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ABSTRACT

Over the past five years, the University of Strathclyde has developed extremely potent anti-
bacterial molecules known as minor groove binding agents (MGB) which intrinsic helicity
allows binding to the minor groove of DNA. These molecules were effective in vivo, non-
toxic and showed activity and selectivity against Gram positive bacteria. Whilst such
selectivity is an advantage, an extension of activity of such agents towards Gram negative
organisms and eventually targeting cancer cells would be valuable. Since the biological
properties of such minor groove bonders are related to the chemical feature, this aim could
be achieved by modifying the structure of the tail group only.

The MPhil project involved the synthesis of a small number of selected minor groove
binders differing in their tail groups (Boc protected, OAc protected, guanidine, cyano alkene,
nitro alkene) but bearing the same fluorescent head group ((E)-4-(3-methoxystyryl)benzyl).
The yield of the coupling reaction between the head group and the pyrrole-pyrrole core
linked with a protected tail group (Boc or OAc) was improved up to two- to five- fold, using
propane phosphonic acid anhydride as a mild reagent.

These MGBs were then evaluated for anti-bacterial and anti-cancer drug activity in screens
available at the Strathclyde Institute of Pharmaceutical and Biological Sciences (SIPBS).
They were tested against Gram negative E. coli, against Gram positive Staph. aureus and
against the fibroblast hamster cell line V79, in order to evaluate respectively their anti-
bacterial activity and their toxicity.

The penetration of these synthesized molecules into bacteria and cells was observed under
microscopy in order to assess the structural features that could lead to a potential anti-
bacterial and/or anti-cancer molecule if nuclear permeation occurs.

Almost all MGBs tested permeate into Gram positive bacteria, but not all of them showed an
anti-bacterial activity. These results were consistent with earlier experiments. However
permeation in Gram negative bacteria was observed for the first time in these kind of MGB,
but only one molecule appeared to be toxic towards this family of Gram negative bacteria
above 20ug/mL. Furthermore, tested MGBs showed permeation into V79 mammalian cells
with or without reaching the nucleus, and only one molecule developed significant toxicity
towards the V79 cell line, thus giving an idea of which molecule could potentially bind to

DNA and become a potential anti-cancer drug.



KEYWORDS: Minor Groove Binders (MGBs), Deoxyribonucleic Acid (DNA),
fluorescence, V79 fibroblast hamster cell line, Gram positive bacteria, Gram negative

bacteria.
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A. INTRODUCTION

I. Deoxyribonucleic acid (DNA)

1. Structure and discovery

Deoxyribonucleic acid (DNA) is a polyanionic polymer consisting of two polynucleotide
chains running in opposite directions. It contains the genetic instructions for the synthesis of
proteins in all known living organisms and some viruses. It was discovered as a major
chemical within the nucleus in the 19" century ™ and acts as a carrier of genetic information
in all living species. DNA is made up of nucleotides, which contain three components: a
phosphate group and a nitrogenous base attached to a five membered ring sugar called
pentose Y. Two families of nitrogenous bases can be found in DNA: the purine family,
consisting of adenine (A) and guanine (G), and the pyrimidine family which includes the
cytosine (C) and thymine (T). Within the DNA helix, A:T base pairs form 2 hydrogen bonds,
whereas G:C base pairs form 3 hydrogen bonds, and all ring atoms lie in the same plane
(Figure 1).

H
N O-----H-N H
= /4 N N-H-----
7 =~ \
N / N-H----- N \> ( /N N\
RW = )—N R,N N H-N
N-H-----O0 R N= /N
H @) R
Guanine Cytosine Adenine Thymine

Figure 1. Hydrogen bonding in base pairs.

These bases are attached to a pentose sugar forming the deoxyribonucleoside. The
deoxyribonucleosides are joined at both the 3'-hydroxyl and 5'-hydroxyl groups to phosphate
groups in ester links, also known as "phosphodiester" bonds. These structures are called
deoxyribonucleotides. The right handed spiral formed by the double helix of DNA has two
grooves: the width of the major groove (22 A) allows the edges of the bases to be more

accessible compared to the minor groove whose width is half of the major (Figure 2).
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4 = S
’
340nm Y | | Major
groove

G
C

Figure 2. DNA: structure of double helix &,

The structure of the DNA double helix, stabilized by hydrogen bonds, was determined
in 1953 by James Watson, Francis Crick, Maurice Wilkins and Rosalind Franklin for which
all received the Nobel Prize in 1962, except Rosalind Franklin who died in 1958. To test
their ideas on the possible structure of DNA - the molecule responsible for heredity -
Rosalind Franklin and Maurice Wilkins used X-ray diffraction. This method provided the
evidence of the helical structure of the DNA, formed by alternating deoxyribose and
phosphate molecules . The major breakthrough came later with X-ray crystallography
proving that the number of A:T and C:G base pairs were equal ©!. Laters Watson and Crick
proposed that one strand of the DNA helix serves as a template for recreating the other half
during DNA replication. This hypothesis was proved in 1958 by two pieces of evidence:
first, the enzyme that catalyses the synthesis of DNA - DNA polymerase - was discovered
and second, using nitrogen isotopes to follow the construction of new DNA, it was observed
that each daughter cell contains one strand of the mother cell’s DNA. This strand acts then as
a template for DNA polymerase to synthesize the complementary strand, thus completing a

new DNA molecule .,

2. DNA grooves !
Among the different families of DNA polymorphs, B-DNA is the most physiologically
relevant; it has base pairs approximately orthogonal to the double helix axis and displaced

only by a small distance from this axis. The attachment of the phosphodiester backbone to

~12 ~



the base pairs shows two distinct indentations, forming the major (width: 11.6 A, depth: 8.5
A) and minor (width: 6.0 A, depth: 8.2 A) grooves. The walls of these grooves are formed by
the sugar-phosphate backbone whereas the edges of the bases form the floor and are
responsible for the convex surface of the grooves and provide hydrogen bond sites (Figure
3).

Figure 3. Structure of the DNA groove.
(yellow and orange: phosphate backbone, blue: H bond sites, the bases lie horizontally)

Since the bases are involved in the formation of the grooves, the width of the groove
varies depending on the base sequence. The minor groove at A:T base regions tends to be
narrower than at G:C base pair regions due to the exocyclic 2-amino group of the guanine,
which widens the minor groove. For this reason A:T base pair regions can accommodate

only a single layer of water molecules in the minor groove.

I1. Minor Groove Binders (MGBS)

1. Introduction
MGBs include several families of structures (Figure 4) such as heterocyclic polyamides

(11.1.1), amidino arylfuranes (11.1.2), benzofurans (I1.1.3), pyrrolobenzodiazepines (11.1.4)
and aryl benzimidazoles (I11.1.5) ™. Their major interest is their action as potential
therapeutic agents in a variety of diseases depending on their binding with DNA and some
MGBs have already entered clinical trials ™. While the polyamide MGBs are anti-tumor

alkylating agents binding to polyanionic DNA, structures related to anthramycin bind
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covalently to DNA but target limited sequences since their complex fused heterocyclic
structure is less flexible than polyamide MGBs ", The aryl benzimidazoles demonstrate
minor groove binding properties with especially stronger association with A:T regions than
G:C, whereas amidino arylfurane - studied as antitrypanocidal agents - showed hydrogen
bonding between the amidine group and A:T base pairs ["\. Pyrrolobenzodiazepines bear a
chiral carbon which S-configuration allows the molecule to twist and get the right shape to
interact with DNA. Nevertheless they show poor selectivity in binding specific DNA

sequences.

NH
NH
HN 2
=
NH H,N
\_>:NH2+ 1.2
H,N
NH OH 0 o
(0] S H

~

NH,
N _ Pz NH,
o o)
II.1.4 Anthramycin
OH

N

~
N
\ NH
N

o H

_N
I.1.5 Hoechst-33258
Figure 4. Structures of different classes of MGBs.

Being subject of this work, the polyamide MGBs are known to be small molecules binding
non-covalently the minor groove of the B-DNA through interactions with a specific
sequence of amino acids M@ A series of heteroaromatic rings linked by peptide bonds
designs the core of such MGBs, while a tail group and a head group complete the structure
(Figure 5). Each part of such a molecule plays a specific role: the head group enables
hydrophobic interaction with the DNA, while the aromatic or heterocyclic rings improve the

hydrophobic link thanks to =-stacking with the DNA bases, and finally the tail group
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promotes the transfer of the MGB into the cell and forms bonds to polyanionic DNA through
ionic interactions between the phosphate groups of DNA and the positively charged tail
group of the MGB [\, The formation of hydrogen bonds between MGB and DNA bases is
responsible for the non-covalent interaction of the molecule with the core of the minor
groove of DNA.

HEAD TAIL

GROUP GROUP
PEPTIDE
\ LINKS
H
)\NH

NH,
o / /I/gNH
gjkll/
m \O/g% HETEROCYCLIC

MONOMERS

1.1

Figure 5. Structure of a minor groove binder molecule.

During the last decade many MGBs have been reported, including analogues and
conjugates of naturally occurring polyamide minor groove binding agents, such as netropsin
(11.1.6, Figure 6) from Streptomyces netropsis, and distamycin (11.1.1, Figure 6) from
Streptomyces distallicus ™%,

Figure 6. Structures of netropsin and distamycin ™%,

Distamycin and netropsin showed significant biological activities, despite high toxicity, and
bind selectively and with high affinity to A:T base pairs of the DNA 2. The development of
polyamide MGBs has required the understanding of the pairing rules for minor groove
sequence recognition & [ 01 1221 81 “\which are based on hydrogen bonding and steric
interactions between the MGB and DNA.
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2. Minor groove recognition
Different factors are involved in selectivity in minor groove recognition by MGBs 1%,

a) Interactions between MGB-DNA:

The electrostatic distribution along the DNA sequence is unequal; A:T base pairs have the
greater negative potential whereas G:C pairs have the greater positive potential. Hence the
cationic charge carried by most MGBs complements A:T regions ! The sequence specific
binding is due to the combination of structural and electronic interactions. However earlier
studies suggested that van der Waals and hydrophobic interactions, which increase contacts
with the minor groove wall, play a more important role than electrostatic interactions ®: the
introduction of several charged groups in the molecule did not affect the binding with DNA,
whereas, the binding affinity was significantly improved when increasing the contacts
between MGB and the minor groove walls.

b) Non-covalent minor groove recognition:

Because of the DNA structure, MGBs must be curved to match the helical curve of the minor
groove of the B-DNA 1. As explained in section 1.2, the groove width depends on the base
sequence. The first X-ray structure of a 1:1 complex of netropsin and DNA was obtained by
Richard Dickerson. It emphasized the importance of shape-selectivity recognition by a
pyrrole-pyrrole (Py-Py) bond linked with the A:T bases forming the wall of the narrow
minor groove. Netropsin binds non-covalently to four consecutive A:T or T:A base pairs *
2 (Figure 7).

Figure 7. DNA helix with bound netropsin 1],
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This selectivity can be explained by the series of hydrogen bonds formed by the
carboxamide NH and the terminal amidinium groups in netropsin that point down into the
groove and interact with the base pair edges. The binding with G:C sequences is hindered by
their wider groove and by a steric clash with the 2-amino group of the exocyclic N-2 of
guanine with the proton located on C-3 of the pyrrole rings, thus preventing hydrogen bonds
from being formed ™1, To target G:C base pairs, Kopka et al. proposed a replacement of
one pyrrole (Py) ring by imidazole (Im). This arrangement preferred G:C over A:T, both
because of the reduced bulk of the imidazole ring and the possibility of an additional H-bond
(Figure 8). This netropsin analogue was named lexitropsin ™!,

Figure 8.
Comparison of bases sequence binding between netropsin/DNA complex and a lexitropsin/DNA ¢,

In 1989, Wemmer and Pelton demonstrated the formation of a distamycin(Py-Py-Py)/DNA
complex in 2 to 1 proportions; as long as the cationic tails of the two distamycins were
widely separated allowing the molecules to sit side-by-side as an antiparallel complex within
the AT sequences located in minor groove ™. Further studies carried out by Dervan showed

that an antiparallel dimer Im-Py-Py could also bind to DNA (Figure 9).
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Figure 9.Distamicin/DNA (2:1) complex (right) and Im-Py-Py/DNA (2:1) complex (left) 1.

This discovery generated a recognition code regarding the sequence targeted according to
heterocycles used in MGBs: Pyr-Pyr targets both A:T and T:A pairs without discrimination,

Im-Pyr reads G:C pairs and finally Pyr-Im targets C:G base pairs ™®!.

In the middle of the 1990s, Dervan’s group completed the recognition code by distinguishing
T:A and A:T base pairs. In order to favour binding to T over A, a hydroxyl group was
introduced at C-3 of the pyrrole ring to generate a hydroxypyrrole (Hp) ring. This hydroxyl
group destabilizes interactions with adenine on steric grounds but the possibility exists of a
new hydrogen bond with the O-2 of thymine ' (Figure 10).

5-T G G A C A-3

pare @ etil

¥¥=ACCTG T-5"

Figure 10. Match and mismatches of Hp-Py/DNA complex 1%,

Pyr-Hp reads A:T whereas Hp-Py targets T:A base pairs, and Im-Pyr reads G:C whereas
Pyr-Im targets C:G base pairs. In this way it became possible to differentiate AT from TA,
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and G:C from C:G, by choosing the proper rings to interact with each base pair. The
conclusions are the following depending in the succession of aromatic or heterocyclic rings
chosen: Pyr-Hp reads A:T whereas Hp-Py targets T:A base pairs, and Im-Pyr reads G:C
whereas Pyr-Im targets C:G base pairs "%, Nevertheless, as Walker and al. showed, the
position of a recognition unit within the minor groove by the binding molecule remains a
more critical factor to sequence specificity than its inherent ability to read the sequence
since the sequence specificity would be lower for a polyamide bearing entirely base-specific
rings than for a two or three-ring polyamide composed of one ring that would bind to any of
the four bases and of one or two base-specific rings .

After the discovery of these pairing rules for sequence specificity, the use of MGBs was
extended to gene regulation ", Dervan showed the inhibition of the NF-kB transcription
factor through interactions of the DNA binding site of NF-kB with a sequence-selective
MGB ™, NF-xB has been related to inflammatory diseases as well as in HIV P24, |n the
cytosol, the phosphorylation of the complex NF-kB with inhibitor protein IkB - inactive
form of NF-«B - releases the active form of the NF-kB complex, which then permeates the
nucleus and binds to specific regions of DNA, resulting in significant responses in gene
expression . The NF-kB’s DNA binding site (5’-GGGACTTTCC-3") is quite long in
terms of MGB binding. Supporting his theory on the pairing rules, Dervan designed
polyamide hairpin MGBs capable of selectively binding portions of this binding site: 5’-
GGACT-3’ on one hand, and 5’- ACTTTCC-3’ on the other hand. The results showed that
the binding of DNA with NF-kB transcription factor was inhibited when MGBs were bound
to the 5°-GGACT-3’ site only. For example, the 5’-GGAC-3’ sequence was targeted by the
designed Im-Im-Pyr-Pyr, while the complementary sequence 5°-CCTG-3” was targeted by
Pyr-spacer-Pyr-Im (molecule 11.2.1, Figure 11).
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1.2.1

Figure 11. Hairpin linked MGB (targets: 5’~-GGAC-3” in blue and 5’-CCTG-3” in green).

Recently various hairpin linked MGBs have been explored as artificial regulators. For
example, HOX (homeobox) proteins are transcriptor regulators ! which form a triple
helical helix with DNA I, These proteins play a vital role in embryo development !, This
role has been explored in Drosophilia melanogaster where mutations in the Hox
ultrabithorax (Ubx) gene led to the transformation of halters or balancing organs into a set of
wings 2?1 In order to bind strongly with DNA, Hox proteins must interact with a three
amino acid loop extension (TALE) and hence bind DNA as a dimer. This dimer interaction,
occurring via a short peptide sequence, provides DNA sequence selectivity and high affinity
with DNA 8. Crystal studies suggested an interaction between Ubx and the drosophile
TALE protein extradenticle (Exd) via a docking peptide ®!*°. Dervan decided to synthesize
polyamide MGBs that could mimic the action of Ubx thanks to an appropriate peptide side
chain, and then could act as an artificial developmental regulator. From this work, the three
hairpin MGBs shown Figure 12 were synthesized. Electrophoretic mobility shift assays
(EMSA) were carried out to assess the ability of these molecules to enhance the Exd binding
with DNA. Only molecule 11.2.3, bearing the functional hexapeptide, enhanced the binding
between Exd and DNA by improving the affinity of Exd to its binding site by at least 200-
fold Y. On the other hand, molecules 11.2.2 and 11.2.4 did not associate successfully with
Exd.

~ 20 ~



Peptidé

N\ '—I///N?-i/// HN%\
N’@ —N

I.2.2,(R'=H)
1.2.3.(R' = Ac-Phe-Tyr-Pro-Trp-Met-Lys-Gly-)
1.2.4.(R' = Ac-Phe-Tyr-Pro-Ala-Ala-Lys-Gly-)

/
N O
[ /> 2 / N/
N HN _
N

o
HN
=
\ ~ N
o N\ o o
N\ N N
NH R\ o HN/N/

o}
- HN
=
NH
O)\@/NH NH,
11.2.5 N

o}

Figure 12. Branched and linear hairpin MGBs mimicking Ubx.

Later, Dervan et al. prepared a series of linear polyamide-peptide MGBs B2 (structure 11.2.5,
Figure 12) to assess the optimum peptide length used, but also to find the optimum location
of the MGB into the groove. Studies showed that the hexapeptide could be replaced by a
tripeptide without affecting the activity, and Exd binding could be enhanced even at a

distance up to 6 base pairs away from the binding site in the Exd major groove.

3. Structure of binding and interactions with DNA

Knowing that gene regulation is controlled by interactions between protein and DNA, it has
been estimated that a sequence of 16 to 18 bases in a DNA genome should form the binding
site in order to have the ability to target a single gene out of the total human genome, that is
to have a unique binding site . Two approached have been used to design and synthesize

molecules able to discriminate one particular gene and down regulate its expression or to
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stop the release of viral proteins . The first method uses oligonucleotides to target the
major groove of DNA, and form a triple helical structure; this is known as the ‘anti-gene’
approach. The second method uses molecules such as lexitropsins that interact non-
covalently with the DNA minor groove . The latter approach is the one used in our case.
Since the discovery of netropsin and distamycin, strategies have been described to design
more selective MGBs which take advantage of hydrophobic interactions as well as hydrogen
bonding with the minor groove of DNA 2,

a) DNA curvature
Helix bending is a factor of protein/DNA recognition. As stated earlier, the minor groove of
B-DNA is convex; hence the bound molecules must possess a curvature to match the helical

curve @,

b) Width of the minor groove

Theoretical analysis suggested that the motion of the flexible phosphate backbone and base
pairs contribute predominantly to the groove width variations . Drug-DNA crystal
structures were used for molecular dynamic simulations to analyse the flexibility of the
sugar-phosphate backbone in DNA and also to understand the relationship between the base-
steps staking, composition or sequences, and sugar-phosphate backbone motion. The
introduction of a ligand showed different responses from the sugar-phosphate backbone and
the bases. Due to the covalent binding with the backbone, the motion of the bases influences
the conformation of the sugar-phosphate backbone, and consequently the width of the minor
groove. However, the flexibility of the sugar-phosphate backbone can change the width of
the groove without any change in the base-stacking .

The binding of MGB molecules with DNA is also affected by the sequence-dependent width
of the minor groove. As stated earlier, the floor of G:C sequence areas shows discontinuities
arising from the hindrance of the exocyclic 2-aminogroup of the guanine, which broadens
the minor groove and prevents some binding molecules attaining close contacts with the
floor . To enable the insertion of a ligand (e.g. MGB) into the minor groove, a deformation
of DNA is necessary. First, the energetically demanding movement of the bases occurs by
changing the DNA shape, and therefore the width of the groove. This motion optimizes the
hydrogen bonding and reduces the major steric clashes between the DNA floor and the
ligand. Second, the independent movement of the sugar-phosphate backbone allows induced
fit conformation of the ligand in the minor groove and optimizes the complementarity

between the bases and the corresponding heterocyclic rings of the liguand 2.
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¢) Hydrophobicity

Nucleobase recognition depends on the shape and specific bonding interactions between
DNA and MGBs. The lipophilicity and ionic state of the molecules are also important and
must be taken into account. Although the hydrophobic effect, ie. displacement of water
molecules in the minor groove during the binding of drug molecules to the DNA, has not
been explored as a necessary feature for minor groove recognition, the change of entropy is
favorable ® and it has been argued to be the main driver for binding the MGB to the minor
groove. However, some of our MGBs do not have a favorable entropy of binding, but still
show good binding due to their hydrophobic central part having a capacity to form hydrogen
bond to the bottom of the groove. Thus to show high affinity, ligands should have large non
polar regions. The major concern for such ligands largely composed of non polar subunits, is
the possible low solubility in water and, if this is overcome by the use of one basic tail
group, the effect on the ability of the molecule to penetrate lipid membranes by passive
diffusion B4,

To increase the hydrophobicity, groups larger than methyl, such as N-alkyl or C-alkyl
groups, were introduced into MGBs. These groups sit on the outside of the helix and prevent
side-by-side binding, thus increasing the length of DNA that can be covered. For instance,
when the two thiazotropsin A molecules (Figure 13) sit head-tail in the minor groove, the
isopropyl substituent and the sulfur atom, located towards the tail group, prevent the overlap
of the three heterocyclic rings and thus extend the base-pair coverage *2.
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1.3.1

Figure 13. Structure of thiazotropsin A (111.3.1) and head-tail overlap of two thiazotropsins A.

The introduction of either a hydrophilic head group or an alkene-linked head group did not

improve the binding with DNA.
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d) Selectivity and biological results
The selectivity and affinity of binding will depend on the ability of the ligand to make
hydrogen bonds to the bottom of the minor groove, where the bases offer a sequence-

dependent pattern of H-bond donors and acceptors .

Molecules binding to the minor groove of DNA have a greater chance of reading the
information provided by the base-pair sequence as part of the usual process of transcription.
To read more than 4 base pairs, an extension of the length of MGBs is necessary to achieve
binding with a more specific base pairs sequence ¥, using the base pairing code from

. . . 10
Dervan’s discovery discussed earlier .

Several groups have prepared antibacterial minor groove binders . Genesoft’s work led to
MBGs containing N-alkyl substituted pyrroles and variations of the dichloroisothiazole head
group, such as molecule 11.3.2 (Figure 14). These extended netropsin analogues showed a
minimal inhibitory concentration in the 50 ng/mL range against bacteria *®).  Genelabs
studied extensively netropsin analogues, such as molecule 11.3.3 (Figure 14), which includes
a dimer of heterocyclic amides linked head to head by a rigid linker. This structure and the
corresponding monomer showed antibacterial and antifungal activity. However the most
active antibacterial compounds bear either an N-cyclopropylmethyl or N-2-methylbutyl
pyrrole, with the latter substituent being less toxic ). MGBs containing indoyl amides
showed antifungal activity. From these studies, features leading to antimicrobial activity
remained unclear. However, the antibacterial activity appeared to be related to planar
aromatic head group containing amides, cycloalkyl C-, branched alkyl and N-alkyl group on
the heterocycle. Nevertheless no structure-activity relationship emerged from these studies,

even when the binding to DNA was shown.

1.3.2
Figure 14. Antibacterial molecules from Genesoft and Genelabs [/,
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After Dervan’s work, other groups thought that the length of MGB was important for
biological activity at a gene level since telomeres contain A:T rich regions. The University of
Geneva decided to introduce flexible amphipathic linkers which would not bind strongly to
the minor grooves but would allow the MGB to find the favoured binding site 737,

Distamycin derivatives bearing alkylating functional head groups were synthesized and
showed potential anti-cancer activity; the most potent was tallimustine (ICsp = 68.5 nM),
molecule 11.3.4 (Figure 15), containing a dialkyl head group . Later monofunctionnal
alkylating agents, such as the clinical candidate brostacillin (11.3.5, Figure 15), were found to

be more than 10 fold more potent %1,
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Figure 15. Tallimustine (11.3.4) and Brostacillin (11.3.5) /1381,

Other minor groove binders, based upon a spirocyclopropylquinone structure, showed very
high potency despite the high toxicity of the natural products. In this family, cyano CBI-
derivatives I (11.3.6 and 11.3.7, Figure 16) were active in the picomolar range. This
activity is due to the cyano electron-withdrawing group that enhances the alkylating activity
and results in strong binding with DNA. These derivatives also showed high toxicity against

mouse lymphatic leukemia cells.

H OH
O

1.3.7

Figure 16. CCBI (11.3.6) and a derivative molecule 3,

Taiho Pharmaceutical Company developed benzene fused MGBs, such as molecule 11.3.8

(Figure 17), with a chloromethyl substituent in order to improve the alkylating activity. The
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most effective compounds were active against melanomas and breast, ovarian and lung
tumor cells but totally inactive against leukemia cells %, The discovery of anthramycin, an
antitumour antibiotic, led to pyrrolobenzodiazepines being developed by Spirogen Ltd.
These structures still contained a substitued benzene ring and the unsaturated 5-membered
ring ¥ (11.3.9, Figure 17), which features are necessary for retaining activity. The S-
configuration gives the helical shape necessary to bind to the minor groove. This work led to
structure 11.3.10 (Figure 17) which is an ether-linked dimer showing an activity 100-fold
higher than the corresponding monomer 31,

cl o
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11.3.10

Figure 17. Minor groove binders from Taiho Ltd and Spirogen Ltd [4CI4H2143]

Benzimidazoles were investigated as building blocks for MGBs after the discovery of the
bonding between Hoechst-33258 and DNA. They were first coupled to features such as
alkylating agents and N-methylpyrroles to give molecules such as a trifunctional alkylating
MGB which was 150 fold more active than distamycin [". Symmetrical bis-benzimidazoles
bearing alkylating or neutral or basic hydrogen bonding head groups, were shown to be 3- to
10- fold more cytotyoxic towards ovarian cells than Hoechst-33258 4. One compound of
this family was found to inhibit DNA transcription (molecule 11.3.11, Figure 18). Structure
11.3.12 (Figure 18) ¥ which contains benzoxazole amino acid and a bulky tert-butyl head
group, showed nanomolar activity towards mouse lymphatic leukemia cells. The University
of North Carolina discovered the necessity of two amidine groups in bisbenzofurans and
bisbenzothiophenes for biological activity, since the hydrogen bond between the NH of the
amidine and DNA is important. Molecule 11.3.13 (Figure 18), a bisbenzothiophene bis-

amidine, was found to be active against Pneomocystis carnii 1°1,

~ 26 ~



o {n] [w]
N 0 Nm_%_(\m
- HN g}j’ “ o
FTULAODT ey :

11.3.11: R = O(CH,)3N(CHs), 11.3.12

L I
sl

11.3.13

Figure 18. Structures of symmetrical bis-benzimidazole (11.3.11), benzofuran polyamide (11.3.12) and
bisbenzothiophene bis-amidine (11.3.13).

Finally, analogues of pentamidine have been studied as potential antibacterial drugs, and
alkyl substituents seemed to improve the binding with DNA through van der Waals
interactions with ribose in the backbone. Molecules such as 11.3.14 (Figure 19), target
essentially A:T regions and the measurement of melting temperature demonstrated the

importance of N-substitution for greater affinity. Acyl derivatives of amidines were active in
vivo 78]

1.3.14

Figure 19. A bisaryl dialkylamidine.

Earlier studies have also demonstrated that molecules showing the most significant
antibacterial activity contain alkene links in the E-configuration and a source of a hydrogen

bonding in the head group “1?! (see Table 1 and Figure 20).
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Figure 20. Structures of molecules tested.

Compound Tail pKatail group Structural feature Biological activity
11.3.15 t-amine 9.99 no lipophilic groups weak antibacterial
11.3.16 morpholine 7.41 H bond head and E-alkene | selective antibacterial
11.3.17 t-amine 9.99 H bond head and N-pentyl | selective antibacterial
11.3.18 | morpholine 7.41 2,3-dichlorobenzoyl head inactive antibacterial
11.3.19 t-amine 9.99 imidazole and C-alkylthiazole | inactive antibacterial
11.3.20 | morpholine 7.41 H bond head and Z-alkene antibacterial
11.1.1 amidine 124 amidine toxic

Table 1. Antibacterial activity of MGBs as a function of the pKa of the tail group 2.
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These data demonstrate the importance of a head group containing an alkene for antibacterial
activity. Furthermore the E-configuration is important for selectivity. Head groups
containing a strong electron withdrawing substituent, such as chlorine (molecule 11.3.18), are
inactive towards bacteria. In order to improve the antibacterial activity of polyamide MGBs,
Prof. Suckling’s group, University of Strathclyde, thought of increasing the lipophilicity of
MGB molecules, by replacing an amide with an isosteric alkene that is geometrically similar
to the amide. The inclusion of the alkene should not change the curvature of the MGB.
However, a potential hydrogen bond with DNA is lost and can result in a steric clash
between the CH of the alkene and DNA 2. Alkene head groups also give fluorescence
properties to the molecule, enabling further investigation regarding their transport into both

mammalian and bacterial cells by fluorescence microscopy.

Previous work has shown that the selectivity for the target base sequence by the target
molecule can be modified by simply changing the tail group . Table 1 shows that a
morpholine and t-amine, which are both basic tail group, seem to enhance the antibacterial
activity compared to the amidine - hence the importance of the protonation state of the tail
group. The lack of toxicity of MGBs seems to depend mainly on their basic tail group
structure, the pK, of which has been suggested to have a major influence on access to
bacterial and mammalian cells . The conclusions of several studies emphasize that

molecules possessing the least basic tail group show the best antibacterial activity P05,

I11. Aims of this study

Taking into consideration the earlier results defining the structure and properties required for
antibacterial activity, we proposed to synthesize new MGBs differing principally in the tail
group to evaluate their activity, potency and selectivity towards different cells, such as Gram
positive or Gram negative bacteria and mammalian cells, and also to understand better the
transport mechanism. The first part of the work in this thesis consists of the total synthesis of
small molecule analogues of distamycin as potential antibacterial agents. As the tail group is
significant for both the cell membrane permeation and the binding with DNA, the
importance of pK, of the tail group will be then investigated by preparing analogues
containing the same head group but different tail groups. The second aim is to run the
biological assays with the different molecules synthesized to finally investigate the influence
of the tail group on antibacterial activity and selectivity between bacterial and mammalian

cells.
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B. SYNTHESIS OF MGBs

I. Choice and synthesis of the head group

Earlier studies have demonstrated that molecules showing the most significant antibacterial
activity against Gram positive bacteria ® containing a head group with an alkene in the E-
configuration. This alkene promotes identical but stronger binding with DNA than amide
linked analogues "2 and increases the hydrophobicity of the molecule.

The choice of the head group was made between three head groups containing an alkene
function (1.1, 1.2, and 1.3, Figure 21). The head group was chosen on the basis of two
important properties:

a) satisfactory fluorescence, which enables one to see permeation through the cell
membrane to reach the nucleus, and

b) good solubility.

= OH

Figure 21. Head groups.

1. UV and fluorescence measurements
UV measurements gave the average wavelength (between 315 nm and 325 nm) at which the

three head groups showed good absorption. Then fluorescence measurements were taken,
dissolving 1.1, 1.2, and 1.3 in water to get a concentration of 3.1 mmol.L™. The solutions
were excited at 300 nm and gave the spectra (Graph 1), which showed that 1.3 has the
greatest fluorescence and would therefore give the highest chance to see our molecules

within the cells.
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Graph 1. Fluorescence spectra
Absorbance of HGs (3.1 mmol.L™ in water) against wavelength.

2. Synthesis of 1.3
The synthesis of 1.3 (Scheme 1) required two steps including a Michaelis - Arbusov reaction

(Scheme 2) to form an intermediate 1.2.2 containing a phosphorus at a stable oxidation state
V B3 followed by a Horner - Wittig reaction (Scheme 2) between the ylide and an aldehyde
to give a four-membered ring system known as an oxaphosphetane 1.2.4, which then
collapsed to release the phosphonate and the alkene ester precursor to 1.3. Reflux in sodium

hydroxide solution yielded the required 1.3 (92% for the last single step).

o (0] o

\O)ﬁ/ (CHsCH 01PN 1) THF, N3 (g), NaH O
—_— L.
Br -
reflux, N2 (g), 2h 2) 0°C, THF, dropwise, 1h 30 Z

3) HCI/H,0 (1/ 3)
4) EtOH, NaOH/H,0, reflux, 5h
5) HCI/H,O (1/ 3) dropwise

Scheme 1. Preparation of 1.3.
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Scheme 2. Mechanism of Michaelis-Arbuzov reaction and Horner-Wittig reaction.

The selectivity in the Horner - Wittig reaction is set by steric approach control. In this case,
the antiperiplanar approach of the carbanion to the carbon of the carbonyl group is favoured
while the aldehydic hydrogen eclipses the bulky phosphoranyl moiety. The ester group is
then placed in syn-position to the aldehyde benzylic group. The formation of the alkene
assumes an E-orientation of these groups after rotation to form the oxaphosphetane. The
coupling constant, %J = 16.5 Hz, given by the NMR spectrum is characteristic of a trans-
alkene. The resulting phosphate by product is readily separated from the desired products by
simply washing with water.

Il.  Choice of different tail groups
Once the head group was chosen, tail groups were chosen according to their pK,. Positively

charged species form strong hydrogen bonds as well as ionic bonds with phosphate anions of
DNA but ionic compounds may have difficulties crossing the lipophilic cell membranes and
may therefore require active uptake into the cell. Thus, in order to understand which

properties are important for the tail group, a range of pKs was investigated.
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Another problem is associated with basic species that bind to the potassium ion
channel known as Herg *; blocking the potassium ion channel can lead to fatal disorders
such as fatal heart arrhythmias. Hence it is important to control the pK, of the tail group
such that it does not bind to Herg, while keeping the antibacterial properties of MGBs
against targeted cells. Figure 22 below shows the different tail groups used for this project:

. /3 NH,*
TG = *
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* N \/\H)J\NHZ
pKa,__g pKa ~ 12
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=
=
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*/\/O
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Figure 22. Tail groups selected for study.

The pyrrolidine and morpholine tail groups are protonated at physiological pH (~7) but both
ionized and free base forms can be present since their respective pK,s are about 9 and 7.41.
These groups should be capable of passing through the lipophilic membrane. On the other
hand, the guanidine tail group is essentially fully protonated at physiological pH and forms
strong hydrogen bonds and ionic bonds with the phosphate bases of DNA. The major
disadvantage comes from the permanently charged tail group which leads to poor solubility.
For the synthesis, this drawback is a minor issue since the molecule is prepared from the
BOC protected intermediates, allowing reduction and coupling reactions to be carried out
before the introduction of the tail group. However membrane permeation is unlikely and
active transport may well be required. The favoured species of the nitro-alkene and cyano-
alkene tail groups are highly dipolar but unprotonated at physiological pH. Thus, they should

not have any membrane permeation problems and might still bind to DNA.
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I1l. Synthesis of MGBs

The targeted molecules are described below:

o/
T
o
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1.3
Figure 23. Final fluorescent targeted molecules.

The retrosynthetic analysis (Scheme 3) shows how these compounds could be synthesized.
Molecules containing BOC or acetoxy protected tail groups are used as precursors and the

use of selective protection and deprotection strategy of those protecting group leads to the
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Scheme 3. Retrosynthetic analysis of synthesis of fluorescent MGBs with different tail groups.
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1. Preparation of 1-methyl-4-nitro-1H-pyrrole-2-carbonyl chloride 111.1.5
(Scheme 4)

The acid chloride 111.1.5 was synthesized from commercially available trichloroacetyl

chloride 111.1.1 reacting with N-methylpyrrole under Friedel-Crafts conditions to give 111.1.2
(83%). Nitration of 111.1.2 with nitric acid/acetic anhydride gave 111.1.3 (73%), which was
then hydrolysed with aqueous sodium hydroxide under reflux to give carboxylic acid 111.1.4
(89%). The acid chloride 111.1.5 was obtained from I111.1.4 in two ways, firstly using thionyl
chloride ®  and secondly using Ghosez’s  reagent B8 1-chloro-N,N,2-
trimethylpropenylamine. The two procedures gave similar yield. However, the first one was
easier to work up since the excess of Ghosez reagent was difficult to remove and could be

seen in the NMR spectrum of the final product 111.1.5.

o cl c. O:N
>\ { o DCM.N; (g) A\ 1) HNO3, (CH5C0),0, -25°C o o
cl cl RT N cl 2) H,0, -40°C / A\
| o) N Cl
f11.1.1 / | o
N
| 83% 73%
O 1.1.2

ON
O2N ’
EOH ? SOCt,
I\ o SR A
NaOH H,0 y reflux under N, (g), 2h

N
reflux, 1h, then 0°C | o)
o
A3 2) Hy0, HCI (1/ 3) dropwise
. 0,
89% 88%
.1.4 cl .1.5
YAN/
| 7\ cl
dry DMF, N, (9) T
(0]
5h 30, RT

85%

Scheme 4. Preparation of N-methylpyrrole precursors.

a) Aromatic substitutions: Friedel — Crafts’ reaction followed by Nitration
(Scheme 5.)

No catalyst is needed for the Friedel-Crafts reaction (1% step), because pyrrole is very
reactive to electrophilic substitution. This can be understood since the pyrrole is a
heterocyclic aromatic ring that has very low basicity due to the delocalization of the lone pair
of the nitrogen atom in the aromatic ring. The resonance contribution provides insight to the

reactivity of the pyrrole ring towards aromatic substitution because the donation of the
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nitrogen lone pair into the ring stabilizes the positive charge of the intermediate carbenium
ion. The relative stability of the possible intermediates justifies the regioselectivity of the

Friedel-Crafts substitution occurring essentially at C2 or C5 (a-positions).

Cl Cl
I\
N cl
| o)
1.2
cl . o NO, H NO, o
\ a 4 \ o | AcOAcl  HNO; c I
N cl -_— X, \ - . cl
N cl c N ol
| o | 0 N* Cl
NO,* | \ | 0

1.1.3
Scheme 5. Successive aromatic substitutions: Friedel-Crafts reaction and nitration.

Following the first substitution of the pyrrole ring, the subsequent nitration is an aromatic
substitution of a C2-substituted pyrrole ring. This substitution raises the problem of
regioselectivity which is determined by the intermediates formed (Figure 24). In this case,
there are now three non equivalent positions where substitution by the nitroso can take place:
C3, C4 or C5. The ketone inserted at position C2 through the Friedel-Crafts reaction is
electron-withdrawing; hence the aromatic system is deactivated. This destabilizes the
intermediate cation located at C2 when the reaction occurs at C3 or C5. The C4 position is
the most likely position for electrophilic aromatic substitution, and the intermediate cation is
stabilized by the lone pair of the nitrogen. At the end of the reaction, a proton is removed to

restore aromaticity.
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Figure 24. Nitration : regioselectivity.

b) Preparation of the 1-methyl-4-nitro-1H-pyrrole-2-carboxylic acid 8 and 1-
methyl-4-nitro-1H-pyrrole-2-carbonyl chloride 111.1.5

The hydrolysis of 111.1.3 was carried out under reflux using sodium hydroxide to give the
carboxylic acid (111.1.4). The two reagents used for the preparation of the acid chloride
111.1.5, share the property of forming a reactive intermediate that undergoes substitution by
chloride (Scheme 6.).

(0]
7/ A
O;N / \ ¢ S\CI N/ N/ N/
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J/ N
72 l N
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_—~_ @~
[oN] & X o] N A <N
~H o O2N (C | O2N |
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Scheme 6. Formation of 9 through two different pathways.
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In the reaction of thionyl chloride, the oxygen attacks the sulfur atom of thionyl
chloride since the latter is an oxophile and releases chloride. The chloride ion then attacks
the carbonyl bond to yield the molecule desired, as well as sulfur dioxide and hydrochloric
acid as by-products.

In the reaction using Ghosez’s reagent, the nitrogen delocalises its lone pair to give
the quaternary ammonium salt, and allows the double bond of the enamine to pick a proton
from the carboxylic acid to give the carboxylate ion. This anion reacts with the ammonium
to give the lone pair back to the nitrogen. This lone pair is then delocalised again and
removes the chlorine as a chloride ion, which reacts then with the ester.

In contrast to using thionyl chloride, Ghosez’s reagent allows the convertion of the
carboxylic acid to an acid chloride using mild and non acidic conditions. Thanks to its high
volatility, the excess reagent introduced is removed under high vacuum and without further
work up, allowing 111.1.5 to be recovered. However, the two syntheses showed similar yield
(85% or 88%), and Ghosez reagent appeared to be much more difficult to remove than

expected.

2. Preparation of N-methylpyrroles with functionalized tail groups
Once the carbonyl chloride 111.1.5 was formed, functionalized monomers with the different

tail groups or their precursors were synthesized. Amide formation with tert-butyl-2-
aminoethyl carbamate gave 111.2.1, a monomer containing a BOC protected amine (Scheme
7). Similarly, the reaction with 2-aminoethanol gave a monomer containing a primary

alcohol 111.2.2 that needed to be protected before further reactions.
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(o]
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1.5 H,N
N0 NO,
I\ 0

| HN

111.2.2 \\\OH

72%

Scheme 7. Preparation of functionalized tail groups.
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The monomer 111.2.1 was synthesized from both 111.1.3 and 111.1.5, and the yields
obtained were quite similar. Both the chloride and the trichloromethyl moieties are good
leaving groups as a result of the nucleophilic attack of the primary amine to give the amide.
The primary amine reacts with the carbonyl group to form the amide while releasing the
good leaving group CCls which is then protonated by the protonated primary amine RNH,"
to give chloroform which is easily evaporated (Scheme 7).

The primary alcohol tail group in 111.2.2 had to be protected to avoid any side
reactions during the subsequent stages of the synthesis. Treatment with acetyl chloride to
give the acetate ester 111.2.3 in good yield (81%) (Scheme 8). However, most of the time the
esterification was not complete and the ester 111.2.3 was separated from unreacted 111.2.2 by

flash chromatography on silica using ethyl acetate and hexane as eluents.

NO,
4 /&o
\ o cl /|
N ‘ N 0
/ HN dry DCM, dry Et3N /
1 0°C then RT HN
.2.2 OH 5h .2.3 1
81% o)
o)\
NO
N02 2 N02
7\ 7\ Y
N o N ° 5 . Lo
—~ — I w 3 - -
1 - NHEt;* 1 ~HCl
n.2.2 o O@ m.2.3 \L
] (e}
H )\
o)
NEt,

Scheme 8. General scheme and mechanism of protection of primary alcohol tail group
by acetyl chloride.

The lone pair of the oxygen in the primary alcohol attacks the acetyl chloride to form
the ester. The triethylamine helps to remove the proton and gives back the lone pair of
electrons to the oxygen to give 111.2.3 protected with the acetyl group (Scheme 8).

Both 111.2.1 and 111.2.3 are key intermediates in the global synthesis of the required
MGBs. The protecting groups are maintained until before the last step to avoid any likely

side reactions.
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3. Coupling with a second N-methylpyrrole
After obtaining the functionalized monomers, a second pyrrole ring was added in two steps.

First, the functionalized monomer was hydrogenated using palladium on charcoal to reduce
the nitro group to a primary amine. This amine is not stable so the amide formation has to be
set up as soon as possible using the acid chloride 111.1.5 (Scheme 9).

NO, o
| A\
N HN
R
m.2.1 o NH, o
I [
1) MeOH, Pd/C (10%), N, () .
0°C then RT, 3h HN
NO, o en \ _\—R
D
N HN
Vo, R: NH-CO-0-C(CHa)y : 3.1
m.2.3 2 or O-CO-CH3 :NL.3.2

2) dry DMF, Et;N
RT, overnight
O2N

n.3.3 69% o)
25%

Scheme 9. Coupling with a second pyrrole ring.

The hydrogenation over Pd on charcoal transforms the nitro group into a primary amine
(11.3.1 & 111.3.2), which then reacts with the carbonyl chloride 111.1.5 to form a new
peptide bond with a second pyrrole ring (111.3.3, 111.3.4). Compounds 111.3.3 and 111.3.4

were purified by recrystallisation using ethyl acetate and hexane.

4. Coupling of the pyrrole dimer to the head group
The first step was hydrogenation of the nitro group of the protected dimer to give the

reactive primary amine (111.4.1 and 111.4.2) and the second step consisted of coupling 1.3
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with the different protected dimers 11.4.3 and 111.4.4 to give the full length compounds
111.4.3 and 111.4.4 (Scheme 10).

(0]
é//( 1) MeOH, Pd/C (10%), N, (g) (5/40
=
N/ 0°C then RT, 3h (7

R : NH-CO-BOC : .4.1

R : NH-CO-BOC : 11.3.3 or 0-CO-CH, : lll4.2

or O-CO-CHj3 : l.3.4

2) cf Table 2

RT, overnight

o ) NH O
| R
N J ] H/\/
/ N
/

R :NH-CO-BOC : m.4.3
or O-CO-CHj3 : 4.4

Scheme 10. Coupling with the head group.

In previous work ™, many coupling reactions had been carried out but the yields
were generally poor. It was important, therefore, to find conditions for the preparation of
111.4.4 that were easily worked up and resulted in good yields (Table 2).

Reaction | soLvents | Base | COUPLING | rryperarure TIME WORKUP | PURIFICATION YIELD
REAGENT
dry
1 DCM, NEt; 25°C overnight failed
dry DMF
2 dry DMF | DIEA | HBTU 25°C overnight HPLC 31%
3 dry DMF | DIEA | Ghosez 25°C overnight failed
T3P R
4 | dyome | DiEa | Gowin | CCMEMN | overnight | NaHCO, 62%
DMF) 25°C

Table 2. Summary of results of coupling reactions.

~41 ~




I o
y :

. N—
PFg /®
HBTU

Figure 25. Structure of HBTU and TP.

Propane phosphonic acid anhydride, T3P, is known to be a mild reagent with low
toxicity, which gives high yielding reactions for amide bond formation with low
epimerization and an easy work up %, It converts the oxygen of the carboxylic acid into
an ionic leaving group (Scheme 11).

(0] (o}
\/\’l:l/o\g/\/

©
R._ _OH R. .0 | |
m/ DIEA 0. L0 R. o/ o/
\_/’PQ > ~pl RSP
0 o ﬁ’ ;ﬂs o7\ §\o

Scheme 11. Amide formation in presence of T3P.

2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate, HBTU, is
also a coupling reagent (Scheme 12) that gives high yields in the synthesis of peptides
58 However HBTU is more toxic than Ts;P and has sensitizing properties; the

purification of the resulting product is usually costly because of the use of HPLC.
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Scheme 12. Amide formation in presence of HBTU.
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The procedure using HBTU as an in situ coupling reagent along with DIEA, gave a
higher vyield (31%) than the previous conditions tried with HBTU along with 4-
methylmorpholine in anhydrous DMF (27%). However, the coupling reagent TP gave an
increase of up to 62% yield, and a pure product was recovered (NMR and LC/MS spectra)
after pouring the solution into aqueous sodium hydrogen carbonate solution from which
111.4.4 precipitated. Sometimes the yield obtained was apparently above 100% because of
contamination with phosphates, which were removed by dissolution of crude 111.4.4 in ethyl
acetate and washing the organic layer with water.

The two procedures that gave good yields of 111.4.4 were used for the formation of
111.4.3, as shown in Table 3.

COUPLING
REACTION | SOLVENT | BASE TEMPERATURE | TIME WORK UP | PURIFICATION | YIELD
REAGENT
dry dry )
1 HBTU 25°C overnight HPLC 71%
DMF | NEt;
dry T3P (50% 0°C then )
2 DIEA | overnight | NaHCO; 81%
DMF in DMF) 25°C

Table 3. Preparation of full length MGB precursor 111.4.3.

Both procedures worked and the one using T3P gave higher yields and allowed the use of the
carboxylic acid 1.3 instead of the associated carbonyl chloride. The yield obtained was five-
fold higher (81%) than that obtained using HBTU and 4-methylmorpholine in anhydrous
DMF (yield = 15%) 2. The substantial improvement in yield is a major advance in the

synthesis of MGB:s of this class.

5. Elaboration of tail groups from I11.4.3 and 111.4.4
111.4.3 and 111.4.4 are key intermediates for the synthesis of MGBs differing at the tail

group. As mentioned before, the variation of tail has significant interest due to its influence
both on binding with DNA and cell membrane permeation. The final step in the synthesis
involves of removal of the protecting group located on the tail group, either BOC (111.4.3) or
acetoxy (I111.4.4), and then a substitution reaction. The products obtained will enable the
investigation of the significance of the tail group on the antibacterial activity of these

compounds.
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a) Tail group variation from 111.4.3

As explained in section 11, most of the MGBs that have been prepared bear basic tail groups
that will be protonated at physiological pH. Scheme 13 describes the transformation of 111.4.3
to 111.5.4. Compound I11.5.4 contains an amidine tail group, permanently charged at
physiological pH. Several active MGBs contained this tail group, and it is partly responsible
for the anti-oncolytic properties of these compounds. On the other hand, compound 111.5.5,
with the nitroalkene tail group, has a special interest in our study since it has a largely neutral
tail group which is nevetheless strongly dipolar and may form several hydrogen bonds with
DNA
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O g a )

N N
4 NH Z reflux, 30 min NH Z
@\WH A ° MH NH
A\ \ N
Y mo N W&O
\

I 0o

dry EtOAc, dry MeOH
.43 dry EtOAc, dry MeOH .51 N, (), microwave tube
N (g), microwave tube 80°C, overnight

80°C, overnight
O,N
H,SO, dry DCM, o, N
dry propan-1-ol ~ |
)’\J‘:l reflux, 5h30 T g SN
N H
57 ONH, NS

Scheme 13. Tail group transformation.

The solubility of amino(methylsulfanyl) methaniminium sulphate and (Z)-N-methyl-1-
(methylthio)-2-nitroethenamine caused experimental difficulties in the preparation of 111.5.4
and 111.5.5. The best conditions were found using anhydrous ethyl acetate and methanol
heated in a microwave tube at 80°C, instead of dry DMF under reflux at 120°C. Too high a
temperature was probably causing degradation of some of the product. In previous work, the
purification of related compounds by HPLC using acetonitrile/water/TFA was routinely
successful. Unfortunately the world shortage of acetonitrile during the course of this work
forced the use of methanol instead of acetonitrile and led to the degradation of our
molecules. The purification of 111.5.4 and 111.5.5 was tried by flash chromatography, eluting

with ethyl acetate/hexane/methanol, to remove the main impurities. However, the complete
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separation of amidine 111.5.4 and nitroalkene 111.5.5 from the precursor I11.5.1 failed.
Finally the last attempt to purify both 111.5.4 and 111.5.5 using reverse phase flash
chromatography with water/methanol/TFA as eluents was successful (51% and 15%).

The substitution of 111.5.5 with (E)-phenyl-N'-cyano-N-methylcarbamimidate 111.5.2
was undertaken in propan-1-ol and dichloromethane under reflux ®). The purification was
carried out on silica gel chromatography using ethyl acetate and hexane as eluents to give
48% of molecule 111.5.3.

i.  Boc deprotection leading to 111.5.1
TFA is a perfluorinated carboxylic acid containing three very electronegative fluorine atoms

that are responsible for the strong acidity of this reagent. The nitrogen atoms of 111.4.3 are
not nucleophilic since they are part of amide or urethane functions. The TFA enables the
release of carbon dioxide and a tertiary carbocation that deprotonates at room temperature to
give isobutene - a gaseous product.

ii.  Preparation of the guanidine tail group 111.5.4

ia®; o
/

4
O o
W oo O
z s’ 7] o HN
NH - NH z
o

7R\ K NH o m u NH

N W NN
) o) N \ o

o) N / o) N

.5.1 \ .5.4 \

Scheme 14. Mechanism of the guanidine tail group formation.

Since the primary amine is nucleophilic, it reacts with the carbon-nitrogen double bond of
the amino(methylsulfanyl) methaniminium sulphate to form a tetrahedral intermediate from
which methyl thiolate - a good leaving group - is eliminated (Scheme 14). The mechanism

leading to molecule 111.5.5 is similar to the above.

iii.  Preparation of the cyano-alkene tail goup 111.5.3
The formation of [111.5.3 required the preparation of (E)-phenyl N'-cyano-N-

methylcarbamimidate 111.5.2 from the commercially available diphenyl cyanocarbonimidate

and methylamine in dichloromethane under reflux. The addition of the nucleophilic
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methylamine displaces the electrons of the = bond between carbon and nitrogen, creating an
electron-deficient quaternary carbon linked to four electronegative atoms (two nitrogens and
two oxygens). The electrons on the nitrogen then reform the m bond and release the
phenoxide ion which is a good leaving group. Only one phenoxide is lost since only one
equivalent of methylamine was added ®7.

reflux 8h30min

38 %

Scheme 15. Formation of 111.5.2.

The reaction of 111.5.2 with the primary amino group of I11.5.1 occurs by the same

mechanism to give structure 111.5.3.

Compounds 111.5.1, 111.5.3, 111.5.4 and 111.5.5 were submitted for biological assays to test
their antibacterial activity and penetration into cells.

b) Tail group variation from 111.4.4
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Scheme 16. Route to pyrolidinyl tail group MGB 111.5.9.
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The first step in the conversion of the acetate tail group in 111.4.4 into the pyrrolidinyl amine
present in 111.5.9 was deprotected to give the corresponding primary alcohol 111.5.6. This
was achieved in 99% vyield using sodium hydroxide in aqueous ethanol (Scheme 16).
Following this, a number of steps were required in which a recently discovered amination
reaction *% was tested using structure 111.5.7 (Scheme 17).

H
N~~~ 1) dry NEts dry DCM, - 40°C o

2) dry NEt, dry DCM, - 30°C I
' ~nN~ \N/

N
H

>

C|)I _/
a- "~ 3) RT, 2h 30 n.s.7
4) dry (CH3CH,),0 13%

Scheme 17. Preparation of the pyrrolidinyl MGB 111.5.9 using phosphorus containing intermediates.

The synthesis of 111.5.9 required extremely anhydrous conditions, especially for the first two
steps since an intermediate containing phosphorus Il is involved, such a structure is
extremely unstable and reacts with the water contained in the atmosphere. In contrast,
intermediate 111.5.8 is more stable, containing phosphorus V, and was converted by
thermolysis to give the required MGB 111.5.9, albeit in low yield. The conditions required
for this amination had not been optimized and further experiments were therefore carried

out.

The third step leading to 111.5.9 was investigated with Lewis acid catalysis. Using anhydrous
THF in the presence of ZnCl,, heated at 150°C in a sealed tube, the reaction failed and the
starting material was recovered (NMR and LC/MS 540 g.mol™). Zinc chloride is a Lewis
acid whose role is to coordinate with the sulfur to make the 5 membered ring a better leaving
group, and make the structure more susceptible to be attacked by pyrrolidine. The separation
of product 111.5.9 was carried out by basic flash chromatography using triethylamine as base.
Since the primary aim of the project was to understand the influence of tail groups on
biological activity, no further work was carried out on this reaction; others are taking it

forward.

The mechanism below describes a double nucleophilic substitution of N,N’-dimethylethane-
1,2-diamine on phosphorus trichloride. Triethylamine accepts the proton from each
secondary amine formed. Another substitution of a chloride by the primary alcohol 111.5.6

then occurs to give the phosphorus 111, intermediate which is then stabilized to phosophorus
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V by adding sulfur flowers. Finally, the pyrrolidine adds to split the carbon-oxygen bond to
give 111.5.9.

H
N~
CIII

-~

N H
H 2eqdryNEts N~ ~ N

B dl’y DCM CDP\Cl C|/
Clj ~Cl

1) dry DCM

dry NEt, o
[e) AN
Y

Scheme 18. Chemical pathway to 111.5.9.

The intermediates 111.5.7 and 111.5.8 were recovered, but the next step was not successful.
The NMR spectrum and the LRMS and HRMS spectra did not correspond to 111.5.9, and the
starting material 111.5.6 or 111.5.8 was recovered, as well as degradation products. The reflux
was probably carried out at too high a temperature, or left too long. However, the pyrrolidine
should attack the phosphorus easily since it is nucleophile. Further reactions monitored by
TLC or LRMS and changing the experimental conditions could be investigated in future
work.

Compounds 111.4.4 and 111.5.6 were submitted for biological assays to test their antibacterial

activity and penetration into cells.
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6. Other variations of the tail group
Although six new compounds with a range of pK,s have been prepared, more possibilities

were considered. For example, another idea was to develop a molecule containing a tail
group bearing an oxetane moiety through a spirocyclic carbon. This structure is similar to the
morpholine tail group - a tail group used successfully in potent antibacterial MGBs . It
would have been interesting to compare the effects of azaoxetane and morpholine on
bonding to DNA and antibacterial activity. The position of the spiro carbon could have been
varied and the different physical and chemical properties arising from different N-
substituents could have been evaluated. Earlier studies suggested that oxetane and aliphatic
carbonyl groups are good H-bond acceptors PP*°] so the oxetane tail group could enhance
the bonding with DNA. Furthermore, oxetanes are known to be chemically stable at pH 1-
10, and the introduction of the oxetane moiety lowers the basicity of the cyclic amine .
Therefore, a comparison between azaoxetane and pyrrolidine containing compounds would
have been of real interest. It has also been proved that the lipophilicity increases as the
oxetane unit is positioned closer to the nitrogen atom; hence it should have a better cell
penetration. The oxetane moiety itself is polar and enhances the solubility of the molecule.
Generally, oxetane derivatives are stable molecules; however, when located at the o position
to the basic amine functionality, the stability decreases **.

Before starting the synthesis of oxetane-containing MGBs, studies involving molecular
dynamics were carried out with these compounds to see if they could fit and stay in the
minor groove of the double-stranded DNA.

Molecular dynamics provides information about the dynamics and flexibility of nucleic
acids. Relative binding affinities to various DNA sequences (A:T-rich DNA sequences in our
case) can be predicted. The simulation allows observation of the flat and crescent shape of
our MGB fitting into the helical minor groove of DNA. During the relaxation - the first
phase of molecular modeling simulation - the system changes its conformation compared to
the initially constructed and energetically optimal one. Secondly, the system ligand-DNA

oscillates reproducing the effect due to thermal fluctuation around the structure ©2.

Starting with the crystal structure of the distamycin-DNA complex (2:1), the head and tail
groups were modified to get the desired molecules shown in Figure 26, with the same
stoichiometry (2:1 ratio), and the same DNA oligo. The ligand was then manually positioned
in the central portion of the DNA minor groove (5'GTATATAC...) and the complex
DNA:MGB was allowed to breath.
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Figure 26. Variation of oxetane tail groups.

In the case of the oxetanes I111.6.1 and 111.6.2, the two ligands were sitting head to head
together in the minor groove. However, when the ring containing the nitrogen is expanded
(oxetanes 111.6.3, 111.6.4, 111.6.5, 111.6.6, 111.6.7), the two ligands lie head to tail inside the
minor groove to prevent steric hindrance. This head to tail configuration still retains the n-
stacking interactions occurring between two aromatic rings. In this case, the stacking occurs
between pyrrole and benzyl rings instead of pyrrole-pyrrole and benzyl-benzyl interactions
observed for the 4 membered ring oxetanes (I111.6.1 and 111.6.2).

This experiment showed that the ring containing the oxygen is located out of the DNA minor
groove (Figure 27) and that no steric clashes occur with the second molecule of MGB in the
minor groove. All ligands managed to stay in the groove side-by-side while the DNA was

breathing, which is a good sign for binding to DNA.

Figure 27. Oxetanes 111.6.1 and 111.6.6 fitting in the DNA minor groove (2 :1 ratio).
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MGBs containing an oxetane tail group rather than an amidine tail group, represent another
possibility for study. The molecular modeling suggests that this kind of MGB would fit into
the minor groove; unfortunately no synthetic work was carried out due to lack of time.

IV. Conclusion
A series of new compounds have been made with fluorescent heads, and tails covering a

range of pK, from < 0 to 14. Biological testing in bacterial and mammalian cells would now
enable the understanding of the relationship between biological activity and the structure. So
far, some of the best compounds discovered are highly toxic to Gram positive bacteria but
show little mammalian cell toxicity. The biological assays and microscopy should enable us
to understand these results. The structures of the molecules sent for biological testing are
drawn below (Figure 28). Some of those molecules were available from earlier work (1V.1,
V.2, IV.3, IV.4, IV5, IV.6, IV.7) and some had already been tested and were used as
controls (1V.2, IV.3, IV.4).
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Figure 28. Structural features of biologically tested molecules.
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C. BIOLOGICAL TESTING

I. Introduction
Several biological tests were undertaken with the molecules shown in Figure 28 to

understand their action against Gram positive and Gram negative bacteria and the correlation

between activity, cell selectivity, and permeation into mammalian cells (V79).

1. The Gram stain [®®,

The Gram stain broadly differentiates bacteria into Gram-positive and Gram-negative

groups differing drastically in the organization of the structures outside the plasma
membrane but below the capsule (Figure 29): in Gram-negative organisms these
structures constitute the cell envelope, whereas in Gram-positive organisms they are

called a cell wall.

Gram Negative Gram Positive
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Figure 29. Comparison of Gram bacteria: cell wall structure 4,

Gram positive bacteria are able to retain the crystal violet stain of Gram stain because of the

high amount of peptidoglycan in the cell wall and the lack of outer membrane. On the other
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hand, Gram negative bacteria cannot retain the crystal violet stain, instead taking up the
counterstain and appearing red or pink. In these studies, E. coli ' was used as a Gram

negative bacterium, and Staph. aureus * was used as a Gram positive bacterium.

2. Mammalian cells
The mammalian cells used were a Chinese hamster lung fibroblast cell line known as V79.

This type of cell synthesizes the extracellular matrix and collagen, the structural framework
for animal tissues, and plays a critical role in wound healing. Fibroblasts are the most
common cells of connective tissue in animals. They have a branched cytoplasm surrounding

an elliptical, speckled nucleus having one or two nucleoli.

I1. Killing Curves of Gram positive and Gram negative bacteria

1. Growth curves of bacteria
Using appropriate media, cells were inoculated into 10 ml of sterile medium and placed

in a stirring incubator at 140 rpm at 37 °C. 1 mL of the medium was withdrawn from the
flasks and the optical density (O.D.) was measured at 600 nm. A graph of absorbance against
time (minutes) was plotted. The absorbance for the starting point of the experiment was

chosen at 0.2 or 0.4, a value at which the bacteria are still growing.

Growing curves
18 - A=1(t)

E. Coli
16 - —f=—S. Aureus

1.4 4

1.2 4

0.8 -
0.6 -
0.4 -

0.2 -

0 100 200 300 400 500 600

t (min)

Graph 2. Growth of Gram bacteria.

!: Escherischia coli
2: Staphylococcus aureus
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2. Killing curves of bacteria
Resazurin (Figure 30), also known as 7-hydroxy-3H-phenoxazin-3-one 10-oxide, a blue dye

used as a redox indicator, was used to determine the potential killing effect of the MGBs
shown in Figure 28.

?_

N+
/©[ m
HO (0] ¢}

Figure 30. Structure of Resazurin.

Resazurin (blue) is reduced by living cells to resorufin resulting in a pink color, which itself
is further reduced to hydroresorufin (colorless). The absorbances were measured at 540 nm.
The more cells are alive, the more resazurin is reduced to give a pink or colorless color,
resulting in a high absorbance at this wavelength. In the case of dead cells, the measured

absorbance should be low since no reduction of resazurin occurs.

Ampicillin was used as a reference drug for comparison with the killing effect of our
molecules. Ampicillin is a beta-lactam antibiotic (Figure 31) that has been used extensively

to treat bacterial infections .

IS ]7——OH
o)
Figure 31. Structure of Ampicillin.

Belonging to the penicillin group of beta-lactam antibiotics, ampicillin is able to penetrate
Gram positive and some Gram negative bacteria. The amino group helps the drug penetrate
the outer membrane of Gram negative bacteria. Ampicillin acts as a competitive inhibitor of
the enzyme transpeptidase, which is needed by bacteria to make their cell walls. As a result,
inhibition of the transpeptidase stops the final stage of bacterial cell wall synthesis, which

ultimately leads to cell lysis "),

Colonies of Gram bacteria were left growing overnight, and then plated in 96 well plates.
Then a varying concentration of MGB was added: 0.5, 1, 2, 3, 4, 5, 10, 20 pg/mL with
resazurin. The plates were then incubated overnight and absorbances were measured at

different times to give the curves below.
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a) Gram positive bacteria: Staphylococcus Aureus RN4220

i.  Tertiary alkyl amine tail group series
The molecules MGB bearing a tertiary alkyl amine (Figure 31) were tested against the Gram

positive bacterium Staph. aureus.

Iv.3

*
V.4

Figure 31. Tertiary amine tail group series.

Staph. aureus
A=f(C) A
at 540 nm
1.2
1 ——[V.2
--1V.3
0.8 1 IV.4
0 + C(pg/mL)
0,5 5

Graph 3. Killing curve of the tertiary amine tail group series against Staph. aureus.

The curves from Graph 3 show globally a decrease of absorbance corresponding to the death
of bacteria. However the concentration of molecule at which the cells seem to die vary.
Molecule 1V.3 seem to have the most important killing effect on Staph. aureus since the
absorbance decreases significantly between 1 to 2 pg/mL of molecule added. In the case of

MGB V.2, the bacteria keep growing (A increases) until reaching a concentration of
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molecules introduced at 2 pg/mL. The curve corresponding to 1V.4 also show a slight killing
effect.

To confirm those results, graphs of absorbance against the time were plotted to assess not
only the potential killing affect of molecules of the tertiary amine tail group series but also
to see the behaviour of the bacteria in the presence of those molecules during a long period
of time. The following graphs show absorbances against time for different concentrations of
tested molecules introduced.

A Staph. aureus —8— DMSO
at 540 nm MGB IV.2 0.5pe/mL
A=1f(t) v
1 -
2pg/mL
o = —— Spg/mL
08 - Y ,_
0.7 - S 4 —#— Tug/mL
0,6 - 10pg/mL
X
0.5 7 - 20pg/mL
0.4 1 ampicillin
0,3
02 - -
01
0 T T T T T T . - t{min)
0 200 400 600 800 1000 1200 1400 1600

Graph 4. Anti-bacterial effect of 1V.2 against Staph. aureus.

Graph 4 above stresses the fact that below 5 pg/ml, molecule 1V.2 has no killing effect on
Gram positive bacteria, and even after 1500 min (25h) almost no cells have died. However
the comparison between the curve of ampicillin with the curves corresponding to 7 pg/ml, 10
pug/mL and 20 pg/mL of molecule 1V.2 introduced with the bacteria, those curves are quite
similar. So above a concentration of 7 pg/ml of MGB 1V.2, Staph. aureus bacteria die and

this Killing effect occurs before 240 min (4h) after the molecule was added.
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Staph. aureus —8&— DWMSO
A V.3 0.5pg/mL
at 540 nm =
A f{t) —+— lpg/mL
1 4
—— 2pg/mL
0.9 - -
08 - /// —s— Spg/ml
0,7 // —#— Tug/mL
g
0,6 - /, —&— 10pg/mL
0.5 1 ’/ . 20pg/mL
0.4 1 ,..__.-/""./ .’ ampicillin
03 - - _____________.__. =
0,2 - e
01 4
0 T T T T T T T ] t (mln)
0 200 400 600 800 1000 1200 1400 1600

Graph 5 confirms the hypothesis made from Graph 3. First of all the curves are lower in
absorbance than the one at which no molecule of 1V.3 was added (DMSO). It clearly
demonstrates that below a concentration of 1 pg/ml the bacteria are dying, since the curves
corresponding to 2 pg/ml, 5 pg/ml, 7 pg/ml, 10 pug/ml and 20 pg/ml are similar to the curve

for ampicillin.

Graph 5. Anti-bacterial effect of 1V.3 against Staph. aureus.

Staph. aureus —8— DWSO
A Iv.4 0.5pg/mL
at 540 nm _
A= f{t) —— lpg/mL
1,2 4
—— 2pg/mL
1 - , —— SpgimL
4 ——— Tug/mL
0,8
—&— L0pg/mL
0,6 - 20pg/mL
ampicillin
0.4
0,2 -
0 t (min)
0 200 400 600 800 1000 1200 1400 1600

At first glance,

obvious (Graph 6) . However, at a concentration of 20 pg/mL the absorbance is lower than

Graph 6. Anti-bacterial effect of 1V.4 against Staph. aureus.

it seems that the antibacterial properties of molecule 1V.4 are not that
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for any other concentration, so bacteria are either slowly dying or the introduction of

molecule 1V.4 delays their growth.

Finally, Graph 3 and Graph 5 prove that MGB V.3 kills the Gram positive bacteria quickly
and below a concentration of only 1 pg/ml. MGB 1V.2 kills bacterial but its antibacterial
activity is lower than MGB V.3 since the killing concentration is below 5 pg/ml. Then
comes MGB V.4, which has a poor killing effect on Staph. aureus, and to see any Kkilling

effect similar to ampicillin, a higher concentration of this molecule needs to be introduced.

ii.  Morpholine tail group series
The molecules MGB bearing a morpholine tail group (Figure 32) were tested against the

Gram positive bacterium Staph. aureus.

Figure 32. Morpholine tail group MGB series.

Staph. aureus
A=f(C) A
at 540 nm
12
1 ——|V.5
--IV.7
08 ‘ V.6
|
0,6 -
0,4
0.2 - -
| o . . Tt : . - C(ug/mL)
0,5 5

Graph 7. Killing curve of the morpholine tail group MGB series against Staph. aureus.
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According to the graph above, both MGB V.5 and MGB V.7 seem to have antibacterial
behaviour. Both curves indicate a decrease in absorbance due to poor reduction of resazurin
by bacteria. Molecule 1V.5 seems to kill bacteria when more than 1 pg/ml is introduced into
the media. In comparison, the bacteria seem to either grow slower than usually or die slowly
with molecule V.7, until reaching a concentration of 7 pg/ml at which the drop in
absorbance suggests the death of Staph. aureus. Graph 7 does not suggest a significant
killing effect related to the introduction of molecule IV.6.

To determine the behaviour of Staph. aureus in the presence of different concentrations of
molecules from the morpholine tail group series, the graphs below were plotted with A

measured against time.

Staph. aureus —&— DMsO
A V.5 0.5pg/mL
at540 nm A=f(t) Lug/mL
0,7
2pg/mL
0.6 - = —s— Sug/mL
0,5 - e TugmL
0.4 10pg/mL
20pg/mL
0,3
ampicillin
= —
02 =
01
0 . . . . . . t{min)
0 200 400 600 800 1000 1200

Graph 8. Anti-bacterial effect of V.5 against Staph. aureus.

This first graph (Graph 8) confirms the extremely good killing effect of 1V.5 against Staph.
aureus noticed in Graph 7. The curve corresponding to the concentration of 0.5 pg/ml is
quite low in absorbance and follows the curve of the ampicillin. The bacteria seem to grow
extremely slowly after 225 min (3h45min), ie. they are dying quite fast in the presence of
1V.5.
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Staph. Aureus —&— DMsO
A V.7 0.5pg/mL
at 540 nm A=f(t) Lngim
0,9 -
—— 2pg/mL
0,8
—— Spg/mL
0,7 1 o
__,../"," —#— Tug/mL
06 - = S
. 10pg/mL
0.5
20pg/mL
0.4
ampicillin
0,3
0,2
01
0 ; ; ; ; ; : ; . t{min)
0 200 400 600 800 1000 1200 1400 1600

Graph 9. Anti-bacterial effect of 1V.7 against Staph. aureus.

MGB 1V.7 kills Staph. aureus above a concentration of 7 pg/ml. The curves corresponding
to concentrations of 10 pg/ml and 20 pg/ml are similar to that of ampicillin. In comparison,
at 7 pg/ml of molecule 1V.7 the Gram positive bacteria are still healthy and growing well up

to 1125 min (18h45min) at which the absorbance drops, suggesting that bacteria start dying

at that point.
Staph. aureus —&— DMsO
A V.6 0.5pg/mL
at 540 nm =
A= f{t] —+— lpg/mL
0,8 -
—— 2pg/mL
0,7 .
—— Spg/mL
0,6 - —— Tug/mL
0,5 - 10pg/mL
0,4 20pg/mL
0,3 ampicillin
0,2
01
0 . . . . . . . . t{min)
0 200 400 600 800 1000 1200 1400 1600

Graph 10. Anti-bacterial effect of V.6 against Staph. aureus.

In the case of molecule 1V.6, no killing effect is seen even at 20 pug/ml. This molecule does

not have any antibacterial effects on Staph. aureus.
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To conclude, these results prove that 1V.5 is a really potent antibacterial molecule against
Staph. aureus since its killing effect is evident even at 0.5 pg/ml. In comparison, molecule
IV.7 kills bacteria quickly above 7 pg/ml, but even at 7 pg/ml bacteria seem to die
significantly after a certain time, however without reaching the levels observed for ampicillin
curve. Finally, the experiment undertaken with 1V.6 does not allow to see its killing
concentration which is obviously above 20 pg/ml, so it has no interesting antibacterial effect.

iii.  Intermediate MGBs series
The molecules synthesized as intermediate MGBs (Figure 33) were tested biologically

against the Gram positive bacterium Staph. aureus.

(o]
N O )<
11.4.3 *
o HNLO

—

&

R .56 *OH
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HN I11.4.4
N .
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Figure 33. Structural features of intermediate MGBs series.

‘ Staph. aureus

A=f(C) A
at 540 nm
1,2
1
——I11.4.3
08 -=—|l1.4.4
111.5.6
ot /‘\\’—\
02 -
o C (ug/mL)

0,5 5

Graph 11. Killing curve of intermediate MGBs against Staph. aureus.
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Graph 11 suggests that 111.4.3 and 111.4.4 have no impact on the cell growth whichever the
concentration is. This can be confirmed by the two graphs below (Graph 12 and Graph 13) in

which no curve is similar or even close to the ampicillin one.

Staph. aureus —8&— DISO
A 11.4.3 05 g/ml
at 540 nm _
A= f{t] —— Lpg/mL
0,6 -
o ] —&— 2 pg/mL
0.5 ', s gL
—#— 7 pg/mL
04 - .
i 10 pg/mL
0,3 - 20 pg/mL
AMPICILLIN
0,2
01
0 T T T T : . . t{min))
0 200 400 600 800 1000 1200 1400

Graph 12. Anti-bacterial effect of 111.4.3 against Staph. aureus.

Staph. aureus —8— DWSO
A 1.4.4 05 g/ml
at 540 nm A=f(t) .
0.8 -
—&— 2 pg/mL
0,7 . .
7 —— 5 pg/mL
06 1 —— 7 pg/mL
0.5 1 10 pg/mL
0,4 20 pg/mL
0.3 AMPICILLIN
0,2
0.1
0 . . . . . . . t{min)
0 200 400 600 200 1000 1200 1400

Graph 13. Anti-bacterial effect of 111.4.4 against Staph. aureus.

In comparison with molecule 111.4.4 (Graph 13), molecule 111.4.3 (Graph 12) seems to slow
the growth of Gram positive bacteria since all the curves are significantly below the one

corresponding to no treatment by 111.4.3 (DMSQ). However, no killing is observed.

The curve of molecule 111.5.6 (Graph 11) drops significantly in absorbance above 0.5 pg/ml.
Further studies gave the graph below (Graph 14) confirming this hypothesis. Only the 0.5
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pg/ml curve is similar to the one corresponding to the untreated bacteria (DMSO), but even
the 1 pg/ml curve, low in absorbance, suggests some effect of 111.5.6 against Staph. aureus
after 245 min (4h05min).

Staph. aureus —8— Opg/mL
A 11.5.6 0.5 pg/ml
at 540 nm A=f(t) et
0.7 +
2 pg/mL
06 1 —— 5 pg/mL
0,5 —#— 7 pg/mL
0,4 - 10 pg/mL
— 20 pg/mL
0,3 - —
e —— AMPICILLIN
02 - ‘i,.;-‘{'."‘
01 4
0 . . . . . . . t{min)
0 200 400 600 200 1000 1200 1400

Graph 14. Anti-bacterial effect of 111.5.6 against Staph. aureus.

The intermediate MGBs 111.4.3, 111.4.4 and 111.5.6 have different effects on Staph. aureus
bacteria. While the first two do not show any antibacterial effect below 20 pg/ml, molecule
111.5.6 has an impact on bacteria growth above 0.5 pg/ml.

iv.  New MGBs and MGB IV.1 series
The new molecules and 1V.1 (Figure 34) were tested against the Gram positive bacterium
Staph. aureus.
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Figure 34. Structural features of new MGB series and 1V.1.

Staph. Aureus A
A=f(C) at 540 nm
12
1]
08 -
—=—]1.5.3
0,6
—I1.5.4
% 1255
04 - \\/ ——|V.1
02
0 ‘ ‘ : : ‘ . C(pg/mL)

0,5 5

Graph 15. Killing curves of new MGBs series and 1V.1.

All MGBs curves for the MGBs except molecule 1V.1 show a decrease of absorbance when
the concentration increased, meaning that the bacteria are affected by molecules 111.5.3,

111.5.4 and 111.5.5. Graph 16 confirms the curve of molecule 1V.1 obtained above (Graph

15), ie. no significant effect on Staph. aureus.
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Staph. aureus —8— DSO

A V.1 1 pg/mL
at 540 nm A=f(t)

1 - —— 2 pg/mL
0,9 - o —4— 5 pg/mL
08 - W e
0,7 - g
0.6 n —#— 10 pg/mL
0.5 - = —8— 20 pg/mL

.
0.4 4 AMPICILLIN
0,3
0,2
01
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Graph 16. Anti-bacterial effect of MGB 1V.1 against Staph. aureus.

The effect on Staph. aureus seems to be slightly less important in the presence of molecule
111.5.5 (Graph 15). To understand the behaviour of bacteria in the presence of these MGBs,
graphics of the absorbance against the time were plotted.

Staph. aureus —&— DMsO
A 111.5.3 0.5 pg/mL
at540 nm A=f(t) Lpg/ml
1.4 4
—&— 2 pg/mL
1,2 - # —s— 5 pg/mL
1 4 J —#— 7 pg/mL
08 - —&— 10 pg/mL
20 pg/mL
0,6
AMPICILLIN
0.4
0,2 1 g
0 T T T T T T T ot (mln)
0 200 400 600 800 1000 1200 1400 1600

Graph 17. Anti-bacterial effect of 111.5.3 against Staph. aureus.
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Staph. aureus —&— DMsO
A 111.5.5 0.5 pg/mL
at 540 nm A=f(t) L pg/mL
1,2 4
—&— 2 pg/mL
1 - —— 5 pg/mL
—— 7 pg/mL
0,8
—&— 10 pg/mL
0,6 - 20 pg/mL
AMPICILLIN
0.4
02 4
=
0 . . . . . t{min)
0 200 400 600 800 1000 1200 1400 1600
Graph 18. Anti-bacterial effect of 111.5.5 against Staph. aureus.
Staph. aureus —®— DMsO
A 111.5.4 0.5 pg/mL
at 540 nm A=f(t) 1 pg/mL
1,2 4
—&— 2 pg/mL
1 4 —— 5 pg/mL
—#— 7 pg/mL
0,8
—&— 10 pg/mL
0,6 - 20 pg/mL
AMPICILLIN
0.4
0,2
0 T T T T ot (mln)
0 200 400 600 800 1000 1200 1400 1600

Graph 19. Anti-bacterial effect of 111.5.4 against Staph. aureus.

These three graphs are quite similar and do not confirm what is shown on Graph 15. Any
concentration seems to be toxic to Staph. aureus bacteria for all three molecules. However, it
seems that the growth of the bacteria is slightly slower before 1185 min (18h05min) and

increases after. Comparing the absorbance values from Graph 17-19, 111.5.5 is the one that

least affecting the growth of the bacteria.
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v. CONCLUSION
Regarding the toxicity against Gram positive bacteria, the MGBs tested have different

effects.

The most toxic agents against Staph. aureus bacteria are molecules 1V.3 and IV.5. These
have different head groups and respectively, a tertiary alkyl amine and a morpholine tail
group. They both show the best antibacterial effect at low concentration, ie. below 1 pg/ml,
resulting probably from the basic tail group.

Molecule 111.5.6, the intermediate MGB containing the free primary alcohol, affects Gram
positive bacteria above 0.5 pg/ml.

Molecule 1V.2 shows antibacterial effect below 5 pg/ml, whereas MGB 1V.4 does not kill
bacteria at oe below a concentration of 20 pg/ml; however it has an effect on the growth rate
of bacteria at 20 pg/ml. This difference in antibacterial effects could be related to the
position of the substitution of the head group ((E)-1-methoxy-3-styrylbenzene) with the rest
of the molecule,

MGB 1V.7, bearing a morpholine tail group and (E)-4-(2-(quinolin-3-yl)vinyl)benzamide as
head group, shows antibacterial properties from 7 pg/ml, in contrast to molecules 1V.6
(morpholine tail group and (E)-3-(3-methoxystyryl)benzamide head group), 111.4.3 (BOC
tail group), 111.4.4 (acetate tail group) and 1V.1 (guanidine tail group and (E)-4-(2-(quinolin-
3-yl)vinyl)benzamide head group) which have no effect on Staph. aureus, even at 20 pg/ml.
MGBs 111.4.3 and 111.4.4 bear protected tail groups which could prevent either the
membrane permeation of Gram positive bacteria or the interaction with DNA.

Molecules 111.5.3 (cyano alkene tail group), 111.5.4 (guanidine tail group) and I11.5.5 (nitro
alkene tail group), all have the same head group and differently affect the growth rate of
Gram positive bacteria without apparently killing them, suggesting that these molecules do
not interact with the DNA of bacteria.

Similar experiments were undertaken with Escherischia coli to assess the antibacterial

properties of MGBs against Gram negative bacteria.

b) Gram negative bacteria: Escherischia coli NM522

I.  Tertiary alkyl amine series
The molecules MGB bearing a tertiary alkyl amine (Figure 35) were tested against Gram

negative bacterium E. coli.
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Figure 35. Tertiary alkyl amine tail group series.

| E. coli
A
A=1(c] at 540 nm
12
! -=|V.2
——IV.3
V.4
038 -
04 -
02
‘ 9 ‘ ‘ ‘ + C(png/mL)
05 5

Graph 20. Killing curves of tertiary alkyl amine series.

Graph 20 suggests that 1V.3 slows and then stops the growth of E. coli above a certain
concentration which still has to be evaluated from Graph 23. In comparison V.2 and I1V.4
do not seem to stop the E. coli bacteria from growing since the corresponding curves are
almost straight. This behaviour is confirmed by Graph 21 and Graph 22, which show no
difference between the curves at different concentrations and the curve for which the Gram

negative bacteria have not been treated, even after 1700 min (28h20min).
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E. coli —8— DMSO
A V.2 Lpg/mL
at 540 nm A=f(t)
12 - —— 2pg/mL
—&— Spg/mL
1 -
—s— T pg/ml
08 4 —#— L0pg/mL
0.6 - —8— 20pg/mL
ampicillin
0.4
0,2
0 T T T . t(min)
0 500 1000 1500 2000
Graph 21. Anti-bacterial effect of 1V.2 against E. coli.
E. ca” —B—DMSO
A V.4 0.5pg/mL
at540 nm A=f(t) Luh
—+— lpg/mL
0,8 -
—— Zpg/ml
0,7 .
—— Spg/mL
0,6 4 —— Tpg/mL
0.5 —®— 1l0pg/mL
0,4 - 20pg/mL
0,3 - : AMPICILIN
0,2
01
0 T T T T T T ot (mln)
0 200 400 600 800 1000 1200 1400

Graph 22. Anti-bacterial effect of 1V.4 against E. coli.

Graph 23 shown below is in accordance with Graph 20 since the curves at different
concentrations are lower in absorbance than the one corresponding to the untreated bacteria.
From 5 pg/ml to 20 pg/ml, the addition of 1V.3 slows down the growth rate of bacteria
without killing them.

~ 70 ~



E. ca” —&— DMSO
A Iv.3 0.5 pg/mL
at540 nm A=f(t) Lngim
1,2 4
—— 2pg/mL
1 - _‘\._.:-.-'-'-ﬂ"*—-._—_:______ - —— Spg/mL
—#—— T pg/mL
0,8
__..--*“--—________ 10pg/mL
0,6 - = - 20pg/mL
ampicillin
0.4
0,2
0 . . . . t{min)
0 500 1000 1500 2000

Graph 23. Anti-bacterial effect of 1V.3against E. coli.

None of these molecules of the tertiary alkyl amine series kills E. coli below a concentration
of 20ug/ml; however 1V.3 slows the growth of E. coli above a concentration of 2 pg/ml.

ii.  Morpholine tail group series
The molecules MGB bearing a morpholine tail group (Figure 36) were tested against the

Gram negative bacterium E. coli.

v.7

Figure 36. Morpholine tail group MGB series.
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| E. coli
A= f(C)

A
at 540 nm
125

—a—|V.5
IV.6
——IV.7

0,6

0,4

0,2 -

‘ o ; ; C(pg/mL)
0,5 5

Graph 24. Killing curves of morpholine tail group series.

The curves of Graph 24 are in accordance with the ones showed in Graph 25-27. These
curves suggest that the molecules bearing a morpholine tail group do not have any
antibacterial effect against the Gram negative bacterium E. coli below 20 pg/ml.

E. ca” —B—DMSO
A V.5 0.5pg/mL
at540 nm A=f(t) e lpgiml
1,2 4
—— Zpg/ml
1 4 —— Spg/mL
—— Tpg/mL
0,8
—&— 10pg/mL
0,6 - 20pg/mL
AMPICILIN
0.4
0,2
0 . . . . . . . t{min)
0 200 400 600 800 1000 1200 1400

Graph 25. Anti-bacterial effect of 1V.5 against E. coli.
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Graph 26. Anti-bacterial effect of 1V.6 against E. coli.
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Graph 27. Anti-bacterial effect of 1V.7 against E. coli.

iii.  Intermediate MGBs and V.1 series
The molecules synthesized as intermediate MGBs (Figure 37) were tested biologically

against the Gram negative bacterium E. coli.
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Figure 37. Structural features of intermediate MGBs and 1V.1 series.

E. coli A
A=f(C) at 540 nm
T —=-111.4.3
——I11.4.4
11.5.6
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Graph 28. Killing curves of intermediate MGBs and 1V.1.

No difference of absorbance is observed between the lowest and the highest concentrations.
Molecules 111.4.3, 111.4.4, 111.5.6, 1V.1 do not seem to stop E. coli from growing. These
results can be confirmed by the Graph 29-30 which show similar curves for all
concentrations as the one corresponding to no treatment of the bacteria (DMSQO). In the case
of 1V.1, the growth seems, however, to be affected above a certain concentration that can be

determined from Graph 32.
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Graph 29. Anti-bacterial effect of 111.4.3 against E. coli.
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Graph 30. Anti-bacterial effect of 111.4.4 against E. coli.
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Graph 31. Anti-bacterial effect of 111.5.6 against E. coli.

Graph 32 proves that the effect of molecule 1V.1 against E. coli is not significant, since even
at 20 pg/ml, the absorbance value shows that bacteria are still growing healthily.

El ca” —&— DMSO
A V.1 0.5pg/mL
at 540 nm -
A= f{t) —+— lpg/mL
1,2 4
—— 2pg/mL
-}
1 - . —— Spg/mL
—— Tug/mL
0,8
—&— L0pg/mL
0,6 - 20pg/mL
ampicillin
0.4 -
0,2
0 . . . . . . . t{min)
0 200 400 600 800 1000 1200 1400

Graph 32. Anti-bacterial effect of 1V.1 against E. coli.

In summary, none of the intermediate MGBs synthesized nor 1V.1 were toxic towards E.
coli.

iv.  New MGB:s series
The new molecules (Figure 38) 111.5.3-111.5.5 were tested against the Gram negative

bacterium, E. coli, to assess their antibacterial activity.
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Figure 38. Structural features of new MGBs series.
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Graph 33. Killing curves new MGBs series.

Again in this case, Graph 33 clearly indicates that 111.5.5, 111.5.3, 111.5.4 have no effect on
bacterial growth, not even slowing down the growth rate. These results are confirmed by the
graphs below (Graph 34-36) which show no difference in absorbance between the different
concentrations of drug and when the bacteria is treated only with the solvent vehicle
(DMSO).
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Graph 34. Anti-bacterial effect of 111.5.5 against E. coli.
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Graph 35. Anti-bacterial effect of 111.5.3 against E. coli.
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Graph 36. Anti-bacterial effect of 111.5.4 against E. coli.

v. CONCLUSION
These experiments demonstrate that Gram negative bacteria, represented by E. coli, are not

affected by the MGBs tested below the highest concentration introduced, ie. 20 pg/ml. Most
of the time bacteria still grow as they would if they had not been treated by MGBs. However,
in the case of molecule 1V.3, bearing the (E)-4-(2-(quinolin-3-yl)vinyl)benzamide head
group and tertiary alkyl amine tail group, the growth is slowed down at concentrations above

2pug/ml.

c) Discussion
The experiments with Gram positive and Gram negative bacteria were necessary to get an
idea of the antibacterial effect of MGBs. The toxicity of MGB molecules is likely to be
related to the cell wall permeation which in turn is likely to be related to the structure of the
MGB.

Molecules 1V.5 and 1V.7, bearing the morpholine tail group and, respectively, the (E)-4-(3-
methoxystyryl)benzamide and the (E)-4-(2-(quinolin-3-yl)vinyl)benzamide head groups,
inhibited the growth of Gram positive bacteria, at a concentration respectively above 0.5
pg/ml and above 7 pg/ml, but had no toxicity against Gram negative bacteria at or below 20
pg/ml. This can be probably explained by the difference in structure between Gram positive

and Gram negative bacteria. Due to the lack of an outer membrane in Gram positive bacteria,
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1V.5 may permeate the cell wall of Gram positive bacteria relatively easily, whereas the
outer membrane in Gram negative bacteria may prevent the molecule from entering the

bacteria. This permeation hypothesis will be evaluated by microscopy (see section 1V p84).

No Kkilling effect was shown by molecule 1V.6 ((E)-3-(3-methoxystyryl)benzamide and
morpholine) against Gram negative bacteria, but Graph 10 suggests a slower growth of
Staph. aureus at a concentration of 20 pug/ml. The same results were observed for 1V.4
bearing the same head group but the tertiary alkyl amine tail group. In comparison, 1V.2
((E)-4-(3-methoxystyryl)benzamide and tertiary alkyl amine) did not have any effect on
Gram negative cells, but did kill Gram positive bacteria above 5 pg/ml. Again, the different
cell wall structures of the two kinds of bacteria probably influence the accumulation of
MGBs into the cell.

The molecules with the (E)-4-(3-methoxystyryl)benzamide head group, 111.4.3 (BOC tail
group), 111.4.4 (OAc tail group), 111.5.3 (cyano alkene tail group), 111.5.4 (guanidine tail
group), H1.5.5 (nitro alkene tail group), as well as molecule 1V.1 (E)-4-(2-(quinolin-3-
yl)vinyl)benzamide and guanidine) did not show any toxicity against either E. coli or Staph.
aureus at or below 20 pg/ml. We could assume that they are not entering the bacterial cell.
However, the inactivity of compounds containing a neutral tail group, and particularly the
inactivity of 1V.1, is surprising since the parent compounds, distamycin (I1.1.1) and
netropsin (11.1.6), contain amidines and showed anti-bacterial activity. In comparison,
111.5.6 ((E)-4-(3-methoxystyryl)benzamide and OH) probably enters Gram positive bacterial

cells since it seems to slow down the bacteria growth at a concentration of 20 pg/ml.

Finally, molecule 1V.3 is the only MGB that seemed to have an effect on both E. coli and
Staph. aureus according to Graph 5 and Graph 23. It was toxic towards Gram positive

bacteria above a concentration of 1 pg/ml, and only affected bacterial growth above 5 pg/ml.

1. Cytotoxicity assay using V79 Chinese Hamster cells
For an MGB to be a potential drug, it is essential that it should have selective toxicity for the

bacteria and not be toxic to mammalian cells. It is therefore important to investigate toxicity

to a mammalian cell line as well as to bacteria.
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1. MTT assay : Experimental
The MTT assay was carried out in order to determine any potential toxicity of MGBs against

V79 mammalian cells. The tetrazole 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) (Figure 39) is yellow and is reduced to purple formazan in living cells.
These reductions take place only when reductase enzymes are active, and therefore the
colour conversion is often used as a measure of living cells.

S
—N
N
7\
+\
N
Br

Figure 39. Structure of MTT.

During this assay, the cells were in contact with a MGB for 24hrs, at which time the MTT
dye was added to the medium. After 2hrs of exposure, the dye was removed and DMSO was
added to dissolve the crystal of the dye that had accumulated in the cells and to give a purple
color. The absorbance was recorded at 540 nm to give the curves below from which the
viability of cells was determined.

2. Results

a) Tertiary alkyl amine tail group series

Tertiary alkyl amine tail group series

——IV.2
b =—|V.3

60% \
V.4

Viability (% control)

C(ug/ml)

01 1 10 100

Graph 37. Killing curves of tertiary alkyl amine tail group series in the presence of
V79 mammalian cells.
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The curve corresponding to 1V.3 drops significantly and indicates that 67% of the V79 cells
die as the concentration of the molecule increases. The killing concentration seems to be
between 5 to 10 pg/ml. This could have been evaluated if the absorbance had been measured
for several concentrations at different times. The V79 cells also die in presence of 1V.2, but
the process is slower and becomes significant above 20pg/ml. The introduction of 1V.4 does
not seem to have any killing effect on mammalian cells, even at a high concentration of
50pg/ml. In the tertiary alkyl amine tail group series, only 1V.3 is highly toxic against V79
fibroblast hamster cells, 1V.2 shows poor toxicity, whereas 1V.4 does not inhibit cells
growth.

b) Morpholine tail group series

Morpholine tail group series

Viability (%control)

——IV.5
V.6
-7

C (ug/ml)

Graph 38. Killing curves of the morpholine tail group series in the presence of
V79 mammalian cells.

The three curves indicate that molecules with a morpholine tail group are not toxic against
V79 mammalian cells below a concentration of 20ug/ml. This poor toxicity would make
molecule 1V.5 and 1V.7 good potential drugs since the previous bacterial assays suggested
that they were inhibiting Gram positive bacterial growth.
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¢) Intermediate MGBs and IV.1 series

Intermediate MGBs series and V.1

120%

o g A

\

——l1.4.3
——11.4.4
111.5.6

-=-|V.1

Viability (% control)

20%

o C(ug/ml)

10 100

Graph 39. Killing curves of intermediate MGBs and 1V.1 in the presence of
V79 mammalian cells.

Again, in this case, V79 cells do not die in the presence of molecules 111.4.3, IV.1, I111.5.6

and 111.4.4. The curves are almost straight indicating live cells in the media even above
50ug/ml.

d) New MGBs series

New MGBs series

120%
e e ~=-111.5.3
100% e 4 o3

+—111.5.4

11.5.5

Viability (%control)

0% C(ug/ml)

0.1 1 10 100

Graph 40. Killing curves of new MGBs series in the presence of
V79 mammalian cells.

According to Graph 40, almost no cell dies in the presence of MGB 111.5.3, 111.5.4 and

111.5.5. In conclusion, these molecules are not toxic for the mammalian cells VV79.

e) Discussion
All MGBs with the exception of 1V.3 (E)-4-(2-(quinolin-3-yl)vinyl)benzamide and tertiary
alkyl amine) were not toxic towards V79 fibroblast hamster cells. They did not kill the V79

cells below a concentration of 50 pg/ml, which is a high concentration for potential drugs. It
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would be interesting to see whether these molecules permeate the cell membrane and if they
do, whether they reach the nucleus, and bind to DNA. These studies were undertaken under

microscopy (see section 1V p84).

In contrast, 1.3 is highly toxic since it starts inhibiting cell growth at a concentration above
0.5 pg/ml. This molecule already stands out of the range of potential anti-cancer drugs,
unless modifying the structural features in order to decrease the cytotoxicity. Being toxic,
this molecule very probably permeates the cell membrane and microscopy assay would help
to see where it situated in the cell.

Structure 1V.3 has a similar tail group to structures 1V.2 and 1V.4, but a different head group
- the (E)-3-styrylguinoline head group. 1V.2 showed some toxicity above 20 pug/ml, but 1V.4
was not toxic, suggesting that the similar tail group, a tertiary alkyl amine, might not be the
feature related to the toxicity. On the other hand, 1V.1 has the same head group as 1V.3
without being toxic below 50 pg/ml, so the head group also does not seem to be the reason
for toxicity. The toxicity of molecule 1V.3, therefore, is not related to one specific structural
feature but depends upon the balance of several structural units. This is an important

conclusion for the design and discovery of selective and potent antibacterial MGBs.
This hypothesis is supported by the fact that 1V.4, toxic above 20 pg/ml, and having the

same tail group as 1.2 and 1V.3, has also the same head group as the new MGBs 111.5.3,

111.5.4 and 111.5.5 which are not toxic against V79 mammalian cells.

IV. Fluorescent Microscopy

Microscopy was used to determine the accumulation of MGBs in Gram positive and Gram
negative bacteria, and in mammalian cells. Molecule 111.4.3, containing the Boc protected
primary amine tail group was not studied under microscopy since the t-butyl group might be
too big to fit in the minor groove of DNA and thus prevent the binding.

During the microscopy assays, the MGBs were mixed with mammalianorb  acterial cells
and visualized under different filters. 4',6-diamidino-2-phenylindole - DAPI (Figure 40) -
was used as a control since it is a fluorescent stain that binds strongly to DNA, and which is
used in fluorescence microscopy . Since DAPI passes through an intact cell membrane, it

is usually used to stain both live and fixed cells. For fluorescence microscopy, DAPI is
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excited with ultraviolet light. When bound to double-stranded DNA its absorption maximum

is at 358 nm and its emission maximum is at 461 nm and appears blue/cyan!®®.

O > .

H O
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NH
Figure 40. DAPI.

1. Bacteria
The slides were all visualized using the fluorescent microscope 100 x lenses under the bright

field (BF) and dark field (using DAPI filter), and the pictures below were obtained. The
fluorescence is more or less bright according to the amount of molecule accumulated. Hence
the importance of the killing curves assays undertaken earlier, not only to determine their
potential activity against Staph. aureus and E. coli but also to see any potential selectivity

towards one family of bacteria.
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a) Tertiary alkyl amine tail group series

E. coli

Staph. aureus

Brightfield Fluorescence Brightfield

T > O

Fluorescence

V.2

V.3

V.4

Table 4. Fluorescence of tertiary alkyl amine tail group series

under Brightfield and DAPI filters in the presence of Gram positive and negative bacteria.
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DAPI enters both Gram positive and Gram negative bacteria, which was expected, and binds to
DNA, hence the fluorescence seen under microscopy.

Molecules 1V.2 and 1V.4 permeate into Staph. aureus, but not into E. coli. These pictures confim
the toxicity of these two molecules against Gram positive bacteria. The lack of toxicity against
Gram negative bacteria can be explained since they do not reach the core.

Only molecule 1V.3 seems to enter both Gram negative bacteria (E. coli) and Gram positive
bacteria (Staph. aureus). Nevertheless, the fluorescence seen under the DAPI filter in the presence
of Staph. aureus is brighter than in the case of E. coli, suggesting a better penetration in Gram
positive bacteria. This observation can be correlated with the fact that molecule 1V.3 is toxic to
both types of bacteria (C.I11.2 a) & b) p56 & 68) and the killing effect is most effective against

Gram positive bacteria (0.5 pg/ml instead of >20 pug/ml for Gram negative bacteria).

The ability of these molecule to penetrate better into Gram positive bacteria can be easily
understood since Gram positive bacteria have only a two layered membrane compared to Gram

negative bacteria which have three layers.
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b) Morpholine tail group series

E. coli Staph. aureus
Brightfield Fluorescence Brightfield Fluorescence
g
V.5
V.7
V.6

Table 4. Fluorescence of the morpholine tail group series

under Brightfield and DAPI filters in the presence of Gram positive and negative bacteria.

Molecule 1V.5 does not kill E. coli (see section C.11.2.b p68), and the pictures above prove that
1V.5 does not cross the bacterial cell wall. However, it does not seem to enter Gram positive
bacteria either, though earlier results (see section C.I1.2.a p56) indicated significant good toxicity
above 0.5 pg/ml with a Killing effect. In this case, the conclusion that can be drawn from the

microscopy does not appear reliable.

Molecule 1V.7 does not penetrate Gram negative bacteria, hence no killing effect was seen (see
section C.11.2.b p68), but it does penetrate Gram positive bacteria quite well, hence the toxicity
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evaluated via the curves (see section C.I1.2.a p56).

The microscopy pictures of molecule 1V.6 suggest good permeation into Staph. aureus, hence the
antibacterial effect shown during the assays (see section C.11.2). The picture corresponding to E.
coli permeation does not show fluorescence for all bacteria present under the Brightfield filter and
is quite weak compared to the fluorescence usually obtained. Since the assays in section C.11.2. do
not show any toxicity, 1'V.6 probably does not enter in Gram negative bacterial cells.
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c)

Intermediate MGBs and 1V.1

E. coli Staph. aureus

111.5.6

Fluorescence

Brightfield Fluorescence Brightfield

111.4.4

111.4.3

V.1

vf)

Table 5. Fluorescence of intermediate MGBs and 1V.1 series

under Brightfield and DAPI filters in the presence of Gram positive and negative bacteria.
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At first glance we can say that molecule 1V.1 is not entering into either Gram positive or Gram
negative bacteria, and is then not able to kill bacteria, even if it had any antibacterial properties;
hence the curves obtained in part C.11.2 show no toxicity.

Molecules 111.5.6 and 111.4.4 do not permeate E. coli and so cannot be toxic (see section C.11.2.b),
while 111.5.6 does not show any inhibition of Gram positive bacterial growth because it apparently
does not accumulate into such bacteria. Molecule 111.4.4 seems to enter slightly into Staph.
aureus. The latter observation along with the negative results from section C.I1.2.a, suggest that
111.4.4 does not have antibacterial properties.

Finally, molecule 111.4.3 accumulates in both Gram positive and Gram negative bacteria; however
the curves obtained from the bacterial assays do not show any toxicity at the concentration tested.

Therefore, 111.4.3 is not a potential antibacterial molecule.
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d) New MGBs series

E. coli Staph. aureus
Brightfield Fluorescence Brightfield Fluorescence
111.5.4
b3
e v
111.5.5
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Table 6. Fluorescence of new MGBs under Brightfield and DAPI filters
in the presence of Gram positive and Gram negative bacteria.

Molecule 111.5.4 is the only one of this series which does not accumulate in Gram negative
bacteria. And the results from the bacterial assays show that no toxicity is observed (see
section C.11.2). However, 111.5.4 accumulates extremely well into Staph. aureus since the
fluorescence is almost as good as DAPI. Nevertheless, this molecule does not show any
antibacterial effect against this organism.

Molecules 111.5.3 and 111.5.5 penetrate into both types of bacteria, and 111.5.5 accumulates

the most in Staph. aureus. However, the curves obtained from the bacterial assays (see
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section C.11.2) suggest no toxicity below 20 pg/ml for both 111.5.3 and 111.5.5. These two
molecules do not have antibacterial properties despite their good accumulation into both

bacterial strains tested.

e) Conclusion
All microscopy pictures show a more intense fluorescence in Staph. aureus than in E. coli,
and this is due to easier accumulation of MGBs into two layered cells than three layered
cells.
Molecules 111.4.3 (Boc tail group), 111.5.3 (cyano alkene) and 111.5.5 (nitro alkene) show
accumulation in both bacteria without showing any toxicity. Only molecule 1V.3
accumulates in both types of bacteria and inhibits them from growing. This molecule bearing
a tertiary alkyl amine and (E)-3-(4-methylstyryl)quinoline) definitely shows anti-bacterial
properties, and the microscopy assays realized with mammalian cells will enable us to make
conclusions about its potential anti-cancer activity if it binds to DNA. Accumulation of
MGB:s in E. coli had never been observed in previous microscopy assays.
Molecules 1V.2 and 1V .4, bearing the tertiary alkyl amine tail group, and molecules I1V.7
and 1V.6, bearing the morpholine tail group, but all having different head group, accumulate
only in one type of Gram positive bacteria and show toxicity, whereas 111.5.4 (guanidine tail
group) and 111.4.4 (acetate) penetrate into Staph. aureus without being toxic. The first four
molecules show selective anti-bacterial activity against Gram positive bacteria.
1V.1 has no effect on both bacteria studied. Since it does not accumulate, its toxicity cannot

be assessed, hence the lack of toxicity observed during bacteria assays.
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2.

Mammalian cells

a) Tertiary alkyl amine tail group series

© > O

Brightfield Fluorescence

Overlay

V.2

V.3

V.4

Table 7. Fluorescence of the tertiary alkyl amine series
under Brightfield and DAPI filters in the presence of V79 mammalian cells.
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These molecules are less fluorescent than DAPI, except 1V.4 which is comparable. Nevertheless
these pictures suggest the accumulation of the tertiary alkyl amine molecules series in V79

mammalian cells, however they do not reach the nucleus.

Molecule 1V.3 apparently has more difficulties permeating the cells since its accumulation, seen
by fluorescence, is weaker. However in this series, 1V.3 is the only molecule that showed

toxicity against this mammalian cell line at a concentration below 20 pg/ml.

b) Morpholine tail group series

Brightfield Fluorescence Overlay

v.7

V.6

Table 8. Fluorescence of morpholine tail group series
under Brightfield and DAPI filters in the presence of V79 mammalian cells.

This series definitely accumulates into the V79 hamster cell line. However, the fluorescence
stain indicates a slight difference in permeation of those two molecules. 1V.6 permeates the cell
membrane and seems to reach the nucleus without accumulating into it as much as 1V.7 does.
To confirm the conclusion drawn, pictures (Figure 41) at a bigger magnification (x 40 instead of

x 20) were taken and are shown below:
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Figure 41. MGB 1V.7 in nucleus of V79 mammalian cells
Magnification X40

No molecule of this series was toxic against V79 hamster cell line below a concentration of 20
pg/mL. These two molecules could possibly bind to DNA located in the nucleus and act as anti-

cancer drugs.
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¢) Intermediates and new MGBs

111.5.6

Brightfield Fluorescence

Overlay

111.4.4

111.5.5

111.5.3

111.5.4

Table 9. Fluorescence of intermediate and new MGBs under Brightfield and DAPI filters

in the presence of V79 mammalian cells.
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All intermediate MGBs and new MGBs seen under microscopy accumulate in V79 cells but
without reaching the nucleus. However different patterns of accumulation can be seen.

Molecules 111.5.6 and 111.4.4 permeate the cell membrane but sit outside the nucleus, while
111.5.4 accumulates around the nucleus without penetrating inside. MGB 111.5.5 accumulates
everywhere except in the nucleus; it is anti-nuclear as shown by the pictures below (Figure
42) taken at a higher magnification; the molecule accumulates everywhere opposite the

nucleus:

Figure 42. MGB 111.5.5 fluorescent everywhere but in the nucleus of V79 mammalian cells
Magnification X40.

These molecules are not toxic below a concentration of 50 pg/ml.

In comparison, molecule 111.5.3 permeates the cell and reaches the nucleus of V79
mammalian cells, without showing any toxicity below 50 pg/ml. 111.5.3 carries the same
head group, the (E)-4-(3-methoxystyryl)benzamide, as other new MGBs and intermediates,
only the tail group differs. This (E)-4-(3-methoxystyryl)benzamide head group seems to give
111.5.3 the right chemical properties to permeate the cell to the nucleus.

3. Conclusion
These pictures show important results regarding MGBs tested. It seems that they could act as

potential anti-cancer drugs since several appeared to reach the cell nucleus and could then
bind to DNA. The molecules that could have anti-cancer effect are molecules V.7, 1V.6,
both having a morpholine tail group and, respectively, the (E)-4-(2-(quinolin-3-
yl)vinyl)benzamide and (E)-3-(3-methoxystyryl)benzamide feature, and 111.5.3, which bears
the (E)-4-(3-methoxystyryl)benzamide and cyano alkene tail group. These molecules do not
show any toxicity against V79 fibroblast hamster cells. To demonstrate this possibility would

require assays against specific cancer cell lines of interest.

MGBs V.7 and 1V.6, which have the morpholine tail group feature but different head

groups, permeated Gram positive bacteria and appeared toxic towards them. However, they

~ 908 ~



did not accumulate in Gram negative bacteria and showed no toxicity to V79 cells. Hence
those two molecules have a selective anti-bacterial effect and are also potential anti-cancer

drugs since they penetrate into the nucleus and bind hypothetically to DNA.

In comparison, 111.5.3 (cyano alkene structural feature) accumulated into the nucleus without
showing toxicity against V79 mammalian cells. On the other hand it also accumulated in
both types of Gram bacteria without being toxic below 20 pug/ml. 111.5.3 could then bind to
DNA and act as an anti-cancer molecule without showing any anti-bacterial activity.
Structures 111.4.3 (Boc tail group), 111.4.4 (acetate feature), 111.5.4 (guanidine tail group),
111.5.5 (nitro alkene feature) and 111.5.6 (primary alcohol feature) accumulate in cells
without reaching the nucleus. Considering the fact that the tail group is the only variable
feature in these MGB structures, we could say that the cyano tail group with a pK, below 0 is
the best feature for a potential anti-cancer molecule.

Molecules containing the tertiary alkyl amine feature accumulate in Gram positive bacteria
and are toxic towards them but do not reach the V79 cell nucleus. However 1V.3, bearing the
(E)-4-(2-(quinolin-3-yl)viny)benzamide head group, is the only molecule which is toxic
towards V79 mammalian cells, E. coli (Gram negative bacteria) and Staph. aureus (Gram
positive bacteria). This molecule has anti-bacterial properties.

The intermediate MGBs 111.4.4 (which has the acetate protected feature) and 111.5.6 (bearing
the primary alcohol tail group) permeate V79 cell membranes and accumulate in Gram
positive bacteria without being significantly toxic below 20ug/ml. They do not enter into
Gram negative bacteria; hence the lack of toxicity. In comparison, 111.4.3 (Boc protected tail
group) penetrates into Gram negative bacteria as well but does not have toxic activity. These
three intermediate MGBSs do not have any anti-bacterial properties.

MGB 1V.1 ((E)-4-(2-(quinolin-3-yl)vinyl)benzamide and guanidine) does not have any anti-
bacterial properties, justified by a lack of permeation into either bacterial strains studied.
Though microscopy pictures have not been taken, IV.1 is not toxic against the V79
mammalian cell line.

Molecule 111.5.4, bearing the guanidine feature, has no anti-bacterial effect and is not
cytotoxic. It accumulates both in Gram positive bacteria and V79 mammalian cells.
However, it sits outside the nucleus, whereas 111.5.5 (which has the nitro alkene tail group) is
anti nuclear and penetrates into E. coli without being toxic. Molecules 111.5.4 and 111.5.5
cannot act as potential anti-cancer compounds by the same mechanism as the other MGBs
since they do not reach the nucleus and cannot bind to DNA. Futhermore they do not have

anti-bacteria activity.
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D. Discussion

This discussion should allow to understand the relationship between tail group structure, cell

penetration, and biological activity and selectivity. Table 10 below sums up the structural

features and biological results.

E. coli Staph. aureus V79 fibroblast
Structural features
(Gram -) (Gram +) hamster cells
Permeation Permeation Permeation
. pKa tail
Head group Tail group and and and
group . . .
toxicity toxicity toxicity
(E)-4-(3-
) no yes not nuclear
IV.2 | methoxystyryl)b t-amine 9.99
) none 5-7 pg/mL > 20 pg/mL
enzamide
(E)-4-(2
uinolin-3- es es not nuclear
V.3 (q | t-amine 9.99 Y Y
ylvinyl)benzami >20 pg/ml 1-2 pg/mL > 5 pg/mL
de
(E)-3-(3-
] no yes not nuclear
IV.4 | methoxystyryl)b t-amine 9.99
) none > 20 pg/mL none
enzamide
(E)-4-(3-
. no no not done
IV.5 | methoxystyryl)b | morpholine | 7.41
] none 0.5 pg/mL > 20 pg/mL
enzamide
() -4-(2-
uinolin-3- no es nuclear onl
V.7 (q _| morpholine | 7.41 Y Y
ylvinyl)benzami none 7-10 pg/mL none
de
(E)-3-(3- throughout the cell,
] no yes .
IV.6 | methoxystyryl)b | morpholine | 7.41 nucleus included
) none > 20 pg/mL
enzamide > 20 pg/mL
(E)-4-(3-
cyano N- yes yes nuclear
111.5.3 | methoxystyryl)b <-5
) alkene none none none
enzamide
(E)-4-(3-
o no yes around nucleus only
111.5.4 | methoxystyryl)b | guanidine 12
) none none none
enzamide
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E. coli Staph. aureus V79 fibroblast
Structural features
(Gram -) (Gram +) hamster cells
Permeation Permeation Permeation
. pKa tail
Head group Tail group and and and
group - . .
toxicity toxicity toxicity
(E)-4-(3- .
. yes yes anti-nuclear
111.5.5 | methoxystyryl)b | nitro alkene | <1
) none none none
enzamide
(E)-4-(3-
yes yes not done
111.4.3 | methoxystyryl)b N-boc 15
) none none none
enzamide
(E)-4-(3-
no yes not nuclear
111.4.4 | methoxystyryl)b | O-acetate 3
) none none none
enzamide
(E)-4-(3-
no not nuclear
111.5.6 | methoxystyryl)b OH 15 > 20 ug/mL
) none none
enzamide
(E)-4-(3-
o no no not done
IV.1 | methoxystyryl)b | guanidine 12
) none none none
enzamide

Table 10. Structural features and biological results.

Looking at the molecules containing the same head group but different tail group, the
compounds tested can be arranged in three families.

The members of the (E)-4-(3-methoxystyryl)benzamide head group family (1V.2, 1V.5,
111.4.3, 111.4.4, 111.5.3, 111.5.4, 111.5.5, 111.5.6) have different permeability into E. coli but
are not toxic even if they permeate the cells (111.4.3, 111.5.3, 111.5.,5). All of these
compounds accumulate in Staph. aureus cells but only 1V.5 shows significant toxicity, while
1V.2 has low antibacterial activity. Furthermore all the compounds except 111.5.3 permeate
the V79 wall without reaching the nucleus and without being significantly toxic. The
permeation into both V79 cells and bacteria can then be linked to the tail group in the case of
Gram negative bacteria and V79 mammalian cells. The pK,s of the tail groups in this series
of compounds vary from -5 to 15, allowing a hypothesis to be proposed on the range of tail
group pK, needed for a molecule to reach DNA without being toxic. The cyano N-alkene tail
group (111.5.3), with the lowest pK, (<-5), seems to have the best structural features as a
potential anti-cancer activity. However, it has no anti-bacterial activity. Structure 111.5.4

contains a guanidine tail group and is the only member of this family which does not
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accumulate in Gram negative bacteria, probably because it is highly charged at physiological
pH. In comparison with other tail groups, the tertiary amine (1V.2, pK,; = 9.99) and the
morpholine (I1V.5, pK, = 7.41) bring the highest toxicity towards both Gram negative and
V79 mammalian cells.

If molecules are ranked according to their tail group, Table 10 suggests that those with a
tertiary amine tail group (pK, = 9.99, 1V.2, 1V.3, IV.4) are more toxic towards both Staph.
aureus and V79 hamster cells, than those with a morpholine tail group (1V.5, IV.7, 1V.6),
pK, of 7.41, which is much less basic. This could be explained by the predominant species of
these compounds at physiological pH. The guanidine tail group is more basic (pK, = 12),
and does not show any cytotoxicity or anti-bacterial activity. This can be explained
biologically by the fact that at physiological pH (7), the predominant chemical form of these
three tail groups is the protonated one. Only the morpholine tail group is likely to be present
in both the protonated and unprotonated form since its pKj, is close to the physiological pH.
Nevertheless no range of pK, can be determined for toxicity against V79 mammalian cells
since both the morpholine and the guanidine tail groups - having respectively a lower pK,
and higher pK, than the tertiary amine tail group - do not show any cytotoxicity towards
such cells.

The molecules with the (E)-4-(2-(quinolin-3-yl)vinyl)benzamide head group (1V.3, IV.7 and
1V.1) show more toxicity than those with (E)-4-(3-methoxystyryl)benzamide head group.
They have different permeability into bacterial and V79 cells. The molecule bearing the
tertiary amine tail group (1V.3, pK .= 9.99) has the highest toxicity. Molecule 1V.7, carrying
the morpholine tail group, with a pK, of 7.41, is the only molecule is this family that could
show potential anti-cancer activity. Furthermore it is also selective towards Gram positive
bacteria, although its antibacterial activity was found to be weaker than that of 1V.5.
Structures with the (E)-3-(3-methoxystyryl)benzamide head group (I1V.4 and 1V.6) have the
same penetration behaviour into bacteria, and show poor antibacterial activity against Staph.
aureus. However 1V.6 bearing the morpholine tail group permeated V79 mammalian cells
up to the nucleus without significant cytotoxicity, whereas 1V.4 does not reach the nucleus,
hence the lack of toxicity. This implies that V.6 contains the best features for permeation,
probably due to the pK, of the morpholine tail group, which should appear in two different

forms at physiological pH.
Molecules bearing of the tertiary alkyl amine tail group differ from each other in their head

groups. All those molecules penetrated into Staph. aureus and into V79 hamster cells,

however they did not reach the nucleus. Since only the head group differs, the only structural
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feature that could explain the cell permeation into the cytosol is the tertiary amine tail group,
which is protonated at physiological pH, and would prevent the molecule from entering into
the nucleus. These data also suggest that the molecule carrying the (E)-4-(2-(quinolin-3-
yl)vinyl)benzamide head group (IV.3), accumulates into both V79 cells and Gram bacteria,
has the most anti-bacterial activity against both Gram positive and negative bacteria and is
the more cytotoxic towards V79 cells. In comparison, the molecules (E)-1-methoxy-3-
styrylbenzene head groups (IV.2, 1V.4) attached at different position to the pyrrole-pyrrole
core show similar permeation and similar toxicity for all types of cells and bacteria. However
the (E)-1-methoxy-3-styrylbenzene, at the para position to the rest of the molecule (1V.2),
shows higher toxicity towards both Staph. aureus and V79 cells, in comparison with the one
attached at the meta position (1V.4). While the tertiary amine tail group is connected with the
toxicity, as proved earlier, the head group enables the permeation and is associated with
selective anti-bacterial activity.

Molecules with the morpholine tail group are less toxic than molecules bearing a tertiary
amine, and accumulate similarly into both types of bacteria and V79 mammalian cells,
except 1V.5 which does not seem to penetrate into Gram positive bacteria yet shows the
highest anti-bacterial activity against this type of bacteria (Staph. aureus). These results are
not confusing, the high toxicity suggests the penetration of 1V.5 into Gram positive bacteria,
but no accumulation was seen. A handling error during the antibacterial assay probably
occurred. An excess of DMSO added to the bacteria could have been responsible for their
death. The high toxicity observed during the assays is then probably related to this excess of
DMSO and not to the anti-bacterial effect of 1V.5. Moreover, according to the results, 1V.5
is the only molecule bearing the (E)-4-(3-methoxystyryl)benzamide head group and the
morpholine tail group which does not permeate into Gram positive bacteria. So it can be
assumed that the results from the microscopy assay were not reliable in this case, and
accumulation should have been seen. Molecules containing the morpholine tail group are
selective antibacterial agents showing different levels of toxicity.

Molecules with the guanidine tail group (111.5.4, 1V.1) did not show any cytotoxicity or any
anti-bacterial activity. They did not penetrate Gram negative cells, and a comparison with
V79 cell permeation cannot be made. However, the fact that 111.5.4 did not penetrate the
nucleus and that the tail group is responsible for better cell permeability, suggests that 1V.1
is unlikely to reach the nucleus either. Furthermore, looking at the permeation of other
MGBs containing the same head groups, no hypothesis can be put forward. Regarding the
lack of toxicity, it is interesting to notice that 111.5.4 and 1.1 contained respectively the (E)-

4-(3-methoxystyryl)benzamide and the (E)-4-(2-(quinolin-3-yl)vinyl)benzamide head
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groups, which are the most likely to show toxicity according to the data for structures
containing the tertiary alkyl amine tail group. However, it was stated earlier that this toxicity
is more probably associated with the tertiary amine tail group. The guanidine tail group is
fully protonated at physiological pH, so it can be assumed that an active transport
mechanism is required, allowing the corresponding molecules to be taken up into V79

mammalian cells.
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E. Conclusion and Future work

The results obtained from the synthetic work and biological assays do not allow us to make
any conclusions on whether any particular range of pK, of tail group is beneficial for anti-
cancer activity. The anti-bacterial activity or cytotoxicity of a MGB depends on many
structural factors and not just one structural feature. However, the results obtained confirm
that the tertiary amine tail group is connected with the highest toxicity whichever head group
is carried. The only molecule synthesized that could have anti-cancer activity if binding with
DNA is structure 111.5.3; however, it has no anti-bacterial activity. MGBs containing an E-
alkene head group is known to have the most significant anti-bacterial activity 7
nevertheless the new MGBs synthesized in this project containing this head group were poor
anti-bacterial molecules, a result that could possibly be associated with their novel, non-basic

tail groups.

The permeation of MGBs into E. coli has never been seen before; however no significant
toxicity was shown. Permeation into Gram positive cells seemed to be easier for almost all of
the MGBs tested than permeation into Gram negative cells. This can be simply due to the
different structure of the bacterial cell wall in Gram positivea nd Gram negative bacteria

and the difference in thickness of the peptidoglycan layer.

Different transport mechanisms are probably implied in cell permeation: an active transport
for a highly protonated and hydrophilic molecule like 111.5.4 or a passive transport for

molecules that are hydrophobic enough to permeate cell membranes.

Further work requires to be done in order to understand exactly the chemical properties
needed at the head group and the tail group of MBG molecules in order to get potential anti-
cancer or selective anti-bacterial molecules. If penetration into the nucleus and eventual
binding with DNA occurs, the strength of the bond with DNA could be investigated by
measuring the melting temperature (T,,). In the short term, MGBs with oxetane tail groups
could be synthesized and tested since the molecular modeling did not show any

incompatibility with DNA.
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F. Experimental

I. Chemistry Procedures

1. Preparation of (E)-4-(3-methoxystyryl)benzoic acid

a) First step: formation of methyl 4-[(diethoxyphosphoryl)methyl]benzoate 1.2.2

3
077 O l16
8 4 p-O13

A mixture of methyl 4-(bromomethyl)benzoate (2.515 g, 11.00 mmol) and triethylphosphite
(3.80 mL, 22.16 mmol) was heated under reflux under N, (g) for 2 h. The excess of
triethylphosphite was removed under high vacuum to give a pale yellow oil (3.168 g, 11.07

mmol, not totally dry).

'H NMR (DMSO-de): 8" ppm

7.90 (2H, d, J = 8.0 Hz, 2 x aromatic CH? °); 7.43 (2H, dd, J = 2.5 Hz and 8.5 Hz, 2x
aromatic CH®°); 3.94 (4H, m, 2 x CH, ® *"); 3.8 (3H, s, CH; °); 3.36 and 3.31 (2H, 2s, CH,
19):1.16 (6H, t, J = 7.00 H, 2 x CH;*® 4.

b) Second step: formation of (E)-4-(3-methoxystyryl)benzoic acid 1.3

To a solution of methyl 4-[(diethoxyphosphoryl)methyl]benzoate (3.106 g, 10.85 mmol) in
THF (10 mL) under N, (g) was added NaH (0.711 g, 19.72 mmol, 60%). After cooling the
reaction mixture to 0°C, m-anisaldehyde (1.5 mL, 12.3 mmol) in 16 mL of dry THF was
added dropwise while stirring. The reaction mixture was stirred for 1 h 30 min and then
guenched with water and neutralized with dilute HCI (1:3) until the pH became acidic. The
organic layer was separated with ethyl acetate and the solvent was evaporated under vacuum

to give an orange oil.

This oil (0.834 g, 3.10 mmol) was directly mixed with ethanol (10 mL). NaOH (0.872 g,

21.8 mmol) in water (20 mL) was added, and the solution was heated to reflux for 3 h. Dilute
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HCI (1:3) was added dropwise, at 0°C, until the pH became acidic and gave a white solid.

The solid was filtered on Biichner funnel and washed with water (0.461 g, 1.81 mmol).

Yield: 92%
LCMS: found 253.07 g.mol'1 (M-H) calculated for C1H1403, 254.29.

'H NMR (DMSO-de): 8" ppm

12.80 (1H, broad s, OH), 7.93 (2H, d, J = 8.40 Hz, CH %), 7.71 (2H, d, J = 8.40 Hz, CH *?
9,738 (1H,d, J=16.5 Hz, H?), 7.33 (1H, d, J = 16.5 Hz, H '), 7.28 (1H, m, H ®), 7.21
(2H, m, H '), 6.87 (1H, m, H ), 3.80 (1H, s, CHs°®).

IR (KBr): 3065 to 2566; 1673 (C=0); 1598; 1432, 1318; 1281; 1244; 1185; 1040; 947; 851;
773 cm™.

2. Preparation of 2-trichloroacetyl-N-methylpyrrole 111.1.2 [

45 M
5 / \ 79 ci10
/N12 Cliz

0

8

6

Trichloroacetyl chloride (20 mL, 178.2 mmol) and DCM (86 mL) were mixed in a round
bottomed flask under nitrogen, to exclude H,O and prevent the formation of the carboxylic
acid. A solution of N-methylpyrrole (16 mL, 180.3 mmol) in DCM (50 mL) was added drop
wise over 1.50 hour to the mixture. The solution turned from yellow to orange then dark
brown. The solution was stirred overnight. The compound was filtered on a silica gel
column. The red colour impurities stuck to the silica gel while a yellow compound was
eluted slowly with DCM. Once the yellow product was filtered, the DCM was evaporated

under vacuum to recover orange-yellowish crystals (33.30 mg, 147.04 mmol).
Yield: 83 %

'H NMR (DMSO-dg): 5" ppm
7.43 (1H, m, J = 2.0 & 4.4 Hz, H ®%), 6.29 (1H, dd, J = 2.4 and 4.0 Hz, HY), 3.91 (3H, s, N-
CHs).

BC NMR (DMSO-dg): ¢ ppm
38.44 (C °); 98.12 (C °), 109.61 (C %); 121.18 (C?); 124.19 (C*); 135.81 (C°); 172.35 (C ).

Melting Point: 63-66 °C (Lit. = 64-65 °C) ['!
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3. Preparation of 2,2,2-trichloro-1-(1-methyl-4-nitro-1H-pyrrol-2-yl)ethanone

71
TIRELE.
13
N02
4 3 10
Cl
s || o c®
/N12 Claq
(o]
12 7

To acetic anhydride (35.00 mL) was added dropwise 70% nitric acid (6.00 mL) at -25°C
(carbon dioxide dry ice dropped into acetone). The solution was stirred for 30 min. This
solution was then added drop wise to 2-trichloroacetyl-N-methylpyrrole (5.098 g, 22.81
mmol) dissolved in acetic anhydride (24.7 mL) at -27 °C. The solution became thick so a
further portion of acetic anhydride (3.0 mL) was added. A yellowish white solid precipitated
and the mixture was allowed to return to RT while stirring over 40 min. The precipitate
dissolved to give a bright yellow solution, which was then cooled down at -40 °C. At this
temperature, water (30 mL) was added to allow the precipitation of a white solid. The
temperature of the solution was allowed to rise to 0 °C. The precipitate was filtered on a
Biichner funnel, washed with water (2 x 5 mL) and hexane (15 mL). A bright yellow powder
was recovered (4.535 ¢, 16.70 mmol).

Yield: 73%

'H NMR (DMSO-dg): 8" ppm
8.55 (1H, d, J = 1.6 Hz, H°); 7.79 (1H, d, J = 1.6 Hz, H%); 3.99 (3H, 5, N-CHs).

Melting Point: 135-139 °C (Lit. = 135-140 °C) I'!

4. Preparation of 1-methyl-4-nitro-1H-pyrrole-2-carboxylic acid 111.1.4 "

10

NO,
4 3
4
5 \ 6_OH 8
N~ 2
/ 1
9 (¢]
7

To a solution of 2,2,2-trichloro-1-(1-methyl-4-nitro-1H-pyrrol-2-yl)ethanone (111.1.3, 1.07 g,
3.94 mmol) dissolved in EtOH (6 mL) was added NaOH (0.320 g) in water. The solution
was heated to reflux for 1 h 15 min and then cooled to 0°C in an ice bath and water (10 mL)

was added. The solution was acidified by diluted hydrochloric acid (1:3). The product was
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filtered and washed with water and hexane. An off-white product was recovered (0.561 g,
3.32 mmol).

Yield: 89%

'H NMR (DMSO-dg): 5" ppm
8.04 (1H, d, J = 2.0 Hz, H°), 7.08 (1H, d, J = 2.0 Hz, H%), 3.91 (3H, s, N-CHj).

IR (KBr): 3551 to 2549 (pyrrole ring); 3141; 1698 (C=0); 1421; 1313 (NO,), 1256; 756 cm’
1

Melting point: 209-210 °C (Lit. = 199-199.5 °C) [

5. Preparation of 1-methyl-4-nitro-1H-pyrrole-2-carbonyl chloride 111.1.5 [

10
NO,

4 3

s

8
N1 6_-Cl
/
9

2

(6]
7

Method 1. To 1-methyl-4-nitro-1H-pyrrole-2-carboxylic acid (1.408 g, 8.27 mmol) was
added thionyl chloride (20 mL). The solution was heated to reflux under N, for 2 h 20 min.

The solvent was evaporated under vacuum to give a brown solid (0.617 g, 3.27 mmol).
Yield: 88 %

Method 2. 1-Methyl-4-nitro-1H-pyrrole-2-carboxylic acid (0.240 g, 1.41 mmol) was
dissolved in anhydrous DMF (2 mL) under N, and 1-chloro-N,N,2-trimethylpropenylamine
(Ghosez’s reagent, 245 pL, 1.85 mmol, 1.31 eq) was added. The solution was stirred at RT
for 5 h 20 min. The solvent was evaporated under high vacuum to give an off-white solid
(0.226 g, 1.20 mmol). The NMR showed that the Ghosez’s reagent was totally removed.

Yield: 85 %

'H NMR (DMSO-dg): 8" ppm
8.21 (1H, d, J=2.0 Hz, H"), 7.25 (1H, d, J = 2.0 Hz, H®), 3.91 (3H, s, N-CHj).

C NMR (DMSO-dg): 5° ppm
37.95 (C %); 111.87 (C ®); 124.23 (C °); 129.66 (C *); 134.49 (C ?); 161.37 (C ).

IR (KBr): 3425; 3127; 1743 (C=0); 1493; 1403, 1333 (NO,); 844 cm™.

Melting Point: 92-93 °C (Lit. = 91-92 °C) I'™
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6. Preparation of t-butyl 2{[(1-methyl-4-nitro-1H-pyrrol-2-yl)carbonyl]amine}
ethylcarbamate 111.2.1 [

6
(0]

20 3HN/4\05
NO, .
15 14 4 2
ol | 11 10
NH 9
NN T

12/

19 o

18

To a solution of 2,2,2-trichloro-1-(1-methyl-4-nitro-1H-pyrrol-2-yl)ethanone (0.600 g, 2.21
mmol) dissolved in DCM (15 mL) was added a solution of N-boc-ethylenediamine (354 pL,
2.24 mmol) in DCM (5 mL). 1 h 17 min later the TLC showed that the reaction was not yet
completed, but there was no more N-boc-ethylenediamine to add. Some white solid
precipitated, so the solution was filtered on a Bilichner funnel, and a white bright solid was
recovered (0.333 g, 1.07 mmol).

Yield: 48%

'H NMR (DMSO-dg): 8" ppm

8.36 (1H, t, J = 5.3 Hz, NH); 8.10 (1H, d, J = 1.5 Hz, Ar-H®); 7.39 (1H, d, J = 1.5 Hz, Ar-
H), 6.87 (1H, t, J = 5.5 Hz, NH%), 3.88 (3H, s, NCH3, H*), 3.22 (2H, g, J = 6.2 Hz, CH,?),
3.07 (2H, g, J = 6.2 Hz, CH,"), 1.36 (9H, s, 3(CH3)° ° ™).

Melting Point: 185-187 °C (Lit. = 158-164 °C) ['4

7. Preparation of the N-(2-hydroxyethyl)-1-methyl-4-nitro-1H-pyrrole-2-
carboxamide 111.2.2 []

8
%o, OH
4.3 10 11
s | NH
D
1
o)
13 2

To a solution of 2,2,2-trichloro-1-(1-methyl-4-nitro-1H-pyrrol-2-yl)ethanone (2.181 g, 8.03
mmol) dissolved in DCM (20 mL) was added a solution of ethanolamine (490 L, 8.12
mmol) in DCM (6 mL). The solution was stirred for 3 hours and the solution was then
filtered to recover a yellow solid (1.542 g, 7.23 mmol) which was recrystallised from ethanol

to give the required product (1.042 g, 4.89 mmol).

Yield: 72%
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'H NMR (DMSO-dg): 8" ppm

8.37 (1H, t, J = 5.5 Hz, NH®; 8.10 (1H, d, J = 1.5 Hz, H°); 7.44 (1H, d, J = 1.45 Hz, H%),
4.68 (1H, s, O-H"); 3.89 (3H, s, N-CH,"), 3.47 (2H, q, J = 6.0 Hz, CH,""); 3.25 (2H, q, J =
6.0 Hz, CH,").

BC NMR (DMSO-dg): 8¢ ppm
37.81 (C *); 42.05 (C '%); 60.09 (C ™); 107.82 (C %); 126.97 (C ?); 128.23 (C °); 134.22 (C *);
160.40 (C °).

Melting Point: 152-155 °C (Lit. = 158-160 °C) "]

8. Preparation of 2{[(1-methyl-4-nitro-1H-pyrrol-2-yl)carbonyl]amino}ethyl
acetate 111.2.3 I

To a solution of N-(2-hydroxyethyl)-1-methyl-4-nitro-1H-pyrrole-2-carboxamide (1.698 g,
7.97 mmol) dissolved in dry DCM (16 mL) cooled to 0 °C, acetyl chloride (570 pL, 8.01
mmol), followed by distilled triethylamine (1.7 mL 11.94 mmol) were added. The solution
was heated to reflux for 2 h 30 min then allowed to return to RT. The product (2.617 g) was
first worked up using DCM and the organic layer was washed with water (3 x 20 mL) to
remove the salt, then it was dried over MgSQO,. The solvent was evaporated under vacuum to
give a pale yellow solid which was recrystallised from methanol and then purified by flash

chromatography EtOAc/Hexane (1:2).

Yield: 81%

'H NMR (DMSO-dg): 8" ppm

8.51 (1H, t, J = 5.6 Hz, NH%): 8.12 (1H, d, J = 2.00 Hz, H%); 7.41 (1H, d, J = 2.05 Hz, H%):
4.09 (2H, t, J = 5.7 Hz, CH,'™); 3.89 (3H, s, NCH,'®); 3.42 (2H, g, J = 5.6 Hz, CH,"°); 2.00
(3H, s, CH").

BC NMR (DMSO-dg): 5 ppm
21.15 (C *); 37.82 (C *°); 38.25 (C *°); 62.77 (C *); 107.95 (C ®); 126.65 (C ?); 128.41 (C °);
134.25 (C %); 158.02 (C °); 160.53 (C ™).

IR (KBR): 3401 (O=C-(N-H)); 3110 (aromatic CH); 2950 (CHs); 1723 (O-(C=0)); 1659
(NH-(C=0)); 1524 (NO,); 1308 cm™ (aromatic C-N).

Melting Point: 119-123°C (Lit. = 127-129 °C) [
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9. Preparation of t-Butyl 2{[(1-methyl-4-{[(1-methyl-4-nitro-1H-pyrrol-2-
%/YI)]carbonyI]amine}-lH-pvrrol-2-vl)carbonvl]amino}ethvlcarbamate 111.3.3

To a solution of t-butyl 2{[(1-methyl-4-nitro-1H-pyrrol-2-yl)carbonyl]amine}ethylcarbamate
(0.672 g, 2.15 mmol) dissolved in MeOH (10 mL ) was added slowly in an ice bath and
under N, Pd/C (10%) (0.336 g). The solution was stirred under H, for 6 hours, then filtered
on Kieselguhr (round bottom flask wrapped with aluminium foil) and the solvent removed

under reduced pressure. A yellowish white solid is obtained 111.3.1.

The residue 111.3.1 was dissolved in dry DMF (1.3 mL), and added to a stirred solution of 1-
methyl-4-nitro-1H-pyrrole-2-carbonyl chloride (0.430 g, 2.28 mmol) and NEt; (390 pL, 2.81
mmol) in dry DCM (10 mL). The solution was stirred overnight. The mixture was then
evaporated under vacuum to give a yellow oil which was taken up in DCM and washed with
water (3 x 20 mL). The solvent was then evaporated under reduced pressure, and the residue

was recrystallised from EtOAc to give the product 111.3.3 (0.235 g, 0.54 mmol).

Yield: 25%

'H NMR (DMSO-dg): 8" ppm

10.22 (1H, s, NH™); 8.16 (1H, d, J = 1.5 Hz, Ar-H"), 8.01 (1H, t, J = 5.0 Hz, NH"); 7.56
(1H, d, J = 1.5 Hz, Ar-H"); 7.19 (1H, s, J = 1.5 Hz, Ar-H*®); 6.84 (2H, s, NH® and Ar-H*");
3.94 ppm (3H, s, NCH;%): 3.80 (3H, s, NCH,'®); 3.20 (2H, g, J = 6.5 Hz, CH,%); 3.05 (2H, q,
J=6.0 Hz, CH,"); 1.37 (9H, s, 3(CH5)°*°%).

BC NMR (DMSO-dg): 5 ppm

28.71 (C °1°%): 36.50 (C **™¥): 37.92 (C*?); 78.12 (C ®); 104.55 (C **); 108.0 (C *3); 118.52
(C*); 121.83 (C *); 123.56 (C **); 126.78 (C *); 128.66 (C *°); 134.25 (C *); 156.16 (C °);
157.33 (C *); 161.73 (C ).

IR (KBr): 3397 (O=C-(N-H)); 3132 (aromatic CH); 2976 (CH,); 1712 (O-(C=0)); 1631
(NH-(C=0)); 1538 (NO,); 1307 cm™ (aromatic C-N).
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10. Preparation of 2{[(1-methyl-4{[((1-methyl-4-nitro-1H-pyrrol-2-
vI)carbonyI]}-1H-pvrrol-2-vl)carbonvl]amino}ethyl acetate 111.3.4
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To a solution of 2{[(1-methyl-4-nitro-1H-pyrrol-2-yl)carbonyl]amino}ethyl acetate 111.2.3
(0.914 g, 3.58 mmol) dissolved in MeOH (25 mL), was added Pd/C (10%) (0.454 g) under
nitrogen. Because the addition did not take place at 0 °C, a small flame occurred while
adding the Pd/C. The solution was stirred for 7 h under H,. It was then filtered on Kieselguhr
and the solvent was removed under reduced pressure (round-bottom flask wrapped with
aluminium foil). The residue 111.3.2 was dissolved in dry DMF (2 mL) and a stirred solution
of NEt; (700 pL, 5.04 mmol) and 1-methyl-4-nitro-1H-pyrrole-2-carbonyl chloride (0.676 g,
3.58 mmol) dissolved in dry DCM (10 mL) was added. The solution was stirred overnight.
The recrystallisation was undertaken with EtOAc to give the dimer as a yellow solid 111.3.4,

which was filtered and washed with hexane (0.932 g, 2.47 mmol).

Yield: 69%
LCMS: found 376 g.mol™ (M-1) calculated for CysH:gNsOg, 377.35.

'H NMR (DMSO-dg): 8" ppm

10.3 (1H, s, NH™): 8.17 (2H, d, J = 2.0 Hz, Ar-H" and NH"); 7.61 (1H, d, J = 2.0 Hz, Ar-
H*): 7.22 (1H, d, J = 2.0 Hz, Ar-H°): 6.87 (1H, d, J = 2.0 Hz, Ar-H®); 4.08 (2H, t, J = 5.8 Hz
, CH,?); 3.95 (3H, s, NCHs°); 3.80 (3H, s, NCH5%); 3.41 (2H, q, J = 5.8 Hz, CH,"); 2.00
(3H, s, CH5™).

3C NMR (DMSO- ds) 8° ppm

36.51 (C **); 37.93 (C °); 38.03 (C ®); 45.83 (C™); 63.04 (C %); 104.75 (C °); 108.09 (C ®);
118.70 (C '*); 121.87 (C°); 123.36 (C *%); 126.76 (C ?); 128.66 (C *); 134.25 (C *); 157.35
(C');161.81(C7); 170.83 (C ).

IR (KBr): 3414 (O=C-(N-H)); 3132 (aromatic CH); 2925 (N-CHs); 1735 (O-(C=0)); 1642
(NH-(C=0)); 1537 (NO,); 1311 cm™ (aromatic C-N).
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11. (E)-t-Butyl 2-(4-(4-(4-(3-methoxystyryl)benzamido)-1-methyl-1H-pyrrole-2-
carboxamido)-1-methyl-1H-pyrrole-2-carboxamido)ethylcarbamate 111.4.3
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Method 1. t-Butyl 2{[(1-methyl-4-{[(1-methyl-4-nitro-1H-pyrrol-2-yl)carbonyl]amine}-1H-
pyrrol-2-yl)carbonyllamino}ethylcarbamate 111.3.3 (0.030 g, 0.07 mmol) was dissolved in
MeOH (2.0 mL) and Pd/C (10%, 0.028 g) was added slowly at 0°C, under N, (g). The
solution was stirred 3 h 25 min under H, (g) at RT at atmospheric pressure, and then filtered
on Kieselguhr. The solvent was evaporated under reduced pressure. The residue 111.4.1 was
dissolved in dry DMF (1 mL) and a solution of (E)-4-(3-methoxystyryl)benzoic acid (0.019
g, 0.07 mmol) in dry DMF (2 mL) and dry NEt; (30 pL, 0.22 mmol). Then HBTU (0.057 g,
0.15 mmol) was then added. The solution was stirred overnight at RT, and the solvent
evaporated under high vacuum to give a dark orange solid, which was purified by HPLC to
yield a brown solid 111.4.3 (33 mg, 0.05 mmol).

Yield: 71%

Method 2. Butyl 2{[(1-methyl-4-{[(1-methyl-4-nitro-1H-pyrrol-2-yl)carbonyl]amine}-1H-
pyrrol-2-yl)carbonyl]amino}ethylcarbamate 111.3.3 (0.354 g, 0.81 mmol) was dissolved in
MeOH (10.0 mL), and Pd/C (10%, 0.115 g) was added slowly at 0°C, under N, (g). The
solution was stirred 3 h under H, (g) at RT and under atmospheric pressure, and then filtered
on Kieselguhr. The solvent was evaporated under reduced pressure. A solution of (E)-4-(3-
methoxystyryl)benzoic acid (0.248 g, 0.97 mmol) in dry DMF (3.0 mL) and N,N-
diisopropylethylamine (430 pL, 2.47 mmol) was added to the residue 111.4.1, then 2-
Propanephosphonic acid anhydride (T3P, 50% in DMF, 620 pL) was added at 0°C. The
solution was allowed to return to room temperature while stirring overnight and the volatiles
were evaporated under vacuum. The solution was then poured into a solution of saturated
sodium bicarbonate (30 mL). The product precipated, and was stirred overnight before being
filtered to give a pale brown solid 111.4.3 (0.422 g, 0.66 mmol).

Yield: 81%

LCMS: found 663 g.mol'1 (M+H+Na) calculated for C35H4oNgOg, 640.73.
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'H NMR (DMSO-dg): 8" ppm

10.3 (1H, s, NH #);9.94 (1H, s, NH ¥'); 7.97 (3H, m, NH * & H ***); 7.73 (2H, m, H ** );
7.35 (1H, d, J = 16.05 Hz, H®), 7.31(1H, d, J = 16.05 Hz, H®), 7.29 (2H, m, NH ® & H ?);
7.21 (3H, m, H?®%%):7.08 (1H, d, J = 1.5 Hz, H *); 6.87 (3H, m, H *°°); 3.86 (2H, s,
NCH,*); 3.80 (6H, 2 s, NCH;* and OCH3"); 3.19 (2H, t, J = 6.3 Hz, CH,*"); 3.06 (2H, t,J =
6.2 Hz, CH,®); 1.37 (9H, s, C(CH3)5****9).

12. Preparation of (E)-2-(4-(4-(4-(3-methoxystyryl)benzamido)-1-methyl-1H-
pyrrole-2-carboxamido)-1-methyl-1H-pyrrole-2-carboxamido)ethyl acetate
111.4.4
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Method 1. 2{[(1-methyl-4{[((1-methyl-4-nitro-1H-pyrrol-2-yl)carbonyl]}-1H-pyrrol-2-
yl)carbonyl]amino}ethyl acetate 111.3.4 (0.050 g, 0,13 mmol) was dissolved in MeOH (3.0
mL) and Pd/C (10%, 0.044 g) was added slowly at 0°C, under N, (g). The solution was
stirred for 4 h 30 min under H, (g) at RT and under atmospheric pressure, and then filtered
on Kieselguhr. The solvent was evaporated under reduced pressure. The residue 111.4.2 was
dissolved in dry DMF (2 mL) and a solution of (E)-4-(3-methoxystyryl)benzoic acid (0.034
g, 0.13 mmol) in dry DMF (2 mL) and HBTU (0.104 g, 0.27 mmol) was added. The solution
was stirred overnight at RT, and the solvent evaporated under high vacuum to yield a dark
orange solid, which was purified by HPLC to give a pale brown solid 111.4.4 (24 mg, 0.04

mmol).
Yield: 31%

Method 2  2{[(1-methyl-4{[((1-methyl-4-nitro-1H-pyrrol-2-yl)carbonyl]}-1H-pyrrol-2-
yl)carbonyl]amino}ethyl acetate 111.3.4 (0.050 g, 0.13 mmol) was dissolved in MeOH (1.0
mL) and Pd/C (10%, 0.022 g) was added slowly at 0 °C, under N, (g). The solution was
stirred for 3 h under H, (g) at RT and under atmospheric pressure, and then filtered on
Kieselguhr. The solvent was evaporated under reduced pressure. The residue 111.4.2 was
dissolved in dry DMF (1 mL) and a solution of (E)-4-(3-methoxystyryl)benzoic acid (0.039
g, 0.15 mmol) in dry DMF (1 mL), N,N-diisopropylethylamine (450 pL, 2.58 mmol) and
then 2-Propanephosphonic acid anhydride (TsP, 50% in DMF, 101 pL) was added at 0 °C.

The solution was allowed to return to RT and stirred overnight. The volatiles were
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evaporated under vacuum and the solution was poured into a solution of saturated sodium
bicarbonate (30 mL). The product precipitated, and was stirred overnight before being

filtered to give a pale brown yellow solid 111.4.4 (0.048 g, 0.08 mmol).

Yield: 62 %

LCMS: found 584.47 g.mol™ (M+H) and 606.67 g.mol™ (M+Na) calculated for C3,H33N5O¢,
583.63.

H' NMR (DMSO-dg): 8" ppm

10.3 (1H, s, NH ?'); 9.94 (1H, s, NH *); 8.65 (1H, t, J = 5.5 Hz, NH ®); 7.97 (q, J = 8.0 Hz,
H2%):7.89 (2H, d, J = 8.5 Hz, H"): 7.70 (2H, m, H #*); 7.36 (1H, d, J = 16.5 Hz, H ®;
7.34 (1H,d, J = 16.5 Hz, H®); 7.21 (4H, m, H **°?%); 7.09 (1H, d, J = 1.5 Hz, Ar-H ¥); 6.88
(1H, m, H °); 4.08 (2H, t, J = 6.0 Hz, CH,>"); 3.87 (3H, s, NCHz*); 3.79 (6H, s, NCH,* and
OCH3'); 3.40 (2H, g, J = 6.0 Hz, CH,*), 2.01 (3H, s, CH5-CO, H *}).

13. Preparation of N-((Z)-4-cyano-3-(methylamino)but-3-en-1-yl)-4-(4-(4-((E)-
3-methoxystyryl)benzamido)-1-methyl-1H-pyrrole-2-carboxamido)-1-methyl-
1H-pyrrole-2-carboxamide 111.5.3, (E)-amino((2-(4-(4-(4-(3-
methoxystyryl)benzamido)-1-methyl-1H-pyrrole-2-carboxamido)-1-methyl-
1H-pyrrole-2-carboxamido)ethyl)amino)methaniminium 111.5.4 and 4-(4-
((E)-3-methoxystyryl)benzamido)-1-methyl-N-(1-methyl-5-((2-(((E)-1-
(methylamino)-2-nitrovinyl)amino)ethyl)carbamoyl)-1H-pyrrol-3-yl)-1H-
pyrrole-2-carboxamide 111.5.5

a) Preparation of (E)-N-(2-aminoethyl)-4-(4-(4-(3-methoxystyryl)benzamido)-1-
methyl-1H-pyrrole-2-carboxamido)-1-methyl-1H-pyrrole-2-carboxamide
111.5.1 by BOC deprotection
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(E)-t-Butyl 2-(4-(4-(4-(3-methoxystyryl)benzamido)-1-methyl-1H-pyrrole-2-carboxamido)-
1-methyl-1H-pyrrole-2-carboxamido)ethylcarbamate 111.4.3 (0.014 g, 0.02 mmol) dissolved
in dry DCM (3 mL) was added TFA (3 mL). The solution was heated to reflux under N, (g)
for 35 min. The solvents were evaporated under reduced pressure to give the protonated

amine, which was dissolved in EtOAc and NaHCO;. The organic layer was separated, dried
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with MgSQO,, and the solvent was evaporated under vacuum to recover the amine 111.5.1 as

an oil (0.011 g, 0.02 mmol). The LC/MS spectrum showed that the amine was recovered.

Yield : 100 %

LC/MS: found 541 g.mol™ (M+H) and 563 g.mol™ (M+H+Na) calculated for CzoHs,NgO.,
540.61.

b) Preparation of N-((Z)-4-cyano-3-(methylamino)but-3-en-1-yl)-4-(4-(4-((E)-3-
methoxystyryl)benzamido)-1-methyl-1H-pyrrole-2-carboxamido)-1-methyl-
1H-pyrrole-2-carboxamide 111.5.3

I.  Preparation of (Z)-phenyl N'-cyano-N-methyIcarbamimidate 111.5.2

A mixture of methylamine (33% in absolute ethanol, 47 pL, 1.15 mmol, 1 eq) and
commercially available diphenyl cyanocarbodinimidate (301 mg, 1.25 mmol, 1.1 eq) in
dichloromethane (25 mL) was heated to reflux for 8h 25min. The reaction was then cooled
down and the solvent was evaporated under reduced pressure. The residue was purified by
flash chromatography using a hexane/ethyl acetate (gradient 20% to 50% ethyl acetate) to
yield a white powder (85 mg, 0.485 mmol).

Yield : 38%
LC/MS: found 176.20 g.mol™ (M+H) calculated for CsHgN3O, 175.19.

'H NMR (CDCly): 8" ppm
7.41 (2H, m, H? & HY), 7.31 (1H, m, H'), 7.11 (2H, m, H® & H"), 3.14 (3H, d, J=4.5 Hz,
CH3°), 2.97 (1H, broad s, NH?).

ELEMENTAL ANALYSIS:
Found: C, 61.61; H, 5.20; N, 23.90 %
Expected: C, 61.70; H, 5.18; N, 23.99 %

ii.  Preparation of N-((Z)-4-cyano-3-(methylamino)but-3-en-1-yl)-4-(4-(4-((E)-
3-methoxystyryl)benzamido)-1-methyl-1H-pyrrole-2-carboxamido)-1-
methyl-1H-pyrrole-2-carboxamide 111.5.3
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(E)-N-(2-aminoethyl)-4-(4-(4-(3-methoxystyryl)benzamido)-1-methyl-1H-pyrrole-2-
carboxamido)-1-methyl-1H-pyrrole-2-carboxamide 111.5.1 (18.0 mg, 0.03 mmol, 1 eq) in
propan-1-ol (2 mL) and (Z)-phenyl N'-cyano-N-methylcarbamimidate 111.5.2 (5.25 mg, 0.03
mmol, 1 eq) in propan-1-ol (1 mL) was refluxed for 5h 30 min. The residue recovered after
evaporation of solvent was purified on silica gel chromatography using hexane/ethyl acetate
to yield a pale yellow solid (9.0 mg, 0.01 mmol)

Yield: 33%

LRMS: found 644.60 g.mol® (M+Na+H) and 620.20 g.mol-1 (M-H) calculated for
Ca3H3sNgO4, 621.69.

'H NMR (CDCls): 8" ppm

7.86 (2H, m, H? & H"), 7.61 (2H, m, H* & H'Y), 7.34 (1H, m, H "), 7.31 (1H, m, H ?),7.29
(2H, m, H®3,7.19 (2H, m, H* ?), 7.07 (1H, d, J = 2.0 Hz, H ®), 6.78 (2H, m, H' ), 6.62
(1H, d, J = 8.0 Hz, H ®), 3.87 (9H, s, CH;® & CH;* & CH;"), 3.11 (2H, m, CH,®), 2.96
(2H, m, CH,*), 2.67 (3H, s, CH3").

c) Preparation of (E)-amino((2-(4-(4-(4-(3-methoxystyryl)benzamido)-1-methyl-
1H-pyrrole-2-carboxamido)-1-methyl-1H-pyrrole-2-
carboxamido)ethyl)amino)methaniminium 111.5.4
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(E)-N-(2-aminoethyl)-4-(4-(4-(3-methoxystyryl)benzamido)-1-methyl-1H-pyrrole-2-
carboxamido)-1-methyl-1H-pyrrole-2-carboxamide 111.5.1 (0.031 g, 0.057 mmol) was
dissolved in distilled EtOAc (2.5 mL). Then potassium carbonate (0.017 g, 0.13 mmol) and
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2-methyl-2-thiopseudourea sulfate (0.033 g, 0.12 mmol) in distilled EtOH (0.5 mL) were
added and the solution was heated to reflux in a sealed tube under N, (g) overnight (17 h) at
80°C. A white product precipitated. The yellow solution was filtered to remove a yellow
impurities. The yellow solution was evaporated under reduced pressure, and the product
111.5.4 (0.030g, 0.051 mmol) was recovered. The purification was undertaken with reverse
phase flash chromatography using MeOH and water + 0.1% TFA as eluents.

Yield: 51%
LCMS: found 584.40 g.mol™ (M+H), calculated for C5HasNgO4", 583.66

'H NMR (CDCls): 8" ppm

8.07 (2H, d, J = 8.5 Hz, H* & H™), 7.71 (2H, m, NH,*); 7.61 (2H, d, J=8.0Hz, H ** & H
) 7.54 (1H, m, H %), 7.31 (1H, d, J = 16.0 Hz, H%); 7.20 (2H, m, H*?*) ; 7.14 (3H, m, H #
032 6.88 (3H, m, H'3%); 3.87 (9H, s, CH;** & CH; * & CH,™®); 2.97 (2H, s, CH,*®), 2.90
(2H, s, CH,*).

d) Preparation of 4-(4-((E)-3-methoxystyryl)benzamido)-1-methyl-N-(1-methyl-
5-((2-(((E)-1-(methylamino)-2-nitrovinyl)amino)ethyl)carbamoyl)-1H-pyrrol-
3-yl)-1H-pyrrole-2-carboxamide 111.5.5

(E)-N-(2-aminoethyl)-4-(4-(4-(3-methoxystyryl)benzamido)-1-methyl-1H-pyrrole-2-
carboxamido)-1-methyl-1H-pyrrole-2-carboxamide 111.5.1 (0.039 g, 0.072 mmol) was
dissolved in distilled EtOAc (1.5 mL). Potassium carbonate (0.020 g, 0.14 mmol) and N-
methyl-1-(methylthio)-2-nitroethenamine (0.022 g, 0.14 mmol) in distilled EtOH (0.5 mL)
were added and the solution was heated to reflux in a sealed tube under N, (g) overnight at
90°C under nitrogen. The solvents were evaporated under reduced pressure to yield a pale
yellow residue corresponding to impure 111.5.5. The purification was undertaken with
reverse phase flash chromatography using MeOH and water + 0.1% TFA as eluents to yield
111.5.5 (0.007 g, 0.011 mmol).

Yield: 15%
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LCMS: found 641.53 g.mol'1 (M+H) and 663.60 g.mol'l (M+H+Na) , calculated for
C33H3sNgOs, 640.69.

'H NMR (CDCls): 8" ppm

8.07 (2H, d, J = 8.5 Hz, H'? & H"), 7.61 (2H, d, J = 8.5 Hz, H® & H'), 7.31 (1H, d, J =
16.3Hz,H "), 7.22 (1H,d, J =16.3 Hz, H®), 7.19 (3H, m, H *#%"), 7.14 (2H, m, H *°), 7.07
(2H, m, H* %), 6.86 (1H, m, J = 7.5 Hz, H®), 4.56 (1H, s, H *), 3.86 (9H, d, CH,'®* & CH;®
& CH3*), 3.12 (2H, m, H®), 3.05 (2H, m, H*), 2.86 (3H, d, J = 3.5 Hz, CH;*).

14. Preparation of (E)-N-(2-hydroxyethyl)-4-(4-(4-(3-methoxystyryl)benzamido)-
1-methyl-1H-pyrrole-2-carboxamido)-1-methyl-1H-pyrrole-2-carboxamide
111.5.6

(E)-2-(4-(4-(4-(3-methoxystyryl)benzamido)-1-methyl-1H-pyrrole-2-carboxamido)-1-
methyl-1H-pyrrole-2-carboxamido)ethyl acetate 111.4.4 (0.298 g, 0.511 mmol) was dissolved
in ethanol (4 mL), and a solution of sodium hydroxide ( 0.067 mg, 1.68 mmol) in water (5
mL) was added. The solution was heated to reflux for 2 h. The solution was freeze dried and
the residue was recrystallised from EtOAc then filtered to give an off white solid 111.5.6
(0.274 mg, 0.506 mmol).

Yield: 99%

LCMS: found 540.27 g.mol™ (M-H) and 1081.73 g.mol® (M+M+H), calculated for
C30H31N50s, 541.60.

'H NMR (DMSO-dg): 8" ppm

10.31 (1H, s, NH?); 9.92 (1H, s, NH*®); 7.96 (2H, d, J = 8.0 Hz, Ar-H **'%): 7.90 (1H, t, J =
5.5 Hz, NH *); 7.73 (2H, d, J = 8.5 Hz, H"* **); 7.36 (1H, d, J = 16.5 Hz, H®); 7.32 (1H, d, J
=16.5Hz, H%; 7.29 (2H, m, H®%): 721 3H, m, H *%); 7.19 (1H, d, J = 1.5 Hz, H &),
7.08 (1H, d, J = 1.5 Hz, H *); 6.88 (1H, m, H®); 3.86 (3H, s, NCH,*); 3.80 (6H, s, NCH;*
and OCH,'®); 3.47 (2H, q, J = 6.0 Hz, CH,*"); 3.24 (2H, q, J = 6.0 Hz, CH,%®).
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15. Preparation of (E)-4-(4-(3-methoxystyryl)benzamido)-1-methyl-N-(1-methyl-
5-(2-(pyrrolidin-1-yDethylcarbamoyl)-1H-pyrrol-3-yI)-1H-pyrrole-2-
carboxamide 111.5.9

a) Preparation of 2-chloro-1,3-dimethyl-1,3,2-diazaphospholidine 111.5.7 ["*!

7
2 3/
)

)

4
TN
/

6

Cly

A solution of N,N’-dimethylethylenediamine (7 mL, 65.00 mmol) and distilled triethylamine
(5 mL, 36 mmol) in dry DCM (10 mL), and a solution of PCl; (5 mL, 57.3 mmol) in 10 mL
of dry DCM, were added simultaneously to dry DCM (30 mL) at -40 °C, under N,(g). After
the addition, the solution was allowed to warm to -30 °C, and another solution of dry
triethylamine (5.5 mL, 63.03 mmol) in dry DCM (10 mL) was added. The solution was then
allowed to return to RT for 2 h. The solvent was removed under reduced pressure to give a
white yellow solid. This solid was decanted with dry ether (3 x 100 mL). Ether washings
were combined and concentrated to give a yellow oil as a crude product. This oil was
distillated at 150 °C to give a white solid (1.147 g, 7.52 mmol).

Yield: 13%

'H NMR (DMSO-de): 8" ppm
2.53 (3H, s, CHs); 2.56 (3H,s, CHs); 2.96 (2H, g, J = 5.0 Hz, CH,); 3.29 (2H, m, J = 5.5 Hz,
CH,).

b) Preparation of (E)-N-(2-(1,3-dimethyl-1,3,2-diazaphospholidin-2-
yloxy)ethyl)-4-(4-(4-(3-methoxystyryl)benzamido)-1-methyl-1H-pyrrole-2-
carboxamido)-1-methyl-1H-pyrrole-2-carboxamide 111.5.8

To a solution of 2-chloro-1,3-dimethyl-1,3,2-diazaphospholidine (31 mg, 0.238 mmol) in
anhydrous DCM (6 mL) under N, (g), was added dropwise, at -60 °C, a solution of (E)-N-(2-
hydroxyethyl)-4-(4-(4-(3-methoxystyryl)benzamido)-1-methyl-1H-pyrrole-2-carboxamido)-
1-methyl-1H-pyrrole-2-carboxamide (0.080 g, 0.148 mmol) in dry DCM (6 mL) and dry
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NEt; (0.180 mmol, 25 uL). The solution was allowed to reach RT for 1 h 40 min and a
solution of sulfur flowers (15 mg, 0.475 mmol) dissolved in dry DCM (2 mL) was added.
The solution was stirred for 40 min. The solvent was evaporated under reduced pressure to
give a crude product.

The crude product was dissolved in MeOH to precipitate impurities which were filtered. The
yellow filtrate was concentrated under reduced pressure to give a yellow solid (0.139 g, 0.20
mmol, yield: 136%).

The product was purified by flash chromatography using a gradient of hexane/EtOAc to

recover several fractions (0.016 g, 0.02 mmol, yield: 16%).

LCMS: found 690 g.mol™* (M+H) and 712 g.mol™ (M+H+Na), calculated for C3,H4N;OsPS,
689.76.

'P NMR (MeOD): 81.63 ppm .

'H NMR (MeOD): §" ppm

7.93 (2H, d, J = 8.3 Hz, H? & H'), 7.70 (2H, d, J = 8.3 Hz, H" & H"™), 7.29 (2H, m, H* &
H°), 7.18 (1H, m, H%, 6.85 (2H, m, H® & H?), 6.28 (1H, m, H'), 3.94 (3H, s, CH"), 3.84
(6H, s, CHs** & CH;®), 3.45-3.69 (4H, m, CH,* & CH,"), 2.74-2.55 (10H, m, CH4® & CH;’
& H* & H).

c) Attempted preparation of (E)-4-(4-(3-methoxystyryl)benzamido)-1-methyl-N-
(1-methyl-5-(2-(pyrrolidin-1-yl)ethylcarbamoyl)-1H-pyrrol-3-yl)-1H-pyrrole-
2-carboxamide 111.5.9 [

(E)-N-(2-(1,3-Dimethyl-1,3,2-diazaphospholidin-2-yloxy)ethyl)-4-(4-(4-(3-
methoxystyryl)benzamido)-1-methyl-1H-pyrrole-2-carboxamido)-1-methyl-1H-pyrrole-2-
carboxamide (0.030 g, 0.043 mmol) in anhydrous pyrrolidine (4 mL) was heated to reflux
overnight, at 80 °C, in a thick walled sealed tube. The excess of pyrrolidine was distilled
under reduced pressure to leave an orange oil. The mass spectrum showed that the product

111.5.9 was not formed.
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Il. Biological assays

1. Anti-bacterial assays
Colonies of Staphylococcus aureus RN4220 and E. coli NM522 were inoculated respectively

into sterile Muller Hinton broth and Luria Betani broth, and then incubated overnight in a
stirring incubator at 140 rpm at 37 °C. The broth was then centrifuged at 4000 rpm for 5
minutes and the cells resuspended in sterile normal saline (20 mL). The solution was spun
again at 4000 rpm for 5 minutes. The procedure was repeated until a clear supernatant was
obtained. The pellets were then resuspended in sterile normal saline (20 mL ) and several
dilutions were made until an O.Dgg Of 0.5 was obtained. Then each medium containing
bacteria was plated in 96 well plates: column 1 had only the broth medium and helped
prevent an edging effect. Column 2 was the control (media containing bacteria only).
Column 3 had DMSO, column 4 had ampicillin, and finally column 5 to 12 had varying
concentration of MGB: 0.5, 1, 2, 3, 4, 5, 10, 20 pg/mL. Resazurin (10 pL) was added to the
wells. The plates were wrapped and placed in an incubator at 37 °C. Plates were incubated
for 24 hours and absorbances were measured at different times to give the curves. Two
different graphs were plotted: the first one plotted the absorbance against the concentration at
a fixed time, and the other the absorbance against the time.

2. Cytotoxicity assays
Cell viability was determined using Dulbecco Modified Eagle Media (DMEM) with 5% L-

glutamine and 10% Foetal Bovine Serum (FBS) and 5% Penicillin/Streptomycin (cf
APPENDIX FILE n°2, p42) in humidified atmosphere of 5% CO,. The cells were grown on

a 75 cm? flask which was incubated at 37°C for 18-24 hrs to obtain a confluent monolayer.

After removing the supernatant medium, the serum was removed with FBS and the cells
were collected by adding trypsin/EDTA) and left 5 min in humidified atmosphere of 5% CO,
at 37°C. Then fresh medium was added and poured in a centrifuge tube. The cells were
centrifuged at 1000 rpm for 5 mins and then resuspended in growth medium to count using a
hemacytometer. After dilution, 100 pL of the suspension was added to the central 8 or 10
columns in the 96 well plates to be incubated at 37°C, 5% CO, for 24 hours to allow the
population to grow until each well was 70% occupied. Several dilutions of MGBs in fresh
DMEM were made to obtain 7 different concentrations (1, 2, 5, 7, 10, 20 pug/mL) from which
100 pL were inserted in each well, and the plates were incubated at 37°C, 5% CO, for 24hrs.
At the end of the exposure period of cells to drugs, 20 uL of MTT was added to each well
and incubated to 37°C, 5% CO, for 2 hrs. DMEM and MTT were then removed from the
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wells and 100 pL of DMSO (cf APPENDIX FILE n°2, p41) was added to each well. The
plates were then incubated 10 minutes during which the MTT crystals were dissolved to give

a purple color. The absorbance was recorded at 540 nm to give the curves below.

3. Microscopy assays
Bacteria were grown overnight in respective media. Slides were prepared by spreading 1

drop of a mixture made of 100 pl of bacteria and 1 pL. MGB or DAPI , and 1 drop of V79
cells with 1 drop of MGB or DAPI. A cover slip was then placed over the slide.
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APPENDIX

FILE n°1: EXPERIMENTAL EQUIPMENT / CHEMISTRY

i. NMR
Bruker DPX-400 MHz spectrometer was used to carry out *H, **C, and **P-NMR spectra.

The chemical shifts are given in ppm (6 values).
ii. IR

Spectra were recorded on a Perkin Elmer One, FT-IR spectrometer.
ii. UV

Spectra were recorded on a Thermo Spectronic Unicam UV300
iv. LC/MS

Mass spectra were obtained on Finnigan LC Q Duo Thermo Quest, with a PDA detector and

MS pump surveyor Thermo Quest.
High resolution mass spectrometry was recorded by Glasgow University.

v.  MELTING POINT
Melting points were recorded on a Reichert heater and Reichert 284395 Shandon
microscope.

vi.  THIN LAYER CHROMATOGRAPHY
Thin Layer Chromatography was carried out using silica gel 60 F,s4 plates or pre-coated
C18-silica plates on glass (RP-18W/UV254).

vii. COLUMN CHROMATOGRAPHY
Normal phase flash chromatographies were carried out on silica gel Zeoprep S124001 with

particles size between 40 um to 63 um from Appollo Scientific Limited.

Lichroprep RP-18 with particlex size between 40 um to 63 pm, from Merck, was used for
reverse phase flash chromatographies.

viii. HPLC
Time | A | B | Flow rate (ml/min)
0 |70]30 6
25 |50 |50 6
30 |30(70 6
35 | 70|30 6
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39 70130 6

40 |70 |30 0

40.10 | 70 | 30 0

Waters 1525 Binary HPLC pump, and a Waters 2487 dual A absorbance detector at 254 nm
using a C18 Luna column (60 x 21,20 mm, 5 microns) with the following gradient were used
for reverse phase HPLC.

Mobile phase
A =Water + 0.1% TFA

B = MeOH + 0.1% TFA

ix. FREEZE DRYER
The samples were dried with an EDWARDS freeze-dryer where the pump was an
EDWARDS model RV5.
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FILE n°2 : EXPERIMENTAL EQUIPMENT/BIOLOGY

i.  Bacteria and cells
Activity tests of MGBs against bacteria required the use of both Gram positive bacteria
Staphylococcus aureus RN4220 and Gram negative bacteria E. Coli NM522.

The mammalian cell line used for tissue culture was V 79 Hamster Lung cells.
ii. Media
Depending on the type of bacteria used for testing, different media were prepared. They

include:

e Luria Betani (LB) media
Broth: To prepare 1 litre of LB, tryptone (10g), sodium chloride (NaCl, 10g) and yeast
extract (59 ) was measured and distilled water (1L) was added, mixed and autoclaved at
121°C for 15 minutes.

Agar: To prepare the agar, agar (20g) was added to tryptone (10g), sodium chloride (NaCl,
10g) and yeast extract (59 ) dissolved in distilled water (1L), mixed and autoclaved at 121°C
for 15 minutes.

e Mueller Hinton (MH) media (Ox0id®, UK)
Broth: To prepare 1L of Mueller Hinton broth, powder (21g) is measured into distilled water
(1L) and autoclaved at 121°C for 15 minutes.

Agar: To prepare 1L of Mueller Hinton agar, powder (389 ) is dissolved into distilled water
(1L) and autoclaved at 121°C for 15 minutes.

iii. Chemicals
e DMSO

DMSO was used as a control during bacterial experiments, and as a solvent to dissolve the

MGBs before introducing them to bacterial or mammalian cells.

e Ampicillin hydrochloride

The solution at 50 pg/mL was prepared as follows: a stock solution of ampicillin
hydrochloride 10 mg/mL was prepared.10 pL of the stock solution was dissolved up to 2ml

to obtain the final solution.
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e Glutamine
It is one of the 20 amino acids encoded by the standard genetic code. Its side chain is an
amide formed by replacing the side-chain hydroxy! of glutamic acid with an amine
functional group.

) o]
HZNWOH
NH,

Figure 43. Structure of glutamine

e Fetal bovine serum (FBS)

It is the portion of plasma remaining after coagulation of blood, during which process the
plasma protein fibrinogen is converted to fibrin and remains behind in the clot. Fetal Bovine
serum comes from the blood drawn from the unborn bovine fetus and is the most widely
used serum due to being low in antibodies and containing more growth factors, allowing for
versatility in many different applications. FBS is used in the culturing of eukaryotic cells.

e Penicillin/Streptomycin

Penicillin inhibits bacterial growth by inhibiting peptidoglycan synthesis. Streptomycin
belongs to the aminoglycoside antibiotics and inhibits bacterial growth by inhibiting protein
synthesis. Penicillin-Streptomycin is used for the prevention and elimination of bacterial

contaminants in cell culture.

e Trypsin/EDTA
Trypsin is a serine protease found in the digestive system of many vertebrates, where it

hydrolyses proteins. Trypsin is produced in the pancreas as the inactive proenzyme
trypsinogen. Trypsin predominantly cleaves peptide chains at the carboxyl side of the amino
acids lysine or arginine, except when either is followed by proline. It is used for numerous

biotechnological processes.

EDTA is a widely used acronym for the chemical compound ethylenediaminetetraacetic
acid, which is a polyamino carboxylic acid. Its usefulness arises because of its role as a
chelating agent, i.e. its ability to "sequester" metal ions such as Ca*" and Fe**. After being

bound by EDTA, metal ions remain in solution but exhibit diminished reactivity.
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Figure 44. Structure of EDTA

The solution was used to detach adherent cells from the flask.

« MTT
Also known as 3-(4,5-methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole. It is
yellow and is reduced to purple formazan in living cells. These reductions take place only
when reductase enzymes are active, and therefore conversion is often used as a measure of

living cells.

S
N—N
/N
+\
=N
Br

Figure 45. Structure of MTT

MTT (1.2 mg) was dissolved in DMSO (1 mL ) before being introduced to the DMEM.

e Resazurin
Also known as 7-hydroxy-3H-phenoxazin-3-one 10-oxide, resazurin is a blue dye used

mainly as an oxidation-reduction indicator in the resazurin test for bacteria.

Figure 46. Structure of resazurin

Resazurin (blue) is reduced by living cells in resorufin, which results in a pink color.

Resorufin is then reduced in hydroresorufin (colorless).
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255 mg tablets were dissolved in 38 mL of sterile distilled water.

e Sterile Normal Saline

0.9 g of NaCl was dissolved in 100 mL sterile distilled water.

iv.  SHAKING INCUBATOR
The flasks containing the bacteria in media were placed in an Unitron INFORS shaking

incubator at 37°C at 140 rpm.

v. CENTRIFUGES
Cells : MSE MISTRAL 2000

Bacteria : Beckman Centrifuge & Rotors Avanti J-30 |

vi.  OVENS
The flasks or plates containing growing cells were left in Hera cell oven at 37°C with 5%

CO..

The plates containing the bacteria were stored in an oven at 37°C.

vii. O.D.
The growing curves were obtained using a Beckman DU650 spectrophotometer.

viii. ABSORBANCE
The final absorbance of microplate-based assays was measured by Labsystems iEMS Reader

MF with filter 6 at 540 nm.

iXx. MICROSCOPE
The microscopy was realised on a NIKON Eclipse TE 2000-5 microscope.

The pictures were taken by a Hamamatsu digital camera C4742-95 linked to a computer

containing IP Lab software.
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