent was evaporated to dryness.

H
HO

HO
H

CO2H

H

OH

(1)

H
HH

Fig. 1. Key COSY (double headed arrow) and HMBC (single headed
arrow) correlations for compound 1.
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3.4. Isolation

The crude HP20 resin extract of the culture filtrate was
dissolved in methanol (5 ml) and combined with an equiv-
alent mass of silica gel (flash chromatography grade; BDH;
1.6 g) and evaporated. The slurry was packed in a pre-col-
umn cartridge assembled in a Biotage� chromatography
apparatus along with a 40 mm diameter silica gel column.

The column was eluted with the following mobile phase
fractions: 100% dichloromethane (100 ml), 2% methanol/
dichloromethane (200 ml), 4% methanol/dichloromethane
(200 ml), 6% methanol/dichloromethane (200 ml), 8%
methanol/dichloromethane (200 ml) and finally 10% meth-
anol/dichloromethane (200 ml). None of the fractions were
observed to contain the desired metabolite which had cor-
related to a zone of inhibition in the bioautographical anal-
ysis. The column was therefore further eluted with 20%
methanol/dichloromethane and a series of 30 ml volume
fractions were collected. TLC analysis showed the target
compound to be present in fractions 7–18. These fractions
were combined, evaporated to dryness and re-dissolved in
9:1 ethyl acetate/n-hexane (2 ml) for further fractionation
on a 10 mm diameter Biotage column, using isocratic 9:1
ethyl acetate/n-hexane as the mobile phase, fractionated
into 7 ml fractions. The target compound was contained
in fractions 5–15, these were combined, dried and reconsti-
tuted in 8% methanol/dichloromethane for further iso-
cratic fractionation using the same solvent and a 10 mm
Biotage column. Fractions of 3 ml volume were collected,
TLC analysis showed the compound to be solely present
in fractions 12–32. These fractions were combined and
the dry weight of pure compound determined to be
17.1 mg.

3.5. Thin layer chromatography and bioautography analysis

Thin layer chromatography (TLC) separation was
achieved using silica gel plates and three solvent systems
(9:1 dichloromethane/methanol; 6:4 ethyl acetate/n-hexane
and 9:1 ethyl acetate/n-hexane). All solvents used were
HPLC grade.

Metabolites were visualised on the TLC plates by spray-
ing with a 4% vanillin/concentrated sulphuric acid solution
and heating with a hot air gun.

Bioautographic analysis was performed using Staphylo-

coccus aureus (NCTC 6571) as the test organism.
S. aureus inoculum was prepared by seeding a 100 ml

conical flask containing sterile nutrient broth (10 ml), the
flask was shaken overnight at 200 rpm at 37 �C.

The inoculum was applied to the run TLC plates by
gently dabbing with sterilised foam. The seeded plates were
subsequently incubated overnight at 37 �C in a humidified
chamber. The incubated plates were then sprayed with
nitro-blue tetrazolium (Sigma Ltd.) in order to stain the
live S. aureus and then re-incubated for 1 h to develop,
the undeveloped areas of the plates indicating the presence
of growth-inhibiting compounds.

3.6. Antibacterial assay

S. aureus strain ATCC 25923 was the generous gift of E.
Udo (Kuwait University, Kuwait). S. aureus RN4220 con-
taining plasmid pUL5054, which carries the gene encoding
the MsrA macrolide efflux protein, was provided by J.
Cove (Ross et al., 1989). Strain XU-212, which possesses
the TetK tetracycline efflux protein, was provided by E.
Udo (Gibbons and Udo, 2000). SA-1199B, which
overexpresses the norA gene encoding the NorA MDR
efflux protein was provided by G. Kaatz (Kaatz et al.,
1993). All Staphylococcus aureus strains were cultured on
nutrient agar and incubated for 24 h at 37 �C prior to
MIC determination. Bacterial inocula equivalent to the
0.5 McFarland turbidity standard were prepared in normal
saline and diluted to give a final inoculum density of
5 · 105 cfu/ml. The inoculum (125 ll) was added to all
wells and the microtitre plate was incubated at 37 �C for
18 h. The MIC was recorded as the lowest concentration
at which no bacterial growth was observed as previously
described (Gibbons and Udo, 2000) (see Table 2).

3.7. 16-Deacetoxy-7b-hydroxyfusidic acid (1)

White powder; ½a�21D � 113:64� (c 0.08, CHCl3); UV
(ACN) kmax (log e): 233 (3.96) nm; IR mmax (thin film)
cm�1: 3369.62, 2924.39, 1715.97, 1696.02, 1558.27,
1436.56, 1375.42, 1255.07 1053.01, 934.01, 653.86; 1H
NMR and 13C NMR (CDCl3): see Table 1; HRES-MS
(m/z): 475.3422 [M+H]+ (calc. for C29H47O5, 475.3418).

Table 2
MICs of 1 and standard antibiotics in lg/ml

Strain (resistance mechanism) 1 Fusidic acid Norfloxacin Erythromycin Tetracycline

ATCC 25923 16 0.125 2 0.25 0.25
SA-1199B (NorA) 16 0.125 32 0.25 0.25
RN4220 (MsrA) 16 0.25 2 128 0.25
XU212 (TetK, mecA) >64 >64 16 >256 128
EMRSA-15 16 0.125 0.5 2048 0.125
EMRSA-16 (mecA) >64 4 128 4096 0.125

All MICs were determined in duplicate.
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A new eudesmane sesquiterpene (1) and a C10 diyne (2) were isolated from the aerial parts of Artemisia
monosperma. The structures of these compounds were determined as rel-1â,3R,6â-trihydroxyeudesm-4-
ene (1) and 1,3R,8R-trihydroxydec-9-en-4,6-yne (2) on the basis of spectral data interpretation. The
absolute stereochemistry of 2 was determined using Mosher ester methodology in which the terminal
primary hydroxyl group was first protected to simplify the stereochemical analysis.

In an ongoing phytochemical study of selected species
of the Kuwaiti flora,1 the aerial parts of Artemisia mono-
sperma Del. (Asteraceae) have been investigated. This
species grows along the northwestern border with Iraq, and
its distribution in Kuwait is restricted to the sandy gullies
of Wadi Al-Batin. Previous investigation of this plant has
led to the isolation of a series of acetylenes and acetophe-
nones,2 an insecticidal aromatic acetylene,3 and flavones
and flavanol glycosides.4

The aerial parts of A. monosperma were dried and
extracted in a Soxhlet apparatus. Compound 1 was isolated
as an oil from the hexane extract. Signals in the 1H and
13C NMR spectra (Table 1) were characteristic of a eudes-
mane sesquiterpene,5,6 this class being commonly found in
the genus Artemisia.7 By inspection of the HMBC and
COSY spectra it could be shown that compound 1 had the
connectivities typical of a eudesmane skeleton. From
HMBC and DEPT-135 data, a methyl singlet (C-14)
exhibited a 2J correlation to C-10 and 3J correlations to
C-9 (CH2), C-5 (quaternary), and an oxymethine carbon (C-
1). From the HMQC spectrum, the proton directly attached
to this carbon was a broad doublet (J ) 12.9 Hz) and
therefore axial. This proton coupled to two protons of a
methylene group (C-2) that further coupled to another
oxymethine proton (H-3, δH ) 4.38, δC ) 85.1), which was
a broad singlet and equatorial in orientation. In the HMBC
spectrum, the carbon to which this proton was attached
was correlated with the protons of a downfield methyl
group (C-15), which was deshielded (δH ) 1.88) being
directly attached to a double bond. This was confirmed by
a 2J correlation between these methyl protons to a qua-
ternary olefinic carbon (C-4) and a 3J correlation to a
further quaternary carbon (C-5, δC ) 144.7), which was
also coupled to H-3 and the methyl protons of C-14, placing
this carbon at C-5 and not C-4.

Further signals in the 1H NMR spectrum included the
most deshielded oxymethine proton (δH ) 4.84), which gave
HMBC correlations to carbons C-4 and C-5 and must
therefore be placed at C-6. This resonance was a sharp
singlet (equatorial) and coupled to a further methine proton
(H-7) in the COSY spectrum. H-7 exhibited further cou-
plings to a methine proton (H-11), which formed part of
the typical eudesmane sesquiterpene isopropyl moiety

commonly found at C-7 of this natural product class.7 This
was supported by the presence in the 1H NMR spectrum
of two methyl doublets, which in the COSY spectrum
coupled to H-11. Additionally, H-7 coupled to a methylene
group (C-8) that also correlated to the C-9 methylene group,
therefore completing the B-ring and the 4-eudesmene
skeleton.

From the coupling constant of 12.9 Hz for H-1 this proton
must be axial, and lack of any discernible couplings for H-3
and H-6 (both singlets) implies that these protons are
equatorial. Accurate mass determination indicated a mo-
lecular formula of C15H26O3, which suggests that hydroxyl
groups must be placed at C-1, C-3, and C-6. Compound 1
was therefore assigned as rel-1â,3R,6â-trihydroxyeudesm-
4-ene and is reported here for the first time. A paucity of
material prohibited determination of absolute stereochem-
istry.

* To whom correspondence should be addressed. Tel: ++44 207 753 5913.
Fax: ++44 207 753 5909. E-mail: simon.gibbons@ulsop.ac.uk.

† University of London.
‡ Kuwait University.
§ Cubist Pharmaceuticals.
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Table 1. 1H and 13C NMR Data (δ) for Compounds 1 and 2a

1 2

position 1H 13C position 1H 13C

1 3.65 bd (12.9) 73.3 1 3.70 m 59.1
2 1.83 m, 2.31

bd (14.0)
30.8 2 1.89 m 41.3

3 4.38 bs 85.1 3 4.56 t (6.9) 60.2
4 125.5 4 82.0
5 144.7 5 68.9
6 4.84 s 67.4 6 70.1
7 0.91 m 48.9 7 79.5
8 1.62 m 19.2 8 4.88 d (5.4) 63.8
9 1.11 m, 1.99

(12.6)
37.7 9 5.91 ddd (17.0,

10.1, 5.4)
138.1

10 39.2 10 5.19 d (10.1),
5.40 bd (17.0)

116.1

11 1.70 m 28.9
12 1.00 d (6.3) 20.7
13 0.97 d (6.3) 21.2
14 1.16 s 18.0
15 1.88 s 17.2
a Measured in CDCl3. Coupling constants (Hz) in parentheses.
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Compound 2 was isolated from the CHCl3 extract by
preparative TLC. Signals in the 1H NMR and 13C NMR
spectra (Table 1) included two signals of an exomethylene,
a highly coupled olefinic proton, two oxymethine protons,
one oxymethylene group, and one methylene group. In
addition to these resonances, the carbon spectrum showed
the presence of four quaternary carbons, which were very
similar to those seen in diacetylenic natural products such
as falcarindiol;8 in fact, the olefinic and oxymethine reso-
nances were in close agreement with those reported for this
diyne natural product.8 The presence of triple bonds in
compound 2 was confirmed by a weak absorption (2357
cm-1) in the IR spectrum.

The COSY spectrum of 2 indicated that the exocyclic
methylene protons coupled to the olefin, which in turn also
coupled to an oxymethine proton (δ 4.88), and this exhibited
2J and 3J correlations in the HMBC spectrum to two
acetylenic carbons (C-7 and C-6). Further couplings in the
COSY spectrum included those between the oxymethylene,
methylene, and remaining oxymethine proton, which re-
sulted in a CH(O)-CH2CH2OH spin system. In the HMBC
spectrum the oxymethine resonance of this spin system also
coupled to two acetylenic quaternary carbons (C-4 and C-5).
The shielded nature of the two triple bonds suggested that
they must be conjugated and connected, and this feature
is commonly seen with other acetylenes such as falcarin-
diol.8-10 HREIMS suggested a molecular formula of
C10H12O3, and therefore three hydroxyl groups must be
placed at the oxymethine (C-3 and C-8) and oxymethylene
carbons (C-1). Compound 2 was therefore assigned as 1,3,8-
trihydroxydec-9-en-4,6-yne. The final problem that re-
mained was the assignment of absolute stereochemistry
at carbons 3 and 8, and this was resolved using a modified
Mosher method.11

The tert-butyl dimethylsilyl (TBDMS)-protected 2 was
treated with (R)-(-)- and (S)-(+) methoxyphenylacetic acid
(MPA) in two separate reactions to give the bis-(R)- and
bis-(S)-MPA esters (2a and 2b, respectively). δ∆R,S values
(δR - δS) are shown in Figure 1. The δ∆R,S values for H2-1
and H2-2 were positive, indicating R stereochemistry at
C-3. By analogy, the δ∆R,S values for H-9 and H2-10 were
positive, indicating R stereochemistry at C-8.

Both compounds were tested against methicillin- and
multidrug-resistant strains of Staphylococcus aureus but
were inactive (MIC > 128 µg/mL). This was surprising in
the case of 2, which shares some similarity with the anti-
staphylococcal acetylene, falcarindiol.12

Experimental Section

General Experimental Procedures. Optical rotations
were measured on a Bellingham and Stanley ADP 200 pola-
rimeter. IR spectra were recorded on a Nicolet 360 FT-IR
spectrophotometer. 1H NMR (500 MHz) and 13C NMR (125
MHz) spectra were recorded in CDCl3 on a Bruker Avance 500

spectrometer. Chemical shift values (δ) are reported in parts
per million (ppm) relative to NMR solvent CDCl3 (δH ) 7.27,
δC ) 77.0). Coupling constants (J values) are given in Hz. 1H-
1H COSY, HMBC, and HMQC experiments were recorded with
gradient enhancements using sine-shaped gradient pulses.
Accurate mass measurement was performed on a Finnigan
MAT 95 high-resolution magnetic sector mass spectrometer
using electron ionization and voltage scanning at 10 000
resolution. Vacuum-liquid chromatography on Merck silica gel
60 PF254+366 was used for fractionation and isolation. TLC was
performed using Kieselgel 60 F254 (Merck) precoated plates,
and spots were visualized by spraying with vanillin-sulfuric
acid spray followed by heating.

Plant Material. Artemisia monosperma was collected from
the sandy gullies in northwestern Kuwait bordering Iraq,
interspersed with sandstone ridges and opening westwards
into the extensive plains of the Wadi Al-Batin. The material
was identified by K.T.M. A voucher specimen (KTM 4225,
collected by K.T.M. and S.G. in February 1999) is deposited
at the Kuwait University Herbarium (KTUH).

Extraction and Isolation. The aerial parts were air-dried
for 3 days and ground to a fine powder. The powdered plant
material (285 g) was extracted sequentially in a Soxhlet
apparatus (3 L each) with hexane, chloroform, and methanol.
Vacuum-liquid chromatography (VLC) of the hexane extract
(10 g) was performed using a step gradient of 10% EtOAc in
hexane followed by a final methanol wash to yield 12 fractions.
Flash chromatography of VLC fraction 5 (1.4 g, 6:4 hexane-
EtOAc) employing an 8:2 hexane-EtOAc isocratic system,
followed by multiple preparative TLC (96 mg, 7:3 hexane-
EtOAc, 3 developments), afforded 3 mg of compound 1.

The chloroform extract (10 g) was subjected to VLC as
described above. LH-20 Sephadex chromatography of VLC
fraction 10 (231 mg; eluted using 90% EtOAc in hexane) using
dichloromethane yielded nine fractions. Fractions 6 and 7 were
combined (29 mg) and subjected to preparative TLC (toluene-
EtOAc-AcOH, 30:68:2) to afford compound 2 (10 mg).

Compound 1 (rel-1â,3R,6â-trihydroxyeudesm-4-ene):
colorless oil, [R]D

25 +314° (c 0.05, CHCl3); IR νmax (thin film)
3362, 2939, 2868, 1738, 1217, 781 cm-1; 1H and 13C NMR data
(CDCl3), see Table 1; HREIMS m/z 254.1864 (calcd for C15H26O3,
254.1882).

Compound 2 (1,3R,8R-trihydroxydec-9-en-4,6-yne): col-
orless oil, [R]D

25 +127° (c 0.24, MeOH); UV (MeOH) λmax (log
ε) 234 (3.18), 255 (3.05), 282 (3.05) nm; IR νmax (thin film) 3259,
2357, 1635, 1507, 792 cm-1; 1H and 13C NMR data (CDCl3),
see Table 1; HREIMS m/z 180.0788 (calcd for C10H12O3,
180.0786).

Determination of Absolute Stereochemistry of Com-
pound 2. TBDMS Protection of 2. Compound 2 (500 µg, 2.8
µmol) was dissolved in 750 µL of CDCl3. To this mixture were
added 20 µL aliquots of a 2.5:1 mixture of imidazole and
TBDMS-Cl (1 µmol/mL). The reaction was monitored by NMR,
and when complete protection of the primary alcohol was
observed, the mixture was applied directly to a preconditioned
3 mL silica gel solid-phase extraction cartridge (Bakerbond).
The TBDMS-protected 2 was eluted with 50% EtOAc-hexane
and evaporated to dryness.

MPA Esterification of TBDMS-Protected 2. To a vial
containing the TBDMS-protected 2 were added 1.5 mg of R-
or S-MPA, 15 mg of polystyrene-carbodiimide (Argonaut Inc.,
Foster City, CA), and 200 µg of DMAP. The reaction mixture
was dissolved in 750 µL of CDCl3 and placed on a rotary shaker
overnight. The reaction mixture was applied directly to a
preconditioned 3 mL silica gel solid-phase extraction cartridge
(Bakerbond). The desired product was eluted with CDCl3 and
evaporated to dryness.
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A new pyranone, 5-hydroxy-3-methoxy-4H-pyran-4-one (1), was isolated from the aerial parts of the desert
shrub Haloxylon salicornicum. The structure was elucidated by X-ray structural analysis, NMR
spectroscopy, and mass spectrometry. The monoacetate was also prepared, and molecular modeling studies
and full NMR data were recorded.

As part of a continuing study into the chemistry and
chemotaxonomy of the desert flora of Kuwait,1 we have
studied the chemistry of Haloxylon salicornicum (Moq.)
Bunge ex Boiss. (Chenopodiaceae) and isolated a new
simple pyranone (1) from a chloroform extract of the aerial
parts of the plant. Previous phytochemical studies on this
species has led to the isolation of simple quinolines2 and
tyramine derivatives.3 The family Chenopodiaceae is well
represented in Kuwait,4 and some of the most hardy
perennial desert plants belong to this taxon. The family is
known for its propensity for tolerance of salty and xeric
conditions.

By Biotage flash chromatography and recrystallization,
compound 1 was isolated as fine needles. The EIMS of
compound 1 indicated a molecular ion at m/z 142. By
recrystallization from methanol-ethyl acetate (1:1), a
crystal of sufficient quality of 1 was obtained for X-ray
structural analysis, which on completion led to the solution
of the structure of compound 1 (Table 1, Figure 1). Natural
product 1 is assigned as the new pyranone, 5-hydroxy-3-
methoxy-4H-pyran-4-one monohydrate.

NMR studies on this natural product confirmed the X-ray
analysis of 1. Signals in the 1H and 13C NMR spectra
indicated the presence of a methoxyl (δH 3.77, δC 57.8), two
superimposed olefinic protons (δH 8.01 2H, δC 139.5, 142.0),
and a broad hydroxyl moiety (δH 7.62). Compound 1 was
acetylated to yield its acetate (2), which was subjected to
1D and 2D NMR studies. Both olefinic protons were now
separate, but each of their corresponding carbon signals
appeared as two signals. Analysis of the HMBC spectrum
of 2 revealed correlations between an olefinic proton (H-6)
and C-5 (2J), the C-4 carbonyl and C-2 (both 3J). The
remaining olefinic proton, H-2, exhibited correlations with
C-3 (2J), C-4, and C-6 (3J), which completed the pyran-4-
one nucleus. The remaining cross-peaks could be attributed
to the methoxyl protons to C-5 (3J) and the acetyl methyl
group to its carbonyl (2J). To account for the doubling of
the carbon resonances at positions C-2 and C-6 in com-
pound 2, molecular modeling was carried out to determine

whether the acetylate adopted two low-energy conforma-
tions. Using semiempirical quantum mechanical energy
calculations (MOPAC), conformational analysis about the
C(4)-C(3)-O(3)-acetyl torsion angle revealed two differ-
ent low-energy conformers that cannot interconvert (Figure
2). This would explain the doubling of NMR signals for the
carbons at positions C-2 and C-6.

The demethyl parent compound, rubiginol (3), has been
reported to be an insect sex pheromone from the male

* To whom correspondence should be addressed. Tel: 0207 753 5913.
Fax: 0207 753 5909. E-mail: sgibbons@cua.ulsop.ac.uk.

† University of London.
‡ Department of Pharmaceutical Chemistry, Kuwait University.
§ Herbarium, Kuwait University.
⊥ University of Western Australia.
| University of Strathclyde.

Table 1. Atomic Positional and Isotropic Displacement
Parameters

atom x y z Ueq (Å2)

O(1) 0.1981(2) 0.3086(1) 0.0090(1) 0.0753(9)
C(2) 0.2678(2) 0.3768(2) 0.1033(2) 0.063(1)
C(3) 0.3205(2) 0.5379(2) 0.1100(1) 0.0466(8)
O(3) 0.3934(2) 0.6112(1) 0.20263(8) 0.0554(7)
C(31) 0.4276(3) 0.5034(2) 0.2961(2) 0.062(1)
C(4) 0.3036(2) 0.6489(2) 0.0145(1) 0.0445(8)
O(4) 0.3515(2) 0.7995(1) 0.01601(9) 0.0605(7)
C(5) 0.2284(2) 0.5708(2) -0.0837(1) 0.0475(8)
O(5) 0.2117(2) 0.6711(2) -0.17438(9) 0.0616(7)
C(6) 0.1807(3) 0.4072(2) -0.0827(2) 0.062(1)
O(0) 0.5526(2) 0.9921(2) 0.1643(1) 0.0683(8)
H(2) 0.278(3) 0.303(3) 0.162(2) 0.086(6)
H(31a) 0.500(3) 0.566(3) 0.353(2) 0.084(6)
H(31c) 0.499(3) 0.405(3) 0.274(2) 0.079(6)
H(31b) 0.319(2) 0.467(2) 0.326(2) 0.072(5)
H(5) 0.154(3) 0.612(3) -0.233(2) 0.083(6)
H(6) 0.133(3) 0.345(3) -0.144(2) 0.080(6)
H(0a) 0.491(4) 0.926(3) 0.118(2) 0.103(8)
H(0b) 0.607(3) 1.058(3) 0.121(2) 0.093(7)

Figure 1. Molecular projection, normal to the plane of the molecule,
showing 20% thermal ellipsoids for the non-hydrogen atoms, hydrogen
atoms having arbitrary radii of 0.1 Å.
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cotton harlequin bug Tectoris diopthalmus.5 It is possible
that H. salicornicum stores rubiginol as its monomethyl
ether (1), which may then be demethylated to the sex
pheromone, which could possibly act as a pollination aid.

Experimental Section

General Experimental Procedures. The NMR spectra
of 1 and 2 (acetone-d6, 400 MHz for 1H, 100 MHz for 13C) were
run using a Bruker AMX-400 spectrometer with acetone as
internal standard. EIMS were recorded on a Fisons AutospecQ
instrument.

A sphere of X-ray data (8129 reflections) was measured
using a Bruker AXS CCD detector instrument at ca. 300 K
[specimen-detector 5 cm, 2θmax ) 58°; 5 s frames, ω scan (0.3°
increments); monochromatic Mo KR radiation, λ ) 0.71073 Å),
and processed using proprietary software (SAINT/SADABS/
XPREP) to yield 1382 independent reflections (Rint ) 0.031),
all being used in the full-matrix least-squares refinement,
refining anisotropic thermal parameter forms for C, O as well
as (x, y, x, Uiso)H. Some deterioration (dehydration?) of the
crystal occurred during data collection and was compensated
for by appropriate scaling. Conventional residuals R, Rw

(statistical weights) on |F| were 0.044, 0.059. Pertinent results
are given in Figure 1 and Table 1. Crystallographic data for 1
has been deposited with the Cambridge Crystallographic Data
Centre. Copies of data can be obtained, free of charge, on
application to the Director, CCDC, 12 Union Road, Cambridge
CB2 1EZ, U.K. (fax: +44-(0)1223-336033 or e-mail: deposit@
ccdc.cam.ac.uk). Neutral atom complex scattering factors were
employed, computation using the Xtal 3.5 program system.6

A search of the Cambridge Structural Database7 revealed
no structurally similar 3,5 disubstituted 4H-pyranone deriva-
tives that have been crystallized. The structure was built using
the molecular modeling package CHEMX8 and was optimized
by the ab initio quantum mechanics program GAMESS9 with
the 3-21G basis set. The conformational flexibility about the
C(4)-C(3)-O(3)-acetyl torsion angle was examined by adjust-
ing the angle in 10° increments with CHEMX and optimizing
the structure using the semiempirical quantum mechanics
package MOPAC (version 6) with the AM1 Hamiltonian.10

The torsion angle was fixed in each case. The keywords
PRECISE, GEO-OK, GNORM)0.1 were specified with the
BFGS optimizer.

Plant Material. Plant material was collected from the Jal-
Az-Zoor in March 1998. A voucher specimen has been depos-
ited at the Kuwait University Herbarium (KTUH), Khaldiyah,
Kuwait.

Extraction and Isolation. The dried aerial parts of H.
salicornicum (500 g) were extracted at room temperature in
chloroform (3 × 2.5 L) and methanol (2 × 2.5 L). The
chloroform extract was reduced under vacuum to give a residue
of 20 g. This was then subjected to Biotage flash chromatog-
raphy (Flash 75 S Si gel cartridge) eluting with hexane with
increasing 10% amounts of ethyl acetate and finally 10%
methanol in ethyl acetate. The residue from the fraction eluted
with 70% ethyl acetate in hexane was then recrystallized from
ethyl acetate to yield compound 1 (200 mg).

5-Hydroxy-3-methoxy-4H-pyran-4-one (1): colorless nee-
dles (acetone); mp 107-108 °C; UV (methanol) λmax (log ε) 299
(1.3) nm; IR νmax (film) 3200, 3070, 1580, 1470, 1312, 1216,
1079, 952 cm-1; 1H NMR (acetone-d6, 400 MHz) δ 8.01 (2H, s,
H-2, H-6), 7.62 (1H, s, OH), 3.77 (3H, s, MeO); 13C NMR
(acetone-d6, 100 MHz) δ 169.8 (s, C-4), 148.2 (s, C-5), 147.1 (s,
C-3), 142.0 (d, C-2), 139.5 (d, C-6), 57.8 (q, OMe); EIMS m/z
142 [M]+ (100), 124 (35), 112 (55), 96 (30), 83 (35), 71 (20), 58
(60); FABMS m/z 165 [M+Na]+ (40), 143 (100), 139 (25);
HRFABMS m/z 143.0341 (calcd for C6H7O4, 143.03443).

Crystal data: C6H8O5, Mr ) 160.1; monoclinic, space group
P21/c (C5

2h, no. 14), a ) 7.615(2) Å, b ) 7.892(2) Å, c ) 12.013(3)
Å, â ) 91.682(5)°, V ) 721.6 Å3. Dc (Z ) 4) ) 1.474 g cm-3;
F(000) ) 336. µMo (no correction) ) 1.3 cm-1; specimen:
0.48 × 0.28 × 0.15 mm. nν ) 133; |∆Fmax| ) 0.23 e Å-3.

Acetylation of Compound 1: Compound 1 (10 mg) was
dissolved in pyridine (2 mL), and then acetic anhydride (1 mL)
was added. The mixture was left overnight and then evapo-
rated under nitrogen. The resulting solid was then recrystal-
lized from acetone to afford compound 2 (8 mg).

3-Acetoxy-5-methoxy-4H-pyran-4-one (2): cubes (ac-
etone); mp 87-88 °C; UV (acetone) λmax (log ε) 324 (0.18) nm;
IR νmax (KBr) 2917, 2849, 1759, 1625, 1369, 1283, 1180, 1067
cm-1; 1H NMR (acetone-d6, 400 MHz) δ 8.21 (1H, s, H-2), 8.00
(1H, s, H-6), 3.76 (3H, s, MeO), 2.24 (3H, s, Me); 13C NMR
(acetone-d6, 100 MHz) δ 168.3 (s, C-4), 168.3 (s, acetyl
carbonyl), 150.5 (s, C-5), 149.3 and 149.2 (d, C-2), 141.5 (s,
C-3), 141.0 and 140.9 (d, C-6), 57.5 (q, OMe), 20.2 (q, Me);
EIMS m/z 368 [2M]+ (10), 340 (5), 312 (10), 181 (20), 137 (30);
FABMS m/z 207 [M + Na]+ (100), 185 [M + H]+ (35), 176 (30),
143 (60); HRFABMS m/z 207.0270 (calcd for C8H8O5Na,
207.0269).
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Abstract

A new n-alkyl ester of 3,4-dihydroxycinnamic acid (ca�eic acid) has been isolated from the halophytic plant, Halocnemum

strobilaceum. Its structure was elucidated by NMR and mass spectroscopy. # 1999 Published by Elsevier Science Ltd. All rights
reserved.

Keywords: Halocnemum strobilaceum; Chenopodiaceae; Ca�eic acid ester; Docosyl-3,4-dihydroxycinnamate; Docosyl ca�eate

1. Introduction

The ¯ora of Kuwait consists of ca. 400 species of
native and naturalized vascular plants (Daoud & Al-
Rawi, 1985; Al-Rawi, 1987). The largest plant families
in the descending order of species representation are
Gramineae, Asteraceae, Cruciferae, Leguminosae,
Chenopodiaceae and Caryophyllaceae, accounting for
(Boulos & Drosari, 1994) ca. 60% of the ¯ora.
Annuals that sprout after the November rains and
complete their life cycle before summer (June onwards)
account for the bulk of the taxa (ca. 70%). The rest of
the ¯ora is represented by perennials that tolerate a
variety of stress conditions, such as salinity and
extreme heat during the summer months.

The Chenopodiaceae has a cosmopolitan distri-
bution with its centres of diversity in xeric and halo-
phytic regions, such as the coastal areas of the
Arabian Gulf. In Kuwait, the family is represented by
18 perennial taxa that are exceptionally hardy and tol-
erate very high temperatures, which at ground level
may reach 848C (ROPME, 1998). Some members of
this family are known for their ability to produce alka-
loids (Hegnauer, 1989), in particular pyridines from

Anabasis (Sadykov, Mukhamedzhanov, & Aslanov,
1967) and quinolines from Haloxylon (Michel,
Sandberg, Haglid, & Norin, 1967). In a start to a
study of the natural products chemistry of the desert
¯ora of Kuwait, we have investigated the halophyte,
Halocnemum strobilaceum (Pall.) M. Bieb., from which
we have isolated the new ca�eic acid ester (1).

2. Results and discussion

By Biotage2 ¯ash chromatography, compound (1)
was isolated as a white waxy solid. The EI mass spec-
trum indicated the presence of an [M]+ at m/z 488,
with fragments that indicated the presence of a long-
chain alkyl group with multiple losses of 14 mu (CH2).
The 1H NMR spectrum (Table 1) exhibited signals for
three aromatic protons in a 2,5,6 substitution pattern,
two broad hydroxyl singlets (d 5.65 and d 6.05), which
together with two protons of a trans-double bond
(J=15.9 Hz), indicated the presence of a 3,4-dihy-

Phytochemistry 51 (1999) 465±467
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droxy-trans-cinnamate (ca�eate) moiety. Further sig-
nals for a deshielded methylene (d 4.19), a methylene
envelope and a methyl triplet, indicated the presence
of a long alkyl chain. The carbon spectrum (Table 1)
con®rmed the presence of a dihydroxy cinnamate de-
rivative with resonances attributable to a carbonyl
group (d 168.0), two deshielded oxygen bearing qua-
ternary carbons, ®ve methine carbons and a shielded
aromatic quaternary carbon. Subtraction of the el-
ements of 3,4-dihydroxy-cinnamate (C9H7O4) from the
Mr (488), left an alkyl chain of Mr 309, which was
equivalent to the C22 n-alkyl docosyl chain from the
parent alkane, docosane.

Compound (1) is therefore assigned as the new ester
docosyl-3,4-dihydroxy-trans-cinnamate (docosyl ca�e-
ate). Such long-chain esters of ca�eic acid are uncom-
mon in nature, although hexacosanyl and triacontanyl
ca�eates have been isolated from Pongamia glabra
(Saha, Mallik, & Mallik, 1991). Similar compounds
with long-chain alcohols but with p-coumarate as the
esterifying acid, have been encountered in Asteraceae
growing in arid conditions, for example, in Artemisia
assoana Willk. (Anthemidae) (Martinez, Barbera,
Sanchez-Parareda, & Marco, 1987) and A. campestris
(Vajs, Jeremic, Stefanovic, & Miloslavljevic, 1975).

It is possible that natural product (1) and related
compounds may have a role in the stress management
of halophytic plants. For example, they may be associ-
ated with water retention within the plant cells with
the hydrophobic long alkyl chain being `anchored'
within the cell membrane and the hydrophilic hydroxy-
cinnamate portion remaining within the cell, thus
retaining a hydration shell.

3. Experimental

NMR were recorded in CDCl3 using a Bruker
AMX-400 spectrometer.

3.1. Plant material

This was collected from the Shuaikh campus of
Kuwait University in March 1998. A voucher specimen
(SG 983 102) has been deposited at the Kuwait
University Herbarium (KTUH), Khaldiyah, Kuwait.

3.2. Extraction and isolation of compound (1)

Whole herb (800 g) was extracted at room temp.
with CHCl3 (3 � 2.5 l) and MeOH (2 � 2.5 l). The
CHCl3 extract was evapd under vacuum to give a resi-
due of 19.1 g. This was then subjected to Biotage ¯ash
chromatography (Flash 75 S silica gel cartridge) elut-
ing with hexane with increasing 10% amounts of
EtOAc and ®nally 10% MeOH in EtOAc. The residue

from the fr. eluted with 30% EtOAc in hexane was
washed (�5) with hexane (10 ml) to yield compound
(1) (30 mg).

3.3. Docosyl-3,4-dihydroxy-trans-cinnamate (1)

White waxy solid. Found: 488 [M]+, C31H52O4

requires 488. IR umax (®lm): 3446, 3286 (br, OH),
2954, 2915, 2848, 1686, 1600, 1527, 1471, 1271, 1178,
979, 719 cmÿ1. EIMS m/z: 488 [M]+, 460, 180, 163,
111, 97, 82, 69, 56.
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