Studies on Natural Products: Resistance Modifying Agents,
Antibacterials and Structure Elucidation

Simon Gibbons



Acknowledgements

| thank my parents Brian and Gillian for their never-ending love and encouragement
of me and my interest in all things phytochemical. | dedicate this thesis to them, to
my sister Sarah, my daughters Hannah and Jenny and to my lady Sally. Science can
be incredibly seductive and distracting and | apologise to them for when | have been
distant and not focusing on their needs. This thesis has a been a psychological
journey for me, an anabasis, where | have returned to realising that the only things of
value are loving family and God. The rest is a distraction.



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-



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 frans-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.

he 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,’ rheumatism, and skin
problems.” Studies on the pharmacological properties of this
genus have shown anti-inflammatory, analgesic,3 antifungal,]
antitumor,” and anthelmintic properties.” 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,” and the diarylheptanoids.” In this
study, reported are two new diarylnonanoids, an @-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

© 2020 American Chemical Society and
American Society of Pharmacognosy
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yellow amorphous powder. The IR absorption spectra of both
compounds showed a C=O bond stretch at 1650 cm™" and an
O—H bond stretch at 3300 cm™". Using their '"H 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, C,,H,sO¢Na* (caled 409.1627;
10 degrees of unsaturation). The '"H NMR data (500 MHz,
C¢Dg) revealed the presence of two aromatic ring systems
(Table 1). A 1,3,4-trisubstituted aromatic ring system with
three aromatic resonances, 5 6.46 (1H, d, ] = 2.0 Hz), 5y 6.99
(1H, d, J = 8.0 Hz), and &y 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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Table 1. "H and *C NMR Spectroscopic Data and HMBC Correlations of 1 and 2“

1 2
no. 8¢, type Sy (J in Hz) 8¢ type Sy (J in Hz) HMBC
1 29.4, CH, 2.73,t (7.5) 29.9, CH, 2.73, t (7.5) 3,2,2,6,1
2 45.8, CH, 229 t (7.5) 45.8, CH, 229, t (7.5) 1,1,3
3 209.2, C 209.3, C 1,524
4 49.0, CH, 2.15, dd (7.8, 4.4) 49.1, CH, 2.16, dd (7.8, 4.3) 6,35
2.08, dd (7.8, 4.4) 2.08, dd (7.8, 4.3)
5 64.9, CH 4.39, m 64.9, CH 442, m 3,7,4,6
6 49.1, CH, 2.12, dd (7.8, 4.4) 49.1, CH, 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 5968
8 45.6, CH, 222, t (7.5) 45.8, CH, 229, t (7.5) 1”,7,9
9 29.3, CH, 2.68, td (7.5, 2.5) 29.9, CH, 2.73, t (7.5) 7,2",6", 1", 8
1 1334, C 1333, C 5,2, 1,2
2/ 111.7, CH 6.46, d (2.0) 111.8, CH 6.46, d (1.5) 1,3,4,6,0CH,; — 3
3 147.2, C 1472, C
4 1452, C 1452, C
5/ 1152, CH 6.99, d (8.0) 1152, 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” 1334, 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 1452, 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)
OCH,; — 3’ 55.7, CH, 3.20, s 55.7, CH, 321, s 3
OCH,; — 3" 55.7, CH, 321, s 3"
OH -5 3.34, brd
OH - ¢ 5.36, s
OH — 4" 3.90, brd

“500 MHz for 'H and 125 MHz for '*C, recorded in C¢Ds.

aromatic ring (AA’'BB’) system showed two aromatic
resonances, each integrating for two protons at 5y 6.85 (2H,
d, ] = 8.5 Hz) and 6y 6.49 (2H, d, ] = 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, 8 2.73 (2H, t, ] = 7.5 Hz) and
5y 2.68 (2H, dt, ] = 7.5 Hz), were apparent along with a pair of
deshielded methylene groups (H,-2 and H,-8) at 8y 2.29 (2H,
t, ] = 7.5 Hz) and &y 2.22 (2H, t, ] = 7.5 Hz), which showed |
correlations with C-1 and C-9, respectively, in the HMBC
spectrum. Additionally, H,-2 and H,-8 also showed ]
correlations with the carbonyl resonances at C-3 and C-7.
Furthermore, two deshielded methylene groups with reso-
nances at &y 2.15, 2.08 (2H, dd, J = 7.8, 4.4 Hz, H,-4) and &4
2.12, 2.04 (2H, dd, J = 7.8, 44 Hz, H,-6) exhibited |
correlations with an oxymethine carbon at C-5. A methoxy
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group resonance on the aromatic ring A at oy 3.20 (3H, s),
further supported the inference of a 5-hydroxy-1,9-nonane-3,7-
dione moiety of 1. Further resonances at 5y 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 *C 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 (5¢ 209.2 and 209.3), an oxymethine
(8¢ 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 ] 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 S-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, C,3H,s0,Na* (caled 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 (OCH,) moiety. The 'H NMR
spectrum (S00 MHz, C¢Dy) 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.

https://dx.doi.org/10.1021/acs.jnatprod.9b01006
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This observation, and the fact that the integrals of the
methylenes in the S$-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 S-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 '"H NMR spectrum of 2 in C¢Ds.

The “C 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, R 0.34 for 1 and R; 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,’ " 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.'~* 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,”” the absolute values of AS 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,'®
the difference in the chemical shift (AS*}) 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 A5t
values were assigned to the right side of the model (R,) in
Figure 1 and all the negative A5°® values were placed on the
left (R,) (as per the advanced or modified Mosher ester
analysis.'"> By applying the Cahn Ingold Prelog system, the
priority of the groups on the original carbinol were assigned as

=
o
=
o

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

1 (OH), 2 (R)), 3 (R,), and 4 (H) and the absolute
configuration of the carbinol at C-S of 1 was determined as
(R). The name was then assigned as (SR)-hydroxy-1-(4-
hydroxy-3-methoxyphenyl)-9-(4-hydroxyphenyl)nonane-3,7-
dione. The specific optical rotation was determined to be
[a]p?® +130.9 (¢ 0.08, CHCL,).

The known compounds (E)-32-((3-(3-hydroxy-4-
methoxyphenyl)isoferuloyl)oxy)dotriacontanoic acid (3)'”
and 5-(2-hydroxyphenethyl)-2,3-dimethoxyphenol) (4)""'®
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,” and XU212, which is tetracycline-
resistant due to the TetK efflux protein.” S. aureus XU212 is
also resistant to most S-lactams due to PBP2a production
conferred by the mecA gene.”” 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 w-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.

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 S. aureus XU212
(NorA) (TetK)
norfloxacin @ 32

compound (subinhibitory tetracycline @

concentration in mg/L) mg/L 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)
reserpine (20) 16 (2) 64 (2)

“Positive control substance.

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
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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 colleagues’’ 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.”” 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).

B 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 'H, *C, 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 'H
NMR analysis, fractions 7, 8, 10, and 11 were targeted for the isolation
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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 7S 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-methoxyphenyl)-9-(4-
hydroxyphenyl)nonane-3,7-dione (1). Yellow solid; [a]p*® +130.9 (¢
0.08, CHCl,); UV (CH4CN) A,,,,, (log ) 223 (4.38), 279 (3.91) nm;
IR (film) v, 3296, 2949, 2837, 2141, 1646, 1450 cm™'; 'H (500
MHz) and *C NMR (125 MHz, C¢D¢), see Table 1I;
HRQTOFESIMS m/z 409.1623 [M + Nal]* (caled for
C,,H,c0¢Na", 409.16727).

5-Hydroxy-1,9-bis(4-hydroxy-3-methoxyphenyl)nonane-3,7-
dione (2). Yellow amorphous solid; UV (CH;CN) 4,,,, (log ,) 201
(4.80), 225 (4.20), 280 (3.85); IR (film) v, 3335, 2950, 2837, 1652,
1450 cm™!; 'H (500 MHz) and *C NMR (125 MHz, CDy), see
Table 1; HRQTOFESIMS m/z 439.1729 [M + Na]* (calcd for
Cy3H,30-Nat, 439.1733).

Preparation of Mosher’s Esters for Spectroscopic Determi-
nation of Stereochemistry. Mosher’s esters were prepared and
analyzed as previously described.'>'**** Briefly, compound 1 (500
ug) was dissolved in CDCl; (600 uL) and dry pyridine-ds (6 uL).
Thereafter, either (S)- (+) or (R)-(—)-MTPA-Cl (6 uL; 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.> ™’

Antibiotic-Potentiating Activity. Potentiation of antibiotic
activity by the test compounds used a modulation assay adapted
from Dickson and co-workers.” 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.>"*? 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’® The assay was performed as
described by Ramalhete and co-workers®' 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 Gen$ v1.09 software.
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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 (Incl,), 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-
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spectively.
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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).
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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 efforts directed towards identifying anti-conjugants in-
clude small-molecule inhibitors of Helicobacter pylori cag VirB11-
type ATPase Caga [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)

0924-8579/© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.
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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
B-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 ]53-2 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; Incly; 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 x 10° 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 L) of
donor and recipient cells, for which the CFU/mL had been prede-
termined (Supplementary Table S1), were introduced into 160 pL
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 (0.25x 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 pL of the overnight culture was added to a
mixture of 180 pL 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 puL 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
N CFU/mL of control

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.

x 100

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? 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, for 72 h. Then, 50 pL
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 pL 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, Grédig, Austria).
The percentage of viable cells was calculated using the equation:

Percentage of viable cell
OD of test sample — OD of blank

~ 0D of negative control — OD of blank x 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, Incl, 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 (0.25x 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
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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 (Incl;) 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 (Incl,) 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
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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°

S. aureus ATCC 25923

S. aureus SA-1199BP

S. aureus XU212¢

Allyl isothiocyanate (1) S< > 512 512 512 > 512
~ C\\N /\/
L-sulforaphane (2) (@) 64 64 32 32
S\\ I
C\\ N /\/\/ S ~
Benzyl isothiocyanate (3) 128 256 256 512
N
P
S 7
Phenylethyl isothiocyanate (4) 256 16 32 32
S\\C\\N
4-Methoxyphenyl isothiocyanate (5) e 512 256 128 128
~
S
e
N
Ciprofloxacin - <0.0625 <0.0625 - -
Norfloxacin - - - 32 -
Tetracycline - - - - 128
3 Susceptible standard strains.
b Fluoroquinolone-resistant strain overexpressing the NorA efflux pump.
¢ Tetracycline-resistant strain overexpressing the TetK efflux pump.
pKM101 TP114
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|
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Fig. 1. Effect of selected isothiocyanates on conjugal transfer of (A) IncN plasmid pKM101, (B) Incl, 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 IncwW 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)
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Fig. 3. Effect of increasing concentrations of benzyl isothiocyanate (3) on conjugal transfer of plasmids pKM101 (IncN), TP114 (Incl,) 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 (CCsq) values for allyl (1)
and benzyl (3) isothiocyanates against HDFa cells were 63.9 mg/L
(645 puM) and 30.3 mg/L (203 uM), 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
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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.
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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 (Incl,) 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 pM) 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 puM). 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 CCsq of 3 against
HDFa cells (30.30 mg/L; 203.07 uM) with its anti-conjugant con-
centration against the test plasmids showed that its CCsq level was
above the concentrations needed to cause a 50% reduction in con-
jugal transfer of plasmids; pKM101 (CCso=2.19 mg/L; 14.68 uM);
TP114 (CCsg = 1.24 mg/L; 8.31 pM); and pUB307 (CCsq = 0.34 mg/L;
2.28 uM) (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 CCsy against HDFa cells
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(63.9 mg/L; 644.48 uM) 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 CCsy 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 pM), 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 pM) 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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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 pg/mL) reduced the conjugal transfer of the Incl, 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."? In China, garden cress seeds are used for the treatment
of abdominal colic, asthma, pleurisy and dropsy.’ In Africa,
Ethiopians use the seeds primarily for treatment of throat diseases,
asthma, bronchitis, headache and for baking and as a condiment.*>
The Mauritians use the seeds for the treatment of hiccough and
stomachache.” 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.>® It is also reported
to be useful in the treatment of diabetes, hypertension, cough
and bleeding piles.”® Phytochemical studies on L. sativum have
shown the presence of essential oil, glucosinolates, alkaloids, ster-
ols, cyanogenic glycosides (traces), flavonoids, tannins, saponins
and triterpenes.>® Bahroun and Damak first reported dimeric imi-
dazole alkaloids for L. sativum seeds after which Meinhart Zenk’s
group isolated five additional analogues.'’

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-

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

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

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 HCI 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 x 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-NHs, 90:9:1, V/y).

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 C,;H20N40-. The 'H and COSY NMR spectra
revealed two aromatic rings; di-substituted (A) and tri-substituted
(B) aromatic rings. The 'H 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 dy
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=8.0Hz, 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
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OCH;

15 16 19 20

Fig. 1. Structure and numbering of compound 1.

by H-6 (¥Juy = 2.0 Hz) confirmed their arrangement on the di-sub-
stituted ring. On the B-ring a meta-coupling of a hydrogen signal at
oy 7.01 (d, J= 1.5 Hz, H-10) to Jy 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™! (the ether
functional group). A 3Jy.c correlation of the methoxyl hydrogens
(3H, s, oy 3.70) to the aromatic quaternary carbon (5¢c 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, dy 3.70) and the aromatic hydro-
gens H-8 and H-10 (éy 7.01), which confirmed this structural
arrangement. The hydrogen signal at Jy 6.91 (4H, s, H-15, H-16,
H-19 and H-20) and the carbon signals at ¢ 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 dy 3.97
(2H, s, H»-13), . 34.3 (C-13) and dy 3.95 (2H, s, H»-17), 6. 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

Table 1
'H (500 MHz) and '>C NMR (125 MHz) NMR data and HMBC correlations of 1
recorded in methanol dg.

Position dc, type dn, (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 1325,C

12 123.0, CH 6.85,d (1.5)

13 34.3, CH, 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, CH, 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
0-Me 56.5, CHs 3.70, s C-9

29

OCHj4

Fig. 2. Key HMBC (single-headed arrows) and NOESY (double-headed arrows)
correlations of compound 1.

absorbance at 2920 cm™~'. 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).]0

The compounds were tested for their ability to inhibit bacterial
plasmid conjugation'' (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.'>'3

It was interesting to note that some of the dimeric imidazoles
(compounds 2 and 4) at sub-inhibitory concentration (100 pg/
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 Incl, 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 Incl; 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 Incl, plasmid
TP114 (transfer frequency 44.0+3.5%) and enhanced the
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Table 2

A.A. Kwapong et al./ Tetrahedron Letters 59 (2018) 1952-1954

The effect of the isolated dimeric imidazoles on conjugal transfer of plasmids pKM101 and TP114.

Conjugation pair Compounds (100 pig/mL)

Donor Recipient 1 2
pKM101° ER1793¢ 120+ 0.0 31.0+£7.0
TP114° 44035 26.0+4.0

Controls
3 4 Novobiocin (10 pg/mL) No drug
120+ 0.0 28.0+5.0 - 100.0 £ 0.0
120+0.0 23.5+4.0 17.0+4.2 100.0 + 0.0

The values represent the mean transfer frequency (%) + standard deviation of at least three independent experiments.

@ E. coli strain WP2 bearing plasmid pKM101 (IncN; ampicillin-resistant).
b E. coli strain K12 ]53-2 bearing plasmid TP114 (Incl,; kanamycin-resistant).
€ E. coli strain ER1793, streptomycin resistant.

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; Amax (log €) 218 (3.97), 228 (4.18) nm; IR
(film) Vmax: 2919.76, 1045.02, 971.15, 799.93, 610.64cm™"; 'H
NMR (500 MHz, methanol-d;) and >C NMR (125 MHz,
methanol d4): see Table 1; positive HRTOFESIMS m/z 361.1659
[M+H]" (caled for Cp1H20N40,, 361.1664).
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Analogues of Disulfides from Allium
stipitatum Demonstrate Potent
Anti-tubercular Activities through
e Drug Efflux Pump and Biofilm
et - Inhibition

Cynthia A. Danquah'?, Eleftheria Kakagianni!, Proma Khondkar'3, Arundhati Maitra?,
- Mukhlesur Rahman(*, Dimitrios Evangelopoulos®, Timothy D. McHugh®?, Paul Stapleton*,
. John Malkinson?, Sanjib Bhakta(®? & Simon Gibbons?

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 uM (4 mgL~!) and other
compounds inhibiting Escherichia coli and multi-drug-resistant (MDR) Staphylococcus aureus at
concentrations ranging between 32-138 uM (8-32 mgL~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 characterised'.
 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)% The minimum inhibitory concentrations (MIC) exhibited by these com-
. pounds were clinically-relevant and found to range between 2.5-40 uM (0.5-8 mgL~!). 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)%. 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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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.

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 antibacterials’>. 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 action®. Within this
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E. coli Proteus

M. M. bovis | M. tuberculosis | M. tuberculosis | M. tuberculosis | (NCTC mirabilis S. aureus | S.aureus Ent.
Compound | M. smegmatis | aurum | BCG H37Rv MDRI MDR2 10418) -10830 K. pneumoniae | SA-1199B | XU212 | EMRSA-15 | 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(05) |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 uM (mg L!) 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.

paradigm, efflux pump-related multidrug-resistance significantly contributes to a reduction in drug accumula-
tion and often renders antibiotics redundant’. This could be circumvented by molecules that interfere with or
inhibit antibiotic efflux®®. Additionally, multidrug efflux pumps are often transmembrane proteins that secrete
metabolites involved in quorum-sensing'. This cross-talk between bacteria is believed to be essential for the for-
mation and dispersion of bacterial biofilms''. Therefore, inhibition of multidrug efflux pumps is also a strategy to
inhibit biofilm formation, which is a major contributor to antimicrobial resistance!!.

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 relevance'>". 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-MDRI1 and Mtb-MDR?2). All four compounds showed
anti-mycobacterial activities when tested, with compound 14 having the lowest MIC of 17 uM (4 mgL™!), against
the virulent M. tuberculosis H37Ry. 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
70-84uM (16 mgL™).

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-
pounds'*!®. 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 fluorescence'®. EtBr
is usually quenched in an aqueous environment and fluoresces when interacting with the hydrophobic regions
within the bacilli'”. Verapamil, a calcium channel blocker, is widely used as an inhibitor of efflux in mycobacterial
cells and was used as a control in our experiments'®. 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.  Asalluded to earlier, efflux mechanisms are involved
in quorum-sensing that in turn plays a pivotal role in biofilm formation''. 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. leprae'®'®. Tubercle bacilli have a natural tendency to form biofilms and other
multi-cellular structures, known as cords in liquid culture®. Multi-cellular aggregates resembling biofilms have
been detected in the acellular rims of granulomas and necrotic lesions®!. 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 tissues®”. The ability to form cords and biofilms has been correlated with the pathogen’s virulence*.
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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 uM (0.5mgL™"). 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).

Biofilm-deficient mutants of the pathogen show reduced ability to invade epithelial cells as well as to cause infec-
tion in mouse models".

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 mycobacteria'®. 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 method?. Scanning electron
microscopic?* images (Fig. 3¢c) 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
atan MIC of 335uM (64 mg L) 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 uM
(64mgL™"). 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 uM (16 mgL™).

Opverall, the methyl disulfides exhibited inhibitory effects against Gram-positive bacterial strains and acid-fast
Mpycobacterium 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.
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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™! of compound 14.

MICEIM. tb
Compound | H37RvpM (mgL~") | GIC P)uyM (mgL~!) NG
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) 024
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.
?IMIC - minimum inhibitory concentration. ®P!/GIC - growth inhibitory concentration. [ISI - selectivity index,
where SI = GIC/MIC (SI calculated using the pM values in Table 2). [INH- Isoniazid (control, front-line anti-
tubercular drug)*. As no significant inhibition is observed the SI in these cases cannot be calculated.

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 compounds®. 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 pools?®*. 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
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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 (0.315g,
2.5mmol, 1 equiv.) added. The solution was stirred for 1 h at room temperature. The cloudy suspension formed
was extracted with CH,Cl, (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
(SPOT1)!»13%82% 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 observed'**.

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 cm? vented, screw-cap cell-culture flask (Flowgen Bioscience Ltd., Hessle, UK)
and incubated at 37 °C with a supply of 5% CO, until confluent growth was observed. Cytotoxicity of the com-
pounds towards the murine macrophages was determined using the resazurin assay”. For quantitative analysis,
the fluorescence intensity was measured at \.,560/ ;590 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 cells®'>*!. 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 605 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 uM (0.5mgL™1).

Biofilm assay (inhibition of biofilm formation). A late log-phase (ODgy, = 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 uM (0.7-50 mg L")
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 microscope®*. 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) software®?. 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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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.
© 2016 Published by Elsevier Ltd on behalf of International Society for Chemotherapy of Infection and
Cancer.
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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
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E-mail address: simon.gibbons@ucl.ac.uk (S. Gibbons).
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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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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

'H and '3C 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
GF,54 (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 (500g) 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, 12, ], 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 ] 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 R 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 °C prior to MIC

Fig. 1. (a) Photograph of Mallotus philippensis (Lam.) Mull. Arg. and (b, ¢) 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 x 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 BsSOPO1 and Proteus sp. P10830.

2.4. Minimum inhibitory concentration determination

A volume of 100 pL of sterile Mueller-Hinton broth (Oxoid,
Basingstoke, UK) containing 20 mg/L of Ca®>* and 10 mg/L of Mg?*
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 L of the
antibacterial agent stock solution (2000 mg/L) was serially diluted
into each well and 100 L 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 °C. Then, 20 p.L 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 x 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
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binding to plasmid DNA, an EMSA [20] was carried out with
slight modification. Briefly, 0.5 g of digested pKM101 DNA was
exposed to rottlerin and the red compound (final concentration of
100 mg/L) for 30 min at 37 °C. 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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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 Incl2 Escherichia coli K12 J53 Km"
pKM101 354 IncN E. coli WP2 uvrA Ap"
pUB307:RP1 56.4 IncP E. coli K12 ]53 Ap', Km', Tet"
R6K 394 IncX E. coli K12 ]53 Ap", Sm"
R7K 30.3 IncW E. coli K12 ]53 Ap", Sm', Sp"
R1-drd-19 93.9 IncF11 E. coli K12 ]J53 Ap', Cm", Km', Sm", Sp", Su"
Recipient strain
E. coli ER1793 Sm"
E. coli J]M109 Nal"

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

(24.41%) and R6K (36.32%) were only moderate (Fig. 2). Almost significant transfer inhibition (P < 0.05) against pUB307 (29.16%),
complete inhibition against pKM101 (0.27%; P <0.01) was TP114 (17.33%) and pKM101 (6.23%; P < 0.01), indicative of the
observed. Likewise, the red compound (100 mg/L) also caused broad host effect of red compound on the three plasmids tested.
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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.

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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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 CH, group, a cinnamoyl group (Ph-CH=CH-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 BsSOPO1, 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 ICsq values of 9 wM
and 8 wM when screened against HL-60 and MIAPCa-2 cells,
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respectively [25]. There was also marked cytotoxicity following
exposure of SK-Mel-28 cells at 20 uM 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
beenreported 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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Reinvestigation of the CHCls-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 (ICso > 4 pg/mL) nor as antimicrobial (MIC > 128 pg/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 pg/mL.
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1. Introduction

The genus Ipomoea of the morning 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

* Corresponding author. Tel.: +52 (55) 5622 5288; fax: +52 (55) 5622 5329.
E-mail address: pereda@unam.mx (R. Pereda-Miranda).
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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-Martinez et al., 2010; Pereda-Miranda et al., 2006). These
compounds caused a decrease (at the concentration of 25 pg/mL)
of the minimum inhibitory concentration value (MIC; four times,
32-8 pug/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 pg/
mL (Corona-Castafieda 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 ("H and >C 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
H (500 MHz) NMR spectroscopic data of compounds 1-3 (pyridine-ds).?

Hydrogen® 1 2 3

Fuc 1 482 d (7.5) 4.80d (8.0) 473 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 3.99d (3.5, 1.0)
5 3.81dq (1.0, 6.5) 3.81dq (1.0, 6.5) 3.78 dq (1.0, 6.5)
6 1.52 d (6.5) 1.52 d (6.5) 1.51d (6.0)

Rha 1 6.32d (1.0) 6.32d (1.5) 5.48 d (1.5)
2 5.20 dd (1.0, 2.5) 529 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)

Rha’ 1 5.57 d (1.5) 5.64 d (1.5) 6.12 d (2.0)
2 6.03 dd (1.5, 3.5) 5.81dd (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) 4.21dd (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) 1.59d (6.5) 1.65 d (6.5)

Rha” 1 6.20d (1.5) 5.89 sa 5.89d (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) 441 sa 4.49 dd (3.0, 9.5)
4 6.02 t (9.5) 5.76 t (9.5) 5.81t(9.5)
5 4.45 dq (9.5, 6.5) 4.33 dq (9.5, 6.0) 4.33 dq (9.5, 6.5)
6 143 d (6.5) 1.39d (6.0) 1.38 d (6.5)

Rha'"’ 1 5.55d (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 5.09d (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 4.35dd (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) 1.20d (7.0) 1.07 d (7.0)
3-Me 0.84t(7.5) 094t (7.5) 0.84 t (7.5)

Mba’ 2 2.45 tq (7.0, 7.0)
2-Me 1.11d (7.0)
3-Me 0.81 t (7.5)

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

Ac 2 2.05s

Octa 2 234 t(7.0)
8 0.95 t (7.0)

2 Chemical shifts (6) 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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Table 2
13C (125 MHz) NMR spectroscopic data of compounds 1-3 (pyridine-ds).?
Carbon® 1 2 3
Fuc 1 101.5 101.6 104.3
2 73.6 73.4 80.3
3 76.5 76.6 733
4 73.6 73.5 731
5 71.2 71.2 70.8
6 17.2 17.2 174
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
Rha’ 1 99.2 99.2 99.2
2 723 73.0 73.0
3 80.1 80.2 79.6
4 791 79.2 80.0
5 68.1 68.3 68.1
6 18.8 18.7 18.8
Rha” 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
6 179 17.9 17.8
Rha"” 1 104.3 104.9
2 72.5 72.5
3 72.6 72.6
4 73.7 735
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 1731
2a 345 33.7 343
11 79.5 79.3 823
16 14.5 14.4 143
Mba 1 1759 176.3
2 41.3 41.6
2-Me 16.9 17.0
3-Me 11.8 11.8
Mba’ 1 176.1
2 41.5
2-Me 16.7
3-Me 11.6
Cna 1 166.1
2 118.6
3 145.2
1T 134.7
2’ 129.2
3 128.5
4 130.7
Ac 1 170.6
2
Octa 1 172.9
2 344
8 14.2

¢ Chemical shifts () 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.

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
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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
(C55H]01026) for compound 1, at m/z 1193 ([M—H]i, C59H101024)
for compound 2, and at m/z 1109 ([M—H]~, Cs3Hgg0»4) 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-San-
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; Castafieda-Gomez
et al., 2013). For compound 1, the observed ester eliminations at
m/z 1213 ([M—H] -CsHgO [Mba, 84 amu]), 1167 ([M—H] -CgHgO
[Cna, 130 amu]), and 1083 ([M—H] -CsHgO-CgHgO) 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]i—CZHzo [AC, 42 amu]) and 837 ([M—H]i—CZHzo—CSHgo—
CsH1004). Finally, the fragments at m/z 1067 ([M—H] -CgH40),
963 ([M—H]*—C5H30—C6H1004). and 837 ([M—H]i—C5H80—
CgH140-CgH1004) also identified a diacylated operculinic acid A
derivative for 2 (Castafieda-Gémez et al., 2013).

Murucoidin XVII (1) was identified as the intramolecular
1,3” ester of (11S)-hydroxyhexadecanoic acid of O-p-p-glucopyran-
osyl-(1-3)-0-[4-0-(2S)-2-methylbutanoyl,3-0O-cinnamoyl]-a-L-
rhamnopyranosyl-(1—4)]-O-a-.-rhamnopyranosyl-(1—4)-0-o-
L-rhamnopyranosyl-(1-2)-0-p-p-fucopyranoside. In the '"H 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, Rha’), 6.20 (1.5 Hz,
Rha”), 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-2') and 7.44 (H-3') ppm. The '3C 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; Mba’ 176.1 ppm; Cna 166.1 ppm) and the macrocyclic
lactone (174.4 ppm).

Murucoidin XVIII (2) was identified as the intramolecular
1,2" ester of (11S)-hydroxyhexadecanoic acid of O-«-L-rhamno-
pyranosyl-(1—3)-0-[[4-0-(2S)-2-methylbutanoyl]-oa-L-rhamno-
pyranosyl-(1—4)]-0-[2-0-octanoyl]-o-L-rhamnopyranosyl-(1—
4)-0-o-L.-thamnopyranosyl-(1—2)-0-B-p-fucopyranoside. For 2 in
the 'H 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, Rha’),
5.89(1.0 Hz, Rha”), and 5.55 ppm (1.5 Hz, Rha’""). The characteristic
signals for the ester substituents were: Mba (dy. 2.50) and octa-
noic acid (two triplets, dy.» 2.34 and 8.5 0.95). The '>C NMR spec-
trum showed: five anomeric carbons (6¢c 99.2-104.3); and three
signals for the carbonyl groups: two for the acylating acids (Octa
dc 172.9 and Mba §¢ 176.3); and the macrolactone (é¢ 174.9) Fig. 1.

The murucoidin XIX (3) was identified as the intramolecular
1,2” ester of (11S)-hydroxyhexadecanoic acid of O-a-L-rhamno-
pyranosyl-(1—3)-0-[[4-0-acetyl]-a-L.-rhamnopyranosyl-(1—4)]-
0-[2-0-(2S)-2-methylbutanoyl]-«-.-rhamnopyranosyl-(1—-4)-0-
o-L-rhamnopyranosyl-(1—2)-0--p-fucopyranoside. The 'H NMR
spectra of this compound showed five anomeric protons: 5y 4.73
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R R R3 Ry
Compound
1 (25)-methylbutanoyl = Mba cinamoyl= Cna  (-D-glucopyranosyl= Glc Mba
2 Mba H o-L-rhamnopyranosyl = Rha  n-octanoyl
Fig. 1. Chemical structure of murucoidins XVII and XVIII (1 and 2).

The acylation sites and glycosidation sequence were assigned
by the 23]y correlations observed in the HMBC spectrum for all
of the compounds (Duus et al., 2000; Pereda-Miranda et al.,

HO 2010).The position for macrolactonization was placed at C-2 for

Fue HO &o} o compound 3 and at C-3 for compounds 1 and 2 of the second sac-
Rha © charide (Rha), as confirmed by the observed correlation for protons

! o@# H-2 (6y-2 5.95 for compound 3) or H-3 (dy-3 5.66 for compound 1

i 5.97 for compounds 1-3, respectively, and H-4 of the third unit of
rhamnose (Rha”) at dy4 6.02, 5.76, and 5.81 for all compounds.
Additionally, compound 1 displayed another position of acylation
Fig. 2. Chemical structure of murucoidin XIX (3). at C-3 of Rha” at dy.3 5.88.

The tested glycolipids were neither cytotoxic (KB: ICsqo > 4 g/

mL) nor antibacterial (Gram-positive: MIC > 128 pug/mL; Gram-

(7.6 Hz; Fuc), 5.48 (1.5 Hz, Rha), 6.12 (2.0 Hz; Rha’), 5.89 (1.5Hz,  pegative: MIC > 512 pg/mL) (Table 3). However, all of them exhib-
Rha”), and 5.64 (1.5 Hz, Rha'’); 2-methylbutanoic acid (tq, du.2  ited a strong antibiotic modulatory activity at a concentration of
2.37) and acetic acid (singlet, oy 2.05). The 'C NMR spectrum 25 ;ig/mL (Table 4). This effect potentiated norfloxacin susceptibil-
displayed five signals for the anomeric carbons (5c 98.8-104.9) ity against SA-1199B by four-fold (32-8 pg/mL) for compounds 1
and three carbonyl signals at dc 170.6 (Ac), 172.9 (Octa) and  and 2, and two-fold (32-16 pg/mL) for compound 3 (Table 3).

Hg o) and Jy._3 5.59 for 2). Similarly, the esterification sites were located
(0]
H

Rhal
0
] Rha" O$o\7 at C-2 of the second unit of rhamnose (Rha’) at éy_» 6.03, 5.81, and
)J\o@? /ﬁo/é/\
5 g
OH o
o’ ot

175.5 (macrolactone) Fig. 2. The modulation of antibiotic activity on MDR Gram-negative
Table 3
Susceptibility of Staphylococcus aureus to murucoidins XVII-XIX (1-3) and their cytotoxicity.?
Compound ICs0 (pg/mL) MIC (pg/mL)*
KB Hep-2 Hela ATCC 25923 XU-212 EMRSA-15 SA-1199B°
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

@ 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 pg/mL of the tested oligosaccharide.

¢ MIC value for norfloxacin in the modulation assay at the concentration of 20 pg/mL of reserpine which was used as positive control for an efflux pump inhibitor.
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Table 4
Susceptibility of Escherichia coli, Salmonellaenterica, and Shigella flexneri to murucoidins XVII-XIX (1-3).
Compound MIC (pg/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 pg/mL of the tested oligosaccharide.

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 pg/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-Castafieda 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-Martinez et al., 2010; Pereda-Miranda et al., 2006) and mam-
malian cells (Castafieda-Gémez et al., 2013; Cruz-Morales et al.,
2012; Figueroa-Gonzalez 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
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Perkin-Elmer 241 polarimeter. 'H (500 MHz) and '3C (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 Tepostlan,
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 Quimica, 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 Biologia, 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 CHCls 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 CHCIs. 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 Cig
(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
Cyg HPLC using an isocratic elution with CH3CN-H,0 (95:5). For
their resolution, a Symmetry C;g column (Waters; 7 um,
19 x 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 (tg 6.9 min), and murucoidin III (tg
24.6 min). Peaks with tg 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 Hernandez-Carlos, 2002) to achieve to-
tal homogeneity after 15 consecutive cycles. These technique
yielded pure compounds: compound 1 (25 mg) from peak II, left
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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)-(+)-o-methylbutyric acid: [a]p +10 (¢ 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 Hernandez-
Carlos, 2002; Pereda-Miranda et al., 2005).

4.4. Compound characterization

4.4.1. Murucoidin XVII (1)

White powder; mp 133-135 °C; [at]p —98 (¢ 0.2, MeOH); 'H and
13C NMR, see Tables 1 and 2; negative-ion FABMS m/z 1297
[M*H]7 (C55H10]025), 1167 [12977130 (CQHGO, cna)]’. 1083
[1167—-84 (CsHgO, mba)]~, 937 [1083-146 (CgH;004, methylpen-
tose)]”, 545 [937-162 (CgH; 005, deoxyhexose)—146(CsH004,
methylpentose)—84 (CsHgO, mba]~, 417 [545+18 (lactone hydroly-
sis)—146 (CgH1004, methylpentose)]”, 271 [417-146 (CgH1¢O4,
methylpentose); jalapinolic acid—H]|~; HRFABMS m/z 1297.6576
[M*H]7 (Calcd for Ce5H101026 1297658])

4.4.2. Murucoidin XVIII (2)

White powder; mp 123-126 °C; [o]p —88 (¢ 0.2, MeOH); 'H and
13C NMR, see Tables 1 and 2; negative-ion FABMS m/z 1193
[M—H]7 (C59H101024), 1067 [1193—126 (C8H140, OCta)li, 963
[1193-84 (CsHgO, mba)-146(CgH,004, methylpentose)]”, 837
[963-126 (CgH140, octa)]™, 545 [837-146(CsH;004, methylpen-
tose)—146(CgH1004, methylpentose)]”, 417 [545+18 (lactone
hydrolysis)—146 (CsH1004, methylpentose)]”, 271 [417-146
(CeH1004, methylpentose); jalapinolic acid—H]~ ; HRFABMS m|/z
1193.6678 [M*H]7 (calcd for C59H101024 11936683)

4.4.3. Murucoidin XIX (3)

White powder; mp 150-153 °C; [a]p —50 (¢ 0.12, MeOH); 'H
and 3C NMR, see Tables 1 and 2; negative FABMS mj/z 1109
[M—H]7 (C53H89024), 1067 [1109—43 (C2H30, ac)]’. 921
[1067—-146 (Ce¢H1004, methylpentose)]”, 837 [921-84 (CsHsO,
mba)]~, 545 [837-146 (CgH,004, methylpentose)—146 (CgH{¢O04,
methylpentose)]~, 417 [545+18 (lactone hydrolysis)—146
(CeH1004, methylpentose)] ™, 271 [417-146 (CgH1004, methylpen-
tose); jalapinolic acid—H]|~ ; HRFABMS m/z 1109.5738 [M—H]~
(calcd for Cs3HggOo4 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 Ca®>* and Mg?*, respectively was used
for susceptibility tests. E. coli Rosetta-gami was provided by Dr.
Federico del Rio Portilla, Departamento de Bioquimica, Instituto
de Quimica, 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 Investigaciéon Médica en Farmacologia
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 x 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 pL) 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 pL) were individually dispensed into
well 1 and serially diluted across the plate (512-1 pg/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 pL) 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 pg/mL. Two-fold serial dilu-
tions of antibiotics ranging from 512 to 1 pg/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 pg/mL
was also tested as an efflux pump inhibitor (positive control). All
samples were tested in duplicate (Corona-Castafieda 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 (10x) medium
supplemented with 10% fetal bovine serum. Cell lines were cul-
tured at 37 °C in an atmosphere of 5% CO, 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 pg/
mL) and incubated for 72 h at 37 °C in a humidified atmosphere
of 5% CO,. 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 (ICsg). The
values were estimated from a semi log plot of the drug concentra-
tion (pg/mL) against the percentage of viable cells. Vinblastine and
colchicine were included as positive drug controls (Vichai and Kir-
tikara, 2006; Figueroa-Gonzalez et al., 2012).
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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

Kengrds. ) and -susceptible Enterococcus faecalis and Enterococcus faecium; penicillin-resistant and -susceptible
Hypericum olympicum Streptococcus pneumoniae; group A streptococci (Streptococcus pyogenes); and Clostridium difficile. MICs
Olympicin A . . X

were 2-8 mg/L for most staphylococci and all enterococci, but were >16 mg/L for S. haemolyticus and
Staphylococcus aureus L . .
MurE ligase 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 (ICs0)=75wM]. 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 4C-enoxacin in a concentration-dependent man-
ner, implying inhibition of efflux. Only moderate cytotoxicity was observed, with ICsq 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.

plants as sources of antibacterial agents [3] and among the reports
that do exist many lack cytotoxicity data and tested only a few

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

* Corresponding author at: The John D. Dingell Department of Veterans Affairs
Medical Centre, Detroit, MI 48201, USA. Tel.: +1 313 576 4491.
** Corresponding author. Tel.: +44 207 753 5913; fax: +44 207 753 5964.
E-mail addresses: gkaatz@juno.com (G.W. Kaatz),
simon.gibbons@ucl.ac.uk (S. Gibbons).

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 (3-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

0924-8579/$ - see front matter © 2013 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.
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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=0.39mg/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): 937g of dried,

powdered material was sequentially extracted with 3.5L 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 32mg/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 PFy54+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 [3-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 '4C-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°Cin (i) air, (ii) air enriched with 5% CO, 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 [so-Sensitest broth (ISB) and on Iso-Sensitest agar (ISA) under different atmospheric conditions.

Specimen ID Species Phenotype MIC (mg/L)

Air, no blood Air, 5% blood 5% CO,, blood Anaerobic,

added added added blood added

ISA ISB ISA ISB ISA ISB ISA ISB
HO00057 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
HO00440 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
HO00461 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 Van® 4 2 >32 >32 >32 >32 >32 >32
H00277 E. faecium Van® 8 2 >32 >32 32 32 32 >32
H00260 Enterococcus faecalis Van® 4 4 >32 >32 >32 >32 >32 >32
HO00666 E. faecalis Van® 4 4 >32 >32 >32 >32 >32 >32
HO00587 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)2 (2)? >32 32 32 32 32 32
PN1847 S. pneumoniae Penk (4)? (2)2 >32 32 >32 32 >32 32
HO00053 S. pneumoniae Pen’® (2)? (2)? >32 32 >32 32 >32 >32
H00070 S. pneumoniae Pen’ (4) (2)? >32 32 >32 32 >32 32
BS1514 GAS (4)? (4) >32 >32 >32 >32 >32 >32
BS1526 GAS (4) (4 >32 >32 >32 >32 >32 >32
BS1531 GAS (4) (4) >32 >32 >32 >32 >32 >32
BS1552 GAS (4) (4) >32 >32 >32 >32 >32 >32
HO00518 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) 2) >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).

@ 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 pL
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), 5mM MgCl,, 50 WM ATP,
50 wM 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 wM) dissolved in 100% DMSO was
added and the reaction was initiated by the addition of 75 uM
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 ICsg (the inhibitor concentration
giving 50% inactivation). All assays were performed in tripli-
cate.
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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 *C-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 4C-enoxacin. Additional experiments
were performed using reserpine (33 wM) or a concentration
range of compound 1 (10-50 wM; 3.46-17.3 mg/L) in addition to
14C-enoxacin. Three replicates were performed for the control,
reserpine, and the 10uM and 50 WM 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 uM and 50 wM 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 wM). The conditions of the accumulation assay were
replicated exactly, resulting in an initial inoculum of SA-1199B of
ca. 10! 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
2-4mg[Lin 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 >32mg/L when the blood-containing media were incubated
under 5% CO, 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 ICsq
of 75 wM (data not shown).

3.3. Cytotoxicity evaluation

The ICs¢ 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. C-enoxacin accumulation

Compound 1 demonstrated a concentration-dependent effect
on the accumulation of ¥C-enoxacin by S. aureus SA-1199B, with
increasing concentrations resulting in gradually increasing accu-
mulation (Fig. 3). Both reserpine and compound 1 at 50 pM
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 wM being more effective than reserpine
(P=0.08).

Enoxacin accumulation data were validated by time-Kkill assays,
which revealed no effect of 50 wM 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
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Fig. 3. Accumulation of ¥C-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
>32mg/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 4C-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 wM significantly increased
enoxacin accumulation and this concentration was as effective, or
perhaps even more effective, than 33 wM 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 wM 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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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
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Gram-negative bacteria.
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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

* Corresponding author. Tel.: +44 121 414 6966; fax: +44 121 414 6819.
** Corresponding author. Tel.: +44 207 753 5913; fax: +44 207 753 5964.
E-mail addresses: simon.gibbons@pharmacy.ac.uk
(S. Gibbons), 1.j.v.piddock@bham.ac.uk (LJ.V. Piddock).

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].
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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
Protect™ 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-I'Etoile, France).

Table 2

List of medicinal plants used in this study.

Plant name

Common name

Family

Anemone nemorosa

Wood anemone

Ranunculaceae

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]
1828 S. Typhimurium ATCC 14028s [18]
1829 S. Typhimurium ATCC 14028s AtolC  [19]
L830 S. Typhimurium ATCC 14028s [19]
AacrB
L831 S. Typhimurium ATCC 14028s [19]
AacrAB
L3 S. Typhimurium Human [20]
pre-therapy
clinical isolate,
antibiotic-
susceptible
L10 S. Typhimurium Human [20]
post-therapy
clinical isolate;
MDR and
overproducing
acrAB
Al 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
1114 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).

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 ] 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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1

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 p.L of
sterile Iso-Sensitest™ 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 >15mm 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-B-naphthylamide (PABN) (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 x 10° 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 wM)in the absence or presence of known efflux inhibitors (CCCP
100 M and PABN 100mg/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 (2h). 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 PABN 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.
Strain? PABN 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

PABN, L-phenylalanyl-L-arginyl-3-naphthylamide; Lo, Levisticum officinale; M, Melissa officinalis; C, Cinnamomum aromaticum; Pi, Pimpinella anisum; Pu, Pulmonaria officinalis;
MeOH, methanol extraction; CHCls, chloroform extraction; water, water extraction; S, synergy (zone of inhibition reproducibly larger than that of antibiotic alone); NE, no

effect.
2 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
ciprofloxacinin 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.
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Minimum inhibitory concentrations (MICs) of ciprofloxacin (CIP), tetracycline (TET), chloramphenicol (CHL), erythromycin (ERY) and ethidium bromide (EtBr) in the absence and presence of Levisticum officinale and Melissa

officinalis extracts against Gram-negative bacteria.
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0.12
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0.06
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0.12
0.06

Enterobacter cloacae Al

64
64

64
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64
64
16

Serratia marcescens B14

512

64
128

64
64

64
128

Pseudomonas aeruginosa G1

512
512
512
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512
512
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0.06

0.03
0.06
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0.06
0.12
0.06
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256
2048

256

2048

256
2048

Escherichia coli 1114

16

16

16

0.015

0.008

0.015

Morganella morganii J29

S. Typhimurium, Salmonella enterica serotype Typhimurium; Lo, chloroform extract of L. officinale extract; M, methanol extract of M. officinalis.

2 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).
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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.

Strain? MIC (mg/L)P

CIP CIP+Lo CIP+A CIP+C Calone CIP+F F alone CIP+G CIP+] 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 Al 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 1114 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.

2 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 2 FICI®

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 AtolC 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.
@ 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]. Anincrease in the amount of Hoechst
33342 accumulated in the presence of an EPI such as PABN 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.
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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—
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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, OH,, 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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Table 1 The binding energies of the drug—drug interactions predicted by
GLUE

Drug 1 Drug 2 Binding energy Binding energy
(keal/mol)® (kcal/mol)®
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

?The binding energies as calculated using GLUE without electrostatic
contributions; ® the binding energies as calculated using GLUE taking into
account electrostatic contributions

Fig. 1a—¢ The stercoview 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); ¢ atorvastatin—
ofloxacin (conformer with a less
favourable binding energy).
Atorvastatin is depicted in the
darker shade of grey and with
thicker sticks

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 AMIBCC 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.

@ Springer
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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

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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molecules before the addition of 125 pL of the bacterial
inoculum (5x10° 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 !, 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
(GGI18) [25] and a non-MDR potentiator (aspartame).
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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
complexes were 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

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

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
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lidocaine and indomethacin being 7—7t 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
7—7t 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

Table 2 Properties of the ten drugs

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 ™' (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).

Complex Tanimoto Most favourable Average binding Change of Change of PSA  MIC Potentiation®
(compound and coefficient  binding energy (kcal/ energy (kcal/mol)®  virtual logP coverage (%) (ng/

NOR) mol)* (%) ml)

Alprenolol 68.52 —-10.237 —8.820 -12.0 -22.8 >512 32 (NO)
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 (NO)
Betaxolol 48.15 —10.734 —8.531 14.9 -35.4 >256 32 (NO)
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 (NO)
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 (NO)
Naproxen 55.77 —12.987 —10.628 64.5 -223 >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 (NO)

 Binding energies without electrostatic forces

® The average binding energy without taking into account electrostatic contributions

¢ Decrease in the MIC of norfloxacin (-fold), NC no change

9 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,

Fig. 4a—d The stereoview rep-
resentations of noncovalent
complexes of a apomorphine—
norfloxacin, b chlorpromazine—
norfloxacin, and ¢ 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)

which in turn might enhance the permeability of a drug-
escort molecule [6]. The change of virtual logP, i.e.
(V1ogP complex) — V1ogPmor)) / VlogPnor), 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%).
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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/SAx100) 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 pg/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

L]
-

Most Hydrophilic
Least Lipophilic

=
Least Hydrophilic
Most Lipophilic

Fig. 5 The molecular lipophilicity (MLP) surface of the norfloxacin—
chlorpromazine complex (/eff) 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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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
GGI18 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
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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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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 p-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 Il (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 1-9 were 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 pg/mL from 32 pg/mL) at a concentration of 25 pg/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
“rifionina” and comes from the Spanish word “rifién”, 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-1V 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-Martinez and
Pereda-Miranda, 2007). A Chinese investigation using wild root
samples collected in the Hainan province yielded eight new
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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 (Rha’), and C-2, C-3 and C-4 of the fifth
saccharide (Rha”’) 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-Martinez and Pereda-Miranda,
2007; Pereda-Miranda et al., 2005). HPLC isolation of nine penta-
saccharides (1-9) from the CHCls-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.

Rha
CHz o)
le} OH OH o)
CH
HO> /. ~07/ Rha"

2. Results and discussion

CHCls-soluble extracts of the crude drug “rifionina” 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 Hernan-
dez-Carlos, 2002), resulting in the isolation of nine glycolipids
(1-9). These compounds showed similar 'H and '*C NMR spectra
and displayed diagnostic signals common for the pescaprein series
(Escobedo-Martinez 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-Martinez and Pereda-Miranda, 2007; Pereda-Miranda
et al., 2005). For example, compound 1 afforded a pseudomolecular
ion [M—H]~ at m/z 1235 (Cg3H107024) 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-CsHgO]~ and
1053 [M—H-C;,H»,0]~ which represented the elimination of one
unit of a-methylbutyric acid and one of dodecanoic acid, respec-
tively (Chérigo et al., 2008; Escobedo-Martinez 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 'H and '3C 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 ¢ 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
(CH,, 8¢ 67.2) and its two attached hydrogens (éy 3.65 and 4.30)
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was the critical HMQC correlation for the assignment of this aldo-
pentose. The '"H NMR coupling constant for the anomeric proton
H-1 (3J; 5 = 7 Hz) was consistent with the p-configuration for p-xy-
lose in the C; conformation (Pereda-Miranda and Bah, 2003). The
long-range correlation between H-1 (éy 4.89) of this saccharide
and C-11 (¢ 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 (3jcy)
were observed between the following proton and carbon signals:
H-1 (éy 6.47) of the second saccharide (Rha) and C-3 (6¢ 79.3) of
xylose; H-1 (5y 5.68) of the second rhamnose (Rha’) and C-4 (6c
78.2) of the first rhamnose (Rha); H-1 (dy 6.47) of the fourth sac-
charide (Rha”) and C-3 (é¢ 80.3) of second rhamnose (Rha’); and
H-1 (6y 6.47) of the fifth saccharide (Rha”) and C-4 (¢ 79.8) of sec-
ond rhamnose (Rha’). The anomeric o configuration in all the 1-
rhamnose units was deduced from a 2D !Joy NMR experiment
(Duus et al., 2000). These coupling constant values (}Jcy=170-
172 Hz) were 10Hz higher than that registered for p-xylose
(Yeu = 160 Hz). In conclusion, this new oligosaccharide core for 1,
named pescaproside C, consisted of p-xylose as the first monosac-
charide instead of a p-fucose as found in simonic acid B for com-
pounds 2-9 (Escobedo-Martinez and Pereda-Miranda, 2007;
Pereda-Miranda et al., 2005). Its structure was determined to be
(11S)-jalapinolic acid 11-O-o-L-rhamnopyranosyl-(1 — 3)-O-[o-L-
rhamnopyranosyl-(1 — 4)]-0-o-L.-rhamnopyranosyl-(1 — 4)-0-o-
L-rhamnopyran- osyl-(1 — 3)-O-B-b-xylopyranoside.

Three acylation sites were identified at H-3 of Rha, H-2 of Rha’
and H-4 of Rha” in the '"H 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
(]Jcn), in addition to the pyranose ring proton at the site of the
esterification (}Jcy). Lactonization by the aglycone (dc.; 174.9)
was placed at C-3 of the second saccharide (Rha) (éy 5.61). The
methylbutyroyl group (5c.; 176.3) was located at C-4 of Rha” (5y
5.78); and the additional acyl substituent (n-dodecanoic acid;
dc.1 173.2) exhibited a 3Jcy coupling with the H-2 signal of Rha’
(on 5.84).

The molecular formula calculated from the mass spectra for
pescaprein XIX (2; CepHi97024) and that of pescaprein XX (3;
CeqH111024) indicated that both were diastereosiomers of the
known pescaprein Il (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-Martinez 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 pg/mL from 32 pg/mL) at a concen-
tration of 25 pg/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 p-xylopyranose as the
first monosaccharide in the oligosaccharide core instead of
p-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
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Table 1
H (500 MHz) NMR spectroscopic data of compounds 1-3 (pyridine-ds).?
Proton® 1 2 3
fuc-1 473 d (7.5) 476 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 3.99d (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 3.65t(10.8)
430dd (11.0, 5.5)
rha-1 6.47 d (1.5) 6.16 bs 6.20 d (1.5)
2 532 (25, 1.5) 6.00 dd (3.0, 1.5) 6.04 dd (3.0, 1.5)
3 5.61 dd (9.5, 2.5) 459 dd (9.0, 3.0) 461 dd (9.0, 3.0)
4 4.68 dd (9.5, 9.5) 431 dd (9.0, 9.0) 432 dd (85, 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)
rha'-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)
3 452 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)
rha”-1 5.93 bs 5.92 bs 5.97 bs
2 4.63 brs 4.68 brs 4.72 brs
3 442 dd (9.5, 3.5) 4.48 dd (9.5, 3.0) 453 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) 140 d (6.2)
rha”’- 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
5 428 dq (9.0, 6.5) 429t (9.5) 432t (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, 2.24 ddd (14.5, 8.0, 2.25 ddd (14.0, 7.8,
3.0) 4.0) 4.0)
2b 2.95 t (12.0) 240 ddd (14.7, 8.5, 2.41 ddd (14.5, 8.2,
3.7) 42)
11 3.86 m 3.85m 3.87m
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)
3 1.19d (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 2.32t(7.5)
6 0.78 t (7.0)
dodeca-  2.38t(7.5) 230t (7.5) 2.30t(7.5)
2
12 0.93 t (7.0) 0.93 t (7.5) 0.93 t (7.3)

2 Chemical shifts () 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.

Perkin-Elmer model 241 polarimeter. 'H (500 MHz) and '3C
(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 2

13C (125 MHz) NMR spectroscopic data of compounds 1-3 (pyridine-ds).?
Carbon® 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
6 174 174
xyl-1 102.1
2 753
3 79.3
4 715
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
rha’-1 99.2 98.8 98.8
2 73.0 739 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
rha”-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
rha”’-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 34.2 343
11 79.5 824 823
16 143 143 143
iba-1 176.3
2 41.5
3 11.8
3 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
2 344 345 34.2
12 144 14.3 14.3

¢ Chemical shifts () are in ppm relative to TMS.

P Abbreviations: fuc = fucose; xyl =xylose ; rha=rhamnose; jal = 11-hydroxy-
hexadecanoyl; iba =2-methylpropanoyl; mba =2-methylbutanoyl; hexa = hexa-
noyl; deca = decanoyl; dodeca = dodecanoyl.

SX-102A spectrometer. GC conditions: HP-5MS (5%-phenyl)-meth-
ylpolysiloxane column (30 m x 0.25 mm, film thickness 0.25 pm);
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, 70eV; ion source temperature,
280 °C; interface temperature, 300 °C; scan speed, 2scanss ';

mass range, 33-880 amu.
4.2. Plant material

The herbal drug “rifionina” 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 Quimica, UNAM. Macroscopic anatomical
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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 Biologia, 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 CHCls 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
CHCl; in hexane (1:1 and 1:0), Me,CO in CHCl; (1:9, 3:7, and
1:1), Me,CO 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, CHCl;-MeOH, 4:1), and
identical fractions were combined in eight pools of resin glycosides
mixtures (fractions 102-185). These were compared by C;g re-
versed-phase HPLC (Waters column 5 pm, 4.6 x 250 mm) with ref-
erence solutions of the previously isolated resin glycosides from
this species by an isocratic elution of CH;CN-MeOH (9:1) at a
0.7 mL/min flow rate, and a sample injection of 10 puL (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-Martinez and Pereda-Miranda,
2007). The preparative HPLC separations were carried out using a
Symmetry Cyg column (Waters; 7 um, 19 x 300 mm), using a flow
rate of 9 mL/min. The elution was isocratic with CH3CN-H,0 (4:1)
and a sample injection of 500 pL (fraction concentration: 50 mg/
mL). The crude fraction VII (150 mg) yielded four major peaks with
tg 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 Il was split into two peaks during
the recycling process to afford pure compounds 1 (14.3 mg) and
6 (12.3 mg). Peak 1V yielded compound 7 (22.3 mg). Fraction VIII
(200 mg) was subjected to preparative HPLC on the same C;g col-
umn using an elution with CH;CN-MeOH (3:7). Eluates across
the peaks with tg 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; [«]p —42 (c 0.1 MeOH); for 'H and
13C NMR spectroscopic data, see Tables 1 and 2; negative FABS
m/z 1235 [M—H]—, 1151 [M—H—CsHs0]~, 1053 [M—H—C;5H5,0]",
1005 [1151—CgH1004]", 823 [1053—CgH;004—CsHgO]™, 531[823-
2 x 146 (CgH1004)]", 403 [531-128 (CeH;004—H,0]", 271
[Jal-H]"; HRFAB-MS m/z: 1235.7155 [M-H]™ (caled for
CeaH107024 requires 1235.7152).

4.4.2. Pescaprein XIX (2)
White powder; mp 121-123 °C; [a]p —32 (¢ 0.5 MeOH); for 'H
and '3C NMR spectroscopic data, see Tables 1 and 2; negative FABS
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Table 3

Susceptibility of Staphylococcus aureus to pescapreins XVIII-XX (1-3) and known compounds (4-9) and their cytotoxicity.
Compound EDso (pg/mL) MIC (pg/mL)

HCT-15 MCEF-7 Hela ATCC 25923 XU-212 EMRSA-15 SA-1199B°
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
6 134 19.0 123 >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 - - - - - - - 8¢
Vinblastine 0.003 0.007 0.008 - - - - -

@ 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.

> 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 pg/mL of the tested oligosaccharide.

€ MIC value for norfloxacin in the modulation assay at the concentration of 20 pg/mL of reserpine which was used as positive control for an efflux pump inhibitor.

m/Z 1235 [M—H]i, 1165 [M—H—C4HGO]7, 837 [1165—C]2H220—
CsH1004] 7, 673, 545, 417, 271; HRFAB-MS m/z: 1235.7153 [M—H]~
(calcd for CgrH197024 requires 1235.7152).

4.4.3. Pescaprein XX (3)

White powder; mp 120-122 °C; [o]p —60 (c 0.8 MeOH); for 'H
and 3C NMR spectroscopic data, see Tables 1 and 2; negative FABS
m/z 1263 [M—H]~, 1165 [M—H—-CgH;00]~, 1081 [M—H—-C;,H,,0] ",
837 [1165—C43H2,0—-CgH1004] 7, 673, 545, 417, 271; HRFAB-MS m/
z: 1263.7452 [M—H]™ (calcd for Cg4H;110,4 requires 1263.7465).

4.5. Sugar analysis

Compound 1 (8.5 mg) in 4 N HCI (5 mL) was heated at 90 °C for
2 h. The reaction mixture was diluted with H,0 (2.5 mL) and ex-
tracted with Et,O (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-
H,0 and directly analyzed by HPLC: Waters standard column for
carbohydrate analysis (3.9 x 300 mm, 10 pum), using an isocratic
elution of CH3CN-H,0 (17:3), a flow rate of 1 mL/min, and a sam-
ple injection of 20 pL (sample concentration: 2 mg/mL). Co-elution
experiments with standard carbohydrate samples allowed the
identification of rhamnose (tg = 6.9 min) and xylose (tg = 8.3 min).
Each of these eluates was individually collected, concentrated,
and dissolved in H,0. 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:
t-rhamnose [a]p +8 (¢ 0.1, H,0), control [«]p +7.7 (¢ 0.1, H,0); p-xy-
lose [a]p +19 (¢ 0.1, H,0), control [a]p +18.8 (¢ 0.1, H,0). The
organic phase was analyzed by GC-MS to allow the detection of
two liberated esterifying residues which were identified as: 2-
methylbutyric acid (tg 5.1 min): m/z [M]* 102 (3), 87 (33), 74
(100), 57 (50), 41 (28), 39 (8); and n-dodecanoic acid (tg
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 (25)-2-methylbuty-
rate: mp 40-42°C; [a]p +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-H,O (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 CHCl; (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 CH,N, 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): tg 16.4 min; mp 42-44°C; [a]p
+7.3 (c 2, CHCl3); '3C NMR: 174.4, 72.0, 51.4, 37.5, 37.4, 34.1,
31.9, 29.6, 29.5, 294, 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, (tzg 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 Ca®* (20 mg/L)
and Mg?* (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
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Laboratory Standards guidelines (1999). An inoculum density of
5 x 10° cfu of each of the test strains was prepared in 0.9% saline
by comparison with a McFarland standard. MHB (125 pL) 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 pg/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 pL)
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 pg/mL. Serial doubling dilutions of
norfloxacin ranging from 1 to 512 pg/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 (10x) medium supple-
mented with 10% fetal bovine serum. Cell lines were cultured at
37 °C in an atmosphere of 5% CO, 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 pug/mL) and
incubated for 72 h at 37°C in a humidified atmosphere of 5%
CO,. 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
(ECsp). The values were estimated from a semilog plot of the drug
concentration (pg/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-t-arginyl-g-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.! 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.’
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.® 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.? 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.” In the laboratory, in vitro mutants selected after fluoro-
quinolone exposure comprise various phenotypes, of which ~30%
are MDR due to enhanced efflux.”

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.®
Efflux pump proteins make attractive targets for drug discovery
programmes as: (i) inhibition confers multidrug susceptibility;
and (i) a functional RND efflux pump is necessary for mutants
resistant to substrates of the pump to be selected,” ~'° and for
pathogens to colonize, persist and cause infection in their

© The Author 2010. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved.
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hosts.®’~9!1 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); (i) 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.*” 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-t-arginyl-B-naphthylamide
(PABN). 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.”

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.*?
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.,'® 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 p-ornithinyl-o-homophenylalanyl-3-aminoquinoline,
were modified to decrease their in vivo toxicity.* Data for
other molecules suggest that they are also EPIs, including

Table 1. Bacterial strains

1-(1-naphthylmethyl)-piperazine, which has been shown to be
active against Acinetobacter baumannii and Enterobacteria-
ceae.’> !7 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
inhibitors*® and phenothiazines.*?

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.'®~2?
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.”?? All bacteria were stored on
Protect™ beads at —80°C until required. The identification of each
species was confirmed by Gram stain and analytical profile index (API
20E; bioMérieux, Marcy I'Etoile, France).

Strain Species Description Reference/source
L354 Salmonella Typhimurium SL1344 30
L109 Salmonella Typhimurium SL1344AtolC 21
L785 Salmonella Typhimurium ATCC 15277 (LT2) 31
L828 Salmonella Typhimurium ATCC 14028s ATCC®
L829 Salmonella Typhimurium ATCC 14028s AtolC 32
L830 Salmonella Typhimurium ATCC 14028s AacrB 32
L831 Salmonella Typhimurium ATCC 14028s AacrAB 32

L3 Salmonella Typhimurium human pre-therapy clinical isolate 21
L10 Salmonella Typhimurium human post-therapy MDR clinical isolate, acrAB**+ 21

Al Enterobacter cloacae NCTC 10005 NCTC®
B1l4 Serratia marcescens NCTC 2847 NCTC®
G1 Pseudomonas aeruginosa NCTC 10662 NCTC®
H42 Klebsiella pneumoniae NCTC 10896 NCTCP
H43 Klebsiella pneumoniae NCTC 9633 NCTCP
1114 Escherichia coli NCTC 10538 NCTCP
J29 Morganella morganii NCTC 235 NCTC®

9ATCC, 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.?® In brief, this consisted of large sterile
square dishes (24x24 cm; Fisher Scientific, Loughborough, Leicester-
shire, UK) containing 250 mL of Iso-Sensitest agar (Oxoid) solidified
for 2 h at 4°C. The plates were then air-dried at 50°C for 15 min. An
overnight 25 mL culture of Salmonella Typhimurium was diluted
1:10000 to obtain 1.72x10° 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 pL 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 >15cm diameter. To determine
whether the test compound synergized with ciprofloxacin, 200 pL 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 37°C 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.?*?> 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 4 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 uM)+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.® 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 4+ 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 37°C 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-
pounds'>?® or possess amino acid residues, such as in the
case of PABN.'® 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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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 T™MP 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.

The MIC values of ciprofloxacin were reduced by 2 -4-fold in the
presence of trimethoprim for the wild-type strains of Salmonella
Typhimurium and NCTC 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 acrAB were 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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strains (one Salmonella Typhimurium and the NCTC type strain of
K. pneumoniae).

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

CIP plus

Strain CIP PABN® Ene® Nre€ TMPP The®
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
1828 0.03 0.015 0.03 0.008 0.015 0.015
1829 0.008 0.008 0.002 0.008 0.008 0.008
1831 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
Al 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
1114 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, norepinephring; TMP,

trimethoprim; The, theobromine.

Bold text indicates synergistic combinations.
°PABN at 40 mg/L.

PTMP and Ene at 10 mg/L.

“Nre and The at 100 mg/L.

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

TET plus ERY plus

Strain TET PABN® Ene® Nre© TMP® The® ERY PABN® Ene® Nre© TMP® The®
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
Al 8 4 8 8 8 4 512 128 512 512 512 512
Bl4 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
1114 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.
°PABN at 40 mgl/L.
PTMP and Ene at 10 mg/L.
“Nre and The at 100 mg/L.
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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 PABN® Ene Nre© TMP® The® EtBr PABN® Ene® Nre® TMPP The®
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
1831 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
Al A 1 2 4 2 A 2048 2048 2048 2048 2048 1024
B14 A 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 A 1 2 4 2 2 2048 1024 1024 2048 1024 2048
1114 A 1 4 4 A A 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.
“PABN at 40 ma/L.

®TMP and Ene at 10 mg/L.

“Nre and The at 100 mg/L.

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,’ 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 rings with side chains possessing
nitrogen atoms, for example p-ornithinyl-p-homophenylalanyl-
3-aminoquinoline’* and 1-(1-naphthylmethyl)-piperazine.**°

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,"? 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
through a chain to a basic nitrogen-containing moiety: 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, p-ornithinyl-o-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
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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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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.

theophylline. A recent study by Bohnert et al.”” 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 w-
interactions between their aromatic rings and those of the phenyl-
alanine residues.
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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.’®?° 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
p-ornithinyl-o-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

Branko J. Drakuli¢,*™ Michael Stavri,” Simon Gibbons,” Zeljko S. Zizak,'” Tatjana Z. Verbi¢,' lvan O. Jurani¢,™?

and Mire Zloh*™®

Staphylococcus aureus is a major community- and hospital-
acquired pathogen.” Reports of resistance to antibiotics, in-
cluding the fluoroquinolone class,” 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.”
The y-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 lll clinical
trials.” The similarity between these two scaffolds (Figure 1),
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Figure 1. Scaffolds of a) prevailing keto-enol form of ADKs®®” and b) fluoro-
quinolone antibiotics, including substituent numeration.

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,™
has not been reported in the literature so far.
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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.®” Characterisation data for 8-12

Table 1. Structures and antibacterial activities of ADKs 1-20 against se-
lected MDR S. aureus strains.
Compd R MIC [um]
SA- IS- XU- RN- CD- ATCC- EMRSA-

119989 58 212 4220 1281 25923 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
1° 2,4,6-tri-iPr - - - - - - -
12 4-Ph 477 - - - - - -
13 p-naphthyl >2110 - - - - - -
14 3-OH >2460 - - - - - -
15 4-OH >2460 - - - - - -
16 4-MeO >2300 - - - - - -
17 4-NO, >2160 - - - - - -
18 4-F > 2440 - - - - - -
19 4-Cl >2260 - - - - - -
20 4-(1H- >2220 - - - - - -

indol-3-yl)

Norfloxacin¥ 106 - - - - 6.6 33
Tetracycline'? - 72 288 - 7 - -
Erythromycin' - - - 75 - - -
[a] Compounds that exerted an MIC against SA-1199B in concentrations
higher than 400 um 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.

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.® Minimum inhibitory
concentration (MIC) values were also compared with those of
norfloxacin (21),® tetracycline, erythromycin and reference flu-
oroquinolone antibiotics, ciprofloxacin (22), levofloxacin (23)
and moxifloxacin (24)® (scheme 15 in the Supporting Informa-
tion).
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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

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® R ADK [um] MIC [um]
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-NO, 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.

are given. The presence of several compounds at 25% of their
MIC (max 100 pgmL~") improved the potency of norfloxacin
(21) by decreasing its MIC value to 53 um. 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 um; 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 Mg*" ion com-
plexation to the diketo moiety."” We reported the influence of
the phenyl substitution pattern in aryldiketo acids on Mg?"
complexation.” In a similar manner, Mg>* bound to the fluoro-
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quinolone carboxylic acid group at position 3 is necessary for
the interaction with prokaryotic gyrase A (GyrA)."" Notably,
ionisation constants for moieties responsible for Mg** binding
in fluoroquinolone antibiotics and aryldiketo acids are similar.
lonisation constants of 5, 8-10, 12, 15, 17, 19, 21-24 are given
in Table 3. pK, values of 5, 8-10, 15, 17, 19, were experimental-
ly obtained, pK, of 12 was calculated by MoKa, while values of
21-24 were taken from the literature.

Table 3. lonisation constants of 5, 8-10, 12, 15, 17, 19, 21-24.

Compd pK., pK,» PKss HA™ (%)'9 A% (%) Ref.
5 2.214+0.03 7.7740.06 - 72.45 27.55 [6]
8 2.04+0.04 7.2940.03 - 46.51 53.49 -
9 2.33+0.03 7.134+0.04 - 37.59 62.41 -

10 1.99+0.03 6.72+0.03 - 18.98 81.02 -
12 2.35+0.33° 6.94+0.59° - 28.01 71.99 -
15 2.29+0.05 7.734+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 7.304+0.03 - 47.17 52.83 [6]
21 - 6.32+0.005 8.56+0.005 Zwitterion [18]
22 - 6.231+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;%% [b] For compounds 21-24 pK,, and pK,;
refers to ionisations of carboxyl group at C3 and distal nitrogen of heter-
oalicyclic ring at C7, respectively;®" [c] % of HA™ refers to the estimated
percentage of monoanionic form, % A”" refers to the estimated percent-
age of dianionic form at physiological pH (7.35).

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,
with the representative conformations of 21 in its zwitterionic
form, using ROCS."™ Visual analysis of the overlays was carried
out," and a qualitative correlation between the overlap of im-
portant pharmacophoric features of 21">'® 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 R' ethyl moiety responsible for hydro-
phobic interaction with the major grove of DNA, and R’ 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 R' of 21; those compounds possess
MIC values between 116 and 232 um. As the overlap decreases,
and the R' position is no longer mimicked, the potency de-
creases as can be seen for 12 and 5, with MIC values of 477
and 1030 pm, respectively. Activity diminishes for the remain-
ing compounds lacking phenyl substituents able to overlay the
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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-ox0-2-butenoic moiety of the
aryldiketo acids and the quino-
lone core of compounds 21-24
is shown by variables DRY-DRY
24 and 25 (Figure3a andb).
One node of the variable is posi-

025 | NA1-TIP 54, 58
DRY-DRY 24.25
020 N1-N1 38 TIP-TIP 50
DRY-N1 22
G151 TIP-TIF 31
0
]
a
‘“1:2 005 -
&
5]
% ool
=g
Lt
@
o 006
10+
045
TIP-TIP 17 N1-TIP 47 .48
020
DRY-N143
1 1 1 1] 1 1 ] 1 1 1
370 7420 11130 14840 18550 22260 25970 29680 33380 37100

variable sequential numkber

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 | and Il in the Supporting Information.

R' and R’ 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)""” 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 A* 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
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tioned in proximity to the
phenyl rings of both the ADK
and quinolone core (interaction
energy  (IE)=—1.76 kcalmol™),
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™).

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 3¢ 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™") is associated with
the phenyl ring of ADKs. For the fluoroquinolone molecules,
the N1 node (IE=—6.60 kcalmol™) 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 (Mg>* 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
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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 Mg?" ion has been report-
ed.” In this complex, the spatial
arrangement of the diketo acid
C(O)CH=CH(OH)COOH  moiety
and the Mg*" 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.

~am 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).”® 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
aromatic rings of 1-24. The carboxylate moieties of both aryl-  position on the aryldiketo acid phenyl moiety on the type of
diketo acids and fluoroquinolones, which bind the Mg®" ion in  activity (antibacterial/MDR modulation) and their potency. This
the active sites of their respective target enzymes, have to  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.

a)

Figure 5. MG + 2 GRID probe isocontour levels on —22.2, —4.2 kcalmol~' 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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As part of an ongoing project to identify oligosaccharides which modulate bacterial multidrug resistance,
the CHCls3-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 pg/ml), a norfloxacin-
resistant strain that over-expresses the NorA MDR efflux pump. The four microbiologically inactive
(MIC > 512 pg/ml) tetrasaccharides increased norfloxacin susceptibility of this strain by 4-fold (8 pg/ml
from 32 pg/ml) at concentrations of 25 pg/ml, while murucoidin XIV (3) exerted the same potentiation
effect at a concentration of 5 pg/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, and muscular 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., [pomoea 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

* Corresponding author. Tel.: +52 55 5622 5288; fax: +52 55 5622 5329.
E-mail addresses: pereda@unam.mx, pereda@prodigy.net.mx (R. Pereda-Miranda).

0031-9422/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.phytochem.2008.12.005

(8 pg/ml from 32 pg/ml) at concentrations of 5-25 pg/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

CHCls-soluble extracts of a new collection of the crude drug
“Cazahuate” were compared by C;g 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 [, 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 Hernandez-Carlos,
2002). Several NMR techniques and FABMS were 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 glycosidic mixture was saponified to liber-
ate an H,0-soluble mixture of five oligosaccharides of jalapinolic
acid: the major products were identified as operculinic acid A and
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simonic acids A and B by HPLC retention time comparison with those
of authentic samples (Chérigo et al., 2008). Two additional glycosidic
acids represented minor constituents and were characterized as
operculinic acid C: (11S)-hydroxyhexadecanoate 11-0-o-L.-rhamno-
pyranosyl-(1 — 4)-O-¢-L-rhamnopyranosyl-(1 — 4)-O-o-L.-rhamno-
pyranosyl-(1 — 2)-p-p-fucopyranoside, and operculinic acid E:
(11S)-hydroxyhexadecanoate 11-O-o-L-rhamnopyranosyl-(1 — 4)-
O-o-L-thamnopyranosyl-(1 — 4)-0O-o-L-rhamnopyranosyl-(1 — 2)-
p-p-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 all monosaccharides were 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
Cs7H100021. Compounds 3 afforded a FAB mass spectrum with the
[M-H] ™ ion at m/z 1103 (Cs7Hg9050). 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
3inrelation 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-C;,H,,0] ", 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-CsHgO] ™, 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 x 146 (CgH1004)-CsHgO]~, 545 [691-146 (CgH1004)] ,
which indicated that the lactonization was located at the first
rhamnose unit (Rha), 417 [545 + H,0 - 146 (C¢H1004)] ", and 271

Table 1

'H (500 MHz) NMR spectroscopic data of compounds 1-5 (pyridine-ds).2

Proton” 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) 430, 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) 440 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

3

4

5

6

rha-1 6.49 d (1.0) 6.51d (1.5)

2 5.28 dd (1.0, 3.0) 5.25dd (1.5, 3.0)

3 5.59 dd (3.0, 9.5) 5.69 dd (3.0, 9.5)

4 4.63 t (9.5) 4.76 £ (9.5, 9.5)

5 5.08 dq (6.5, 9.5) 5.16 dq (6.5, 9.5)

6 1.75 d (6.5) 1.75 d (6.5)

rha’-1 5.57 d (1.5) 591d(1.5)

2 5.78 dd (1.5, 3.5) 4.71 dd (1.5, 3.0)

3 4.59 dd (3.5, 9.5) 5.72 dd (3.0, 9.5)

4 4.26 t (9.5,9.5) 4.57 t (9.5, 9.5)

5 4.37 dq (6.0, 9.5) 4.43 dq (6.5, 9.5)

6 1.69 d (6.0) 1.61d(6.5)

rha’-1 6.16 d (1.5) 5.68 d (1.5)

2 4.77 dd (1.5, 3.0) 4.47 dd (1.5, 3.0)

3 4.48 dd (3.0, 9.5) 440 m

4 5.80t(9.5) 5.76 t (9.5)

5 4.41 dq (6.0, 9.5) 4.32 dq (6.5, 9.5)

6 1.44 d (6.0) 1.36 d (6.5)

jla-2a 2.24 ddd (3.0, 8.0, 11.7) 2.13 ddd (3.7, 7.8, 11.5)
2b 2.72 ddd (3.0, 8.0, 11.7) 2.25ddd (3.7, 7.8, 11.5)
11 3.90 3.96 m

16 1.00 ¢ (7.0) 0.99 t (7.0)

mba-2 2.52tq (7.0, 7.0) 248 tq (7.0, 7.0)

2-Me 1.22d (7.0) 1.20d (7.0)

3-Me 0.95 t (7.5) 0.92 t(7.5)

mba’-2

2-Me

3-Me

dodeca-2a 2.27 ddd (7.5, 7.5, 15.0) 2.30 ddd (7.5, 7.5, 15.0)
2b 2.35ddd (7.5, 7.5, 15.0) 2.39ddd (7.5, 7.5, 15.0)
12 0.87 t (7.5) 0.87 t (7.0)

4.54dd (7.5, 9.5)
4.19 dd (3.0, 9.5)
3.92

3.82 dq (1.0, 6.5)
152 d (6.5)

6.39 d (2.0)
5.25 dd (2.0, 3.0)
5.66 dd (2.5, 9.5)
471t (9.5)
5.08 dq (6.0,9.5)
1.59 d (6.0)

5.89 d (1.5)

470 dd (1.5, 3.0)
5.71 dd (3.0, 9.5)
456 £ (9.5, 9.5)
4.40 dg (6.0, 9.5)
1.58 d (6.0)

5.68 d (1.5)

4.46 dd (1.5, 3.5)
438 dd (3.5, 9.5)
5.75 £ (9.5, 9.5)
4.30 dq (6.0, 9.5)
1.35 d (6.0)

2.14 ddd (3.5, 7.0, 12.0)
2.23 ddd (3.5, 7.0, 12.0)
3.92

0.99 t (7.0)

2.47 tq (7.0,7.0)
1.20 d (7.0)
0.92 t (7.5)

2.27 ddd (7.0, 7.0, 15.0)
2.38 ddd (7.0, 7.0, 15.0)
0.88 t (7.5)

414 dd (7.5, 9.5)
4,00 dd (3.0, 9.5)
397 m

3.72 dq (1.0, 6.5)
1.50 d (6.5)

5.49 d (2.0)
5.92 dd (2.0, 3.5)
4.99 dd (3.5, 9.5)
420t (9.5)
4.45 dg (6.5, 9.5)
1.64 d (6.5)

6.01 d (2.0)

5.95 dd (2.0, 3.5)
4.66 dd (3.5, 9.5)
424 £(9.5,9.5)
4.38 dq (6.5, 9.5)
1.71 d (6.5)

6.13d (1.5)

4.81 brs

4.55 dd (3.0, 9.5)
5.83 t (9.5, 9.5)
4.43 dq (6.5, 9.5)
1.44 d (6.5)

2.22 ddd (3.5, 7.0, 12.0)
2.44 ddd (3.5, 7.0, 12.0)
3.84m

0.88 £ (7.0)

2.40 tq (7.0, 7.0)
121 d (7.0)
0.94 t (7.5)
2.51 tq (7.0, 7.0)
1.08 d (7.0)
0.85 t (7.5)

414 dd (7.5, 9.5)
4.07 dd (3.0, 9.5)
3.97 brs

3.77 dq (1.0, 6.5)
1.50 d (6.5)

547 d (2.0)
5.90 dd (2.0, 3.5)
5.00 dd (3.5, 9.5)
422 t(9.5)
4.45 dg (9.5, 6.5)
1.63 d (6.5)

6.16 d (2.0)

4.87 dd (2.0, 3.0)
5.74 dd (3.0, 9.5)
458 £ (9.5, 9.5)
4.42 dq (6.5, 9.5)
1.65 d (6.5)

5.75d (1.5)

4.53 brs

4.47 dd (3.0, 9.5)
5.79 t (9.5, 9.5)
4.34 dq (6.5, 9.5)
1.35d (6.5)

2.21 ddd (3.7, 8.0, 11.5)
2.35 ddd (3.7, 8.0, 11.5)
3.85m

0.88 £ (7.5)

245 tq (7.0, 7.0)
119 d (7.0)
0.91¢(75)
2.45 tq (7.0,7.0)
1.13 d (7.0)
0.86 ¢ (7.5)

2 Chemical shifts (6) 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 (CcH1004) ]~ 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 CsoHggO0. The initial elimina-
tion of two methylbutyroyl units produced the peaks at m/z 921
[M-H-CsHgO]™ and 837 [921-CsHgO] . 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 the murucoidin (Chérigo and Pereda-Mir-
anda, 2006) and pescaprein series (Pereda-Miranda et al., 2005).

Table 2

13C (125 MHz) NMR spectroscopic data of compounds 1-5 (pyridine-ds).*

Carbon” 1 2 3 4 5
glc-1 101.4 101.5

2 751 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 17.4 173
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 19.5 193 193 193
rha’-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
rha”-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 34.6 343 34.2
11 79.3 79.8 79.8 824 824
16 14.6 14.6 14.6 143 143
mba-1 176.3 176.3 176.3 175.9 176.0
2 41.6 41.5 415 41.6 415
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
2 413 41.5
2-Me 17.1 16.8
3-Me 11.8 11.6
dodeca-1 173.2 172.6 172.6

2 344 345 344

12 14.3 14.3 14.3

2 Chemical shifts (5) 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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The 'H 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 Rha’, and H-4 of
Rha”. HMBC studies using long-range heteronuclear coupling cor-
relation (?3Jcy) 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 (5c.; 174) could be placed at C-3
(6y 5.59-5.69) of the second saccharide (Rha), while for com-
pounds 4 and 5, the lactonization by the aglycone (éc.; 173) was
placed at C-2 (éy 5.90) of the same sugar unit; a methylbutyroyl
group (dc.; 176) was located at C-4 of Rha” (éy 5.75-5.83) in all
murucoidins; and the additional acyl substituent, dodecanoic acid
(6c.1 173) in compounds 1-3, or methylbutyric acid (dc.; 176) in
compounds 4 and 5, exhibited a 3Jcy coupling with either H-2
(6 5.72 in compound 1 and dy 5.95 in compound 4) or H-3 (dy
5.71-5.74 in compounds 2, 3, and 5) signal of Rha'.
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Table 3
Susceptibility of Staphylococcus aureus to murucoidins XII-XVI (1-5) and their cytotoxicity.?
Compound EDso (pg/ml) MIC (pg/ml)

KB Hep-2 Hela ATCC 25923 XU-212 EMRSA-15 SA—1199B

Nor () Nor (+)

1 171 >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 8¢
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 = = = = = = = 84
Vinblastine 0.003 0.007 0.008 - - — - -

@ 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.

> 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 pg/ml of the tested oligosaccharide.

¢ MIC value for norfloxacin in the modulation assay at the concentration of 5 pug/ml of the tested oligosaccharide.
4 MIC value for norfloxacin in the modulation assay at the concentration of 20 ug/ml of reserpine which was used as positive control for an efflux pump inhibitor.

Only murucoidins XIV (3) displayed antimicrobial activity at the
concentration tested against SA-1199B (MIC 8 pg/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 pg/ml; from 32 pg/ml) at concentrations of 5-
25 pg/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. 'H (500 MHz) and '3C
(125.7 MHz) NMR experiments were conducted on a Bruker
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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 Tepostlan, 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 Quimica, 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 Biologia, 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 CHCl; 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 CH,Cl, in hexane (1:1 and 1:0),
Me,CO in CH)Cl, (1:9 and 3:7), and MeOH in Me,CO-CH,Cl,
(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-Me,CO-CH,Cl,, 1:2:7) and frac-
tion V (eluates 127-132; MeOH-Me,CO-CH,Cl,, 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 C;g (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 C;g column (300 x 19 mm), a flow rate of
9 ml/min, and a refractive index detector were used. Peaks with
tg 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), 19.5min (20 mg, peak VII), 22.0
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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 CH;CN-MeOH (7:3)
was used for those peak with tz values higher to 15 min. These
techniques afforded pure murucoidin XIII (2, 15 mg) from peak
I, 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 (13.5mg),
stoloniferin I (10.2 mg) from peak I, murucoidin I (8.4 mg) from
peak 1V, pescaprein Il (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]p—78° (c 0.2, MeOH); 'H
and '>C NMR, see Tables 1 and 2; negative FABMS m/z 1119 [M-
H], 937 [M-H-C;;H»,0]", 853 [937-CsHgO]~, 707 [853-
CsH1004] 7, 561, 433, 271; HRFABMS m/z 1119.6676 [M-H]|~ (calcd
for Cs7Hg9051 requires 1119.6679).

4.4.2. Murucoidin XIII (2)

White powder; mp 96-98 °C; [a]p—67° (c 0.1, MeOH); 'H and
13C NMR, see Tables 1 and 2; negative FABMS m/z 1119 [M-H] ",
937 [M-H-C;5H2,0]", 853 [937-CsHgO], 707 [853-CgH1004],
561 [707-CeH1004]7, 433 [561-128]7, 271; HRFABMS m/z
1119.6674 [M-H]~ (calcd for Cs7Hg905; requires 1119.6679).

4.4.3. Murucoidin XIV (3)

White powder; mp 125-127 °C; [o]p—60° (c 0.47, MeOH); 'H
and 3C NMR, see Tables 1 and 2; negative FABMS m/z 1103 [M-
H]", 921 [M-H-Ci,H,,0]", 837 [921-CsHgO]", 691 [837-
CeH1004], 545 [691-CeH1g04]", 417, 271; HRFABMS mj/z
1103.6724 [M-H] ™ (calcd for Cs;HggO20 requires 1103.6729).

4.4.4. Murucoidin XV (4)

White powder; mp 108-111 °C; [a]p—66° (¢ 0.60, MeOH); 'H
and '3C NMR, see Tables 1 and 2; negative FABMS m/z 1005 [M-
H]~, 921 [M-H-CsHgO], 837 [921-CsHgO], 775 [921-146
CeH1004]7, 691 [775-CsHgO]~, 545 [691-CgH;904-CsHgO]~, 417,
271; HRFABMS m/z 1005.5630 [M-H]~ (calcd for CsoHgs029 re-
quires 1005.5634).

4.4.5. Murucoidin XVI (5)

White powder; mp 125-127 °C; [a]p—29° (c 0.35, MeOH); 'H
and '3C NMR, see Tables 1 and 2; negative FABMS m/z 1005 [M-
H]f, 921 [M—H—C5H30]7, 691 [921—C5H30—C6H1004]7, 545 [691—
CsH1004] 7, 417, 271; HRFABMS m/z 1005.5629 [M-H]|~ (calcd for
Cs0Hgs0, requires 1005.5634).

4.5. Alkaline hydrolysis of resin glycoside mixture

A solution of the crude resin glycoside mixture (100 mg) in 5%
KOH-H,0 (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 H,0, dried over anhydrous Na,SO,,
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 CH,N, to further perform the separation by HPLC of the
methyl ester derivatives, using a Waters pBondapak NH, column
(7.8 x 300 mm), an isocratic elution with CH3CN-H,0 (5:1), a flow
rate of 3 ml/min, and a sample injection of 500 pl (20 mg/ml). This
procedure yielded operculinic acid C methyl ester (6.4 mg,
tg=5.8 min), operculinic acid E methyl ester (8.6 mg,
tg = 10.9 min), simonic acid A methyl ester (4.3 mg, tg = 14.0 min),
operculinic acid A methyl ester (8.6 mg, tg = 20.9 min), and simonic
acid B methyl ester (14.7 mg, tg = 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]p + 18 (¢ 1.0, MeOH) (Pereda-Miranda
and Hernandez-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 Ca®* and Mg?*, 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 x 10° cfu of each of the test strains was
prepared in 0.9% saline by comparison with a McFarland standard.
MHB (125 pl) 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 pl) were dis-
pensed into well 1 and serially diluted across the plate (512-
1 pg/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 pl) 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 pg/ml. Serial doubling dilutions of norfloxacin ranging from 1
to 512 pg/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 pg/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 (10x) medium
supplemented with 10% fetal bovine serum. Cell lines were cul-
tured at 37 °C in an atmosphere of 5% CO, 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 pg/
ml) and incubated for 72 h at 37 °C in a humidified atmosphere
of 5% CO,. 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 (ECsp). The values were estimated from a semilog plot of the
drug concentration (pg/ml) against the percentage of viable cells.
Vinblastine was included as a positive drug control.
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A reinvestigation of the CHCls-soluble extract from flowers of the Mexican medicinal arborescent morning glory, [pomoea
murucoides, through preparative-scale recycling HPLC, yielded six new pentasaccharides, murucoidins VI—XI (1—6),
as well as the known pescaprein I1I (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 ug/mL from 32 ug/mL) at concentrations of 5—25 ug/mL. Stoloniferin I (8) enhanced norfloxacin activity
8-fold when incorporated at a concentration of 5 ug/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.' 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™ are a conspicu-
ous floristic element of the seasonal dry tropical forest. They have
been used since Prehispanic times® 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
complex*~® considered to be of “cold-nature™” to reduce excessive
body heat® 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 [—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
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development of new bacterial inhibitors to treat infections resulting
from multidrug-resistant S. aureus strains.”'

Results and Discussion

A small portion of the resin glycoside fractions, obtained from the
CHCl;-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, (115)-jalapinolic acid 11-O-a-L-rhamnopyranosyl-(1—3)-
O-[a-L-rhamnopyranosyl-(1—4)]-O-o-L-rhamnopyranosyl-(1—4)-
O-a-L-thamnopyranosyl-(1—2)-3-D-glucopyranoside,' ' simonic acid
B, (118)-jalapinolic acid 11-O-o-L-rhamnopyranosyl-(1—3)-
O-[a-L-rhamnopyranosyl-(1—4)]-O-o-L-thamnopyranosyl-(1—4)-
O-a-L-thamnopyranosyl-(1—2)-B-bD-fucopyranoside,”'" and oper-
culinic acid A, (11S)-jalapinolic acid 11-O-f-p-glucopyranosyl-
(1—3)-0-[o-L-thamnopyranosyl-(1—4)]-O-a-L-rhamnopyranosyl-
(1—4)-0-0-L-thamnopyranosyl-(1—2)-3-D-fucopyranoside,™"* previously
obtained from Ipomoea batatas,'" 1. stolonifera," I. operculata,"*
I leptophylla,'® I. murucoides,” and I. intrapilosa.*®

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.>'” 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,'® 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 pescaprein'®
and murucoidin® series. Common fragment peaks reported for the
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resin glycosides?®?' 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 CgH;10025. The
ions at m/z 1181 [M — H — CsHgO]™ and 1067 [M — H —
C2H20,]~ 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 x 146 (C¢H,004) — CsHgO] ™,
545 [691 — 146 (C¢H 9O4)]~, which indicated that the lactonization
was located at the first rhamnose unit (Rha), 417 [545 + H,0 —
146 (C¢H904)]7, and 271 — [417 — 146 (C¢H904)] .

Common features in both 'H and '*C NMR spectra of all six
new compounds (1—6) were noted (Tables 1 and 2). All 'H 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 6 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 CH,-2 of the
aglycone (11S-hydroxyhexadecanoic acid, jal) when forming a
ring.?%?! The following spectroscopic features were observed: (a)
the carbonyl resonance of the lactone functionality (6 173—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 (0c 77) of the second
saccharide (rha) was established by the observed 3J coupling
between this carbonyl carbon and its downfield shifted geminal
proton (6 5.6) in murucoidins VI (1) and IX—XI (4—6); for
compounds 2 and 3, the lactonization at C-2 (¢ 70) was identified
by the 3Jc_y coupling and corroborated by the significant downfield
shift for its geminal proton (4 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"
(Oc 73); H-2 of these moieties was used as a diagnostic resonance
centered at 0 2.4—2.5 (1H, tq) for the methylbutanoyl group (mba)
in murucoidins VI (1), VIII (3), X (5), and XI (6) and at 6 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 & 2.4 for the long-chain fatty acid
esterifying residues in 1, 5, and 6. In all cases it was possible by
HMBC analysis®'**> to establish the links between a specific
carbonyl ester group with their corresponding vicinal proton
resonance (3Jcy) and the pyranose ring proton at the site of
esterification (3Jcy). For example, the 8-hydroxydodecanoyl residue
in murucoidin X (5) was identified through the observed 2/cy
coupling between the carbonyl resonance at 0 172.9 with the triplet-
like signal for the vicinal methylene protons (6 2.3, 2H) and its
location at C-2 of Rha' by the 3Jcy coupling with the signal at 6
5.8. Therefore, the remaining esterified position (C-4 Rha" oy 4.2;
dc 73) represented the location of the additional ester linkage for
the methylbutanoyl group.

From the TOCSY experiment,?? edited "H 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 'Joy NMR experiments. For
D-sugars in the *C; conformation, the a-anomeric configuration (-
equatorial C—H bond) has a 'Jcy value of 170 Hz, which is 10 Hz
higher than that for the S-anomer (o-axial C—H bond; ca. 160
Hz).?? From the anomeric signals in the '*C NMR spectra of the
glycosidic acids (i.e., simonic acids A and B and operculinic acid
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C), 'Jcy values for fucose (159 Hz) and glucose (164 Hz) supported
the S-anomeric configuration. The a-configuration was deduced for
the rhamnose units (Jey = 170—172 Hz).>° All monosaccharides
were in their naturally occurring form (D-glucose, D-fucose, and
L-thamnose), 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).'7 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 a-cleavage® on either side of the trimethylsiloxyl group
gave the diagnostic ions at m/z 245 [CoH;sO;TMS]T and 159
[CsH;qOTMS]*. In compound 5, the presence of the C-8 hydroxyl
group in the aglycone was also recognized by the downfield shift
(o-effect ca. +41 ppm)** on C-8 (d¢ 75) and the B-effects on C-7
and C-9 (Oc 38), which resulted in shifts to higher frequency (Ad
= +8 ppm)** in comparison with the same resonances in the
n-dodecanoic acid (0¢ 29—30).>° To determine the stereochemistry
at the C-8 position, compound 15 was converted to the Mosher
esters 17 and 18 with (S)- and (R)-a-methoxy-a-trifluorometh-
ylphenylacetyl (MTPA) chloride, and their '"H NMR spectra were
recorded.?® The chemical shift difference (A0 = ds — Jr) between
corresponding Me-12 protons was positive (A6 = +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).>” This result is consistent with the
previously reported chemical shift differences (A0 = +0.057 ppm)
at the terminal methyl signals that are separated by as much as
four methylene groups from the asymmetric carbon.?® 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.?” 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 ug/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 strain®® 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 ug/
mL from 32 ug/mL) at concentrations of 5—25 ug/mL; stoloniferin
I (8) enhanced norfloxacin activity 8-fold when incorporated at a
concentration of 5 ug/mL. These strong potentiation effects were
similar to those previously observed for the amphipathic orizabins,’
which are tetrasaccharides from the Mexican scammony (Ipomoea
orizabensis). An ethidium efflux inhibition assay utilizing SA-
1199B*! 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.” 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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gl Table 2. *C NMR Data of Compounds 1—6 (125 MHz)“
O —
g £ carbon® 1 2 3 4 5 6
Y 2 2 gle-1 1014 1045 104.6
- =< =8 2 753 820 820
Qs g 3 798 765  76.5
< 5]
NP Z 4 721 719 719
oL 5 798 779  78.0
e 6 628 628 628
£ g fuc-1 101.6 101.6 101.5
% S 2 734 734 735
k= § 3 7671 767 765
g 4 736 736 735
(=¥
IR 5 713 713 712
~~| o
e I 6 172 172 172
w - «~ | ° ﬁ
95 le rha-1 1003 988 988 1003 1003 100.1
S8 g 2 69.7 737 737 698 698  69.9
R 3 778 699 700 779 718 719
'*,i | 4 781 798 798 774 780 765
< 5 680 687 685 679 679  68.0
Tc‘é 3 6 194 193 194 192 192 192
g . tha'-1 992 993 991 991 992 993
_ =5 2 729 730 731 728 730 723
g 8% 3 80.0 798 798 79.8 802 802
= £3 4 798  80.1 8.1 794 792 786
Ssa - 5 683 682 682 684 683 679
- 2o <% 6 187 188 188 188 188 187
2< o 57 g rha"-1 103.7 103.8 103.8 1039 103.7 103.4
Jas 553 2 726 727 728 726 126 723
o= £ 58 3 702 702 702 702 702 702
7 g 4 748 749 748 748 748 752
. E 5 68.1 685 687 682 682  68.1
- =y 6 179 178 179 179 179 180
& @ tha" -1 1043 1049 1049 1044 1043
Us l 2 726 725 725 126 727
=~ §%‘° g 3 725 725 725 126 725
<2 S5 2 4 737 735 735 136 737
== 2% 5 708 687 687  70.7  70.8
=SB £°8 6 187 186 186 188 188
- 5 I E, gle-1 104.8
S £ 2 75.2
Q. 8 oo
R 3 78.5
=32 4 70.7
O Qg
ER=l 5 79.5
0S8
2 B3 6 62.5
_ P S jal-1 1749 1734 1733 1748 1749 174.6
2 e LL 2 337 343 343 338 337 341
= £°8 11 794 828 828 794 793 795
o =55 S22 16 144 145 143 144 144 144
aTC 8s7 mba-1 1763 1755 1755 1763 1763 1763
2z g% 2 416 415 415 416 416 415
Q== z Il g 2-Me 170 161 168 170 170 169
o gog 3-Me 1.8 11.8 117 118 118 117
. §'—§ mba'-1 176.3
25£ 2 415
- 2-Me 17.0
elha 3-Me 11.7
R ! iba-1 176.9 176.0
s =33 2 345 342
NS S 3 19.3 19.1
— == E= g 3 19.1 19.1
2 g : Il g dodeca-1 172.9 173.5
= o8 2 34.4 34.5
EsZ2 12 14.3 143
S g 8-hydroxydodeca-1 172.9
PR 2 34.4
S 7 38.4
=
S ] 75.2
— 2.0
S, E
o |8 9 38.3
! =R
s Eo® 12 14.3
= o] a= 9
Sl g & § “Data in CsDs. Chemical shifts (0) are in ppm relative to TMS.
g g o = 5 4 —%’ ® Abbreviations: fuc = fucose; rha = rhamnose; glc = glucose; jal =
5| & & £ SR 11-hydroxyhexadecanoyl; mba =  methylbutanoyl; iba =
Q é’ é’ Q 3 S =85 methylpropanoyl; dodeca = dodecanoyl; 8-hydroxydodeca =
. T e L Safta|C gk 8-hyd dod 1
- A EninT—0—|8.203 ydroxydodecanoyl.
) S 30
c..—% E z E‘ tetrasaccharides, tricolorins A and E (SA-1199B, MIC 8 ug/mL),
= 2= and their peracetylated derivatives (SA-1199B, MIC >256 ug/mL)
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Scheme 1¢
GH OTMS
ah ~ [+ 2
5 — e
cg@# o fa]
n &
\/‘\rgw ? oy 2= gH ’ B
15 R = CH;
] 9 oy ,
CH,
o OMTPA
QR
HO 4 =
OH =
oH : | 2
10059 ppm*  Cathso,—— CF —Caby
[s) A8 =0
H
OCH;
17 R={S)}MTPACI
18 R=({RYMTPACI

“Key: (a) KOH, (b) CH,N,, (c) TMSICl, pyridine, 70 °C, 15 min, (d) (R)-MTPACI or (S)-MTPACI, DMAP, pyridine, 70 °C, 5 h. *Ad = 6(17) — d(18).

Table 3. Susceptibility of Staphylococcus aureus to Selected Convolvulaceous Oligosaccharides and their Cytotoxicity”

EDso (ug/mL) MIC (ug/mL)
SA-1199B”

compound KB Hep-2 HelLa ATCC 25923 XU-212 EMRSA-15 Nor (—) Nor (+)
1 >20 >20 >20 >512 512 256 32 8¢
2 >20 >20 >20 >512 512 256 32 8¢
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 8¢
9 >20 >20 >20 >512 512 256 32 8¢
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 8¢
orizabin IX >20 >20 52 >512 >512 256 512 <24
tricolorin A 1.0 1.6 4.7 16 8 4 8 32¢
tricolorin E 10.6 >20 1.0 16 8 8 8 32¢
tetracycline 0.125 64 0.125 0.25
norfloxacin 0.5 8 0.25 32
reserpine 8
vinblastine 0.003 0.007 0.008

“ 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.  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 ug/mL of the tested oligosaccharide. “ MIC value for norfloxacin in the modulation assay at the concentration of 5 ug/mL of
the tested oligosaccharide. “ MIC value for norfloxacin in the modulation assay at the concentration of 1 ug/mL of the tested oligosaccharide. ¢ MIC
value for norfloxacin in the modulation assay at the subinhibitory concentration of 2 ug/mL of the tested oligosaccharide. / MIC value for norfloxacin in
the modulation assay at the concentration of 20 ug/mL of reserpine, which was used as positive control for an efflux pump inhibitor.

was tested in order to compare their effects with those obtained
for the orizabin® and murucoidin series. The antimicrobial tricolorins
and their peracetylated derivatives exhibited no modulatory activity
at the subinhibitory concentration of 2 ug/mL for the natural
products and 25 ug/mL for the derivatives. The loss of activity for
the highly acylated compounds is a comparable situation to the
inactivity recorded for the polar analogue® 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.*? 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

105

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).>
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.'®** 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
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Figure 1. Ethidium efflux inhibition assay against SA-1199B strain
cells. The horizontal line indicates 50% efflux inhibition.

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. '"H (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.'8*' 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-I1I instrument coupled to a JEOL
SX-102A spectrometer. GC conditions: HP-5MS (5%-phenyl)-meth-
ylpolysiloxane column (30 m x 0.25 mm, film thickness 0.25 um);
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™'; mass
range, 33—880 amu.

Plant Material. Flowers of Ipomoea murucoides were collected at
the campus of the Universidad Auténoma del Estado de Morelos,
Cuernavaca, Morelos, Mexico, on December 12, 2004. The voucher
specimens were archived at the Departamento de Farmacia, Facultad
de Quimica, 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 CHCI; 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 CHCIs. 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 C;s (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 C;3 HPLC using an isocratic
elution with CH3CN—MeOH (9:1). For their resolution, a Symmetry
Cig column (Waters; 7 um, 19 x 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
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compounds: murucoidin V (13, 7z 6.9 min), stoloniferin I (8, t 7.3
min), murucoidin I (9, g 13.0 min), pescaprein III (7, tx 16.3 min),
murucoidin IT (10, fg 21.9 min), murucoidin IIT (11, 7z 24.6 min), and
murucoidin IV (12, g 30.3 min). The eluates across the peaks with g
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 mode'®* 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 CH3;CN—H,O (7:3) was used for
the resolution of peak I from a complex mixture of related minor
oligosaccharide to afford pure major compound 4 (g = 24.4 min, 3.2
mg).

Murucoidin VI (1): white powder; mp 143—145 °C; [a]p —38 (¢
0.1, MeOH); 'H and *C NMR, see Tables 1 and 2; negative FABMS
m/z 1265 [M — H]~, 1181 [M — H — CsHsO]~, 1083 [M — H —
Ci:H»O] 7, 853 [1083 — CsH 004 (methylpentose) — CsHsO]~, 561
[853 — 2 x 146 (CeH004)]~, 433 [561 — 128]~, 271 [Jal — H]7;
HRFABMS m/z 1265.7256 [M — H]~ (calcd for Ce3Hi99O25 requires
1265.7258).

Murucoidin VII (2): white powder; mp 141—143 °C; [a]p —39 (¢
0.11, MeOH); 'H and '3C NMR, see Tables 1 and 2; negative FABMS
m/z 1153 [M — H]-, 1083 [M — H — C4HsO], 937 [1083 —
CeHi004]7, 791 [937 — Ce¢H,004]7, 561, 433, 271; HRFABMS m/z
1153.6000 [M — H]~ (calcd for CssHo30,5 requires 1153.6000).

Murucoidin VIII (3): white powder; mp 150—152 °C; [a]p —20
(¢ 0.09, MeOH); 'H and 3C NMR, see Tables 1 and 2; negative
FABMS m/z 1167 [M — H]~, 1083 [M — H — CsHgO]~, 937 [1083 —
CeH004]7, 853 [937 — CsHgO]™, 561, 433, 271; HRFABMS m/z
1167.6159 [M — H]~ (caled for CssHosOas requires 1167.6162).

Murucoidin IX (4): white powder; mp 156—158 °C; [a]p —74 (¢
0.07, MeOH); 'H and '3C NMR, see Tables 1 and 2; negative FABMS
mfz 1137 [M — H]7, 1053 [M — H — CsHgO]~, 991 [M — H —
CeHi004]7, 921 [991 — C4H6O]~, 837 [921 — CsHgO]~, 545 [837 — 2
x 146 (C¢Hi004)]7, 417 [545 — 128]7, 271 [Jal — H]"; HRFABMS
milz 1137.6051 [M — H]~ (calcd for CssHg304 requires 1137.6057).

Murucoidin X (5): white powder; mp 128—130 °C; [o]p —53 (¢
0.15, MeOH); 'H and '3C NMR, see Tables 1 and 2; negative FABMS
m/z 1265 [M — H]~, 1181 [M — H — CsHsO]~, 1067 [M — H —
Ci2H»05]7, 691 [1067 — 2 x 146 (CsH1004) — CsHgO] ™, 545 [691 —
146 (C¢H1004)]7, 417, 271; HREABMS m/z 1265.7254 [M — H]~ (calcd
for Ce3Hi09O2s requires 1265.7258).

Murucoidin XI (6): white powder; mp 156—158 °C; [a]p —50 (¢
0.32, MeOH); 'H and '3C NMR, see Tables 1 and 2; negative FABMS
mfz 1265 [M — H]~, 1181 [M — H — CsHsO]~, 1083 [M — H —
CioH»O0]7, 921 [1083 — 162 (CeH100s5) — CsHsO] 7, 545 [921 — 2 x
146 (C6H1004) — CsHgO] ™, 417, 271; HRFABMS m/z 1265.7253 [M
— H]™ (caled for Ce3Hj09Os5 requires 1265.7258).

Alkaline Hydrolysis of Resin Glycoside Mixture. A solution of
the crude resin glycoside mixture (100 mg) in 5% KOH—H,0 (5 mL)
was refluxed at 95 °C for 3 h. The reaction mixture was acidified to
pH 4.0 and extracted with CHCl; (30 mL). The organic layer was
washed with H,O, dried over anhydrous Na,SO,, 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 (zx 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 (fr 7.2 min), m/z [M]™ 102 (3), 87 (33), 74 (100),
57 (50), 41 (28), 39 (8); and n-dodecanoic acid (fr 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 procedures'® were used for the preparation and
identification of 4-bromophenacyl (25)-2-methylbutyrate from the resin
glycoside fraction: mp 41—42 °C; [a]p +18.2 (¢ 1.0, MeOH).

The residue extracted (35 mg) from the aqueous phase was subjected
to preparative HPLC on a Waters uBondapak NH; column (7.8 x 300
mm; 10 um). The elution was isocratic with CH3;CN—H,O (4:1), using
a flow rate of 4 mL/min and a sample injection of 500 uL (35 mg/
mL). This procedure yielded simonic acid A (6.3 mg, frr = 4.8 min),

reported resin glycosides,”'? confirming the detection of the following 106 operculinic acid C (8.2 mg, rx = 10.9 min), and simonic acid B (17.0
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Chart 1
Ry R: Ry Rq R; Rs
1  (28Hmethylbutanoyl = mba  g-L-rhamnopyranosy! = rha n-dodecanoy = dodeca CHOH H OH
4  methylpropanoyl = iba rha mba CHs; OH H
5 mba rha (8R)-hydroxydodecancyl CH3 OH H
6 mba B-D-glucopyranosy = gic dodeca CH; OH H
7 mba rha dodaca CHy OoH K
8 mba rha mba CHs OH B
13 mba glc mbg CH3 OH H
Chart 2 Alkaline Hydrolisis of Murucoidin X (5). Approximately 22 mg
of 5 was dissolved in 1 mL of MeOH and 5% KOH—H,O (4 mL).
The solution was refluxed at 95 °C for 2 h. The reaction mixture was
Rg acidified to pH 4.0 and extracted three times with 5 mL of Et;O. The
Ry organic layer was washed with H,O, dried over anhydrous Na,SOu,
R I S and evaporated under reduced pressure. A small aliquot was directly
HO analyzed by GC-MS with two peaks detected. These were 2-methyl-
? butyric acid (fz 8.0 min) and 8-hydroxydodecanoic acid (14, & 25.0
Hal O’,J min): m/z [M — OH — H,O]" 181 (8), 115 (13), 97 (17), 87 (19), 83
0‘%\'/ (8), 73 (84), 69 (15), 60 (100), 57 (40), 55 (35), 45 (15), 43 (27), 41
HC o 9 (30). The remaining ether extract was reacted with excess diazomethane,
concentrated, and analyzed by normal-phase HPLC; for the resolution
Hac> O,J RO ORy o of this reaction mixture, a normal-phase column (19 x 150 mm, 10
Rlo‘;\/ um), an isocratic elution with hexane—EtOAc (4:1), a flow rate of 2
HO OH mL/min, and a differential refractometer were used. The eluates across
the peaks with 7z value of 6 min (2-methylbutyric acid methyl ester,
[a]lp +10 (c 0.1, CHCI3)) and 12.5 min (8-hydroxydodecanoic acid
methyl ester (15)) were collected and concentrated to dryness.
R R Ry Ra Rs Re Compound 15 was dissolved in 0.25 mL of pyridine-ds and divided
23 iba tha mba CH;0H H &H into two portions. An aliquot was derivatized with Sigma Sil-A for 15
3 mba tha mba CH:OH H OH min at 70 °C. GC-MS analysis gave one peak (16, g 5.1 min): 274 [M
f:, :;a ::g Qgg gﬂz g: : — 28] (1.2), 271 [M — 31]F (2.3), 255 (7), 245 (29), 216 (10), 159
1 mba rha mba CHa oH H (65), 141 (26), 103 (18), 95 (37), 75 (40), 73 (100). Half of the second
12 mba glc mba CHa oH H aliquot was treated with 4-(dimethylamino)pyridine (3 mg, previously

mg, g = 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
HCI (10 mL) was heated at 90 °C for 2 h. The reaction mixture was
diluted with H,O (5 mL) and extracted with Et,O (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—H,O and directly analyzed by HPLC: Waters
standard column for carbohydrate analysis («Bondapak NH»; 3.9 x
300 mm, 10 #m), using an isocratic elution of CH;CN—H,O (17:3), a
flow rate of 1 mL/min, and a sample injection of 20 uL (sample
concentration: 5 mg/mL). Co-elution experiments with standard
carbohydrate samples allowed the identification of rhamnose (rr = 5.9
min), fucose (frg = 7.7 min), and glucose (rx = 10.1 min). Each of
these eluates was individually collected, concentrated, and dissolved
in H,O. Optical activity was recorded after stirring the solutions for
2 h at room temperature: L-thamnose []sog +8, [a]s7s +8, [t]s46 19,
[0.]436 +15, [(1]355 +21 (C 0.1, Hzo); D-fucose [(1]593 +8], [(1]573 +83,
[at]sas +94, [0]aze +155, [0z6s +236 (¢ 0.1, H>O); D-glucose [at]sos

heated at 70 °C for 3 h) and dry pyridine-ds (0.75 mL) in NMR tubes.>
(R)-(+)-a-Methoxy-a-trifluoromethylphenylacetyl (MTPA) chloride
was added (20 uL). The reaction was allowed to stand at 70—75 °C
for 5 h under an atmosphere of N,. 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 Et,0 were added to the
mixture and stirred vigorously for 5 min. Water (5 mL) was added
and the mixture was extracted with CHCls. The organic phases were
washed with 0.5 N HCI, dried with anhydrous Na,SOs, 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, tg 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, fr 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 CH,N>, and the physical
and spectroscopic constants ('"H and '*C NMR) registered for the product

+50, [o]s7s +51, [asae +57, [0]aze +97, [a]z6s +150 (¢ 0.1, H,O). ,l 07 were identical in all aspects to those previously reported” for simonic
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acid B methyl ester: white powder; mp 113—115 °C; [a]lp —82.5 (¢
1.0, MCOH); HRFABMS m/z 1015.5322 [M - H]_ (calcd for C47Hg3023
requires 1015.5325).

(8R)-(—)-8-Hydroxydodecanoic Acid Methyl Ester (15): oil; [ot]sos
—15.6, [o]s7s —16.3, [at]sss —16.8, [a]aze —18.8, [a]s6s —20 (c 0.1,
CHCIs); '"H NMR (400 MHz, CDCl;) 6y 3.67 (3H, s, OMe), 3.59 (1H,
m, H-8), 2.34 (2H, t, / = 7.5 Hz, H-2), 1.64 (2H, m, H-3), 1.46—1.07
(14H, m, H»-4-H»-7, and H,-9-H»-11), 0.90 (3H, t, J = 7.2, H-12);
HRESIMS m/z 229.1805 (caled for Ci3Has 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.>® SA-1199B, which overexpresses the
NorA MDR efflux protein,®” 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 Ca>* and
Mg?", 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.*® An inoculum density of 5 x 10°
cfu of each of the test strains was prepared in 0.9% saline by comparison
with a McFarland standard. MHB (125 L) 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 ug/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 ug/mL, and the glycolipids
orizabin IX and tricolorins A and E at 2 ug/mL. Serial doubling
dilutions of norfloxacin in the range 1—512 ug/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 ug/
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
determined to generate adose—response profile foreach oligosaccharide. >’
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] x 100.

Cytotoxicity Assay. Nasopharyngeal (KB), cervix (HeLa), and
laryngeal carcinoma (Hep-2) cell lines were maintained in RMPI 1640
(10x) medium supplemented with 10% fetal bovine serum. Cell lines
were cultured at 37 °C in an atmosphere of 5% CO; 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 ug/
mL) and incubated for 72 h at 37 °C in a humidified atmosphere of
5% CO,. The cell concentration was determined by the NCI sulfor-
hodamine method.*® Results were expressed as the dose that inhibits
50% control growth after the incubation period (EDsp). The values were
estimated from a semilog plot of the drug concentration (1g/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 mc®155 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 mc®155. 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 tuberculosis’ 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.” Efflux pumps can be specific for a class of anti-
biotics or responsible for MDR.? They are attractive antibacterial
targets, and the co-administration of an efflux pump inhibitor
(EPI) with an antibiotic has progressed to human clinical trials.*
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.’
According to Stavri et al..® 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.” Reserpine is an inhibitor of
ATP-dependent pumps, verapamil inhibits P-glycoprotein and
bacterial efflux pumps in general,” and chlorpromazine affects
potassium flux across the membrane in Staphylococcus aureus
and the yeast Saccharomyces cerevisiae.” 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 mc>155, which expresses many puta-
tive efflux pumps.” 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 mc?155.

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 mc?155 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 37°C under aerobic conditions for 2—3 days
prior to assays. MIC and modulation assays were performed in
cation-adjusted Mueller—Hinton Broth (MHB; Oxoid).

Difco™ Middlebrook 7H9 Broth (Becton, Dickinson and
Company, Le Pont de Claix, France) supplemented with 10% BBL™
Middlebrook OADC Enrichment (Becton, Dickinson and Company,
Shannon, Ireland) and 0.05% Tween 80 (for molecular biology,
Sigma-Aldrich) or 0.4% Difco™ Glycerol (Becton, Dickinson and
Company, Sparks, MI, USA) was used for efflux experiments.

MIC assay and modulation assay

MICs were determined as described previously.'® Briefly, a standard
MIC determination of serially diluted test compounds in Ca>*- and
Mg”"-adjusted MHB using bacterial inocula with a density of 5 x
10° cfu/mL was conducted. Plates were incubated at 37°C 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 = MIC (antibiotic)/MIC (antibiotic + modulator)

The fractional inhibitory concentration index (FICT)!' expressed
the effect of the combination of antibacterial agents:

FICI = FIC (A) + FIC (B)
FIC (A) = MIC (A in the presence of B)/MIC (A alone)
FIC (B) = 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 mc®155 following a
method by Kaatz et al.'® for inhibitors of the proton motive force
driven multidrug pump NorA in S. aureus.

M. smegmatis mc>155 was cultivated on CBA under aerobic con-
ditions at 37°C for 2-3 days, which was then used for inoculating
an overnight culture'® in Tween 80-containing Middlebrook 7H9
broth. This culture was incubated overnight at 37°C, 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
(ODggp ~ 0.8—1.0) at 37°C, 80 rpm for 16—24 h.

Cells were loaded with 100 uM of the proton conductor CCCP
and 5 uM EtBr and further incubated for 1 h at 37°C. The inoculum
was adjusted to ODgypp=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 20°C and
the pellets were put on ice immediately. Cell pellets were resus-
pended in 2mL 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 mc*155

MIC Concentration as Modulation

Compound (mg/L) modulator (mg/L) 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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Figure 1. Ethidium efflux inhibition assay from M. smegmatis mc?155 cells. Standard EPIs (broken lines): chlorpromazine, bars; reserpine, filled diamonds;
verapamil, filled triangles. Test compounds (continuous lines): biochanin A, filled squares; resveratrol, filled triangles; luteolin, filled circles. Values represent

means + SD, n=2-6.
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)."

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 puM.
Each known EPI tested showed efflux inhibition in M. smegmatis
mc?155 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 mc?155 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,"* 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
[*H]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 mc*155
(ATCC 700084), M. smegmatis mc*2700, M. phlei (ATCC 11758) and M. fortuitum (ATCC 6841) were used. The strongest synergistic effects were
observed in M. smegmatis mc*155 followed by M. 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 the MIC of INH up to 64-fold
at 16 pg/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
etal., 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),

* Corresponding author. Tel.: +43 316 3805531; fax: +43 316 3809860.
E-mail address: franz.bucar@uni-graz.at (F. Bucar).

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

1874-3900/$ — see front matter © 2008 Phytochemical Society of Europe. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Modulation of INH susceptibility by various concentrations of flavonols
with different B-ring substitution patterns in M. smegmatis mc>155.

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
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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
mc?155, M. smegmatis mc?2700, 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 the MICs
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 pg/ml. (—)-Epicatechin as
well as rutin exhibited weak activities from 128 to 256 pg/ml
against M. fortuitum.

CH

OH 0 ]
s OH

OH (-)-Epicatechin

Fig. 2. Structures of the investigated compounds.
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Table 1
Minimum inhibitory concentrations (MIC values, pg/ml) of flavonoids
Compound Strains

M. smegmatis mc*155 M. smegmatis (ATCC 14468) M. smegmatis mc>2700 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

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 mc?155, 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 mc*2700 overexpresses the fatty
acid synthase gene (fas 1) from M. 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 mc*2700 compared to other M.
smegmatis strains. This indicates that luteolin could be a
potential inhibitor of FAS-1. As luteolin-7-glucoside turned out
to be the first plasmodial FAS-II inhibiting natural product
targeting the malarial Fabl 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 mc*2700.

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 2
Modulation factors and reference concentrations of flavonoids against different strains of mycobacteria (nt, not tested)
Compound [C] (pg/ml) Strains
M. smegmatis mc155 M. smegmatis (ATCC 14468) M. smegmatis mc*2700 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 pg/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 pg/ml
and 64-fold at a concentration of 16 pg/ml, respectively in M.
smegmatis mc>155. 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
etal.,2006). The IN-NAD adduct molecule is a strong inhibitor
of InhA, a key enzyme involved in the biosynthesis of mycolic
acids for the mycobacterial cell wall. Low concentrations of
H,0, are necessary so that KatG can efficiently catalyze the
INH activation. It is possible that the flavonoids additionally
keep the H,O, 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
mc?155 (ATCC 700084), M. fortuitum (ATCC 6841) and M.
phlei (ATCC 11758). The M. smegmatis mc*2700 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 °C
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,
0.35ml well capacity). Bacterial inoculum (density of
5 x 10° 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 °C for 72 h. The MIC was
recorded as the lowest concentration at which no growth was
observed after the addition of 20 pl 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 ul DMSO/ml in MIC determina-
tions and 72.9 pl/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):

MIC (antibiotic)

MF = ——
MIC (antibiotic + modulator)

A modulation 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 = FIC(A) + FIC(B),
MIC(A in the presence of B)
FIC(A) =
(#) MIC(A alone) ’
_ MIC(B in the presence of A)

FIC(B) =
C(8) MIC(B alone)

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).
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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 nord was created to separate
antimicrobial from efflux inhibitory activity. Totarol reduced ethidium efflux from this strain by 50% at 15 pM
(1/4x 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 INFs5
(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
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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 Ca®>* and 10
mg/liter Mg?™.

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 (fetK), 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 nor4
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
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FIG. 1. Structure of totarol.

subjected to preparative reverse-phase high-pressure liquid
chromatography using an XTerra MS C,4 column (300 mm by
19 mm by 10 pm) (Waters, Hertfordshire, United Kingdom).
Samples (65 mg) were eluted with acetonitrile-H,O (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 wm was used with a
nonpolar stationary phase of 5% phenylmethylsiloxane and a
film thickness of 0.25 wm. 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-
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TABLE 2. Results of modulation assays for totarol and reserpine

MIC (pg/ml) of indicated drug for indicated strain with/

Test compound without test compound (fold inhibition)

(concn, pg/ml)

Tetracycline, Norfloxacin, Erythromycin,
XU212 (TetK)  SA1199B (NorA)  RN4220 (MsrA)
Totarol (1) 128/32 (4) 32/8 (4) 128/16 (8)
Reserpine (20)  128/32 (4) 32/4 (8) 128/128 (0)

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 pg/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 nord overexpresser)
were 6.25, 0.63, 0.63, and 100 pg/ml, respectively, demonstrat-
ing the marked increase in EtBr MIC associated with nor4
overexpression. The totarol MICs for these strains were 2.5,
1.25, 16, and 16 pg/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 EPIL. 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% (ICs) (15 uM or 4.29 pg/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 IC, of 8 pM.

This is the first report of antibacterial and modulatory ac-

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
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FIG. 2. Isobolograms demonstrating the effect of totarol on EtBr
MICs.

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 ICs, 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 ng/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
pg/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
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FIG. 3. Inhibition of EtBr efflux in SA-K3092 by reserpine (®) and
totarol (A). The horizontal line indicates the ICs,.

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 I1Cs, of
429 pM, 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,
K. Entian, and F. Gotz. 1992. Genetic analysis of epidermin biosynthetic
genes and epidermin-negative mutants of Staphylococcus epidermidis. Eur.
J. Biochem. 204:1149-1154.

2. Ball, A. R., G. Casadei, S. Samosom, J. B. Bremner, F. M. Ausubel, T. I. Moy,
and K. Lewis. 2006. Conjugating berberine to a multidrug efflux pump
inhibitor creates an effective antimicrobial. ACS Chem. Biol. 1:594-600.

3. Clarkson, C., C. C. Musonda, K. Chibale, W. E. Campbell, and P. Smith.
2003. Synthesis of totarol amino alcohol derivatives and their antiplasmodial
activity and cytotoxicity. Bioorg. Med. Chem. 11:4417-4422.

4. Eliopoulos, G. M., and R. C. Moellering, Jr. 1991. Antimicrobial combina-
tions, p. 432-492. In V. Lorian (ed.), Antibiotics in laboratory medicine.
Williams and Wilkins, Baltimore, MD.

5. Evans, G. B., R. H. Furneaux, G. J. Gainsford, and M. P. Murphy. 2000. The

121



VoL. 51, 2007

11.

12.

13.

14.

15.

16.

17.

18.

synthesis and antibacterial activity of totarol derivatives. 3. Modification of
ring-B. Bioorg. Med. Chem. 8:1663-1675.

. Foster, T. J. 1998. Molecular genetic analysis of staphylococcal virulence.

Methods Microbiol. 27:433-454.

. Gibbons, S., and E. E. Udo. 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.

. Haraguchi, H., H. Ishikawa, and I. Kubo. 1996. Mode of antibacterial action

of totarol, a diterpene from Podocarpus nagi. Planta Med. 62:122-125.

. Jaiswal, R., T. K. Beuria, R. Mohan, S. K. Mahajan, and D. Panda. 2007.

Totarol inhibits bacterial cytokinesis by perturbing the assembly dynamics of
FtsZ. Biochemistry 46:4211-4220.

. Kaatz, G. W., S. I. Barriere, D. R. Schaberg, and R. Fekety. 1987. The

emergence of resistance to ciprofloxacin during therapy of experimental
methicillin-susceptible Staphylococcus aureus endocarditis. J. Antimicrob.
Chemother. 20:753-758.

Kaatz, G. W., S. M. Seo, and C. A. Ruble. 1993. Efflux-mediated fluoroquin-
olone resistance in Staphylococcus aureus. Antimicrob. Agents Chemother.
37:1086-1094.

Kaatz, G. W., S. M. Seo, L. O’Brien, M. Wahiduzzaman, and T. J. Foster.
2000. Evidence for the existence of a multidrug efflux transporter distinct
from NorA in Staphylococcus aureus. Antimicrob. Agents Chemother. 44:
1404-1406.

Kaatz, G. W. 2005. Bacterial efflux pump inhibition: a potential means to
recover clinically relevant activity of substrate antimicrobial agents. Curr.
Opin. Investig. Drugs 6:191-198.

Kubo, L., H. Muroi, and M. Himejima. 1992. Antibacterial activity of totarol
and its potentiation. J. Nat. Prod. 55:1436-1440.

Lomovskaya, O., and K. A. Bostian. 2006. Practical applications and feasi-
bility of efflux pump inhibitors in the clinic—a vision for applied use. Bio-
chem. Pharmacol. 71:910-918.

Markham, P. N, and A. A. Neyfakh. 1996. Inhibition of the multidrug
transporter NorA prevents emergence of norfloxacin resistance in Staphylo-
coccus aureus. Antimicrob. Agents Chemother. 40:2673-2674.

Markham, P. N., E. Westhaus, K. Klyachko, M. E. Johnson, and A. A.
Neyfakh. 1999. Multiple novel inhibitors of the NorA multidrug transporter
of Staphylococcus aureus. Antimicrob. Agents Chemother. 43:2404-2408.
Micol, V., C. R. Mateo, S. Shapiro, F. J. Aranda, and J. Villalain. 2001.
Effects of (+)-totarol, a diterpenoid antibacterial agent, on phospholipid
model membranes. Biochim. Biophys. Acta 1511:281-290.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

122

NOTES 4483

Mossa, J. S., F. S. El-Feraly, and I. Muhammad. 2004. Antimycobacterial
constitutents from Juniperus procera, Ferula communis and Plumbago
zeylanica and their in vitro synergistic activity with isonicotinic acid hydrazide.
Phytother. Res. 18:934-937.

Muroi, H., and I. Kubo. 1996. Antibacterial activity of anacardic acid and
totoral, alone and in combination with methicillin against methicillin-resis-
tant Staphylococcus aureus. J. Appl. Bacteriol. 80:387-394.

Neyfakh, A. A., C. M. Borsch, and G. W. Kaatz. 1993. Fluoroquinolone
resistance protein NorA of Staphylococcus aureus is a multidrug efflux trans-
porter. Antimicrob. Agents Chemother. 37:128-129.

Nicolson, K., G. Evans, and P. W. O’Toole. 1999. Potentiation of methicillin
activity against methicillin-resistant Staphylococcus aureus by diterpenes.
FEMS Microbiol. Lett. 179:233-239.

Nishida, T., I. Wahlberg, and C. R. Enzell. 1977. Carbon-13 nuclear mag-
netic resonance spectra of some aromatic diterpenoids. Org. Mag. Reson.
9:203.209.

Piddock, L. J. V. 2006. Multidrug-resistance efflux pumps—not just for re-
sistance. Nat. Rev. Microbiol. 4:629-636.

Price, C. T. D., G. W. Kaatz, and J. E. Gustafson. 2002. The multidrug efflux
pump NorA is not required for salicylate-induced reduction in drug accu-
mulation by Staphylococcus aureus. Int. J. Antimicrob. Agents 20:206-213.
Reynolds, E., J. I. Ross, and J. H. Cove. 2003. Msr(A) and related macrolide/
streptogramin resistance determinants: incomplete transporters? Int. J.
Antimicrob. Agents 22:228-236.

Richardson, J. F., and S. Reith. 1993. Characterisation of a strain of methi-
cillin-resistant Staphylococcus aureus (EMRSA-15) by conventional and
molecular methods. J. Hosp. Infect. 25:45-52.

Shapiro, S., and B. Guggenheim. 1998. Inhibition of oral bacteria by phe-
nolic compounds. 1. QSAR analysis using molecular connectivity. Quant.
Struct. Activity Relationships 17:327-337.

Smith, E., E. Williamson, M. Zloh, and S. Gibbons. 2005. Isopimaric acid
from Pinus nigra shows activity against multidrug-resistant and EMRSA
strains of Staphylococcus aureus. Phytother. Res. 19:538-542.

Tegos, G., F. R. Stermitz, O. Lomovskaya, and K. Lewis. 2002. Multidrug
pump inhibitors uncover remarkable activity of plant antimicrobials. Anti-
microb. Agents Chemother. 46:3133-3141.

Zloh, M., G. W. Kaatz, and S. Gibbons. 2004. Inhibitors of multidrug resis-
tance (MDR) have affinity for MDR substrates. Bioorg. Med. Chem. Lett.
14:881-885.



Journal of Antimicrobial Chemotherapy (2007) 59, 1247-1260
doi:10.1093/jac/dk1460
Advance Access publication 4 December 2006

JAC

Bacterial efflux pump inhibitors from natural sources

Michael Stavril, Laura J. V. Piddock? and Simon Gibbons!*

!Centre for Pharmacognosy and Phytotherapy, The School of Pharmacy, University of London,
29-39 Brunswick Square, London WCIN 1AX, UK; 2Antimicrobial Agents Research Group,
Division of Immunity and Infection, The Medical School, University of Birmingham,
Birmingham B15 2TT, UK

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.l’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. 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.‘l_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.”®* MRSA resistant to
linezolid, an anti-staphylococcal oxazolidinone have already been
reported.” 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 barrier'® especially towards
hydrophilic compounds such as macrolide antibiotics like
erythromycin.'"' 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 vancornycin,13
[3-lactams,14’15 fluoroquinolones16 and aminoglycosides17 has
been achieved by target-site alteration, while antibiotic inactiva-
tion mechanisms have accounted for resistance towards [-
lactams,'® aminoglycosidesl() 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.>' and McMurry et al.** 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.”>** 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.?® 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.? Efflux of drugs
from Gram-positive bacteria is mediated by a single cytoplasmic
membrane-located transporter of the MF, SMR or ABC
families.”> 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.”” Multidrug efflux pumps therefore contribute to the
intrinsic resistance of P. aeruginosa.*®

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 DirAB efflux proteins of mycobacteria, including
M. tuberculosis, can extrude a range of chemically diverse
compounds.zs’28

A genetic approach to determine the consequences of
inhibiting the efflux pumps of P. aeruginosa was undertaken
by Lomovskaya et al.;* 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.*’

Screening for EPIs

It has been known for many years that some antibiotics exert
synergy when used together and the chequerboard assay®” 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 assay>**
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. >~

The berberine uptake assay’’ 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.*®
This is an important screening tool enabling many fractions to be
tested quickly and easily.

The ethidium bromide efflux inhibition assay 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 Y40

39,40

1248
124



Review

Accumulation studies have been used to identify potential
EPIs. Various substrates that have been used in accumulation
studies include ethidium bromide,?®*° norfloxacin,*"*** berber-
ine*”** and novobiocin.** 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.*’

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

lacking NorA. Overexpression, disruption or deletion of one
pump can affect the expression of other MDR transporters.*® 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* Tts
EPI activity was originally demonstrated against the Bmr efflux
pump, which mediates tetracycline efflux in Bacillus subtilis.*®
Klyachko et al.*® 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.’® Reserpine
also reversed NorA-conferred MDR,5 ' and Kaatz and Seo>?
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.,> 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,

conclusive; so, too, is the absence of activity versus strains respectively. Fluoroquinolone resistance in Streptococcus
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Figure 1. Chemical structures of compounds 1-4.
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Figure 2. Chemical structures of compounds 5-10.

pneumoniae has also been negated in the presence of reser-
pine.>*>> In 1999 Gill er al.>® 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.”’ However, the
addition of reserpine at a concentration used in potentiation assays
failed to increase fluoroquinolone accumulation suggesting that
this compound interacts with another protein other than PmrA.>” An
ABC transporter associated with ciprofloxacin resistance has
recently been identified by Marrer et al>® and subsequent deletion
of this transporter resulted in these S. pneumoniae strains being
conferred multidrug susceptible.”®

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.”® However, the isolation of the
flavonolignan 5’-methoxyhydnocarpin-D (5'-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 5'-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 Sa and Sb, from Milk
thistle (Silybum marianum)**°®" also demonstrated synergistic
activity against S. aureus.

There have also been a number of methoxylated flavones®
and isoflavones® described as putative inhibitors of the MDR
pump NorA in the presence of subinhibitory concentrations of
berberine and the fluoroquinolone norfloxacin. The flavones

OH
H;CO O
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H,;CO OCH;4
OH 0
6
HO (0]
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OH (¢]
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9R,=R,=OH
10R, = H,R, = OCH,

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.®* 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.®® 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.>> 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

1

(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.®® These oligo-
saccharides showed good activity at low concentrations (10 uM 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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Figure 5. Chemical structures of compounds 18-22.

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.%~"!
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.”> 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.”® 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
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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).

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.”® The curves were shallower
when strains were pre-treated with 22 indicating a greater
retention of tetracycline within the cells.”® Roccaro et al.” then
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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.** 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 ICsy of 50 uM (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
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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 [-lactam antibiotics
oxacillin, cefmetazole and ampicillin against MRSA.” 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

1253
129



Review

HO o)
HO
OH 0
31
o _
/ o {
o
o o) o)
33

37

Figure 8. Chemical structures of compounds 31-37.

derivative (33) and a coumarin epoxide derivative (34) (Figure 8)
able to enhance the activity of ethidium bromide and norflox-
acin.”” 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 ez al.”®
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).””

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),”® which is not antibacterial
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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.”® to be due to the lignan portion of
the molecule based on the flavonolignan work published by Guz
et al.” 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 uM.**™** 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.®* At concentrations
of 12.5 and 25 mg/L, 37 caused a 2-fold reduction of the MIC
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Figure 9. Chemical structures of compounds 38-41.

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
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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.®> 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

mass determination indicated a molecular formula of with an ICsq of 7 uM. This is slightly better than reserpine
C40H7,N30,. This compound possesses both lipophilic and (ICso = 10 uM) but not as active as the synthetic compound
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GG918.8” 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.®® 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.®®

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,(’o 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.®* The MDR
inhibitors were isolated from Streptomyces MF-EA-371-NS1,
which is a new strain closely related to Streptomyces vellosus.®
EA-371o (40) and EA-3718 (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-3718 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,”® 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 5-MHC-D, which was isolated previously from
Berberis species.3 8 However, it is plausible that 5-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.”"*% 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 assay was 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.”> 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.”* This extract exhibited
synergic interactions with chloramphenicol, gentamicin, ampicil-
lin, tetracycline and oxacillin against most of the 30 MRSA and
MSSA clinical isolates tested.”* 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.””> Success has already been achieved
in mammalian cells with resistance modifying agents of
P-glycoprotein, one of the major MDR mechanisms in cancer
cells.”® 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.”” The cost and time required to identify potential EPIs
is another problem.*® 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.?’

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 aminog,glycosides.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’-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 uM (100 pg/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-3,4-0-
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.!

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.? Resistance has also
been reported for newer agents such as linezolid and
daptomycin.>*
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ivatives; Mirabilis jalapa.
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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.>-°
It has been recognised as one of the major efflux pumps
protecting S. aureus from antibiotics.”

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.® 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.® 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.'®
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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.!! This is the case for
the alkaloid berberine which has a weak antimicrobial
activity that is significantly enhanced by 5'-meth-
oxyhydnocarpin (5’-MHC), a flavonolignan produced
by the same Berberis species.'? 5'-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.'® 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).'4
This plant is used in folk medicine as an anti-infec-
tive.!>1¢ 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’-O-methyldopamine, which
has already been reported in the plant kingdom.!”
This compound caused an 8-fold reduction of norflox-
acin MIC when tested at 100 pg/mL (292 uM). 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).!® 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-
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Scheme 1. Reagents and condition: (a) BOP, Et;N, DMF, 20 h.
Compound 8 was prepared with 3,4-dimethoxy-dihydrocinnamic acid.

phonium hexafluorophosphate) as a coupling agent
(Scheme 1).!"° Nine compounds were synthesized and
their related activities are presented in Table 1.2°
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:

e 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.

e 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:??

Based on estimation of 1Cso, 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 uM 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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H
MeO
OH
o /@i 353 LMJ/16
6 A [70 uM}/4
o~ N OH MIC > 452 yM
(o}
7 MeO N . [322 uM]/4
H
MeO
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H
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9 MeO AN NN [57 uM)/8
H [29 uM]/4
MeO MIC > 366 uM

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
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candidates for SARs as EPIs in multidrug efflux
systems.
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Figure 1. Ethidium efflux inhibition assay from SA-1199B strain cells:
(A) reserpine; (4) compound 9.
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Modulation assays were conducted according to National
Committee for Clinical Laboratory Standards, 1999.
Methods for dilution antimicrobial susceptibility tests for
bacteria that grow aerobically, 5th ed. Norfloxacin MIC
on SA-1199B cell is 100 uM (32 pg/mL), and the reference
alkaloid reserpine causes an 8-fold reduction of norflox-
acin MIC at 33 uM (20 pg/mL).

Ethidium bromide assay: 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 as described previ-
ously and the effects of varying concentrations of compound
9 and reserpine were determined to generate dose-response
profiles. The total time course for the efflux assay was 5 min.
Assays were performed in duplicate and mean results were
expressed as the percentage reduction of total efflux
observed for test strains in the absence of inhibitors.
Kaatz, G. W.; Seo, S. M.; O’Brien, L.; Wahiduzzaman, M.;
Foster, T. J. Antimicrob. Agents Chemother. 2000, 44, 1404,
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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 etal., Antimicrob Agents Che-
mother 46:3133, 2002). Assuming that modulators of MDR
might form complexes with substrates of efflux pumps Zloh
etal., 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 INF571 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.

Itis 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
mol? 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 H,O [11] implemented in MacroModel
was used to simulate an aqueous environment, with a con-
stant dielectric function (¢ = 1). An extended non-bonded
cutoff (van der Waals: 8/0%; electrostatics: 20 10\) 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 A E = 10kJ/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
MMEFFs 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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Gossypol
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-
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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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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 LogP ALogP Egid(kcal/mol) AA Gy(kcal/mol) AA G¢ (kJ/mol) A H(kJ/mol) Potentiation

S. aureus®  S. aureus NorA¢
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 A 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). Egiq is the interaction energy calculated by Grid [5], AA G values were estimated by Minta [13] and A 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]

¢S. 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 (¢ 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 —9kcal/mol and their
activities were potentiated. However, molecules that had inter-
action energies higher than —9kcal/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 A log P was 0.6478, while the correlation
with interaction energy Egrig 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
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Fig. 2 Structures of resveratrol-MC207110 (a) and plumabgin— MC207110 (b) complexes andcorresponding maps of elestrostatic potentials (¢
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, a-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 AlogP Lipole Egig (kcal/mol) Potentiation

EC  ECtlC PAOl1 PA mexAB SEST PS XC AT ER ECA SM
Resveratrol 316 435 —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 147  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 204 272 —-12.25 8.00 1.00  2.00 8.00 800 2.00 200 400 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 743 298 —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 6.45 323 156 3.13 1250 625 1250 12.80
Berberine 174 4.05 —16.60 4.00 1.00  2.00 1.00 4.00 400 200 200 200 4.00 22222
Esculetin 469  3.61 —6.51 4.00 4.00 2.00 2.00 400 400 400 200 4.00 4.00 4.00
Asarinin 17.6  3.81 —11.48 4.00 4.00 2.00 1.00 4.00 400 400 200 4.00 4.00 4.00

The logP and lipole were calculated by the Broto method implemented in Vega ZZ [6, 7], A values are given as percent change
compared to values of antibacterial on its own. Egg is the interaction energy calculated by Grid [5], and A 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 PAOI 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 Erl ; 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 AlogP Lipole Eggg(kcal/mol) Potentiation

EC ECrlC PAOl PAmexAB 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  2.00 200 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 2.00 256 2.08 200 5.12 4.01 2.08
Pyrithione 816.7 1.98 -7.02 2.00 2.00 3.20 2.00 1.00 1.00 156 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 2.00 200 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 2.00 200 2.00 2.00 2.00

The log P and lipole were calculated by the Broto method implemented in Vega ZZ [6, 7], A values are given as percent change compared to
values of antibacterial on its own. Egiq is the interaction energy calculated by Grid [5], and A 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]

ECE. coli K-12; EctolC E. coli tolC mutant; PAOI - 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 Erl;

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 —9kcal/mol for the interaction energy
determined by Grid cannot applied, since the potentiation
was observed even if the interaction energy was as low as
—6kcal/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.

Itis possible that small molecule—small molecule interac-
tions could play an important role in overcoming biological
barriers in drug delivery.
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Antimicrobial, Resistance-Modifying Effects,
Antioxidant and Free Radical Scavenging
Activities of Mezoneuron benthamianum
Baill., Securinega virosa Roxb. &WIld. and
Microglossa pyrifolia Lam.

R. A. Dickson’, P. J. Houghton'*, P. J. Hylands' and S. Gibbons®

"Pharmacognosy Research, Pharmaceutical Sciences Research Division, KCL, 150 Stamford Street, London SE1 9NH, UK
*Centre for Pharmacognosy and Phytotherapy, Department of Pharmaceutical and Biological Chemistry, The School of
Pharmacy, University of London, UK

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 ug/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 1C;, values of 15.33 and 19.72 pg/mL,
respectively. Lipid peroxidation inhibition provided by the same two extracts also produced the lowest ICs,
values for all the extracts tested, of 23.15 and 30.36 pg/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.

INTRODUCTION

Mezoneuron benthamianum Baill. (Caesalpinaceae),
Securinega virosa Roxb. &WIld. (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,
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Stamford Street, London SE1 9NH, UK.

E-mail: Peter.houghton@kcl.ac.uk
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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.
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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 RADMBI11, 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 5h, 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 pm Millipore filter. Wells
of 7mm diameter were made in 20 mL nutrient agar
(Oxoid) seeded with 20 uL. of a suspension of test

Copyright © 2006 John Wiley & Sons, Ltd.
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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 10° CFU/mL under aseptic condi-
tions. 100 puL 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 uL. 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 pg/mL and 7.8 pg/mL. The
inocula of microorganisms were prepared from broth
cultures and serial dilutions made to achieve a suspen-
sion of approximately 10° 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 uL. each of an appropriate medium, test
extracts and 20 uL 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 uL 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 pg/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 ug/mL doses of the extracts, well below the
concentration shown to inhibit growth (minimum
inhibitory concentrations in the range 64-128 pg/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 uLL of a 10 pg/
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 pLL of broth containing 10 pg/
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 pg/mL to 1 pg/mL. 125 uL of an overnight
culture of bacteria containing approximately 10° 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 pL 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 uL of 100 ug/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

Copyright © 2006 John Wiley & Sons, Ltd.
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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

(Ay).
DPPH" scavenging activity (%) = [(A,— A,)/A,] x 100

where A, is the absorbance of the control and A, 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 Fe**/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 pg/mL to over 1000 pg/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 ug/
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 pg/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 ug/mL
compared with 20 ug/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; ug/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.

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 1Cs, val-
ues of 15.33 ug/mL and 19.72 pg/mL for free radical
scavenging activity and 23.15 and 30.36 pg/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

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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Twenty-two convolvulaceous oligosaccharides selected from the tricoldfi)( scammonin & 9), and orizabin

(10—22) series were evaluated for activity against a pan&taphylococcus auressrains possessing or lacking specific

efflux pumps. The minimum inhibitory concentrations (MIC values) for most of the amphipatic compounds ranged
from 4 to 32ug/mL against XU-212 (possessing the TetK multidrug efflux pump) and SA-1199B (overexpressing the
NorA multidrug efflux pump), compared with 64 and 0.28/mL, respectively, for tetracycline. This activity was
shown to be bactericidal. Two microbiologically inactive members of the orizabin s&fg2Q) increased norfloxacin
susceptibility of strain SA-1199B. At low concentrations, compofievas 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 inhibiorauréusnultidrug

efflux pumps.

There are few available antibiotics that can be used to treat life-
threatening infections caused by methicillin-resis@taiphylococcus
aureus(MRSA) strainst? Unfortunately, resistance to the main
antibiotic used in its treatment, the glycopeptide vancomycin, has
become more frequehand 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-resistanEnterococcus faeciur Staphylococcal re-
sistance to this antibioficand to other recently developed agents
has also emergeétClearly, 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 & aureusThis would
alleviate the present situation where few back-up leads are available
to complement glycopeptides, oxazolidones, or daptomycin.

Facing this need, we have evaluated the inhibitory activity of a
series of oligosaccharidesfrom 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.

‘R{=0H.R;=H.,R;=mba
“Ry=OH, R; =H, R; = iba

1
2
3:Ry=0H, R2 =H, R3 = nla-{-)
5

1R1=H, R2=OH, R3=mba

Previously, tricolorins A-E (1—5) have displayed antimicrobial Me, Me H Me
properties with MIC values in the range-40 ug/mL against a tga= >=< mba = Et=—=+=—0CO0 |ba = >—CO
standards. aureusstrain (ATCC 6538) and towardycobacterium H co e Me
tuberculosigMIC 16—32 ug/mL),1° suggesting the potential of this

class of natural bioactive polyacylated oligosacchatidas new HO co Ho o
antibacterial agents. The current investigation also acknowledges () = o (4} = kY

the growing interest in plants historically used in medical treatments nte-(-) > <m nla-(+} Me--"‘/_("",..

as a possible source of antimicrobial agéats. Me B H o Me

U Dedicated to Dr. Norman R. Farnsworth of the University of Illinois The MIC of all tested compounds was determined against two
at Chicago for his pioneering work on bioactive natural products. effluxing strains (SA-1199B and XU-212), an epidemic methicillin-
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5288. Fax: +52-55-5622-5329. E-mail: pereda@servidor.unam.mx.
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Table 1. Susceptibility ofStaphylococcus aureus Selected Convolvulaceous Oligosaccharides

MIC (u«g/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 | 32 128 32 32
9 scammonin |l 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

of 16—32ug/mL, and toward the effluxing strains with MIC values
of 4—32 ug/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 product$:1® 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

O
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any of the active compounds, indicating a bactericidal mode of
action.

OH
Me
H -~ -0
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Me O
HO 4_/— Q
HM ¥ 0
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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 againg. aureus(MIC > 512 ug/mL), as
indicated by the displayed inactivity of peracetylated derivatives
of tricolorin A (1), scammonin | 8), and orizabin XI 12); (b) the
activity againstS. aureusproduced by the diester2<5, 8) was
similar to that of tricolorin A (); (c) the monoester compourdd
(scammonin 1) was inactive and did not show a potentiation of
activity in combination with a subinhibitory dose of the antibiotic
norfloxacin; (d) the substitution of &39)-nilic acid (nla) by its
enantiomer (R,3R) in the orizabin seriesl(l—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
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R, Rz Rz Ry
] tga mba H H
9 H mba H H
10 tga mba H nla-(-}
11 tga nla-{-) iba H
12 tga nla-{+} iba H
13 tga iba nla-(-} H
14 tga iba nla-(+} H
15 tga nla-{—) mba H
16 tga nla-{+} mba H
17 tga mba nla-i-} H
18 tga mba nla-(+} H
19 mba nla-{-} mba H
20 mba nia-{+} mba H
21 mba mba nla-(-} H
22 mba mba nla-(+} H

esterifying positions on the oligosaccharide core does not produce
any major effect in the inhibitory activity.

The amphipatic orizabins 1X10) and XIX (20) displayed a
strong synergistic effect in combination with norfloxacin. Alone,
these compounds had no antimicrobial activity at the concentration
tested (MIC> 256ug/mL), but they strongly potentiated the action
of norfloxacin in experiments using a subinhibitory concentration
of these oligosaccharides. Orizabin XIX0j at 25ug/mL reversed
norfloxacin resistance 4-fold (8 versus @38/mL) for SA-1199B,
while orizabin IX (L0) at 1ug/mL completely inhibited SA-1199B
growth in the presence of 2g/mL of norfloxacin.

Ethidium bromide (EtBr) is a substrate for many multidrug efflux
pumps, including NorA ofS. aureusThe 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 EfBr.
Orizabins IX (L0) and XV (16) were nearly equipotent with respect
to the inhibition of EtBr efflux by SA-1199B, with a slight
advantage observed for compourd® (Figure 1). At lower
concentrations (less than 1M) both test compounds were more
efficacious than reserpine. However, at@ 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/30
the broth solution became cloudy as a result of test compound

precipitation. These data suggest that both compounds hold promise(M

as leads in the search for more potent inhibitorsSofaureus
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

Notes
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Figure 1. Ethidium efflux inhibition assay from SA-1199B strain
cells: @) reserpine; ¥) compoundl0; (d) compoundl16. The
horizontal line indicates 50% efflux inhibition.

The cross activity displayed between members of the tricolorin
and orizabin series could represent an example of sytdrgiween
related components in medicinal crude drug extracts, with micro-
biologically inactive compounds disabling a resistance mechanism
(e.g., compoundslO, 16, and 20), therefore potentiating the
antimicrobial activity of the antibiotic substanc€sOur 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 pl&ntBhis
evolutionary process may have potential in the discovery of new
antibacterial leads.

Experimental Section

Bacterial Strains and Media. Staphyloccocus aurelBMRSA-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. Ud& SA-1199B, which overexpresses the NorA
MDR efflux protein?® 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 €aand Mg " was used
for susceptibility tests.

Antibiotics and Chemicals. Tetracycline and norfloxacin were
obtained from Sigma (Poole, UK). Individual glycolipids from the
CHCI; extracts oflpomoea tricolorCav. andl. orizabensigPelletan)
Ledebour ex Steudel were purified as previously descri3e@ly-
colipids1—22 were 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 (C#€N—H 0O, 4:1; flow rate= 3.5 mL/
min) on a reversed-phasadZolumn (20x 250 mm; 15um; ISCO)
and a sample injection of 500L (100 mg/mL). To perform the
separations of compounds-22, an HPLC system equipped with an
NH; column (19x 150 mm; 10um, uBondapak, Waters) was used,
and elution was also conducted isocratically gCN—H,0, 95:5; flow
rate= 4 mL/min).

Susceptibility Testing. Minimum inhibitory concentration values

IC) were determined at least in duplicate by standard microdilution
procedures, as recommended by the National Committee for Clinical
Laboratory Standards guidelingsAn inoculum density of 5x 1C°

cfu of each of the test strains was prepared in 0.9% saline by comparison
with a MacFarland standard. MHB (128.) 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 512ug/mL prepared by serial 2-fold dilutions. All test compounds

acyla}ted dlsaC(_:harldes found in the l?a_lf exudatesefanium were dissolved in DMSO before dilution into MHB for use in MIC
species (Geraniacea€)Therefore, combining these plant products  geterminations. The highest concentration of DMSO remaining after
with antibiotics that are substrates for these MDR pumps (e.9., dilution (3.125% v/v) caused no inhibition of bacterial growth. The
orizabin IX (10)/ciprofloxacin) could improve the treatment of MIC was defined as the lowest concentration that yielded no visible
refractive infections caused by effluxing staphylococci. growth.
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Ethidium Efflux Assay. SA-1199B, which overexpresses NorA, was (6) Hershberger, E.; Donabedian, S.; Konstantinou, K.; Zervos, M. J.

loaded with EtBr as previously described, and the effect of varying Clin. Infect. Dis.2004 38, 92—98.
concentrations of compound® and16 on EtBr efflux efficiency was (7) Livermore, D. M.Int. J. Antimicrob. Agent200Q 16, S3-S10.
determined to generate a desesponse profile for each oligosaccha- (8) (a) Bah, M.; Pereda-Miranda, Retrahedroril996 52, 1306-13080.
ride222 The effect of reserpine was also determined for comparative (b) Bah, M.; Pereda-Miranda, Retrahedronl997 53, 9007-9022.
purposes. Assays were performed in duplicate, and mean results were (9) (a) Herriadez-Carlos, B.; Bye, R.; Pereda-Miranda JRNat. Prod.
expressed as the percentage reduction of total efflux observed for SA- 1999 62, 1096-1100. (b) Pereda-Miranda, R.; Hémez-Carlos,
1199B in the absence of inhibitors. B. Tetrahedron2002 58, 10251-10260.

(10) Rivero-Cruz, I.; Acevedo, L.; Guerrero, J. A.; Madr, S.; Bye, R,;
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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 pg/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,' Ligusticum porteri Coulter &
Rose (Apiceae) (Osha) essential oil was evaluated.

* 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 Rhone-Alpes, France.

Copyright © 2005 John Wiley & Sons, Ltd.

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.? 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.’

Apiaceae essential oils have been shown to contain
monoterpenes, sesquiterpenes and phenylpropanoids, and
some genera include ligustilides.* 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.
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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.° on a non-
polar DB1 column (Macherey—Nagel) (25 m X 0.20 mm
i.d.,, 0.25 um film thickness). 'H-NMR (400 MHz) and
BC-NMR (100 MHz) spectra were recorded in CDCl, on
a Bruker Avance 400 spectrometer at 22 °C. Chemical
shift values (6) are reported in parts per million (ppm)
relative to tetramethylsilane (TMS 6 = 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 F,;, 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 Francaise
(10th edn).” 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 CH,Cl, extract (85.2 g)
[CO], the Me,CO extract (7.6 g) [AO] and the MeOH
extract (19.3 g) [MO], respectively were obtained.

Isolation of sabinyl acetate (1)

Initially, an aliquot of the CH,CI, extract (CO, 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
Cl-1 to C1-12. Compound 1 (382mg; Cl-1) was
obtained with 100% toluene.

Isolation of the (Z)-ligustilide (2)
Next, the MeOH extract (MO; 19 g) was partitioned with
H,0:CH,Cl, (50:50). The CH,Cl, extract (M1-1, 1g)

Copyright © 2005 John Wiley & Sons, Ltd.
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was obtained. Then, M1-1 was applied to a Sephadex
LH-20 cc (column chromatography) and eluted with
CH,CI,: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—CH,Cl,-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—CH,Cl,-MeOH gradient and 21 fractions
were collected (M4-1 to M4-21). Compound 2 (M4-10,
8 mg) was eluted with cyclohexane:CH,Cl, (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). 'H-
NMR (CDCly): 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). *C-NMR (CDCl,): 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).

(2)-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). 'H- and “C-NMR spectra were assigned by
comparison with the literature data.’

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 Ca** and Mg”
respectively. This was achieved by dissolving 83.7 mg
MgCl,.6H,0 and 73.4 mg CaCl,.2H,O in 11 MHB. An
inoculum density of 5 x 10° cfu of the test organism was
prepared in normal saline (9 g/I) by comparison with a
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1 R=Ac
3 R=H

Figure 1.
Ligusticum porteri

MacFarland standard. MHB (125 ul) 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 pl test solution (2048 ug/ml) was serially diluted
(two-fold) into each of the wells. 125 pl inoculum was
then added to each of the wells, resulting in a test com-
pound range of 512 to 1 pg/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 pg/ml; test samples were incorpor-
ated into the MHB to give a concentration of 100 pg/ml
or 50 ug/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 ng/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 indices®” 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%),

Copyright © 2005 John Wiley & Sons, Ltd.
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Major compounds of the essential oil from hydrodistillation and from the dichloromethane extract of

(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 C-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 pg/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.'* The oil and the solvent extract significantly re-
stored the bacterial sensitivity to the antibiotic. The MIC
of norfloxacin decreased from 32 ug/ml (when tested
alone) to 16 pg/ml and 8 ug/ml when co-administrated
with essential oil and organic extract, respectively. These
activities compare favourably with reserpine (at concen-
tration, ¢ = 10 pg/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 pg/ml) was
observed. Compound 2 showed weak growth inhibition
activity at 128 pg/ml and a two-fold reduction in the
MIC of norfloxacin against SA-1199B (at 50 pg/ml).
Sabinyl acetate 1 and (Z)-ligustilide 2 therefore exhibit
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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 (%)
o-Thujene 926 0.05
o-Pinene 942 0.1
Sabinene 973 0.4 0.1
[B-Pinene 978 0.3
Myrcene 997 0.1
o-Phellandrene 1003 0.3 0.1
o-Terpinene 1017 0.2
p-Cymene 1018 0.9 0.2
[B-Phellandrene 1026 0.4
Limonene 1027 0.1 1.8
¥-Terpinene 1056 0.3 0.2
cis-Thujone 1103 0.03
1,3,8-Menthatriene 1112 0.1
o-Phellandrene-1,2-epoxide 1115 1.9 0.6
Sabinol (3)* 1132 33
Pentylbenzene 1161 2.1 1.5
Terpinen-4-ol 1170 0.8 0.1
o-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
o-Terpinyl acetate 1348 1.3 0.8
o-Methyleugenol 1389 1.1 0.5
2,5-Dimethoxy-p-cymene 1407 0.3 0.2
o-Barbatene 1413 0.3 0.4
B-Funebrene 1423 0.1 0.1
Widdrene 1441 0.2 0.3
[-Barbatene 1444 1.3 1.5
Myristicin 1498 0.8 0.6
(-)-Kessane 1500 0.6 0.4
Liguloxide 1505 0.5 0.4
o-Chamigrene 1507 0.1
Elemicin 1531 0.5 0.4
(Z)-3-Butylidenephthalide 1637 0.8 0.8
o-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
MIC (ug/ml) Concentration Norfloxacin MIC
(ng/ml) (ug/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

Copyright © 2005 John Wiley & Sons, Ltd. 1 61 Flavour Fragr. J. 2005; 20: 671-675
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moderate potentiation of the activity of the norfloxacin
against a norfloxacin-effluxing strain of S. aureus com-
pared to the effect of reserpine.'

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).*'®
This report is another example of the influence of the
extraction procedure.

Neither the essential oil nor the CH,Cl, 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 (MIC, poxecin = 8 Hg/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 (MIC, qoxcin = 16 pg/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.

Copyright © 2005 John Wiley & Sons, Ltd.
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Finally, (Z)-ligustilide has also been shown to have
weak antiviral properties'’ 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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Catechin Gallates Inhibit Multidrug
Resistance (MDR) in Staphylococcus
aureus

Simon Gibbons', Elisabeth Moser!, Glenn W. Kaatz?2

Abstract

Epicatechin gallate (1) and epigallocatechin gallate (2) were
evaluated for their antibacterial and efflux inhibitory activity
against a wild-type and three multidrug-resistant (MDR) strains
of Staphylococcus aureus. Compound 2 was more active than 1
based on minimum inhibitory concentrations (MICs; 32 - 64 ver-
sus 64 -> 512 ug/mL, respectively). When incorporated into the
growth medium at 20 ug/mL, both compounds exhibited a four-
fold potentiation of the activity of norfloxacin against a norflox-
acin-resistant strain of S. aureus overexpressing the NorA multi-
drug efflux pump. Against this strain 1 was moderately more po-
tent than 2 as an inhibitor of ethidium efflux, but at <20 uM both
compounds paradoxically stimulated efflux. This phenomenon
has not been encountered previously in the analysis of inhibitors
of multidrug efflux.

Multidrug-resistance (MDR) is a phenomenon found in many
species of bacteria, fungi and tumour cells [1]. In many cases
membrane-based proteins are responsible and mediate the ef-
flux of antibiotics and antitumour agents from cells, leading to a
low and ineffective intracellular drug concentration [2]. MDR
mechanisms recognise many structurally unrelated substrates
and it is likely that they are naturally present as part of the de-
toxifying mechanisms in xenobiotic removal [3].

In clinical strains of Staphylococcus aureus, including those that
are methicillin-resistant (MRSA), a number of efflux proteins
have been described. These include the MsrA [4] and TetK [5] ef-
flux mechanisms, which have a degree of specificity for certain
macrolide and tetracycline antibiotics, respectively. The QacA
[6] multidrug efflux protein has also been described which trans-
ports quaternary ammonium salts (antiseptics). The major char-
acterised MDR efflux mechanism in S. aureus is the NorA protein
which was originally characterised as effluxing norfloxacin, a
member of the fluoroquinolone class of antibiotics [7]. Like
QacA, the NorA transporter is a true MDR protein and recognises
a wide array of structurally unrelated compounds as substrates.
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Inhibition of this mechanism would render resistant strains sus-
ceptible to substrate antibiotics and in vivo data have demon-
strated that the use of an inhibitor and antibiotic in combination
greatly reduces the rate of emergence of antibiotic resistant var-
iants [8].

Previous work on the characterisation of natural product
Staphylococcal resistance modifying agents has highlighted a
variety of structurally unrelated compounds from several bio-
synthetic classes including flavones, flavonolignans, porphyrins,
indole alkaloids, polyacylated neohesperidosides and diterpenes
[9]. How these diverse compounds function as inhibitors is not
clear, although it has been postulated that the MDR inhibitor re-
serpine binds to a hydrophobic region of the Bmr MDR transpor-
ter of Bacillus subtilis causing inhibition of efflux [10]. We recent-
ly conducted molecular modelling studies on the potential of
complex formation between MDR inhibitors and drug substrates
and have proposed that there is affinity between these two
groups [11]. The formation of such complexes may facilitate en-
try of the drug into the cell and effectively cloak it from efflux by
the MDR pump.

Much work has been conducted by the research group of Hamil-
ton-Miller on the ability of epicatechin gallate (1) to reverse me-
thicillin-resistance in MRSA [12], [13], [14]. Reversal of this re-
sistance would render MRSA strains susceptible to the beta-lac-
tam class of antibiotics. This natural product appears to act by in-
hibiting the synthesis of penicillin binding protein 2”(PBP2) and
is selective in that it affects only Staphylococci that synthesise
PBP2". In the presence of a -lactam antibiotic, 1 renders MRSA
strains sensitive and an electron microscopy study has shown
that 1 affects cell wall morphology of resistant strains whereas
sensitive strains are unaffected. Compound 1 was also reported
to be weakly bacteriostatic toward MRSA strains (MIC = 512 ug/
mL)[13]. This resistance modifying activity prompted us to study
the ability of 1 and the related tea catechin 2 to inhibit the
growth of strains possessing MDR efflux mechanisms and as in-
hibitors of the NorA efflux protein.

MIC values of the test compounds are shown in Table 1. The anti-
bacterial activity of both 1 and 2 was similar to that of norfloxa-
cin against SA-1199B, which overexpresses the NorA MDR efflux
pump. Epigallocatechin gallate (2) was more active than epicate-
chin gallate (1) against the remaining tetracycline (XU212) and
erythromycin (RN4220) effluxing strains and the standard ATCC
strain. The difference in activity is quite marked for the slight dif-
ference in the presence of one additional hydroxy group on the B
ring of the flavonoid nucleus in compound 2 compared to com-
pound 1. If the antibacterial target of these compounds is a pro-
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Table1 Minimum inhibitory concentrations (in ug/mL) of catechin gallates and standard antibiotics. Efflux protein possessed by each strain is
indicated
S. aureus strain Compound 1 Compound 2 Norfloxacin Tetracycline Erythromycin
SA-1199B (NorA) 64 32 32 0.25 0.25
XU-212 (TetK) >512 64 8 128 >512
RN4220 (MsrA) 256 64 2 0.25 128
ATCC 25923 >512 32 2 0.5 0.25

tein then the presence of an additional phenolic OH group may
be important for binding, although this could be offset by poor
cellular absorption.

The ability of subinhibitory concentrations of 1 or 2 (20 ug/mL)
to potentiate the activity of norfloxacin against SA-1199B was
evaluated by their incorporation into Mueller-Hinton broth and
measurement of the norfloxacin MIC. Both compounds potenti-
ated the activity of norfloxacin by 4-fold. The MDR inhibitor re-
serpine was used as a positive control and at a concentration of
10 pg/mL resulted in an identical reduction in norfloxacin MIC
(Table 2).

Given that both compounds possess antibacterial activity, it was
considered likely that the potentiation effects observed in com-
bination with norfloxacin were the result of an additive antibac-
terial effect. We therefore assessed the ability of both com-
pounds to inhibit efflux of ethidium bromide from cells with the
NorA transporter (see Fig.1). We observed that both compounds
were weak inhibitors of ethidium efflux with 1 being slightly
more potent than 2. The phenolic hydroxy group in the B ring of
the catechin nucleus in 2 may result in reduced cellular uptake
and thus a reduced ethidium efflux-inhibitory effect. Intriguing-
ly, at low concentrations both compounds potentiated efflux and
this phenomenon has not been reported before for a bacterial ef-
flux system. Such a paradoxical effect on efflux may be the result
of interaction of the catechins with high- and low-affinity bind-
ing sites on the NorA transporter. The high affinity sites, which
would be occupied at low catechin concentrations, may augment
the interaction of substrate with the transporter or even improve
the kinetics of transport. There is precedence for such an effect in
that certain natural products have been observed to activate cal-
cium-activated potassium channels [15]. High catechin concen-
trations may inhibit efflux by interaction with low-affinity sites
on NorA, which in turn reduces transport efficiency. Crystallisa-
tion of NorA in the presence of either catechin would be required
to test this hypothesis.

Table2 Susceptibility of SA-1199B to norfloxacin (in ug/mL) in the
absence and presence of 20 ug/mL of 1, 2, or 10 ug/mL reser-
pine

No inhibitor 1 2 Reserpine

32 8 8 8
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Given the ability of these compounds to inhibit the growth of
MDR strains of S. aureus, the action of 1 as a methicillin-resist-
ance reversing agent and their mild efflux inhibition properties,
it seems to us that this class may have potential as drug leads.
Enhancement of the lipophilicity of the catechin gallate skeleton,
which is a key characteristic of good MDR inhibitors, would im-
prove their cellular uptake but it is important that the antibacter-
ial and methicillin reversal characteristics are conserved.

Materials and Methods

Epicatechin gallate (1) (98 %, [«]3*: -100°, ¢, 0.12, MeOH), epigal-
locatechin gallate (2) (95%, [a]&*: -160°, ¢, 0.20, MeOH), tetracy-
cline, norfloxacin, and erythromycin were obtained from Sigma
Chemical Co., Poole, UK. "TH-NMR spectra of 1 and 2 were record-
ed to prove identity and copies of spectra are available from the
author on request. S. aureus RN4220 containing plasmid
pUL5054, which carries the gene encoding the MsrA macrolide
efflux protein, was provided by J. Cove [4]. Strain XU-212, which
possesses the TetK tetracycline efflux protein, was provided by E.
Udo [16]. SA-1199B, which overexpresses the norA gene encoding
the NorA MDR efflux protein, has been described previously [17].
S. aureus ATCC 25923 was obtained from the American Type Cul-
ture Collection.

MICs were determined in triplicate by a broth microdilution
technique according to NCCLS guidelines, using S. aureus ATCC
25923 as a quality control strain [18]. The effects of 1, 2 (20 ug/
mL) and reserpine (10 ug/mL) on norfloxacin MIC also were de-
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Fig.1 Inhibition of ethidium efflux by catechin gallates. Reserpine
was included for comparative purposes. Filled circles, reserpine; filled
triangles, epicatechin gallate (1); filled diamonds, epigallocatechin gal-
late (2).
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termined. These compounds were dissolved in DMSO before di-
lution into Mueller-Hinton broth for use in MIC determinations,
and the highest concentration of DMSO remaining after dilution
(2.5% [v/v]) caused no inhibition of bacterial growth (data not
shown).

Ethidium bromide (EtBr) is a substrate for many Gram-positive
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 as previously described, and the effect
of varying concentrations of 1, 2 and reserpine on EtBr efflux was
determined to generate a dose-response profile for each com-
pound [19]. Results were expressed as percent reduction of the to-
tal efflux observed for test strains in the absence of inhibitors.
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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 cells' and this phenomenon is
responsible for exporting drugs from cells, resulting in a
low ineffective concentration of the drug.> A common
feature of MDR mechanisms is their ability to recognise
many structurally unrelated substrates’ 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* A number of these
transporters have been characterised for mammalian
cells including p-glycoprotein (p-gp)> and multidrug
resistance related protein (MRP),> both of which confer
resistance to cytotoxic agents. In Gram-positive and
Gram-negative bacteria, MDR pumps such as NorA®
(Staphylococcus aureus) and MexAB-OprM’ (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

Keywords:  MDR; Multidrug-resistance; Molecular

Mechanism; Bacteria; Tumour.
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more binding sites on the protein therefore blocking
transport as either competitive or non-competitive
inhibitors,> depletion of pump energy by inhibiting
binding of ATP and modifying protein conformation by
an inhibitor interaction with the cell membrane.® There
is indirect evidence by Ahmed et al.,” 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,'° GRID 20,'' Molden,'? and
Viewer Lite 5.0'3 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 MM?2 Parameter
Set including m-systems, as provided by N. L. Allinger
and implemented in Chem3D.!?

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.!4-2*

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.
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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
GGY18, 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,'® 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.!” 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.'®

a) b)

c) I d)
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 m—r 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)

GGI18 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 GGY918, 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 2,914 —12.01
Vinblastine Reserpine 8.0%14 —11.63
Mitoxantrone GGI18 1.2-1850%15 —13.02
Topotecan GG9I18 1.0-23%13 —-16.15
Doxorubicin GGI18 ~58% reduction®!¢ —13.42
Vinblastine GGI18 ~95% reduction®!¢ —15.89
a-Tocopherol GGI18 Reversal of MDR inhibition'® —19.06
Norfloxacin Reserpine 44.17 —13.29
Ciprofloxacin Reserpine 817 —12.94
Levofloxacin Reserpine 24,17 -13.32
Moxifloxacin Reserpine 24,17 —12.95
Norfloxacin GGI18 817 —13.57
Ciprofloxacin GG9I18 gd.17 —13.94
Levofloxacin GG9I18 24,17 —15.24
Moxifloxacin GGI18 0417 —14.58
NPN MC-002,595 2.3%18 —12.97
Levofloxacin MC-207,110 2-64118 —13.75
Vincristine JTV-519 37819 —15.05
Taxol JTV-519 24.8¢19 —13.18
Etoposide (VP-16) JTV-519 2.681° ~13.18
Doxorubicin JTV-519 27819 —15.59
Actinomycin D JTV-519 3819 —12.15
STIS71 JTV-519 31219 —13.10
Taxol VX-710 Successful in clinical trial?® —10.64
Daunorubicin XR-9576 1Cso=38.18 nM?! —14.98
Vincristine Sinensetin 72.28m:22 —10.1
Doxorubicin Indomethacin 0.251/NA-23 —18.60
Doxorubicin Sulindac 0.368/0.449'-23 —15.23
Doxorubicin Tolmetin 0.357/0.46723 —13.05
Vincristine Indomethacin 0.301/NA"23 —16.66
Vincristine Sulindac 0.462/0.241-% —16.10
Vincristine Tolmetin NA/0.593123 —15.73
Etoposide Indomethacin 0.916/0.534-%3 —15.50
Etoposide Sulindac 0.681/0.4631-23 —15.02
Etoposide Tolmetin NA/0.745!-23 —12.58
Taxol Indomethacin 2.234/1.227-% —12.90
Taxol Sulindac 1.539/1.2331:23 —12.43
Taxol Tolmetin 1.349/NA"23 —9.18
Doxorubicin Tetrandrine 5.4-20.45-23 —12.89
Doxorubicin Verapamil ~33% reduction®1¢ -12.73
Vinblastine Verapamil ~88% reduction®!¢ —12.53
a-Tocopherol Verapamil Reversal of inhibition'® —15.39
Doxorubicin Clofazimine ~40% reduction®1¢ —23.70
Vinblastine Clofazimine ~94% reduction®!¢ —20.25
a-Tocopherol Clofazimine Reversal of inhibition'® —29.55
Doxorubicin B669 ~31% reduction®!¢ —20.59
Vinblastine B669 ~95% reduction®!¢ —17.94
a-Tocopherol B669 Reversal of inhibition'® —20.80
Doxorubicin a-Tocopherol 0% reduction®'® —13.64
Vinblastine a-Tocopherol 0% reduction®!® —14.24
Norfloxacin Agent from Lycopus europeus No inhibitory activity?® —8.51

2Fold increase, ICs, for drug alone/ICs for drug in the presence of inhibitor.

"DMF, dose modifying factor defines as the ICs, for the chemotherapy drug without GG918 divide by 1Cs, with GG918.

¢ 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.

4Fold reduction in minimum inhibitory concentration (MIC) of antibiotic in the presence of inhibitor.

¢ Fold reduction in fluorescence in presence of inhibitor (128 pg/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.

¢ Relative resistance determined by dividing the ICs, values of drugs with or without the inhibitors by that without the reversing agents.

hChemosensitizing index 1Cs (vincristine)/ICs, (vincristine + inhibitor).

! 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.
) Fold-reversal, ratio of the ICsy for doxorubicin alone versus the ICso for doxorubicin in the presence of the modulating agent.
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Figure 2. Highest interaction energy complexes between MDR inhibi-
tors and substrates for bacterial MDR (substrate molecules are repre-
sented in green): (a) reserpine strongly binds norfloxacin at the same
binding site for anticancer drugs, namely rings A, B and C; (b) binding
site of GGY18 for norfloxacin is the same as for the topotecan com-
plex; (c) the aromatic moiety of the MC-207,110 strongly binds the
antibiotic levofloxacin and (d) the interaction between MC-002,595
and NPN involves n—n stacking of the aromatic rings.

for the GGY918-norfloxacin complex, and energies of
interactions are given in Table 1. Interestingly, a
recently isolated plant natural product from Lycopus
europaeus,”> 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 GGY18) 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.”> However,
these interaction energies are lower than inter-
action energies between other drugs and the same
set of MDR inhibitors in that study.??

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 described*® 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-la-acetoxy-7a
140-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 pg/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

* Corresponding author. Tel.: +44-207-7535913; fax: +44-207-
7535909.
E-mail address: simon.gibbons@ulsop.ac.uk (S. Gibbons).

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.

0031-9422/03/$ - see front matter © 2003 Elsevier Science Ltd. All rights reserved.
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Table 1
'H (400MHz) and '3C NMR (100 MHz) spectral data for 1 and 2 in
CDCl;

Position 1 2

'H (J in Hz) 13C 'H (J in Hz) 13C
1 4.90 7 (3.0) 729  4.841¢(2.8) 72.8
2 1.88 m 21.7 1.85m 21.7
3 145 m 30.0 1.37 m 29.9
4 46.5 46.5
S 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) 68.2 387 brs 66.8
8 130.2 128.4
9 142.3 144.6
10 42.0 423
11 1.82, 1.95 m 20.0 1.82,1.95 m 20.1
12 145, 1.72 m 30.7 1.46, 1.66 m 31.4
13 39.9 39.3
14 3.87 brs 783 53ls 79.0
15 6.00 dd (18.5, 10.6) 142.2 590 dd (18.0, 11.2) 141.5
16 5.10 dd (10.6, 1.2) 1146 498 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 232  0.89s 234
18 178.1 178.1
19 1.24 s 16.6 1.17 s 16.6
20 1.05 s 188 099« 18.8
OAc 2.08 s 21.3, 2.02,2.00 s 21.3, 21.3,

170.7 171.1, 170.7

OMe 371 s 522 3645 52.2
OH 3.00 br s, 3.16 br s 211 brs

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
C»3H340¢6 and characteristic signals in the 'H NMR
spectrum for one acetyl group (6y 2.08, s) and one
methoxyl substituent (dy 3.71, s) suggested that (1) was
a diterpene. Further signals in the '"H and '3C spectra

Table 2
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(Table 1) for three tertiary methyl singlets [0y 1.02 (3H-
17), 1.24 (3H-19) and 1.05 (3H-20)], an olefin (dy 6.00,
H-15, dd, J=18.5, 10.6 Hz), an exocyclic methylene (dy
5.10 and 5.15, 2H) and two additional olefinic carbons
(0c 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 'H-'3C and 'H-'H 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 (8¢ 178.1).
The methoxyl protons at 3y 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 (dy 2.84, 1H, dd, /=132, 1.8 Hz)
showed a COSY correlation to H»-6 (6y 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
(3J), C-5 and C-1 (3J). A proton attached to the carbon
at C-1 was deshielded with respect to H-7 (3y 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 (CH,) 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

Long-range 'H-'3C 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 37
1 C-10 C-3, C-5,C=0 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, C=0
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,C9
OAc C=0 C=0
OMe C-18 C-18
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(C-12), an oxygenated methine carbon of C-14 (6= 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 H,-11 and C-9 and
C-8 in the HMBC spectrum completed the isopimarane
skeleton. From the molecular formula and the 'H 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 (& 3.00, 3.16)
which are attributed to hydroxyl protons.

The relative stereochemistry of (1) was established by
inspection of 'H and NOESY spectra. The magnitude
of the observed coupling constants for H-1 (/=3.0 Hz)
and H-7 (/=3.2 Hz) indicated an equatorial (8) 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-7q,14a-dihydroxy-8,15-
isopimaradien-18-oate.

By accurate FAB-MS, compound (2) solved for a
molecular formula of C,sH3405 and signals in the 'H
and '3C 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 (0
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 H»-2 (dy 4.84, /=2.8 Hz),
implying an equatorial («) orientation for H-1. H-7 was
a broad singlet and did not display any discernable
coupling to H,-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

. HE
s ol
MeO+Cach) 2

F R (i

Fig. 1. Selected NOE connectivities for compound 1.

compound (2) is methyl-1a,140-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 'H and '3C 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).

TR - Ac.Ry—Ri=11
ZR'_:R;:.'-\C.R::H
3R;_R3_R3_J\C

4R =R:=A¢.Ri= H

. 2 2 /
OR, OR, O
SR.'_ =R.z= H
R =H;=Ac

Compounds 1-6 showed no antibacterial activity at
512 pg/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 pg/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

Table 3
MICs of test strains in the absence and presence of 1-6* and reserpine

Strain (MDR Tetracycline Erythromycin Norfloxacin®

efflux protein)

IS-58 (TetK) 128, 64,32 - -
RN4220 (MsrA) - 256, 128,256
SA-1199B (NorA) - - 32,32, 2

4 10 pg/ml. All MICs were determined in duplicate.
® MICs in the absence and presence of 1-6 are expressed in pg/ml.
¢ Figures in bold denote MICs in the presence of reserpine at 20 pg/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. 'H NMR (400 MHz)
and 3C NMR (100 MHz) spectra were recorded in
CDCIl; on Bruker DRX, AVANCE and AMX 400
spectrometers. Chemical shift values (8) are reported in
parts per million (ppm) relative to tetramethylsilane
(TMS §=0) as internal standard and coupling constants
(J values) are given in Hertz. '"H-'"H 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 PF,s4.4 366 and preparative HPLC using Waters Delta
600 were used for fractionation and isolation. TLC was
carried out on Kieselgel 60 F»s4 (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 1) 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 x 100 mm
6 um Nova-Pak HR C;g 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 pULS5054,
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 Ca?* and Mg?", respectively. An inoculum
density of 5 x 10° cfu of each of the test organisms was
prepared in normal saline (9 g/l) by comparison with a
MacFarland standard. MHB (125 pl) 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 pl 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 pg/ml,
respectively. This medium was then used in the mini-
mum inhibitory concentration assay.

3.6. Methyl-la-acetoxy-7a,14a-dihydroxy-8,15-
isopimaradien-18-oate (1)

Colourless crystals; mp 150-153 °C; [«]¥ +0.08
(CHCl3; ¢ 0.12); UV Apax (MeOH) nm (log €): 217
(2.22); IR vy, (thin film) cm~!: 2950,1723, 1645, 1434,
1372, 1241, 1028, 754; 'H NMR and '3C NMR
(CDCly): see Table 1; HRFAB-MS (m/z): 429.2268
[M+Na]™* (caled. for C,3H3406Na, 429.2253).

3.7. Methyl-la,14a-diacetoxy-7a-hydroxy-8,15-
isopimaradien-18-oate (2)

Pale yellow oil; [2]3—0.01 (CHCls; ¢ 0.8); UV Amax
(MeOH) nm (log ¢): 215 (2.16); IR vya, (thin film)
cm~!: 3409, 2931, 1723, 1641, 1433, 1372, 1234; 1145,
1028, 965, 751; 'H NMR and '3C NMR (CDCls): see
Table 1; HRFAB-MS (m/z): 581.1538 [M + Cs] * (calced.
for C25H3607CS, 5811515)
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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 4x* Stermitz et al., 2000. [18]
Reserpine Norfloxacin 4x* Gibbons et al., 2003. [16]
GGI18 Norfloxacin g** Gibbons et al., 2003a. [16]
Diterpene from Norfloxacin ND Gibbons et al., 2003b. [16]
Lycopus europaeus

Epigallocatechin- Norfloxacin ND Gibbons, unpublished data [2003]
3-O-gallate

*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.

OH

HO o N

OH OH

OH

OH
Epigallocathechin-3-O-gallate

Diterpene from Lycopus europaeus

Scheme 2
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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 GGI18 C. Similarity between
parts that belong to the same molecule were not considered.

5’-MHC INF 240 INF 271 INF 277 INF392 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
GGI18 A 0.669 0.713 0.818 0.755 0.707 0.915
GGI18 B 0.644 0.703 0.759 0.699 0.670 0.839
GGI18 C 0.716 0.692 0.795 0.722 0.646 0.824
Diterpene from Lycopus 0.681 0.566 0.763 0.807 0.722 0.720
europaeus

Epigallocatechin-3-O-gallate ~ 0.682 0.670 0.825 0.868 0.733 0.750

180



Int. J. Mol. Sci. 2004, 5 42

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);

¢) 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.
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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 logP logP logP  lipole Surface area Volume
(Chem3D) (Chem3D) (ScilLogP) (Vega) (Vega) (A?) (A%)
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
GGI18 4.21 5.03 6.12 5.60 0.89 629.9 536.0
Diterpene from 245 3.65 6.23 3.34 0.73 497.84 425.59
Lycopus europaeus
Epigallocatechin- 1.49 2.07 6.21 6.62 2.61 429.3 363.6
3-O-gallate
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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 pg/ml. Incorporation of 1 and 2 into the growth
medium at 10 pg/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 ICsy of 50 uM, 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

* Corresponding author. Tel.: +44 207 753 5913; fax: +44 207 753
5909.
E-mail address: simon.gibbons@ulsop.ac.uk (S. Gibbons).

0031-9422/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.phytochem.2004.10.009

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’,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 'H and "*C 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 C,;H3,04 by ESI-MS.
Examination of the '>C NMR spectrum showed charac-
teristic signals between 110 and 150 ppm pointing to a
diterpene with an aromatic system, a moiety also found

188

in 1 and 2 (Table 1). Signals in the "H NMR spectrum
(Table 1) for four methyl groups (g 0.92, 0.96 and
1.16 (2 x CH3)) and an aromatic proton (dy 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 (d 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
"H (500 MHz) and '*C NMR (125 MHz) spectral data for 4 and 5 in
CD;0OD

Position Compound 4 Compound 5
'H (J in Hz) 3¢ 'H (J in Hz) 3¢
1 3.56 dd (13, 3) 36.7 3.59 dd (13, 3) 36.9
2 1.51m 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
2.57Tm 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
19 092 s 22.3 0.98 s 23.2
20 180.7 182.6
OMe 3.65s 61.9 383 s 61.2
Table 2

Long-range '"H-'3C connectivities detected in HMBC experiments for
4 and 5

Position Compound 4, Correlated C- Compound 5,

atom, HMBC (H—C) Correlated C-atom,
HMBC (H—C)

2y 3y oy

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, C9, 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 C,;H3y04 by ESI-MS.
The '3C NMR and 'H 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 'H
NMR spectrum was different on the basis of the chemi-
cal shifts of the H,-6 methylene protons. H-6(at) of 5 res-
onated at 1.88 ppm, which was consistent with that
observed in 4, but H-6pB of 5 (0y 1.41, m) was different
by 1.16 ppm in comparison to H-6f of 4 (dy 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-6p 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 pg/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

@) (b)

0 OH
AT e
Y [H ¥ CO.H

Fig. 1. (a) Partial structure for 4 showing a frans A/B ring junction.
Carboxyl group at C-10 is in close proximity to H-6f. (b) Partial
structure for 5 showing a cis A/B ring junction. Carboxyl group at C-
10 is unable to deshield H-6.

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 (Alall6 — 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 pg/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 §-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 pg/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 ICsy of 50 puM (16.6 pg/ml), which is
equivalent to approximately one-fourth its MIC for
SA-1199B. A similar level of inhibition was observed
with 10 uM 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 pg/ml (30 uM) 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

Table 3

MICs of 1-4 and standard antibiotics in pg/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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Table 4
Antimicrobial susceptibility of test strains in the absence and presence
of 10 pg/ml of 1, 2, or 20 pg/ml the MDR efflux inhibitor reserpine

MIC? of test strain expressing the
indicated efflux protein

Antimicrobial agent

XU212 RN4220 SA-1199B
(TetK) (MsrA) (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
# MIC, minimum inhibitory concentration, in pg/ml.
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Fig. 2. Ethidium efflux inhibition assay, SA-1199B. Filled circles,
reserpine; open triangles, carnosic acid (1).

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.,

190

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.
GGI18, 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 (0)
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 a Nicolet 360 FT-IR spectrophotometer and UV 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 x31 of chloroform. The
resulting extract was dried under vacuum to yield 73 g
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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’ 7-dimethoxy-5-hydroxy-flavone (3) were isolated as
a crude mixture by vacuum liquid chromatography
(VLC) onssilica 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 C5 TLC plate
eluting with MeOH-H,O (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 CHCl;-MeOH (97:3) to give (4)
(5.4 mg) and diethyl ether—petrol (1:1) to give (5) (2.3
mg).

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; [o]7} + 250(c 0.04); UV (CH;0H)
Amax (l0g €): 226 (3.39), 276 (1.71); IR vyay (thin film)
cm ' 2959, 2360, 2342, 1734, 1457, 1364, 1229, 668;
'"H NMR and >C NMR (CD;0D): see Table 1; ESI-
MS (m/z): 347.2 [M + H]" (calc. for Cy;H3,04, 347.2).

3.7. 12-Methoxy-cis-carnosic acid (5)

Colourless crystals; [o]f) + 50(c 0.06); UV (CH;OH)
Amax (log €): 224 (3.30), 277 (0.8); IR vyax (thin film)
cm ' 2959, 2360, 2342, 1734, 1559, 1457, 1367, 1221,
668; 'H NMR and '*C NMR (CD;OD): see Table I;
ESI-MS (m/z): 347.2 [M + H]" (calc. for C,H3,0y4,
347.2).
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GG918, a synthetic inhibitor of P-glycoprotein-mediated mammalian tumour multidrug resist-
ance, was found to be equipotent to reserpine in enhancing the in vitro activity of norfloxacin and
ciprofloxacin against strains of Staphylococcus aureus expressing distinct efflux-related multi-
drug resistance pumps. Four- to eight-fold reductions in MICs of these fluoroquinolones were
observed for SA-1199B, a strain that overexpresses NorA (the major S. aureus multidrug trans-
porter), and SA-K2068, which possesses a multidrug efflux-related pump distinct from NorA.
Neither inhibitor potentiated the activity of newer fluoroquinolones such as levofloxacin or
moxifloxacin by more than two-fold, and this effect was observed only in SA-1199B and
SA-K2068. GG918 and reserpine exposure resulted in two- to four-fold reductions in norfloxacin
and ciprofloxacin MICs in a fluoroquinolone-susceptible control strain and in strains expressing
the MsrA and TetK proteins, which mediate efflux-related resistance to macrolides and tetra-
cyclines, respectively, suggesting inhibition of as yet uncharacterized pumps for which
norfloxacin and ciprofloxacin are substrates. In the MsrA- and TetK-expressing strains no more
than a two-fold augmentation of erythromycin or tetracycline activity was observed with either
inhibitor, suggesting minimal, if any, inhibitory activity against these efflux proteins. Using
GG918 as a lead compound, a structure—activity evaluation may reveal a more potent and

broader spectrum inhibitor of S. aureus antibiotic efflux pumps.

Keywords: multidrug efflux, GG918, Staphylococcus aureus

Introduction

Multidrug (MDR) efflux is an increasingly reported phenom-
enon and has been described for many organisms, including
bacteria, fungi and protozoa, and as a mechanism of resist-
ance in mammalian tumour cells.! Bacteria possess a wide
array of drug efflux proteins and a number of clinically
relevant species, most notably Staphylococcus aureus,
Pseudomonas aeruginosa and Escherichia coli, utilize these
transporters as part of their resistance strategy.2 Many of these
efflux mechanisms export an extensive range of structurally
unrelated antibiotics from the cell, resulting in a reduced
intracellular concentration and thus reduced susceptibility.

© 2002 The British Society for Antimicrobial Chemotherapy

Examples of efflux-related resistance mechanisms that
have been described for S. aureus include those conferred by
QacA and NorA, which are MDR transporters, and the more
specific MsrA and TetK transport proteins.>® These export
proteins were originally described to efflux quaternary
ammonium salts (antiseptics), fluoroquinolones, macrolides
and tetracyclines, respectively, although these efflux pro-
teins, especially QacA and NorA, actively export a broad
array of structurally dissimilar drugs from the bacterial cell.

GGI18 (Figure 1) is asynthetic compound that was origin-
ally discovered as part of a screening programme designed to
identify inhibitors of mammalian P-glycoprotein (P-gp). P-gp
is an ABC-type transporter that exports numerous anti-
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Figure 1. Structure of GG918.

neoplastic agents from cancer cells, making them drug resist-
ant.!7 It has been shown that co-administration of GG918
with paclitaxel significantly increases the systemic exposure
to this anti-neoplastic agent.® Toxicities associated with
GGI18 were not observed in this study and the mean maximal
serum concentration of the compound was 0.43 £ 0.27 mg/L.
The mean area under the plasma concentration—time curve of
paclitaxel after oral administration of 1 g of GG918 was
comparable to that achieved with oral paclitaxel in combin-
ation with another P-gp inhibitor, cyclosporin A.? Unlike
cyclosporin A, GG918 has no known immunosuppressive
activity and may be a better candidate for clinical use as a P-gp
inhibitor.

Previous work on inhibitors of MDR pumps in S. aureus
includes the screening of a synthetic library against the NorA
MDR transporter.!’ These inhibitors acted in a synergic
manner with ciprofloxacin and dramatically suppressed the
emergence of ciprofloxacin-resistant S. aureus upon in vitro
exposure to the drug. Other inhibitors of MDR pumps in
S. aureus include the anti-hypertensive plant alkaloid reser-
pine, the porphyrin pheophorbide A, 5’-methoxyhydnocarpin
D (a flavonolignan) and selected flavones.!! The antimicro-
bial activity of berberine, a natural antibiotic found in some
plants and also a NorA substrate, was found to be potentiated
by low concentrations of 5’-methoxyhydnocarpin D by inhib-
ition of its efflux.'? Identification of effective inhibitors of
NorA and other S. aureus efflux pumps could restore the clin-
ical utility of pump substrates, which prompted the current
investigation of the activity of GG918 as an inhibitor of such
pumps.

Materials and methods

Bacterial strains and media

S. aureus RN4220 containing plasmid pUL5054, which
carries the gene encoding the MsrA macrolide efflux protein,
and strain CD-1281, which possesses the TetK tetracycline
efflux protein, were generously provided as gifts from J. Cove
(University of Leeds, UK) and C. Dowson (University of
Warwick, UK), respectively. SA-1199B, which overexpresses
the NorA MDR efflux protein, SA-K2068, which exhibits an
MDR efflux phenotype conferred by a pump distinct from

NorA, and S. aureus ATCC 25923 were also used.!34 All
strains were cultured on nutrient agar (Oxoid, Basingstoke,
UK) before determination of MICs. Cation-adjusted Mueller—
Hinton broth (MHB; Oxoid) was used for susceptibility tests.

Antibiotics and chemicals

Tetracycline, norfloxacin and erythromycin were obtained
from Sigma (Poole, UK). Ciprofloxacin, levofloxacin and
moxifloxacin were obtained from their respective manu-
facturers. GG918 was provided by GlaxoSmithKline (Steven-
age, UK).

Susceptibility tests

MICs were determined at least in duplicate by microdilution
techniques according to the NCCLS guidelines, using S. aureus
25923 as a quality control strain.'’ The effects of GG918 and
reserpine (final concentrations 10 and 20 mg/L, respectively)
on MICs were also determined. Both of these compounds
were dissolved in DMSO before dilution into MHB for use in
MIC determinations. The highest concentration of DMSO
remaining after dilution (25%, v/v) caused no inhibition of
bacterial growth (data not shown).

Ethidium efflux

Ethidium bromide (EtBr) is a substrate for many Gram-
positive 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 and SA-K2068 were
loaded with EtBr as previously described, and the effect of
varying concentrations of reserpine and GG918 on EtBr
efflux was determined to generate a dose—response profile for
each compound.'® Results were expressed as percentage
reduction of the total efflux observed for test strains in the
absence of inhibitors.

Results and discussion

Susceptibility data for test strains in the presence and absence
of inhibitors are shown in Table 1. Neither reserpine nor
GG918 by themselves had inhibitory activity against any test
strain at the concentrations employed (data not shown). The
presence of either compound resulted in at least a four-fold
reduction in norfloxacin MICs for all strains possessing
efflux-related resistance phenotypes, regardless of that pheno-
type. With respect to ciprofloxacin, a four-fold or greater
potentiation of activity was observed only with SA-1199B
and SA-K2068; no more than two-fold MIC changes were
observed for the other test strains. The inhibitors only minim-
ally augmented the activity of levofloxacin and moxifloxacin,
which are more recently developed fluoroquinolones with

14

194

1102 ‘9z |udy uo }sanb Aq 6io’sjeuinolpioyxo-oel wolj papeojumoq



Novel inhibitor of efflux pumps in S. aureus

Table 1. MICs of test strains (mg/L)

Antimicrobial®*  RN4220 (MsrA) CD-1281 (TetK) SA-1199B (NorA) SA-K2068 (MDR) ATCC 25923
Norfloxacin 1 1 32 8 0.5
+Reserpine 0.25 (4)b 0.254) 84) 1(8) 0.1254)
+GGI18 0.25(4) 0.25(4) 4(8) 2(4) 0.25(2)
Ciprofloxacin 0.25 0.25 8 4 0.125
+Reserpine 0.125(2) 0.125(2) 1(8) 0.5(8) 0.063 (2)
+GGI18 0.25(NC) 0.125(2) 1(8) 1(4) 0.125 (NC)
Levofloxacin 0.25 0.25 2 1 0.125
+Reserpine 0.25(NC) 0.25(NC) 1(2) 0.5(2) 0.125 (NC)
+GGI18 0.25(NC) 0.25(NC) 1(2) 0.5(2) 0.125 (NC)
Moxifloxacin 0.125 0.125 0.25 0.25 0.031
+Reserpine 0.125(NC) 0.125 (NC) 0.125(2) 0.125(2) 0.031 (NC)
+GGI18 0.125 (NC) 0.125 (NC) 0.25 (NC) 0.25 (NC) 0.031 (NC)
Erythromycin 64 0.5 0.25 0.5 0.125
+Reserpine 64 (NC) 0.25(2) 0.125(2) 0.5(NC) 0.125 (NC)
+GGI18 32(2) 0.25(2) 0.125(2) 0.5(NC) 0.125 (NC)
Tetracycline 0.25 32 0.125 1.0 0.25
+Reserpine 0.25(NC) 16(2) 0.063 (2) 0.5(2) 0.25(NC)
+GGI918 0.125(2) 16(2) 0.063(2) 052 0.25 (NC)

4Antimicrobials were tested alone, or in combination with reserpine (20 mg/L) or GG918 (10 mg/L).

bFold reductions are given in parentheses.
MDR, non-NorA multidrug efflux phenotype; NC, no change.

improved potency compared with ciprofloxacin against
S. aureus.

The presence of GG918 or reserpine resulted in no more
than a two-fold reduction in erythromycin and tetracycline
MICs for all strains. The equivalence in activity regardless of
the efflux-related resistance trait present suggests that the
modest MIC reductions observed are not related to specific
inhibition of MsrA or TetK.

Overall, the effects of GGY918 and reserpine on suscep-
tibility data were equivalent for all test strains. In general, the
activities of norfloxacin and ciprofloxacin were the most
potentiated. This was especially true for SA-1199B, which
overexpresses NorA, and SA-K2068, which possesses a
novel non-NorA MDR pump. Both norfloxacin and cipro-
floxacin are quite hydrophilic molecules with small substitu-
ents at the C7 and C8 positions, characteristics that make them
more favourable substrates for NorA, and probably for the
SA-K2068 efflux pump.!? The lack of significant activity of
either inhibitor on MICs of levofloxacin and moxifloxacin
for strains bearing these pumps may relate to molecular
hydrophobicity in the case of levofloxacin and structural
features in the case of both compounds, characteristics that
may reduce recognition and transport.

The sequence of the S. aureus genome has recently been
published, and examination of the data reveals the presence of
up to 17 open reading frames encoding putative drug trans-
porters.'® The four-fold potentiation of norfloxacin activity
by inhibitors in RN4220 (MsrA), CD-1281 (TetK) and ATCC

25923, strains not possessing known quinolone efflux sys-
tems, is likely to be related to the inhibition of one or more of
these as yet uncharacterized pumps. These data indicate that
GGY18 and reserpine may have more affinity for MDR-type
pumps than for more limited spectrum pumps such as MsrA
and TetK, or at least for pumps for which fluoroquinolones
are substrates.

The effect of inhibitors on the EtBr efflux capability of
SA-1199B and SA-K2068 compared with the effect observed
for reserpine is shown in Figure 2. For SA-1199B, concentra-
tions of <10 pM GG918 were more potent than the same
concentrations of reserpine. Both inhibitors were very potent
versus SA-K2068, with GG918 appearing more effective at
concentrations of <5 uM. These data indicate that at low
concentrations GGY918 is more potent than reserpine as an
inhibitor of MDR pump-mediated EtBr efflux in S. aureus.

The development of efflux pump inhibitors, which could
be used in conjunction with existing antibiotics, could extend
the useful lifetime of some antibiotics by improving thera-
peutic efficacy and by suppressing the emergence of resistant
variants that might otherwise arise during treatment. The
former phenomenon has been evaluated in an animal model of
a P. aeruginosa infection caused by a strain overexpressing
the MexAB—OprM MDR efflux system, with treatment con-
sisting of levofloxacin plus inhibitor or levofloxacin alone.!?
Improved therapeutic efficacy was observed in animals
treated with the combination versus those treated with only
levofloxacin. The latter phenomenon has been demonstrated

15

195

1102 ‘9z |udy uo }sanb Aq 6io’sjeuinolpioyxo-oel wolj papeojumoq



S. Gibbons et al.

100 -
so
60 [

40|

20}

Percentage reducton of efflux

I I ! il ] 1 I
0 3 1 15 20 30

Concentration (u)

I
wn

00 (1)
80|
n[:'.
4[}_.

20

0 5 10 15 20 30

Concentration {uM)

I
o

Figure 2. Effect of inhibitors on ethidium bromide efflux; the data presented are means of duplicate experiments. (a) SA-1199B; (b) SA-K2068;

inverted filled triangles, GG918; filled circles, reserpine.

for both NorA and PmrA, a recently described Streptococcus
pneumoniae MDR transporter, where it has been shown that
the combination of reserpine and a fluoroquinolone markedly
reduced the emergence of resistant variants in vitro compared
with what was observed with the fluoroquinolone alone.!020
However, the concentrations of reserpine required for the
observed effect were not clinically relevant as the potential
for adverse effects, such as neurotoxicity, eliminates the use
of reserpine as an efflux pump inhibitor in the clinical setting.

GGI18 is a first step toward developing an inhibitor active
against S. aureus antibiotic efflux pumps, especially NorA. A
further effort to identify an even more potent compound with
a good toxicity profile and broader spectrum of activity seems
reasonable. The combination of a broad-spectrum MDR pump
inhibitor with antibiotics that are known pump substrates
could reduce the morbidity and mortality that might result
from a delay in the institution of effective therapy for serious
S. aureus infections.
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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 theet(K) Determinant

Simon Gibbons* and E. E. Udo?

Centre for Pharmacognosy and Phytotherapy, The School of Pharmacy, University of London, 29-39 Brunswick Square, London
WCI1N 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 aureugMRSA), we have validated our assays using the antihypertensive plant alkaloid
reserpine. Clinical isolates of MRSA were resistant to tetracycline and shown to possess ttef(K) deter-
minant which encodes for the Tet(K) efflux protein, which conferred high level resistance to tetracycline
(MIC =128 pg/mL). In the presence of reserpine, a known inhibitor of multidrug resistance (mdr) efflux
pumps, this MIC was significantly reduced (MIC = 32 g/mL). Copyright © 2000 John Wiley & Sons, Ltd.

Keywords:efflux; MRSA; Tet(K); multidrug resistance; mdr.

INTRODUCTION 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

The occurrence and proliferation of methicillin resistant NorA and Bmr efflux mechanisms (Nt al., 1994).
Staphylococcus aureu$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 MATERIALS AND METHODS
antibiotics available for the treatment of MRSA are the
glycopeptides, typically vancomycin, but unfortunately Bacterial strains. MRSA strains 1S-58 and XU212 were
resistance to this agent has already been encountered igultured from clinical isolates from the Ibn Sina and
Japan (Hiramatswet al, 1997) and the United States Adan hospitals, respectively5. aureusstandard strain
(Martin and Wilcox, 1997; Perl, 1999; Rotuet al, ATCC 25923 was obtained from the American Type
1999), and more recently in the United Kingdom Culture Collection. All strains were cultured on nutrient
(unpublished report on vancomycin resistanc&taphy- agar (Oxoid) prior to determination of minimum
lococcus aureuat Glasgow Royal Infirmary, June 1999). inhibitory concentration.

Efflux is an important mechanism of resistance in
many clinically relevant pathogens, notabBtreptococ- Primer details for the tet(K) gene. The tet(K) gene in
cus pneumoniaéMarkham, 1999)Pseudomonas aeru- strains 1S-58 and XU212 was detected in polymerase
ginosa and Neisseria gonorrhoeae(Marshall and chain reaction (PCR) experiments using two 18- mer
Piddock, 1997). IrStaphylococcus aurepsfflux mech- oligonucleotide primers, synthesis based on the DNA
anisms have been demonstrated to confer resistance t@equence of th8. aureuplasmid, pT181, which encodes
macrolides, fluoroquinolones and the tetracyclivieshe a tetracycline efflux protein. The sequences were: primer
Msr(A) (Rosset al, 1990), Nor(A) (Nget al,, 1994) and K1, 5-CAG CAG ATC CTACTC CTT-3corresponding
Tet(K) (Guayet al, 1993) efflux proteins respectively. to nucleotides 531 to 549 and primer K2;T8CG ATA
The tet(K) gene encodes for an hydrophobic, 50.6 KDa GGA ACA GCA GTA-3, which is complementary to
membrane bound protein that actively effluxes tetracy- nucleotides 682 to 700 of thet(K) gene and separated
cline and is assumed to confer resistance to this agentoy 168 base pairs.
(Guayet al., 1993).

We have been screening elements of the Kuwaiti flora Protocol for PCR. The PCR mixture consisted ofd. of
for modulators of Tet(K) mediated resistance in clinical template DNA, 10 pmol of K1 and K2 primers and dbof

PCR supermix (Gibco BRL). DNA amplification was

* Correspondence to: Dr S. Gibbons, The School of Pharmacy, 29-39 carried out for 30 CyC|eS in a final volume of po of
Brunswick Square, London, WC1N 1AX, UK. reaction mixture as follows: denaturation at@4(1 min),

Received 30 July 1999
Copyright© 2000 John Wiley & Sons, Ltd. Accepted 10 October 1999
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Table 1. Minimum inhibitory concentrations (MICs) for
test organisms

MIC (ng/mL) of tetracycline

Strain +R
XU212 128 32
I1S-58 128 32
ATCC 25923 0.16 0.16

+R, MIC measured in the presence of reserpine at a
concentration of 10 pg/mL.

annealingat55°C (1 min)andextensiorat72°Cfor 1 min.
After amplification, 15uL of productwas analysedby
agaroseayel 1.5% (w/v) electrophoresis Tris buffer and
stainedwith ethidiumbromide.The amplified DNA was
visualizedunderUV light andphotographed.

Determination of Minimum Inhibitory Concentration
(MIC). Mueller-Hinton broth (MHB) (Oxoid) was
adjustedto contain20mg/L and 10mg/L of Ca&" and
Mg?* respectively.An inoculum densityof 10° cfu of
eachof thetestorganismsvaspreparedn normalsaline
(0.9g/L). MHB (125pL) wasdispensedhto 10wellsof a
96-well microtitre plate(Nunc,0.3mL volume)andthen
125uL of tetracycline(2048ug/mL) (SigmaChemical
Co.) wasserially diluted (2 fold) into eachof the wells.
125uL of inoculumwasthenaddecdto eachof thewells,
which resultedin a tetracyclineconcentratiorrange of
512-1ug/mL. The platewasthenincubatedat 36°C for
18h andthe MIC wasrecordedasthe lowestconcentra-
tion at which no growth was observed.In the caseof
ATCC 25923 Staphylococcusaureus a tetracycline
concentratiorrangeof 10-0.02ug/mL wasused.

Forthemodulationof resistancexperimentreserpine
(SigmaChemicalCo.) wasincorporatednto the MHB to
give afinal concentratiorof 10 pg/mL.

RESULTS AND DISCUSSION

MRSA strains|S-58 and XU212 were highly resistant
to tetracycline (Table 1) and exhibited MICs of

128ug/mL as a result of the presenceof the tet(K)

determinantvhich encodedor the Tet(K) efflux protein.
When comparedwith the standardATCC 25923 strain,
IS-58 and XU212 exhibited an 800 fold increasein

resistancdo tetracycline,which rendersthe useof this

antibiotic against these organismsas therapeutically
redundant.

The incorporation of the antihypertensive plant
alkaloid reserpineinto the medium,clearly affectedthe
MIC of tetracyclinein the MRSA strainsandloweredthe
MIC by a factor of 4. In contrast,the incorporationof
reserpindgnto the mediumdid not effectthe MIC for the
standardATCC strain.

This4-fold decreasén MIC is in goodagreemenivith
datafor MICs recordedin the presenceand absenceof
reserpineof norfloxacinresistanS.aureuspossessinthe
Nor(A) fluoroquinoloneefflux protein(Ng et al., 1994).

This is, we believe,the first report of a reductionof
MIC in clinical isolatesof MRSA possessinghe Tet(K)
efflux proteinin the presencef 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 mechanismsould, in combination,greatly
extend the useful lifetime of older conventionalanti-
biotics, for examplewith the tetracyclinesThis concept
of resistancemodulation could be extendedto other
multidrug resistantpathogenssuch as fluoroquinolone
resistant Streptococcuspneumoniag azole resistant
Candida albicans or macrolide resistant Escherichia
coli, all of which produceefflux proteinsaspart of their
resistancenechanismgMarkham,1999; Cannonet al.,
1998,Marshalland Piddock,1997).
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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 1 mg/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 7—15 and 18—24, their antibacterial activities against a panel of
S. aureus strains were evaluated. The presence of an alkyloxy group consisting of 8—10 carbon atoms
ortho to a five-carbon acyl substituent on the phloroglucinol core are important structural features for

Keywords:
Acylphloroglucinols
Total synthesis
Anti-staphylococcal

MRSA

promising anti-staphylococcal activity.
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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

* Corresponding author.
E-mail address: j.malkinson@ucl.ac.uk (J.P. Malkinson).
! Present Address: 16 Royal Swan Quarter, Leret Way, Leatherhead, Surrey KT22
7JL, UK.
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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 0.1 mg/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 0.5—1 mg/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 (7—22) 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 from H.
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
10—12%. 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 2 was
119—120°C, which was in good agreement with the literature [12].
The structural identity of 2 was confirmed by mass spectrometry,
and 'H and 3C NMR spectroscopy (section 4.2.1).

Friedel-Crafts acylation of phloroglucinol (3) with (S)-2-
methylbutanoyl chloride (2) in the presence of AlCl;, CS; and
nitrobenzene led to the formation of (S)-2-methyl-1-(2,4,6-

Synthesis of compounds 6-15

Hoj(‘\/ socl,
0]
1 2(93%
HO OH
2, AICl4
CS,, PhNO,
OH OH O
3 4 (54%)
TBDMSCI,  tgpMmso OH
imidazole
acetone
TBDMSO O
5 (81%)
R- Br KQCOE,
OH O
6-15 (3-30%)

Scheme 1. Synthesis of compounds 6—15.

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 '"H NMR spectrum showed a
singlet at oy 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 (0y 13.43) and two meta-coupled
(J=2.0Hz) hydrogen atoms with two different chemical shifts (dy
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 K,COs yielded (S,E)-1-(2-((3,7-
dimethylocta-2,6-dien-1-yl)oxy)-4,6-dihydroxyphenyl)-2-
methylbutan-1-one (6; typically 9—16% 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 (g 4.56d,
J=6.5Hz, geranyl C-1), the hydrogen atoms of which showed long-
range (3]) 'H-13C correlations with a deshielded aromatic carbon
atom (0 162.6, aromatic C-2) of the acylphloroglucinol nucleus and
two carbons associated with an olefinic group (6 118.2, geranyl C-2;
0 142.4, 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 (7—15, 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-
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HO OR

10 R= éf\/\(

11 R =CH,Ph
12 R = (CH,);CH,
13 R = (CH,)oCHs
14 R = (CHy)1CHs
15 R= (CH2]1?CH3

Fig. 1. (S)-(2-Methylbutanoyl)phloroglucinols with ortho alkyloxy variants.

2 (ortho) carbon atom of the acylphloroglucinol core, allowing
confirmation of the successful desired ortho alkylation in com-
pounds 7—15. 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).

HO OW
R

OH O

18 R =CH,

19 R = CH,CHj

20 R = (CH,),CHj
21 R = (CH,)3CHj
22 R= (CHz)ch:g
23 R = (CH,):sCH3
24 R=Ph

Fig. 2. Ortho geranylated acylphloroglucinols with acyl variants.

202

Regioselective di-protection of two (para and one ortho) of the
three hydroxyl groups of the acylphloroglucinol (16) moiety again
using TBDMS-CI, followed by alkylation with geranyl bromide and
simultaneous deprotection of the silyl ethers (17) yielded the cor-
responding ortho geranylated acylphloroglucinols 18—24 (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 3] 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) and methicillin-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 0.5—1 mg/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 1 mg/L to
in excess of 512 mg/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

Synthesis of compounds 18-24

HO OH
Cl__R  AlCl
3+ "
O  CS, PhNO,

OH O
16 (51-60%)

TBDMSCI,  TBDMSO OH
imidazole
R
acetone
TBDMSO O

17 (40-82%)

O\W
R

OH O
18-24 (6-46%)

HO
geranyl bromide

K,COs5, DMF

Scheme 2. Synthesis of compounds 18—24.
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Table 1
MICs (in mg/L) of compounds (8—24) against standard, multi-drug resistant (MDR)
and metbhicillin-resistant strains of Staphylococcus aureus.

Compound SA1199B XU212 ATCC25941 RN4220 EMRSA15 EMRSA16
6 1 0.5 1 1 1 0.5

7 16 4-8 8 8 16 4

8’ >512 >512 >512 >512 >512 >512
9 0.5-1 1 1 0.5 0.5-1 0.25
10 2 4 2 2 2—4 2—-4
11 8 4 4 4-8 8 4

12 0.25-0.5 0.5 0.25-0.5 0.5 0.5 0.25
13 2 2—-4 1-2 1 0.5-1 0.25
14 16 64 128 8 16 16
15° >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
23° >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

2 No inhibition of growth was apparent at the highest concentration tested.

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 — the same
continuous linear chain length as the geranyl and 3,7-dimethyloctyl
derivatives — at the ortho position phenolic hydroxyl.

Among the ortho geranylated acylphloroglucinol series, the
pentanoyl derivative (21) demonstrated the highest activity with
MICs of 0.5—1 mg/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 8—10 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 — the octyl ether analogue
of olympicin A — 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 500 MHz spectrometer (500 MHz for 'H and
125 MHz for 13C). Chemical shift values () 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 5kV 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 PFys54 plates
(Merck). Vacuum liquid chromatography (VLC) columns were
packed with silica gel 60 PF,54 (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; 10g, 97.91 mmol) and thionyl
chloride (10.71 mL, 146.9 mmol, 1.5 equiv) were heated together at
80—90 °C under reflux for 2 h. Distillation of the reaction mixture
afforded (S)-2-methylbutanoyl chloride as a colourless liquid
(10.89g, 90.72mmol, 93%). ()3 +10.1 (c 0.54, CHCl3); b.p.
119—120°C; 'H NMR (500 MHz, CDCl3): 6y 0.95 (3H, t, J = 7.5 Hz),
126 (3H, d, J="7.5Hz), 1.59 (1H, m), 1.80 (1H, m), 2.80 (1H, q,
J=7.0Hz); B¢ NMR (125 MHz, CDCl3): 6¢ 11.3,16.7, 26.7, 53.1,177.8;
HRMS (ESI) m/z: [M-H] Calcd for CsHgOCl 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; 10.81g, 85.8 mmol) in carbon disulphide
(50 mL) was transferred into a two-necked round-bottomed flask
and allowed to stir while aluminium trichloride (46.43¢g,
351.8 mmol, 4.1 equiv) was added. Nitrobenzene (40 mL) was then
added to the solution over 30 min. The solution was then heated
under reflux at 55°C for 30 min. A solution of 2-methylbutanoyl
chloride (2) (10.89 g, 85.8 mmol) dissolved in 5 mL nitrobenzene
was added to the reaction mixture over 30 min, followed by heating
for another 30 min. The reaction mixture was allowed to cool with
stirring and then poured into an ice-water bath (400 mL). 100 mL of
3 ™ hydrochloric acid was then added and the mixture extracted
with diethyl ether (3 x 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 30—45% EtOAc in hexane gave (S)-2-methyl-1-(2,4,6-

203
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trihydroxyphenyl)butan-1-one as a pale yellow oil (9.71g,
46.19 mmol, 54%). [a]2? +8.5 (¢ 0.35, CHCl3); UV (CHCl3) Amax (log €):
240 (4.17), 290 (3.97) nm; IR vmay (thin film) cm™': 3297, 1628,1602,
1222; 'H NMR (500 MHz, CD30D): 4 0.88 (3H, t, J= 7.5 Hz), 1.11
(3H,d,J =6.5Hz),1.33 (1H, m), 1.78 (1H, m), 3.84 (1H, m), 5.81 (2H,
s); 13C NMR (125 MHz, CD3;0D): 6¢ 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
C11H1304 209.0814; Found 209.0813.

4.2.3. Synthesis of (S)-1-(2,4-bis((tert-butyldimethylsilyl Joxy )-6-
hydroxyphenyl)-2-methylbutan-1-one (5) [14]

Acylphloroglucinol 4 (9.71 g, 46.19 mmol) was dissolved in part
in dry acetone (150 mL) and transferred into a 250 mL round bot-
tom flask. Imidazole (3.43 g, 138.6 mmol, 3 equiv) was added to the
solution and the reaction mixture stirred for 5 min followed by the
addition of TBDMS-CI (14.61 g, 97.0 mmol, 2.1 equiv). The reaction
mixture was stirred for 2 hat room temperature. Acetone was
removed from the reaction mixture under reduced pressure and
the residue taken up in chloroform and washed with 1m HCI
(150 mL). 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
2.5—7.5% 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, 37.26 mmol, 81%). [a]2? +4.9 (c 0.39, CHCl3); UV
(CHCl3) Amax (log &): 239 (4.26), 290 (4.23) nm; IR vmax (thin film)
cm™': 3276, 2973, 1688, 1572, 1531,1256, 1131, 1072, 850; 'H NMR
(500 MHz, CDCls): 6y 0.23 (2 x 3H, s), 0.32 (2 x 3H, s), 0.88 (3H, ¢,
J=75Hz), 0.97 (3 x 3H, s), 0.99 (3 x 3H, s), 1.12 (3H, d, = 6.5Hz),
1.43 (1H, m), 1.78 (1H, m), 3.82 (1H, m), 5.85 (1H, d, ] = 2.0 Hz), 6.04
(1H,d,J = 2.0 Hz), 13.43 (1H, s); '3C NMR (125 MHz, CDCl3): 6¢ -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
C23H4104Sip 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, 15.0 mmol) was
dissolved in dry DMF (100 mL) and anhydrous potassium carbonate
(3.1 g, 22.5 mmol, 1.5 equiv) was added. The mixture was stirred for
approximately 5 min followed by the addition of geranyl bromide
(3.43 mL, 18 mmol, 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
(450 mg, 1.3 mmol, 8.7%). All spectral data were identical to those of
the natural product [11]. [a]%z +6.0 (¢ 0.30, CHCl3); UV (CHCI3) Amax
(log €): 239 (4.06), 240 (4.23) nm; IR vmax (thin film) cm™': 3357,
2965, 2931, 1623, 1589, 1458, 1212, 1165, 1087, 825; 'H NMR
(500 MHz, CDCl3): 6y 0.88 (3H, t, J=7.5Hz), 1.12 (3H, d, ] = 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, J = 6.5 Hz), 5.10 (1H,
m), 5.44 (1H, br s), 5.50 (1H, m), 5.91 (1H, d,J= 2.0 Hz), 5.98 (1H, d,
J=2.0Hz), 1410 (1H, s); 3C NMR (125 MHz, CDCl3): é¢ 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 C31H2904 345.2071; Found 345.2067.
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4.2.5. Synthesis of compounds 7—15 from TBDMS-protected
acylphloroglucinol 5

Compounds 7—15 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. (5)-1-(2,4-Dihydroxy-6-((3-methylbut-2-en-1-yl)oxy)
phenyl)-2-methylbutan-1-one (7). Synthesised using 0.259 mmol of
5 and 0.311 mmol of prenyl bromide. Isolated after SPE (SiGel;
hexane/EtOAc 9:1) as a pale yellow oil (15 mg, 0.054 mmol, 21%).
(]2 +5.2 (¢ 0.30, MeOH); UV (MeOH) Amax (log &): 239 (4.36), 290
(3.97) nm; IR vmax (thin film) em~': 3423, 2968, 2914, 1630, 1595,
1560, 1420, 1350, 1200; 'H NMR (500 MHz, CDCls): 6 0.88 (3H, t,
J=75Hz),113 (3H, d, ] = 6.5 Hz), 1.33 (1H, m), 1.76 (3H, 5), 1.78 (1H,
m), 1.82 (3H, s), 3.66 (1H, m), 4.55 (2H, d, J= 6.5 Hz), 5.51 (1H, t,
J=6.5Hz), 5.70 (1H, br s), 593 (1H, d, J=2.0Hz), 6.00 (1H, d,
J=2.0Hz),14.07 (1H, br s); 3C NMR (125 MHz, CDCl3): é¢ 12.0,16.7,
18.4, 25.9, 271, 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 C1gH2104 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 0.925 mmol of 5 and 1.11 mmol of farnesyl bro-
mide. Isolated after SPE (SiGel; hexane/EtOAc 92:8) as a yellow oil
(25 mg, 0.060 mmol, 6.5%). [a]2? +6.7 (c 0.51, MeOH); UV (MeOH)
Amax (10g £): 239 (4.09), 285 (4.22) nm; IR vay (thin film) cm~': 314,
1529, 1442, 1292, 1166, 1074, 821; 'H NMR (500 MHz, CDCl3): oy
0.90 (3H, t, ] = 7.5 Hz), 113 (3H, d, ] = 6.5 Hz), 1.37 (1H, m), 1.61 (3H,
5),1.62 (3H, s),1.69 (3H, 5), 1.75 (3H, 5), 1.80 (1H, m), 1.99 (2H, s), 2.07
(2H, s), 2.1 (2H, m), 213 (2H, m), 3.67 (1H, m), 4.57 (2H, d,
J=6.5Hz), 5.08 (1H, m), 5.12 (1H, m), 5.52 (1H, m), 5.93 (1H, d,
J=2.5Hz),5.99 (1H, d, ] = 2.5 Hz), 14.05 (1H, s); >*C NMR (125 MHz,
CDCl3): 6¢ 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
Cy6H3704 413.2698; Found 413.2697.

4.2.5.3. (25)-1-(2-((3,7-Dimethyloctyl)oxy )-4,6-dihydroxyphenyl)-2-
methylbutan-1-one (9). Synthesised using 1.073 mmol of 5 and
1.289 mmol of 1-bromo-3,7-dimethyloctane. Isolated after SPE
(SiGel; hexane/EtOAc 9:1) as a colourless oil (110 mg, 0.313 mmol,
29%). [2)3? +4.4 (c 0.40, CHCl3); UV (CHCI3) Amax (log £): 239 (3.99),
290 (4.21) nm; IR vmax (thin film) em~': 3233, 2964, 2921, 1661,
1583, 1432, 1241, 1103, 1057; 'H NMR (CDCl3): 6y 0.88 (3H, t,
J=75Hz), 0.89 (6H, d, J=6.5Hz), 0.97 (3H, d, ] = 6.5 Hz), 1.15 (3H,
d, J=6.5Hz), 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, J=6.5Hz), 536 (1H, br s), 5.93 (1H, d, J = 2.0 Hz), 5.99
(1H, d,J = 2.0 Hz), 14.05 (1H, s); *C NMR (CDCl3): éc 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: [M+H] " Calcd. for
C21H3504 351.2531; Found 351.2529.

4.2.5.4. (S)-1-(2,4-Dihydroxy-6-(isopentyloxy)phenyl)-2-
methylbutan-1-one (10). Synthesised using 0.579 mmol of 5 and
0.695 mmol of 1-bromo-3-dimethylbutane. Isolated after SPE
(SiGel; hexane/EtOAc 9:1) as a yellow oil (5 mg, 0.018 mmol, 3.1%).
(]2 + 3.5 (c 0.34, MeOH); UV (MeOH) Amax (log ¢): 242 (4.39), 288
(4.09) nm; IR vmax (thin film) em~': 333, 1631, 1593, 1258, 1110; 'H
NMR (500 MHz, CDCl3): dy 0.89 (3H, t, J=7.5Hz), 0.98 (6H, d,
J=6.5Hz), 114 (3H, d, J=6.5Hz), 1.41 (1H, m), 1.73 (2H, m), 1.80
(1H, m), 1.81 (1H, m), 3.69 (1H, m), 4.02 (2H, d, ] = 6.5 Hz), 5.40 (1H,
br s), 5.92 (1H, d, J=2.0Hz), 5.99 (1H, d, = 2.0 Hz), 14.17 (1H, s);
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13C NMR (125 MHz, CDCl3): é¢c 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 C16H2304 279.1602; Found 279.1598.

4.2.5.5. (S)-1-(2-(Benzyloxy)-4,6-dihydroxyphenyl)-2-methylbutan-
1-one (11). Synthesised using 0.934 mmol of 5 and 1.121 mmol of
benzyl bromide. Isolated after SPE (SiGel; hexane/EtOAc 8:2) as a
pale yellow oil (85mg, 0.283 mmol, 30%). [oz],%2 + 4.2 (c 032,
MeOH); UV (MeOH) Amax (log €): 241 (4.30), 289 (3.94) nm; IR vmax
(thin film) cm~': 3239, 2958, 1624, 1568, 1500, 1456, 1383, 1255,
1161, 1105, 751; 'H NMR (500 MHz, CDCls): 6y 0.68 (3H, t,
J=6.5Hz), 1.00 (3H, d, J=6.5Hz), 1.29 (1H, m), 1.71 (1H, m), 3.57
(1H, m), 5.08 (2H, s), 6.00 (1H, d, J = 2.0 Hz), 6.01 (1H, d, ] = 2.0 Hz),
7.38—7.42 (5H, m), 14.00 (1H, s); >C NMR (125 MHz, CDCl3): 6¢ 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: [M+H]" Calcd. for
Cy3H2104 301.1440; Found 301.1430.

4.2.5.6. (S)-1-(2,4-Dihydroxy-6-(octyloxy )phenyl)-2-methylbutan-1-
one (12). Synthesised using 0.893 mmol of 5 and 1.931 mmol of 1-
bromooctane. Isolated after SPE (SiGel; hexane/EtOAc 92:8) as a
pale yellow oil (82mg, 0.255mmol, 29%); [a]# + 6.1 (c 0.45,
MeOH); UV (MeOH) Amax (log €): 239 (4.39), 288 (3.98) nm; IR vpax
(thin film) cm~1: 3328, 2928, 2857, 1621, 1591, 1444, 1377, 1212,
1158, 1102, 826, 754; 'H NMR (500 MHz, CDCl3): 6y 0.89 (3H, t,
J=75Hz),0.90 (3H, t, J]=75Hz), 1.16 (3H, d, = 7.0 Hz), 1.26—1.40
(8H, m), 1.38 (1H, m), 1.46 (2H, m), 1.81 m (1H, m), 1.85 (2H, m), 3.72
(1H, q,J=6.5Hz),4.00 (2H, t, = 6.5Hz), 5.42 (1H, br s), 5.91 (1H, d,
J=2.0Hz),5.99 (1H, d,J = 2.0 Hz), 14.06 (1H, s); 3C NMR (125 MHz,
CDCl3): 6¢c 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:
[M+H]" Calcd. for C1gH3104 323.2222; Found 323.2211.

4.2.5.7. (S)-1-(2-(Decyloxy)-4,6-dihydroxyphenyl)-2-methylbutan-
1-one (13). Synthesised using 0.936 mmol of 5 and 1.123 mmol of
1-bromodecane. Isolated after SPE (SiGel; hexane/EtOAc 9:1) as a
yellow oil (96 mg, 0.264 mmol, 28%). (]3> + 4.5 (c 0.25, MeOH); UV
(MeOH) Amax (log €): 243 (4.33), 292 (3.99) nm; IR vmax (thin film)
cm~': 3327, 2926, 2855, 1739, 1621, 1592, 1443, 1368, 1216, 1156,
1103, 827, 752; 'H NMR (500 MHz, CDCl5): &y 0.88 (3H, t, ] = 7.5 Hz),
0.89 (3H, t, J= 7.5 Hz), 117 (3H, d, J = 6.5 Hz), 1.28—1.31 (12H, m),
1.34 (1H, m), 1.46 (2H, m), 1.81 (1H, m), 1.84 (2H, m), 3.72 (1H, q,
J=6.5Hz), 4.00 (2H, t, ] = 6.5 Hz), 5.92 (1H, d, ] = 2.0 Hz), 6.00 (1H,
d,J=2.0Hz),14.16 (1H, s); 3C NMR (125 MHz, CDCl3): 6¢ 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: [M+H]"
Calcd for Co5H3704 365.2692: Found 365.2699.

4.2.5.8. (S)-1-(2-(Dodecyloxy)-4,6-dihydroxyphenyl)-2-
methylbutan-1-one (14). Synthesised using 0.913 mmol of 5 and
1.096 mmol of 1-bromododecane. Isolated after SPE (SiGel; hexane/
EtOAc 92:8) as a pale yellow oil (98 mg, 0.259 mmol, 28%).
(]2 + 4.7 (c 0.30, MeOH); UV (MeOH) Amax (log £): 238 (4.32), 290
(3.99) nm; IR rmax (thin film) cm™': 3327, 2924, 2854, 1739, 1622,
1593, 1456, 1366, 1216, 1160, 1109, 827; 'H NMR (500 MHz, CDCl3):
oy 0.88 (3H, t, J=75Hz), 0.89 (3H, t, J=75Hz), 1.16 (3H, d,
J=6.5Hz), 1.28—1.30 (16H, m), 1.35 (1H, m), 1.46 (2H, m), 1.83 m
(1H, m), 1.86 (2H, m), 3.73 (1H, q, ] = 6.5 Hz), 4.00 (2H, t, ] = 6.5 Hz),
5.92 (1H, d, ] = 2.0 Hz), 6.00 (1H, d, ] = 2.0 Hz), 6.02 (1H, br s), 14.19
(1H, s); 13C NMR (125 MHz, CDCl3): é¢ 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: [M+H]"
Calcd. for Cy3H3904 379.2848; Found 379.2864.

4.2.5.9. (S)-1-(2,4-Dihydroxy-6-(octadecyloxy)phenyl)-2-
methylbutan-1-one (15). Synthesised using 0.9 mmol of 5 and
1.079 mmol of 1-bromooctadecane. Isolated after SPE (SiGel; hex-
ane/EtOAc 92:8) as a colourless oil (118 mg, 0.255 mmol, 28%).
[]3% + 4.2 (c 0.35, MeOH); UV (MeOH) Amax (log &): 244 (4.32), 289
(3.98) nm; IR vmax (thin film) cm~': 3328, 2923, 2853, 1738, 1623,
1593, 1455, 1373, 1214, 1159, 1104, 774; 'H NMR (500 MHz, CDCl3):
ou 0.89 (3H, t, J=7.5Hz), 091 (3H, t, J=75Hz), 116 (3H, d,
J=6.5Hz),1.27—1.33 (28H, m), 1.42 (1H, m), 1.46 (2H, m), 1.81 (1H,
m), 1.85 (2H, m), 3.73 (1H, q, ] = 6.5 Hz), 4.00 (2H, t, ] = 6.5 Hz), 5.92
(1H, d, J=2.0Hz), 6.00 (1H, d, ] = 2.0 Hz), 6.07 (1H, br s), 14.12 (1H,
s); 3C NMR (125 MHz, CDCls): éc 12.0, 14.3, 17.1, 22.9, 26.5, 26.9,
29.3, 29.6, 29.8—29.9 (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: [M+H]*t Calcd for CogHs104
463.3787; Found 463.3796.

4.2.6. Synthesis of compounds 18—24 from phloroglucinol

The first step in the synthesis of compounds 19—24 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 18—24.
Further details of the experimental procedures used for the syn-
thesis of compounds 18—24, 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 (45 mg, 0.148 mmol, 4.3% over two
steps starting from commercial acetylphloroglucinol). UV (MeOH)
Amax (log €): 244 (4.36), 288 (3.97) nm; IR ymax (thin film) cm™1:
3136, 2909, 1737, 1621, 1561, 1464, 1373, 1284, 1259, 1222, 1165,
1104, 1071, 822, 756; 'H NMR (500 MHz, (CD3),CO): dy 1.59 (3H, s),
1.64 (3H, s), 1.77 (3H, s), 2.11-2.16 (4H, m), 2.55 (3H, s), 4.64 (2H, d,
J=6.5Hz), 511 (1H, m), 5.56 (1H, m), 5.93 (1H, d, ] = 2.0 Hz), 56.03
(1H, d, J=2.0Hz), 13.91 (1H, s); >C NMR (125 MHz, (CD3),CO): d¢
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: [M+H]"
Calcd. for C1gH»504 305.1753; 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 (50 mg, 0.157 mmol, 2.6% over three
steps starting from 3). UV (MeOH) Amax (log e): 243 (4.32), 289
(3.99) nm; IR viay (thin film) cm~': 3310, 2973, 2937, 1622, 1594,
1448, 1376, 1220, 1166, 1100, 828, 756; 'H NMR (500 MHz, CDCl3):
6u 115 (3H, t, J= 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,J = 7.0 Hz), 4.57 (2H, d, ] = 6.5 Hz),
5.10 (1H, m), 5.51 (1H, m), 5.53 (1H, br s), 5.91 (1H, d, ] = 2.0 Hz),
5.98 (1H, d, J = 2.0 Hz), 14.05 (1H, br s); '>C NMR (125 MHz, CDCls):
6c 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, 1424, 1624, 163.2, 167.4, 207.0; HRMS (ESI) m/z:
[M+H]™ Calcd. for C1gHp704 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 (110 mg, 0.331 mmol, 5.7% over
three steps starting from 3). UV (MeOH) Anax (log €): 243 (4.39), 290
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(3.99) nm; IR vmax (thin film) cm~1: 3317, 2970, 1739, 1606, 1435,
1366, 1215, 745; 'H NMR (500 MHz, CDCl3): dy 0.97 (3H, t,
J=6.5Hz),1.61 (3H, 5),1.69 (3H, s),1.71 (2H, 5), 1.74 (3H, s), 2.10 (2H,
m), 213 (2H, m), 2.97 (2H, t,J = 7.0 Hz), 4.54 (2H, d, ] = 6.5 Hz), 5.10
(1H, m), 5.50 (1H, t, J=6.5Hz), 5.91 (1H, s, HO4), 593 (1H, d,
J=2.0Hz),5.99 (1H, d, ] = 2.0 Hz), 14.10 (1H, s); 13C NMR (125 MHz,
CDCl3): 6c 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: [M+H]' Calcd. for CooH2904,333.2066; 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 (95 mg, 0.274 mmol, 2.2% over
three steps starting from 3). UV (MeOH) Apax (log €): 239 (4.36), 290
(3.97) nm; IR vmax (thin film) cm™~1: 3263, 2957, 2929, 1739, 1621,
1569, 1416, 1346, 1198, 1164, 1102, 827, 791; 'H NMR (500 MHz,
CDCl3): 635 0.92 (3H, t,J = 6.5Hz),1.37 (2H, q,] = 6.5 Hz), 1.61 (3H, s),
1.64 (2H, m), 1.69 (3H, 5), 1.74 (3H, s), 2.10 (2H, m), 2.13 (2H, m), 3.00
(2H, m), 4.55 (2H, d, J = 6.5 Hz), 5.10 (1H, t, J = 6.5 Hz), 5.50 (1H, t,
J=6.5Hz),5.92 (1H, d,J=2.0Hz), 5.99 (1H, d, ] = 2.0 Hz), 6.38 (1H,
s), 14.04 (1H, s); 3C NMR (125 MHz): ¢ 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: [M+H]" Calcd. for
Co1H3104 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 (85 mg, 0.204 mmol, 4.2% over
three steps starting from 3). UV (MeOH) Anax (log ¢): 244 (4.39),293
(3.98) nm; IR vmax (thin film) cm™': 3309, 2924, 2854, 1738, 1620,
1594, 1445, 1376, 1206, 1167, 1097, 829, 754; 'H NMR (500 MHz,
CDCl3): 6y 0.88 (3H, t, J = 6.5 Hz), 1.26 (12H, br s), 1.35 (2H, m), 1.61
(3H, 5),1.68 (3H, s), 1.74 (3H, s), 2.09 (2H, m), 2.13 (2H, m), 2.99 (2H,
m), 456 (2H, d, J=6.5Hz), 5.11 (1H, t, J=6.5Hz), 5.51 (1H, ¢t
J=6.5Hz),5.92 (1H, d, ] = 2.0 Hz), 5.99 (1H, d, ] = 2.0 Hz), 14.12 (1H,
s); >CNMR (125 MHz, CDCl3): 6c 14.4,16.9,17.9, 22.9, 25.,25.9, 26.6,
29.6, 29.7—-29.8 (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:
[M+H]" Calcd. for CogH4104 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 (650 mg, 1.230 mmol, 19%
over three steps starting from 3). UV (MeOH) Anax (log €): 237
(4.18), 286 (3.87) nm; IR vmay (thin film) cm~': 3020, 2924, 2854,
1715, 1662, 1447,1214,1097, 829, 750; 'H NMR (400 MHz, CDCl3): 6y
0.89(3H, t,J=6.8 Hz),1.26—1.35 (34H, br 5), 1.62 (3H, s5), 1.69 (3H, s),
1.75 (3H, s), 2.10 (2H, m), 2.13 (2H, m), 2.99 (2H, m), 4.55 (2H, d,
J=6.5Hz),5.10 (1H, t,]=6.5Hz),5.50 (1H, t,] = 6.5Hz), 5.91 (1H, d,
J=2.0Hz),5.98 (1H,d, ] = 2.0 Hz), 1412 (1H, s); '*C NMR (100 MHz,
CDCl3): oc 14.3, 16.9, 17.9, 22.9, 25.3, 25.9, 26.5, 29.6, 29.8—29.9
(15C"), 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: [M+H]" Calcd. for
C34Hs5704 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 (96 mg, 0.262 mmol,
10% over three steps starting from 3); UV (MeOH) Amax (log &): 237
(4.45), 288 (3.99) nm; IR vmax (thin film) cm~1: 3308, 2970, 2923,
1738, 1621, 1590, 1446, 1376, 1271, 1154, 1095, 825, 752; 'H NMR
(500 MHz, CDCl3): 6y 1.52 (3H, s), 1.61 (3H, s), 1.71 (3H, s), 1.85 (2H,
m), 1.94 (2H, m), 4.21 (2H, d,] = 6.5 Hz), 4.61 (1H, t, ] = 6.5 Hz), 5.05
(1H, m), 5.89 (1H, d,J=2.0 Hz), 6.07 (1H, d, ] = 2.0 Hz), 7.36 (2H, dt,
J=28.0,1.5Hz), 742 (1H, d, J= 8.0 Hz), 7.49 (2H, dt, J=8.0, 1.5 Hz),
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12.27 (1H, s); 3C NMR (125 MHz, CDCls): éc 16.8, 17.9, 25.9, 26.4,
394, 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:
[M+H]™ Calcd. for Cy3H»704 367.1909; 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
20 mg/L and 10 mg/L of Ca®* and Mg>™, 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 NorA MDR
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 hat 37°C prior to MIC determination. A stock
solution of norfloxacin was prepared by dissolving the antibiotic
(2 mg) in DMSO (244 uL; Sigma) and diluting 16-fold with MHB to
obtain the desired starting concentration (512 mg/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 512 mg/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 x 10° 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 pL) was added to each well of
a 96-well plate, save for the final column which was left empty.
125 puL 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 pL 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 pL
solution was added to the final (empty) well. The inoculum (125 pL)
of each bacterium at a density of 5 x 10° cfu/mL was added to all
wells except those in the final column. The final concentrations of
each test compound thus ranged from 128 mg/L to 0.25 mg/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 uL 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 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 [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.
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Benzocyclohexane oxide derivatives and
neolighans from Piper betle inhibit efflux-related
resistance in Staphylococcus aureus¥t

Zhong-Lin Sun,? Jian-Ming He,? Shuang-Ying Wang,® Ru Ma,? Proma Khondkar,?
Glenn W. Kaatz,© Simon Gibbons® and Qing Mu*@

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 neolignhans (—)-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 uM 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

www.rsc.org/advances

1. Introduction

Over the past few decades, there has been a dramatic decrease
in the number of pharmaceutical companies developing new
antimicrobial drugs.® 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.> 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).> These
compounds may work by synergism, which is defined as
a phenomenon in which two or more different compounds are
combined to enhance their individual activity, and this
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dose could result in improved safety.

approach is now widely recognized and can be directly applied
to the development of new pharmaceuticals.’

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.® Examples of
efflux-related resistance mechanisms that have been reported
for S. aureus include those conferred by QacA and NorA, which
are MDR transporters.” Fluoroquinolone resistance, facilitated
by the NorA efflux protein,® has been shown to be a particular
risk factor for mortality associated with infections by S. aureus.?
Therefore, in our research, we have studied the effects of plant
natural products on S. aureus strain SA1199B, which is fluo-
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.” We evaluated the in
vitro synergism of extracts of Piper betle Linn. (Piperaceae) with
the fluoroquinolone antimicrobial drug norfloxacin against
S. aureus strains by the broth microdilution method.*®

P. betle is widely distributed in Yunnan, Guangxi and the
Guangdong province of China,' and cultivated in India for its
leaves, which are used for chewing.'? Experimentally, the
extracts and herbal material of P. betle have been shown to

This journal is © The Royal Society of Chemistry 2016
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possess many kinds of curative properties such as laxative,
aphrodisiac, antimicrobial,”® antioxidant** and to improve
appetite.” The plant is rich in phenolics,'® methyl piperbetol,
piperol A and piperol B,”” and some benzocyclohexane oxide
derivatives and neolignans.” 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 from Qingdao Marine Chemical Plant, China. '"H
and "C 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 fluorescence 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 identified 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
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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 fingerprint

The chloroform extract and six compounds (1-6) were dissolved
in methanol, respectively. Each solution (2 mg mL ') was sub-
jected on the HPLC (10 pL, Agilent 1200) using an autosampler
at 25 °C. The specifications and models of using column are
eclipse XDB-C18, 5 um, 4.6 x 250 mm (Agilent). The eluent flow
rate was set to 1.0 mL min~ " 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 configurations of the six compounds were pre-
dicted by a quantum chemical calculation using Gaussian 09."
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 gift of Professor Glenn W. Kaatz.*®
Strain XU212, which possesses the TetK tetracycline efflux
protein, was provided by Dr Edet Udo.** Strain RN4220, was
provided by Dr Jon Cove.”” Strains EMRSA-15 and strain
EMRSA-16, which are epidemic methicillin-resistant (MRSA)
strains, were the kind gift of Dr Paul Stapleton.*

Minimum inhibitory concentration (MICs) values were
determined following the guidelines of Clinical Laboratory
Standards Institute.>* Mueller-Hinton broth (MHB; Oxoid), was
used which was supplemented with 20 and 10 mg L™" of Ca*"
and Mg”" respectively. All bacterial suspensions were adjusted
to 5 x 10° cfu mL™" 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~' in upmost row and each
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following row (B-H) contained half concentration of the
previous one. Both controls and treatments were tested in
duplicate. After incubation at 37 °C for 24 h, 20 pL of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT;
Biosharp) solution (5 mg mL ') 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 five drug-resistant S. aureus strains described above were
used in broth microdilution antimicrobial checkerboard
assays'®* 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' 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 specific antibiotics
ranging from 256 to 0.5 mg L~ '. 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:

MIC (antibiotic combined with compound)
MIC (antibiotic alone)

MIC (compound combined with antibiotic)
MIC (compound alone)

FICI =

“Synergy” effects were defined 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.>° 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.”” Test
organisms were grown overnight in cation-adjusted MHB until
the ODg,o = 0.4 and then followed by the addition of carbonyl
cyanide m-chlorophenylhydrazone (CCCP, Across Organic) and
EtBr (Sigma) (final concentrations, 100 uM (20.5 mg L") and
25 uM (2.725 mg L), respectively). After 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 (final concentra-
tions, all 100 uM) (35.6 mg L™ for compound 2, 48.8 mg L~ for
compound 4 and 38.4 mg L' for compound 5 and 6).
Fluorescence of the suspension was monitored continuously
(excitation and emission wavelengths were 530 and 600 nm,
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respectively; slit width was 5 nm) every five 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 fluorometric method due
to their adequate quantity. This assay was conducted according
to a modification of reported methods.”® Organisms were grown
overnight in cation-adjusted MHB until the ODg,, 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 ODg;, to 0.4. Culture medium (50 pL) and an equal volume
of CCCP and test compounds (final concentrations, all 100 uM)
(20.5 mg L™" for CCCP, 48.8 mg L™ " for compound 4 and 38.4
mg L' for compound 5 and 6) were added to a 96-well plate
containing 100 uL of EtBr (final concentration, 12.5 uM) (1.36
mg L7'). The 96-well plate was filled with 200 uL of the
suspension and monitored continuously by the fluorescence of
the suspension (excitation and emission wavelengths were 530
and 600 nm, respectively; slit width was 5 nm) every five min for
one hour. All tested compounds and the control were measured
in triplicate.

2.9. Growth curves

Growth kinetics was determined according to Garvey* with
some modifications. 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 final concentration of
compounds and norfloxacin both alone and in combination
with each other were 128 mg L' and 4 mg L™'. 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 modifications.*® Cells were plated
into 96-well plates at a cell density of 5 x 10> cells per well and
allowed to grow in a 5% CO, incubator. After 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 (final concentrations were 100, 30, 10, 3,
1 puM respectively) with complete medium (RPMI 1640 + 10%
FBS) before the experiment, and the final concentration of
DMSO was 0.1%. After 24 hours incubation, cultures were
incubated in 200 puL of medium with 20 pL of 5 mg mL ™" MTT
solution for 4 hour at 37 °C. The medium with MTT was
removed, and 150 pL of DMSO was added to each well to
dissolve the formazan. The absorbance at 490 nm was measured
with a microwell reader (Multiskan FC, Thermo). The inhibitory
percentage of each compound at various concentrations was

This journal is © The Royal Society of Chemistry 2016


https://doi.org/10.1039/c6ra10199b

Published on 27 April 2016. Downloaded by University of East Anglia Library on 8/26/2020 9:38:15 AM.

Paper

calculated, and the IC;, value was determined. All tested
compounds and the control were measured in triplicate.

3. Results

3.1. Extraction and isolation

Compounds 1-6 were identified as the known chemical constitu-
ents (—)-acuminatin (1),** (—)-denudatin B (2),** puberulin D (3),**
ferrudiol (4),” ellipeiopsol B (5)**** and zeylenol (6)**** (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 (75,85,1'R,5'R,6'S)-A%**-6"-acetoxy-3'-
methoxy-3,4-methylenedioxy-4’-ox0-8.1',7.5'-neolignan,®*  which
was given a trivial name as puberulin D in this manuscript. The
absolute configuration 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. S17). The purities of all six compounds were =95% as
determined by HPLC (Fig. S27).

3.2. HPLC fingerprint

The HPLC fingerprint with well resolved peak separation for the
chloroform extract of P. betle was obtained (Fig. 2). Compounds
1-6 were unambiguously recognized in the fingerprint by
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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 fingerprint. 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 fingerprint
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 fifty 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 significant antibacterial effect in that all MICs
exceeded 512 mg L.

3.4. Synergy tests

The five 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 significant
synergistic effects with norfloxacin against strain SA1199B,

Ellipeiopsol B (5)

Zeylenol (6)

Fig. 1 Chemical structures of compounds 1-6 isolated from Piper betle.

This journal is © The Royal Society of Chemistry 2016 21 1

RSC Adv., 2016, 6, 43518-43525 | 43521


https://doi.org/10.1039/c6ra10199b

Published on 27 April 2016. Downloaded by University of East Anglia Library on 8/26/2020 9:38:15 AM.

RSC Advances

~ 131

4] ‘

d

It
Ul !
Vihanad LI 1 VN VL

Fig. 2 The HPLC fingerprint of chloroform extract.

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
norfloxacin 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.”*, 128 to 32 mg L,
64to16 mgL ', 64t032mgL ", 64to4mgL " and 64 to 8 mg
L™, 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. S31).

3.5. EtBr efflux assay

All compounds were subjected to an EtBr efflux assay by the
fluorometric method without (—)-acuminatin (1) and puberulin
D (3) due to their limited quantity. As shown in Fig. 3, ferrudiol

0 0 2 ki
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(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 first 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

Table1 Minimum inhibitory concentrations (MIC) and fractional inhibition concentration indices (FICI) of six compounds from Piper betle for S.

aureus SA1199B¢

MIC (mg L)

Drug-resistant strain Agent Alone Combination FIC FICI
(—)-Acuminatin (1) >512 2 <0.004 <0.13
Norfloxacin 64 8 0.125 )
(—)-Denudatin B (2) >512 2 <0.004 <0.25
Norfloxacin 128 32 0.25 ’
Puberulin D (3) >512 2 <0.004 <025

SA1199B Norfloxacin 64 16 0.25
Ferrudiol (4) >512 8 <0.02 <0.52
Norfloxacin 64 32 0.5 )
Ellipeiopsol B (5) >512 8 <0.02 <0.08
Norfloxacin 64 4 0.06 ’
Zeylenol (6) >512 8 <0.02 <0.27
Norfloxacin 64 16 0.25 ’

“ (1) FICI = 0.5 is defined 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 five 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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Fig. 3 EtBr efflux inhibitory effects of ferrudiol (4), zeylenol (6), (—)-denudatin B (2) and ellipeiopsol B (5) against S. aureus SA1199B.

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 signifi-
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 norfloxacin 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 norfloxacin and
compounds was less than strain growth with norfloxacin 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 first 30 h, while no activity within
the last 18 h was observed. Interestingly, SA1199B with nor-
floxacin and the test compounds exhibited a lower OD value
increase than with SA1199B and norfloxacin 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 ICs, values within the concentration of 100 uM for
HEK293T cells, a human embryonic kidney cell line. As shown in
the ESI Fig. S5,f within the 1-100 uM L™" (<48.8 mg L™ " for
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compound 4, <38.4 mg L™ 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 norfloxacin compared
with norfloxacin alone within the antibacterial effect concentration
(ESI Fig. S6t).

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 significant synergistic activity with norfloxacin
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
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Fig. 4 EtBr accumulation effects of ferrudiol (4), zeylenol (6) and
ellipeiopsol B (5) against S. aureus SA1199B.

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 confirm the synergistic effects, growth
kinetics in the presence and absence of compounds were
determined. The synergistic effects were obvious since the OD
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Fig. 5 Time-growth of SA1199B in the absence or presence of nor-
floxacin and benzocyclohexane oxide derivatives.

value increase of SA1199B with norfloxacin and compounds was
lower than that with norfloxacin 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 confirmation at
the CFU level.

This journal is © The Royal Society of Chemistry 2016
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ESI Fig. S5 and S671 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
specific 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 profile. 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 i
extract of the branches of Kielmeyera variabilis led to the isolation
of a new acylphoroglucinol (1), which was active against all the . \

=1 — Expenmental

MRSA strains tested herein, with pronounced activity against E N\ | = sSsasaen

[\ ASASNS6S

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 f-sitosterol (2),
stigmasterol (3), ergost-S-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), S-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.
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he genus Kielmeyera belongs to the family Clusiaceae and to many different classes of antimicrobial agents, making

occurs exclusively in South America. Among the 47 treatment options severely limited. Infection with MRSA is
known species of this genus, 45 are native to Brazilian therefore a serious public health concern that has called for the
ecosystems. These plants grow mainly in the Brazilian Cerrado development of new antibacterial drugs to overcome microbial
Biome, specifically in the Midwest region.' resistance.’

Kielmeyera variabilis Mart., commonly known in Brazil as Natural products bearing different structural patterns can be
“malva-do-campo”, is a medicinal tree used in Brazilian folk active against resistant strains, so the screening of natural
medicine to treat several tropical diseases, including schistoso- product extracts from microorganisms or plants still constitutes
miasis, lelshmanlasrs, malaria, and fungal and bacterial a valid strategy to discover new lead compounds with antibiotic
infections.” Previous work has shown that species belonging properties.
to the family Clusiaceae produce xanthones and phoroglucinol As part of an ongoing SisBiota CNPq/FAPESP Biodiscovery
derivatives that possess antibacterial activity against methicillin- Program, which aims to discover new sources of bioactive
resistant Staphylococcus aureus (MRSA).>* Previous studies on compounds in the Brazilian flora, this investigation evaluated

K. variabilis Mart. have shown that this species contains
prenylated xanthones with molluscicidal activity”™® and
flavonoids with antioxidant properties.”

Special Issue: Special Issue in Honor of John Blunt and Murray

M
Resistance to methicillin, a form of penicillin, among S. e
aureus began to be noted at the beginning of the 1960s. Since Received: September 26, 2015
then, these organisms have developed mechanisms of resistance Published: February 22, 2016
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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.

B 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.""

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).

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

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 (Frl to Fr6). Evaluation
of the antibacterial activity of these subfractions showed that
Frl (756.5 mg) was the most active, with an MIC of 2 mg/L,
and therefore Frl 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 Frl 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. Frl also contained the
steroids f-sitosterol (2), stigmasterol (3),'® and ergost-5-en-3-
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ol (4). The nonactive subfraction Fr6 contained the xanthone
osajaxanthone (5),"” 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 pump'' and
possesses a gyrase-encoding gene mutation that also confers a
high level of resistance to some ﬂuoroquinolones;18 RN4220, a
macrolide-resistant strain;'® XU212, a clinical MRSA strain that
is resistant to tetracycline and bears the TetK efflux pump;’
ATCC 25923, a standard laboratory strain;” and the epidemic
methicillin-resistant strains EMRSA-15 and EMRSA-16."

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 Frl. 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-1S.

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 uL 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 *C NMR
data, this information permitted assignment of the molecular
formula of compound 1 as C;,H,30¢. Two vinyl protons, four
vinylic methyl groups, and four allylic protons in the 'H 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 H;-13 demonstrated the
presence of an n-butanoyl chain. A *C NMR resonance at &
174.1 (C-31) correlated with H;-32 (§ 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 (6 38.7), three methylene (5¢ 39.9, 37.3, and 22.7),
and one methyl carbon (8 15.2) correlated by HMBC reveals
the presence of a hexanoyl chain. This chain is confirmed by
correlations of H-26 (§ 3.29) and H-27 (§ 2.34) with the ester

DOI: 10.1021/acs jnatprod.5b00858
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carbonyl C-31 and the correlations of H-26, H-29 (6 1.43 and
1.52), and H-30 (6 0.94) with C-28 (6 37.3).

The 'C NMR spectrum displayed the characteristic
resonances of a bicyclic [3.3.1] nonane ring system with
three quaternary carbons (5¢ 64.7, 49.2, and 69.5), a methine
(8¢ 48.6), a methylene (8¢ 39.5), an enolized 1,3-diketo system
(8¢ 114.7, 199.7, and 195.5), and a nonconjugated carbonyl (&
209.4). Together, these data suggested that compound 1 was a
polyisoprenylated phloroglucinol derivative.”'*~**

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
(6 1.20) and Me-25 (6 1.37) correlated with each other and
with C-7 and C-8 (Figure 1).

Figure 1. Key correlations observed in the HMBC NMR spectrum of
compound 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.”

NOESY studies aided the determination of the relative
configuration assignments and supported the delineated
stereochemistry. Key NOE correlations between H-6 (&
1.41), the methyl protons at § 1.20 (H;-24), and H-Sb (6
2.12) shown in Figure 3a demonstrated that they were all
oriented on the same face of the bicyclic [3.3.1] nonane ring,
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Figure 2. Comparison of experimental and calculated (weighted) ECD
spectra of 1 for the two stereoisomers 4S,6S,8S,26S, 4S,6S,85,26R. The
calculations were performed with TDDFT at the cam-B3LY/6-31G**
level in MeOH.
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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).

which placed H-5b and H;-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: 4S5,65,85,26S, 4S,6S,8526R, 4R,6R,8R,26S,
and 4R,6R,8R,26R.

The 4S,65,8S 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 4§,6S,85,26S and
4S,65,85,26R epimers are very similar.

Therefore, the structure of kielmeyeracin (1) was established
as shown in Figure 3b.

Phytochemical investigation of the EtOAc fraction, ie., 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),”* 3,4-dihydroxy-6,8-dimethoxyxanthone (8),”> 3,4-dihy-
droxy-2-methoxyxanthone (9),” 5-hydroxy-1,3-dimethoxyxan-
thone (10),”*° 4-hydroxy-2,3-dimethoxyxanthone (11),>"**
kielcorin (12),”° 3-hydroxy-2-methoxyxanthone (13),” and 2-
hydroxy-1-methoxyxanthone (14).*° 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.”® 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,”’ and
pre;lzyslsated xanthones show the highest antimicrobial activ-
ity.*>

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
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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
Frl 2 0.5
1 2 0.25
2+3 >512 >512
2+3+4 >S512 >S512
norfloxacin 32 8

ATCC 25923 RN4220 EMRSA-1S EMRSA-16
1 0.5 1 0.5
1 0.25 1 0.5
>S12 >S12 >512 >S12
>512 >512 >512 >512
0.5 0.5 0.5 128

Table 3. NMR Spectroscopic Data (600 MHz, Pyridine-d)

for Compound 1

position 8, type Sy (J in Hz) HMBC
1 1997, C
2 1147, C
3 1955, C
4 647, C
s 395, CH,  a: 226 dd (14.3, 10.4) 3, 4,6 14, 19
b: 2.12 overlapped
6 48.6, CH 141 m
7 492, C
8 69.5, C
9 209.4, C
10 203.7, C
11 41.7, CH, a: 327 m 10, 13
b: 3.05 ddd (15.2, 89, 62) 10, 13
12 194,CH, a:17lm 10, 11, 13
b: 1.78 m 10, 11, 13
13 145, CH; 095t (7.5) 11, 12
14 294, CH,  a: 2.80 dd (14.6, 6.8) 3,459 15, 16
b: 2.89 dd (14.6, 8.0) 34,59 15, 16
15 1212, CH 5.64 br t 14, 17, 18
16 1347, C
17 267, CH; 1745 15, 16, 18
18 18.3, CH, 1.67 s 15, 16, 17
19 29.7, CH, a: 1.88 br
b: 2.10 overlapped
20 124.3, CH 493 br t 19, 22, 23
21 1335, C
2 265, CHy, 169 s 20, 21, 23
23 183, CH, 15355 20, 21, 22
24 254, CH, 120 7,8, 25
25 226, CH, 1375 7,8
26 387, CH 329 m 1,89 27,28, 31
27 39.9, CH, 2.34 br 31
28 37.3, CH, a: 2.01 br
b: 1.81 m
29 22.7, CH, a: 1.52 m 28, 30
b: 143 m 28, 30
30 152, CH; 094t (7.5) 28, 29
31 174.1, C
32 52.0,OCH; 3.65s 31

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 xanthones’””” as
compared with the oxygenated xanthones investigated in this

study.

473

219

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.

B 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-ds (298 K), at
600 and 150 MHz for 'H and "*C 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 A = 254 nm was used to accomplish
the preparative isolation. The following columns were employed: a
Phenomenex Luna Phenyl-Hexyl and a Phenomenex Luna C,4 column
(S pm, 250 X 4.6 mm, analytical), a Phenomenex Luna Phenyl-Hexyl
preparative column (10 pm, 250 X 21.2 mm), and a preparative
Phenomenex C,g column (10 gm, 250 X 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
uL. 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 'H and '*C 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-Guagd, state of Sdo Paulo,
Brazil, in January 2007. The plant was identified by Dr. Inés Cordeiro
(IBt-SMA). A voucher specimen (SP 346310) was deposited in the
herbarium “Maria E. P. Kauffman” of the Botanic Institute of Sio
Paulo, state of Sio 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
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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
~o o o~ (30:70, v/v) as eluent resulted in 10 subfractions (Frl1.6.1—Fr1.6.10).
' . Subfraction Frl.6.4 (1.0 mg) was identified as compound .
Il Isolation of the Xanthones in the EtOAc Fraction of K.
HO o o variabilis Branches. The ethyl acetate fraction was subjected to
6 O HPLC separation. The compounds were purified on a preparative
column (Phenomenex C,g4 column, 10 ym, 250 X 21.2 mm; flow rate
0 o o 0 of 1 mL/min, 80 min), eluted with MeOH/H,O (50:50, v/v) + 0.1%
S O = = = O HOAG, to yield 12 fractions (Fr1—Fr12). All fractions were analyzed
b | = | e e | =, i by 1D and 2D NMR and MS. Fraction Frl (23.7 mg) consisted of a
o OH o (o) o (o] : S
o OH OH 10 14 OH mixture of three compounds identified as compounds 6, 7, and 8. Fr3
(25.6 mg), Frs (50.1 mg), Fr7 (30.2 mg), and Fr11 (304 mg) were
a o I pure and comprised compounds 9, 10, 11, and 12, respectively.
o. | el L OH Fraction Fr9 (26.7 mg) was repurified by semipreparative HPLC
O O | ‘ ‘ (Phenomenex Luna Phenyl-Hexyl column; 10 pm, 250 X 21.2 mm;
(o} (o] 0~ ~F oH o flow rate of 12 mL/min, 60 min) eluted with MeOH/H,O (50:50, v/
12 © =N 13 14 v) + 0.1% HOAc, to afford compounds 13 and 14.
2 ) Kielmeyeracin (1): yellow oil; [a]*p, =70 (¢ 0.1, MeOH); UV
oH z e (MeOH) Ay, (log €) 201 (4.20), 284 (4.15); ECD (¢ = 0.5 mM;
S

Figure 4. Chemical structure of xanthones 6—14.

temperature (<40 °C) under reduced pressure, to yield a thick syrup.
The EtOH extracts were dispersed in MeOH/H,O (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/CHCl;
from 90:10, v/v, to 0:100, v/v, followed by isocratic elution with
CHCl;/MeOH (50:50, v/v). The fractions were analyzed by analytical
TLC and grouped into seven subfractions (Fr1—Fr7); part of fraction
Frl (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 (Frl.1—Frl.17). Subfraction Frl.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
C,g column with an isocratic solvent system of MeCN/H,O (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 (Frl.10.1—Frl.10.4).
Subfraction Fr1.10.3 (26.6 mg) was subjected to normal-phase PTLC
again using CHCl;/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 (Frl.11.1—Fr1.11.4).
Fr1.11.2 (6.9 mg) comprised a mixture of compounds 2, 3, and 4.
Purification of Fr6é by normal-phase PTLC with n-hexane/EtOAc
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MeOH) 4 ..., (Ag) 214 (0.78); 225 sh (—0.35); 248 (—1.75); 265 sh
(0.35); 293 (2.39); 320 (—2.06); '"H NMR (pyridine-d;, 600 MHz)
and ®C NMR (pyridine-ds, 150 MHz), see Table 3; ESIMS (positive)
m/z 529.3547 [M + H]* (caled for CyyHygOp 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.” The MsrA macrolide-resistant
strain RN4220 was provided by Dr. J. Cove.' Strain SA-1199B, which
overexpresses the NorA MDR efflux pump, was a gift from Prof. Glenn
Kaatz.'" The strains EMRSA-15"> and EMRSA-16" 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 X 10° 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 uL of MHB was dispensed into wells 1—11.
Then, 125 uL 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 pL) was added
to wells 1—11, and the plate was incubated at 37 °C for 18 h. ADMSO
control was also included. For MIC determination, 20 yL 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."" Mueller-Hinton
broth (Oxoid) was adjusted to contain Ca®* at 20 mg/L and Mg** 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
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96-well plates were incubated at 37 °C for 24 h. After incubation, 10
HL 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 Schrédinger MacroModel 9.8 (Schrédinger, LLC,
New York) employing the OPLS2005 (optimized potential for liquid
simulations) force field in H,O. 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.'* Vibrational evaluation was done
at the same level to confirm minima. Excitation energy (denoted by
wavelength in nm), rotator strength dipole velocity (R,,), and dipole
length (Ry.,) 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."° ECD spectra were calculated from the
spectra of individual conformers according to their contribution
calculated by Boltzmann weighting.
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In a project to investigate the chemistry of South African Plectranthus species, from the dichloromethane
extract of the aerial parts of Plectranthus venteri, we isolated two known natural product acetophenones,
namely 2-hydroxy-3,4,5,6-tetramethoxy-acetophenone (1) and 2-hydroxy-4,5,6-trimethoxy-acetophe-
none (2). Structures were assigned using NMR spectroscopy and HRTOFESIMS. Compound 1 was

previously synthesised as a precursor to the polymethoxylated flavone nobiletin. The acetophenones
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exhibited remarkable inhibitory activities against the transfer of the IncW plasmid R7K in a bacterial
plasmid transfer inhibition assay.
© 2014 Phytochemical Society of Europe. Published by Elsevier B.V. All rights reserved.

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
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much missed by his friends.
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E-mail address: simon.gibbons@ucl.ac.uk (S. Gibbons).
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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 mfz at 257.1012 [M+H]", which indicated that its
molecular formula was C;,H;506. The 'H NMR spectrum (Figure 1,
supporting information) was very simple, accounted for all 16
hydrogens and was reminiscent of a methoxylated acetophenone
(Parsonsetal.,1994)(Fig. 1). Anacetyl methyl group (64 2.66), four
methoxyl groups (8y 3.79, 3.84, 3.94 and 4.07) and a highly
deshielded hydrogen-bonded hydroxyl group (6y 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

1874-3900/© 2014 Phytochemical Society of Europe. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Structures and numbering for compounds 1 and 2.

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 'H and !3C resonances (Figure 2,
supporting information). The acetyl methyl hydrogens (Hs-8)
showed a ?J correlation to a carbonyl carbon (8. 204.5) and to an
aromatic quaternary carbon, to which this acetyl group was
directly attached (C-1, 6c 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 Hs-9. In combination with the
HSQC spectrum, we were therefore able to unambiguously assign
all of their respective 'H and '3C 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 5,6,7,8,3',4',5'-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 >*C 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 'H 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).
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Fig. 2. HMBC correlations for compounds 1 and 2.

The 'H and !3C 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 hydrog