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Abstract

The problem of antibiotic resistance is worsening worldwide because of the
overuse of existing antibiotics. In order to overcome the crisis of antibiotic resistance,
there is an urgent need for alternative antibacterial agents that have novel
mechanisms of action. FtsZ is an unexploited and attractive target for antibacterial
drug discovery because of its widespread conservation in the bacterial kingdom, its
absence in the mitochondria of higher eukaryotes and its known biochemical activity
and molecular structure. FtsZ plays an essential role in prokaryotic cell division
machinery in which undergoes GTP-dependent polymerization at midcell and
assembles into the dynamic Z-ring at the site of division. The Z-ring acts on a
framework for the recruitment of other cell division proteins to initiate Z-ring
contraction to form bacterial daughter cells. Although FtsZ shares structural and
functional similarity with eukaryotic tubulin, most of the tubulin/microtubule
targeting agents, paclitaxel and colchicines, do not affect the dynamic assembly of
FtsZ, indicating that FtsZ can be a selective antibacterial target. Although several
compounds that block bacterial cell division and/or inhibit the biochemical activity of
FtsZ in vitro have been reported, so far none has demonstrated efficacy in models of

infection or has entered clinical evaluation.

In this thesis, a computer-aided drug screening method was employed to identify
potential FtsZ inhibitors. After in silico screening of several natural product libraries,

16 potential FtsZ inhibitors were subjected to bacterial growth inhibitory tests and in
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vitro assays. The compound 4-(((2R,4S,5R)-5-(2-Methyl-6-(thiophen-2-yl)pyrimidin-

4-yl)-quinuclidin-2-yl)methylcarbamoyl)butanoic acid (5) was found to exhibit
modest antibacterial activity against a number of Gram-positive and -negative
bacteria. Compound 5 perturbed the Z-ring assembly in living E. coli cells and caused
the elongation of B. subtilis and E. coli cells in vivo. It also perturbed the assembly
and bundling of FtsZ protofilaments by inhibiting the GTPase activity of FtsZ. The
ligand-induced destabilization of FtsZ protofilaments would hamper the functioning
and formation of Z-ring to cause an inhibition of bacterial cytokinesis without
affecting DNA replication or nucleotide segregation. Compound 5 was also found to

show no inhibition on tubulin assembly into microtubules in vitro.

In order to obtain the optimal model for predicting the binding mode of
compound 5 in the GTP binding site of FtsZ and for subsequent virtual screening of
compound 5 derivatives, SCan Alanines and REfine (SCARE) and homology
modeling techniques were applied. As a result, several best docking models were
successfully built to predict the optimal binding mode of compound 5. These models
were then used to screen a library of compound 5 analogues. Sixty-nine top-scoring
compounds were selected and tested experimentally. Finally, compound 5-706 was
identified as the most potent derivative against FtsZ, which also exhibited high
antibacterial activity against a broad range of bacteria with enhanced inhibitory effect
on the GTP hydrolysis of FtsZ. The combination of docking simulation and
experimental bioassays leads to study the early structure-activity relationship (SAR)

of compound 5 derivatives, which can facilitate the subsequent lead optimization

iv



process.

To assess the potential of compound 5 and its derivatives for combination
therapy in treating bacterial infections, the synergistic effects in combination with a
conventionally used B-lactam antibiotic (ampicillin) or H7 helix inhibitor of FtsZ
(3-MBA) were investigated. Combination of compound 5 or 5-316 with ampicillin
demonstrated synergistic effects against drug-resistant S. auerus strain. For a
drug-sensitive S. auerus strain, compound 5 with ampicillin or 3-MBA showed

partial synergistic effect.
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Chapter 1

Introduction



1.1 Bacterial infection

The treatment of bacterial infections has become a major challenge all over the
world because of the rapid increase in antibiotic-resistant pathogenic bacteria strains,
constantly emerging new pathogens and emerging biothreat organisms, which cause
almost all antibiotics less effective. Thus, there is an urgent need to develop
antibacterial agents with new mechanisms of action against antibiotic-resistant strains.
The causes for the development of resistant mechanisms against clinically used
antibiotics include 1) overuse or inappropriate use of antibiotics; 2) rapid
development of mutation in bacteria; 3) exchange of genetic material among bacteria
which causes resistance; 4) formation of surface aggregates called biofilms; 5)
activity of efflux pump systems, membrane-associated proteins or protein complexes
that reduce the intracellular concentration of inhibitory compounds by actively
pumping them out of the cell [1]. There are six generic categories of action for
antibacterial agents, namely, inhibition of cell division, cell wall synthesis, cell
membrane function, protein synthesis, nucleic acid synthesis and intermediary
metabolism [2]. There are clinically efficacious antibiotics in use against some of
these targets based on the knowledge of their biochemical pathways. But many
commonly used antibiotics have become ineffective against antibiotic-resistant
bacterial strains. In order to overcome this problem, extensive modification of the
structure of existing antibiotics was used in an attempt to maintain activity against
their targets. One typical example is B-lactam antibiotics which target at the bacterial
cell wall synthesis enzyme transpeptidase. The bacteria deverlop the resistance
against the PB-lactam by secreting the enzyme [-lactamase which hydrolyse the
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B-lactam antibiotics. New generations of B-lactams which are resistant to the
B-lactamases have to be developed. But efficacious modification is becoming
increasingly difficult. Thus, the development of new antibiotics with novel
mechanisms of action is needed to tackle the emerging resistance problem. Cell
division is a crucial process in every organism because it must be coordinated with
other cellular events such as chromosome replication and nucleoid segregation.
Nevertheless, bacterial cell division is not yet targeted by clinically approved
antibiotics. Therefore, discovery of inhibitors of FtsZ, a protein that is essential in
bacterial cell division, is an attractive approach in the search for new antibacterial

agents.

1.2 Bacterial cell division

1.2.1  Bacterial cell division pathway

In the last few years, substantial progress has been made in several aspects of
research on cell division. For example, the molecular basis for regulation control of
cell division by the Min system, to inhibit Z-ring assembly at the cell poles, is now
better understood. The crystal structures of most division proteins are now available,
their catalytic activities and their interactions with other proteins have been well

characterized and studied.

The cell division of two rod-shaped bacteria, B. subtilis and E. coli, have been

extensively studied over the past two decades [3-6]. Many essential cell division



proteins were identified in these model organisms by screening temperature-sensitive
mutants that normally grow and divide at the permissive temperature. But bacterial
cells continue to elongate without cell division at restrictive temperature. These long
cells without cell division are called filaments that contain multiple chromosomes.
Mutagenesis and genetic experiments in the Gram-negative E. coli have shown that a
null mutation in the fisZ gene (filamenting temperature sensitive strain Z) results in
disassembly of the cytokinetic Z-rings and formation of filamentous cells that are
able to divide at nonpermissive temperature [7, 8]. During the cell division,
invagination of cell envelope layers (the cell membrane and cell wall) are involved to
form a septum between two newly replicated chromosomes (the midcell) (Figure 1.1).
Two newborn cells are then separated by hydrolyzing the peptidoglycan in the
division septum. At least 12 cell division proteins have been confirmed to involve in
the septation process at the division site of midcell [9, 10]. These proteins are
recruited to the division site to form the division ring, commonly known as the

divisome.
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Figure 1.1 Bacterial cell division in rod-shaped bacteria. (A) Two different modes
of division. FtsZ proteins form a Z-ring at midcell after chromosome replication and
segregation into nucleoids. The membrane-bound cell-division proteins are recruited
to initiate the invagination of the cell wall and membrane to form a division septum.
Cell wall synthesis follows the ring inwards. In E. coli, synthesis of the division
septum and constriction of the outer membrane are undertaken at the same time. In B.
subtilis, a cross wall of peptidoglycan firstly divides the cell before it is degraded and
remodeled to form the new cell poles. (B) The position of Z-ring formation. Nucleoid
occlusion (NO), which is activated by Noc (in B. subtilis) or SImA (in E. coli),
inhibits Z-ring assembly close to the nucleoid. The function of Min system is to
prevent Z-ring assembly at the cell poles. From left to right: in ‘newborn’ cells, both
systems firstly inhibit Z-ring assembly throughout the cell; following cell elongation
and chromosome replication, NO prevent Z-ring formation in the cylindrical part of
the cell; and finally, the progression of chromosome segregation shows an

inhibitor-free region at mid-cell, allowing the Z-ring to assemble [11].



1.2.2  The role of FtsZ in cell division

In E. coli, fisZ was identified as the first cell division gene to initiate the cell
division process [12, 13]. The cell division protein FtsZ, encoded by the gene fisZ, is
conserved in virtually all eubacteria, archeae and chloroplasts [10]. FtsZ performs a
variety of roles in cell division. It is the first protein to move to the division site. Then,
FtsZ assembles into a dynamic Z-ring via GTP-dependent polymerization [14-16].
The Z-ring acts as a framework for the recruitment of other proteins to form a
divisome complex, which causes the constriction of membrane. Finally, a septum is

formed at midcell to mediate the cell division process [14].

1.2.3  The position of FtsZ ring formation

In E. coli, the position of Z-ring at midcell is controlled by various regulatory
factors which ensure that Z-ring assembly is taken part at the correct spatial position
within the cell and at the correct time in the bacterial cell cycle. FtsZ polymerization
is closely linked to the Min family of proteins (Figure 1.1B). In the Min system, three
proteins, MinC, MinD and MinE, are responsible for preventing a cell division at the
poles [17]. MinC and MinD are responsible for a negative regulator of FtsZ ring
assembly. MinE is present at the centre of the cell to oscillate and then repel MinCD
to allow FtsZ ring assembly [18, 19]. MinCD has been found to inhibit FtsZ
polymerization and facilitate the correct interaction of FtsA with the FtsZ ring in vivo
[20]. Another regulation system is the nucleoid occlusion model [21]. In this model,

cell division cannot proceed in the vicinity of the nucleoid because the assembly of



the FtsZ ring is inhibited. Thus, FtsZ assembles before nucleoid separation in the cell
division process, and the Min system cooperates with the nucleoid occlusion system

to control the level of Z-ring formation at the appropriate place and time [10].

1.2.4  Corporation with other cell division proteins

The other proteins that comprise the septal ring fall into several functional
classes: (i) modulating the assembly state of FtsZ (FtsA, ZipA, ZapA), (ii) connecting
the Z-ring to the cytoplasmic membrane (FtsA, ZipA), (iii) coordinating septation
with chromosome segregation (FtsK), (iv) synthesis of peptidoglycan cell wall (FtsI,
FtsW) and (v) hydrolysis of peptidoglycan to separate daughter cells (AmiC, EnvC).
The septal ring also contains many proteins of essentially unknown function [FtsEX,
FtsQ, FtsL, FtsB (formerly called YgbQ) and FtsN]. These proteins work together
during cytokinesis. Several proteins such as ZipA, FtsA and ZapA have been shown
to bind directly to FtsZ [22-24]. Figure 1.2 illustrates all cell division proteins
localized at the division site after Z-ring formation. The function of these cell division

proteins are summarized in Table 1.1.



Figure 1.2 Model of a cross section of the cell at the division site. The FtsZ ring is
tethered to the cytoplasmic membrane via ZipA while FtsA is responsible for the

localization of other division proteins [11].



Table 1.1  Functions of the cell division proteins

Cell division protein

Function

Localization

FtsZ

Firstly initiates the Z-ring
formation at midcell in cell
division and serves as a
platform to recruit all
downstream division
proteins to midcell

Cytoplasm

FtsA

Tethers FtsZ to membrane
for Z-ring assembly,
organizes FtsZ polymers
and recruits downstream
division proteins

Cytoplasm

ZipA

Stabilizes Z-rings at
membrane

Cytoplasm, anchored to
cytoplasmic membrane

ZapA

Promotes FtsZ
polymerization and
protofilament bundling

Cytoplasm

FtsK

DNA translocase (ATPase);
chromosome segregation
and septum formation

Cytoplasmic membrane

FtsW

Septal peptidoglycan
synthesis; signal
transduction and

stabilization of FtsZ ring

Cytoplasmic membrane

FtsL

Unknown function;
possible for regulation of
division site assembly

Periplasm, anchored to
cytoplasmic membrane

FtsI

Transpeptidase forms
cross-links into septal
peptidoglycan

Periplasm, anchored to
cytoplasmic membrane




1.3 Functional and structural similarities between eukaryotic

tubulin and prokaryotic FtsZ

FtsZ shares several structural and functional features and thus is a distant
homologue of the eukaryotic cytoskeleton protein tubulin. FtsZ is a 40 kDa protein
present in almost all bacteria, many archaea, some chloroplasts and a few primitive
mitochondria. It is the main component of the Z-ring that initiates bacterial cell
division [25]. Tubulin is the key component of eukaryotic microtubules, which is
responsible for wvarious cellular functions such as intracellular trafficking,
maintenance of cell shape and structure, and cell division. FtsZ and tubulin are shown
to play crucial roles in living cells [26]. FtsZ is the first protein to form Z-ring and
recruits all other downstream proteins to initiate cell division in prokaryotes. Like
tubulin, FtsZ is a nucleotide-binding protein that binds GTP and has GTPase activity
to hydrolyze its nucleotide following self-assembly into filaments. Although FtsZ
shares limited sequence identity with tubulin (< 20%), the tertiary structure of FtsZ is
similar to that of tubulin signature motif GGGTGS/TG [27, 28]. These two proteins
are a distinct class of GTPase and adopt very similar folds [29], especially in the
vicinity of the GTP binding site. This can be seen in the three-dimensional structures
of M. jannaschii FtsZ (PDB code: 1FSZ) [26] and eukaryotic o/ tubulin (PDB code:
1TUB) [30]. The crystal structures of FtsZ and B-tubulin are shown in Figures 1.3
and 1.4 respectively. However, it has been demonstrated that FtsZ and tubulin have
significant differences in the binding ability of nucleotides, C-terminus sequence and

content of a-helices [28, 31, 32]. Both proteins are made of two domains formed by a
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B-sheet surrounded by a-helices and they were connected via a long “core” helix H7.
Nucleotide binding involves many regions in the N-terminal domain. The guanine
base and the phosphates interact with the T1-loop, while the T2-loop is in contact
with the B- and y-phosphates and have conserved Asn and Asp residues. The Asp
residue may be responsible for coordinating with the Mg®" ion at the
nucleotide-binding site. Loop T3 is in contact with y-phosphate in a-tubulin. Loop T4
contains the tubulin signature motif GGGTGS/TG, which is conserved in both
proteins to interact with the a- and B-phosphates. Loop T5 contains important
residues participating in ribose binding in both protein, but there is no homology in
this loop between tubulin and FtsZ. For loop T6, a conserved Asn occurs in both
tubulin and FtsZ which interacts with the guanine base by forming a hydrogen bond.
Both FtsZ and tubulin involve amino acid residues to bind with GTP in the assembly
into protofilaments. The crystal structures of the o/f3 tubulin dimer and FtsZ showed
that the GTP nucleotide is located at the interface between subunits in protofilament,
which may stimulate the GTP hydrolysis. For the o/f tubulin dimer, the GTP pocket
on the top of one subunit (the plus-end of a microtubule) is in contact with the
opposite face of the next subunit to bind GTP at the interface of two subunits (Figure
1.4) [31]. In the case of FtsZ, it consists of an N-terminal GTP binding domain and a
C-terminal GTPase-activating domain [30]. During filament formation, the T7 loop
of the C-domain from the upper subunit contacts the top of H7 of N-domain at the
lower subunit to form the GTPase site. GTP firstly binds at one end of the GTP
binding domain of the FtsZ monomer, designated the ‘plus’ end by convention.

Addition of C-terminal domain of another monomer acts synergistically by providing

11



the co-catalytic aspartate residues for GTP binding/hydrolysis and FtsZ
polymerization [31, 33]. But the structure of the FtsZ polymer is different from
microtubule. Microtubules consist of heterodimers of o and B tubulin and have
distinct polarity, while FtsZ polymers consist of only one form of FtsZ monomers [26,
31]. While FtsZ protofilaments can assemble either alone or in association with other
filaments to form multistranded structures, the microtubule only consists of tubulin

filaments.
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Figure 1.3 Crystal structure of M. jannaschii FtsZ bound to GDP (PDB code: 1FSZ)

(prepared by Molsoft [34])
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Figure 1.4 Crystal structure of o/B-tubulin bound to GDP (PDB code: 1TUB)

(prepared by Molsoft [34]).
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1.4 Dynamics of FtsZ

1.41  The dynamic structure of Z-ring

The first step in bacterial cytokinesis is the assembly of FtsZ into protofilaments
to form a contractile Z-ring on the inner face of the cytoplasmic membrane at the site
of division [14, 35]. The Z-ring acts on a framework for the recruitment of other cell
division proteins. Among all bacterial cell division proteins, FtsZ is the most
abundant and plays an important role in the cell division process [36]. About 15,000
FtsZ monomers are present in the cytoplasm of E. coli cells [37] and the
concentration of FtsZ is kept constant during the whole cytokinesis process [38]. In
the early stage of cytokinesis, the Z-ring is assembled at the midcell after the
termination of DNA replication but before the segregation of nucleoids [38, 39].
FtsZ-GFP fusion protein has been used to track the behavior and nature of the Z-ring
in bacterial cells [35]. This study revealed that Z-ring is a highly dynamic structure.
About 30% of the total amount of FtsZ move in and out the Z-ring at a given time
[40]. A fluorescence recovery after photobleaching (FRAP) experiment using
FtsZ-GFP fusion protein showed a rapid turnover of FtsZ and a continuous exchange
of monomers between the cytoplasm and the protofilaments in the Z-ring [41]. At the
later stage of cell division, the Z-ring undergoes constriction to form daughter cells
[42, 43]. The Z-ring disassembles at the end of cytokinesis and assembles again in the
daughter cells. These phenomena indicated that the Z-ring is a highly dynamic
structure. The regulation and stability of the Z-ring at midcell are controlled by a

number of proteins mentioned previously. When the assembly of FtsZ cannot occur
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properly, the formation of Z-ring also disappears. Even if DNA replication and
nucleoid segregation function as normal, the bacterial cell only elongates without any
cell division. Finally, it leads to cell lethality. Polymerization and GTP hydrolysis
have been found to be at the root of the dynamics of the Z-ring. Therefore, it is
important to understand the mechanism of FtsZ dynamics and how it influences the
Z-ring assembly and disassembly in bacterial cells in order to develop new

antibacterial agents through the inhibition of FtsZ activity.

1.4.2  Contribution to the dynamicity of Z-ring by polymerization

and GTP hydrolysis of FtsZ

Analyzing the mechanism of polymerization and GTP hydrolysis of FtsZ are
very useful to understand the basis of dynamic behavior of Z-ring in bacterial cells. In
an early report, the basis of the dynamicity of Z-ring was believed to be caused by
reversible polymerization and depolymerization of FtsZ monomers [44]. It was found
that FtsZ has a GTPase activity, but the GTP-binding amino acid sequence of FtsZ is
slightly different from other GTP-binding proteins [29, 45]. In addition, the GTPase
activity of FtsZ is strongly dependent on protein concentration, i.e. a sufficient
protein concentration is required to activate GTPase activity, indicating that FtsZ is a
self-activating GTPase [46]. The binding of GTP to FtsZ has been demonstrated to
assist the assembly of FtsZ monomers into protofilaments [47]. FtsZ monomers are
assembled into a straight protofilament in a head-to-tail longitudinal manner.

Different polymer morphologies and higher-ordered structures of FtsZ such as sheets,
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mini-rings [48], tubes [46], asters and polymeric networks [49] have been observed
by transmission electron microscopy. Apart from longitudinal interaction between
FtsZ monomers to form a straight protofilament, FtsZ bundles can be formed through
lateral interactions of several protofilaments. The formation of FtsZ bundles is
affected by calcium [49, 50], glutamate [51], pH, ionic strength [52] and the presence
of stabilizing proteins like SepF [53] and ZipA [54]. Although the actual mechanism
on how the FtsZ protofilaments are associated into Z-ring is still unclear, six to seven
protofilaments are reported to constitute a Z-ring in vivo [37]. Based on in vitro
studies, the dynamicity of Z-ring is caused by GTP hydrolysis in the FtsZ polymer
[55, 56]. The GTP-bound state in the FtsZ polymers can be maintained by rapidly
exchanging the bound nucleotide [57] and subunit exchange [55]. When GTP is
exhausted, disassembly of the Z-ring occurs which is promoted by the GDP-bound
FtsZ. FtsZ facilitates the formation of dynamic Z-ring through the transition of
polymerized FtsZ from straight protofilaments in the presence of GTP to curved form
in the presence of GDP [58]. When the FtsZ protein undergoes oligomerization, its
GTPase function is activated to hydrolyze GTP. The GDP content in the Z-ring then
increases to lead the transformation of linear protofilaments to curved protofilaments.

Finally, constriction of the Z-ring proceeds as the FtsZ polymers disassemble.
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1.5 FtsZ as a novel antibacterial drug target

Although nearly all of the proteins locating at the cell division site have been
identified [9, 59], the actual function of most of these proteins are still elusive. The
best characterized protein is FtsZ, which plays an essential role in the cell division
process. In the earliest known step in bacterial cytokinesis in E. coli and B. subtilis,
FtsZ assembles into the Z-ring at the division site. The Z-ring as a platform recruits
other proteins to initiate cytokinesis. Thus, other cell division proteins are dependent
on FtsZ for their localization to form the Z-ring. In addition, the dynamics of FtsZ
assembly to form the Z-ring was found to generate the contractile force for cell
constriction and cell division. Thus FtsZ is a potential target for the development of
new antibacterial agents. An important consideration is that FtsZ is conserved in
almost all prokaryotes so that antibiotics targeting at FtsZ are able to exhibit a
broad-spectrum activity combating infection by different bacterial populations, which
will be useful in the management of polymicrobial infections and before
determination of the nature of the infectious agent. The significant conservation of
FtsZ protein also makes the bacteria difficult to develop resistance against
FtsZ-targeting drugs. Moreover, FtsZ is absent in the mitochondria of higher
eukaryotes and shares a limited sequence identity with tubulin. Another important
point is that the biochemical activity and X-ray crystal structures of FtsZ are known,
which highly facilitates the high-throughput virtual screening and structural
modification of lead compounds. Inhibition of FtsZ to prevent bacterial growth is a
promising approach to treat bacterial infection because FtsZ inhibitors act by a

mechanism which is different from any clinically used antibiotics. Previous findings
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showed that some FtsZ inhibitors not only kill the wild type bacteria, but also have
the same effectiveness on antibiotic-resistant bacterial strains [60-62]. Up to now, no
antibiotic(s) based on the inhibition of FtsZ has reached the clinical trial phase. All
these make FtsZ an attractive target for the development of novel antimicrobial

agents.

Discovery of novel antibacterials via targeting the GTP binding site in FtsZ is
preferred over other domains such as the T7 loop and H7 helix. Several FtsZ
inhibitors such as cinnamaldehyde [63], curcumin [64] and PC190723 [60] were
found to bind the T7 loop or H7 helix at the C-terminus domain of FtsZ. However,
they only inhibited the Gram-positive bacterial strains. One possible reason is that
they bind to the less conserved domain at the C-terminus of FtsZ. Indeed, the
alignment of the C-terminal region of the FtsZ proteins are most variable amongst
bacterial species (Gram-positive and -negative bacterial strains) [28]. Thus, targeting
at the GTP binding site of FtsZ has a better chance of developing broad spectrum
antibacterial agents because the GTPase binding site is located at the highly

conserved N-terminal part with recognizable sequence identity.
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1.6 FtsZ inhibitors

1.6.1  Natural compounds as FtsZ inhibitors

Natural products are very popular in the pharmaceutical research and many
antibacterials were obtained from natural sources like plants and microbial
fermentations. Natural products not only provide a diverse range of chemical
structures, they also have bioactive substructures and potentially lower toxicity
profiles [65]. The advancement in technology in isolation, screening and profiling of
natural molecules also make them more attractive for the discovery of antibacterials.
A number of natural products were found to inhibit FtsZ (Table 1.2). Viriditoxin was
firstly identified as an FtsZ inhibitor from a high-throughput screening of several
thousand microbial fermentation broths and plant extracts [62]. It was found to inhibit
FtsZ GTPase activity and polymerization with ICsyp of 7 pg/mL and 8.2 pg/mL
respectively. Viriditoxin has a broad spectrum activity against sensitive and
drug-resistant Gram-positive strains with MICs between 2 and 16 pg/mL.
Sanguinarine, a benzophenanthridine alkaloid derived from the plant Sanguinaria
canadensis, has been shown to exhibit an inhibitory effect on a broad range of
pathogenic bacteria without influencing DNA replication or nucleoid segregation [66].
It strongly induced bacterial filamentations and perturbed Z-ring formation by
inhibiting cytokinesis. Sanguinarine also caused FtsZ filamentation in vitro by
inducing a conformation change in FtsZ and then weakening the lateral interactions
among the protofilaments. However, sanguinarine is toxic to mammalian cells as it

inhibits tubulin assembly into microtubules. Totarol, a diterpenoid phenol, was
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reported to induce the filamentation of B. subtilis cells and cause bacterial cytokinesis
in vivo [67]. Totarol also inhibits the assembly dynamic of M. tuberculosis FtsZ
(MtbFtsZ) in vitro but does not affect the mammalian cells. Some polyphenols,
[(£)-Dichamanetin and (+)-2"'-Hydroxy-5"-benzylisouvarinol-B)], isolated from
natural sources [68], were also reported as potent anti-FtsZ agents. (+)-Dichamanetin
was found to kill Gram-positive pathogenic species such as S. auerus and B. subilitis
only. On the other hand, (+)-2"'-Hydroxy-5"-benzylisouvarinol-B exhibited a broad
spectrum of activity, which effectively killed both Gram-positive and Gram-negative
bacteria. Cinnamaldehyde, a phenylpropanoid compound, is a natural product to be
found in spices [63]. Using saturation transfer difference-NMR and in silico docking
techniques, it has been demonstrated that cinnamaldehyde binds to the T7 loop of
FtsZ resulting in inhibition of GTP hydrolysis and perturbation of the Z-ring
morphology. Berberine is another natural plant alkaloid to be extracted from various
species of Berberis, which is also a FtsZ inhibitor [69]. It was found to inhibit the
assembly of the Z-ring and perturb cytokinesis by binding to the hydrophobic core of
GTP binding site. It was also shown to destabilize FtsZ protofilaments and inhibit the
FtsZ GTPase activity in E. coli with an ICsp of 16 uM. Although berberine has weak
activity against Gram-negative bacteria, it can inhibit antibiotic-resistant pathogens
such as methicillin-resistant S. aureus (MRSA). Curcumin, a dietary polyphenolic
compound, was demonstrated to perturb FtsZ assembly and induce filamentation in B.
subtilis 168 by binding to the T7 loop of FtsZ [70]. It has a totally different
mechanism from the other known FtsZ inhibitors because it was also found to perturb

the assembly dynamic of FtsZ by increasing the GTPase activity of FtsZ. An increase
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of 35 % GTPase activity was found in the presence of 30 uM curcumin. This
compound reduced the formation of Z-ring, but did not affect the nucleoid
segregation. However, the main limitations of curcumin are poor bioavailability and
its inhibition of eukaryotic tubulin polymerization [70]. Recently, Chrysophaentins
A-H, a series of antimicrobial natural products, were found to inhibit the GTPase
activity of FtsZ in clinically relevant Gram-positive bacteria. Among them,
Chrysophaentin A, the most potent inhibitor, was found by saturation transfer

difference-NMR and in silico docking to bind to the GTP binding site of FtsZ [61].
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Table 1.2 FtsZ inhibitors from natural sources

Compound Source of Mode of action on Ftsz ~ ~MU-FisZ
compound activity
Binds to hydrophobic B. subtilis
core of GTP binding (MI C =100
Berberine Berberis site; Inhibits EcFtsZ /mL) and
aquifolium, GTPase activity Z’g Ii (MIC >
Berberis (ICso=16 £ 5 uM) 4(')80 l/(mL)
aristata and assembly HE
. e Broad-spectrum
Bmds o GTP binding activitiers) against
Chrysophaentin A Yellow aglae site; Inh1b1t§ ECFtSZ Gram-positives
Chrysophaeum GTPase activity bacteria;
saylori (ICso =67+ 1.7 pg/ml) - \yye — 134
and assembly 0.4 pg/mL)
B‘md‘s to T7.loop . B. subtilis
binding site; Inhibits (MIC = 4 ug/mL)
Cinnamaldehyde  Cinnamomum  EcFtsZ GTPase activity and E. co llH g
cassia (IC50=5.8%+2.2 uM) (MIC _ 1000
and FtsZ polymerization ug/mL)
Unknown about
targeting binding site; B. subtilis
Curcumin Curcuma Increases GTPase (MIC =37
longa activity pg/mL)
Binds to GTP binding
site; Inhibits EcFtsZ B. subtili
Dicharnanetin Uvaria GTPase activity (Mbilé =l 11s7 M)
chamae (ICso = 12.5 £ 0.5 uM) O
Unknownabout gy
targeting binding site; (MIC = 10 uM)
. Rhizomes of  Inhibits EcFtsZ H
Sanguinarine oo and
Sanguinaria assembly and E coli
canadensis protofilament bundling (MI C =70 uM)
Unknown about
targeting binding site; .
Totarol Podocarpus Inhibits MtFtsZ GTPase fM“;Léblezs M)
totara activity (ICso =40 uM) H

and assembly
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Continue......

Source of Mode of action on . .
Compound compound FisZ Anti-FtsZ activity
Unknown about
. .. Broad-spectrum
targeting binding Y .
. e 1 activities against
Viriditoxin Aspergillus site; Inhibits Gram-positive
viridinutans GTPase activity

(IC50 =7 ug/mL)
and polymerization

bacteria;
(MIC = 2-6 pg/mL)
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1.6.2  Synthetic and semi-synthetic compounds as FtsZ inhibitors

With the development of computer-aided drug design, synthetic chemistry plays
a crucial role in the discovery and modification of antibiotics. Nowadays, synthetic
drugs are mainly developed from the scaffolds of natural molecules and knowledge
on the binding pockets of the target. There are several synthetic compounds targeting
at FtsZ (Table 1.3). 3-Methoxybenzamide (3-MBA) was found to exhibit weak
antibacterial activity with FtsZ as the drug target [60, 71, 72]. The chemical structure
of 3-MBA was modified to optimize its effectiveness against FtsZ. In a
structure-activity relationship study of more than 500 analogues, PC190723 has been
identified to have a potent anti-staphylococcal activity. The potency of PC190723
against S. auerus was 2000 times greater than that of 3-MBA. According to the
results of the mutagenesis and in silico docking studies, PC190723 apparently binds
to the core helix (H7) of FtsZ, which is equivalent to the binding site of the antitumor
drug taxol in tubulin [60, 72, 73]. Another synthetic compound 2-carbamoyl-pteridine
was found to inhibit the polymerization of M. tuberculosis FtsZ in vitro [74]. Despite
the easy and inexpensive synthetic pathway of this molecule, it is less effective than
its lead compound 1 from natural source [74]. After screening over 200 synthetic
alkoxycarbonylpyridines SRI-7614 and SRI-3072 were identified to inhibit FtsZ
polymerization and GTPase activity [75]. They were found to effectively inhibit the
wild type and resistant M. tuberculosis strains, indicating that drug-resistant strains
are vulnerable towards these FtsZ inhibitors. SRI-3072 was also shown to be specific
for FtsZ and did not inhibit tubulin polymerization [75]. C-8 bromine substituted GTP,

a GTP derivative, was identified to be a competitive inhibitor to inhibit FtsZ
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polymerization and GTPase activity. It can serve as an excellent pre-lead molecule to
synthesize effective antibacterial agents against FtsZ [76, 77]. After screening
95,000 synthetic compounds, A189 was identified to possess potent antibacterial
activity. It could inhibit FtsZ assembly in vitro and Z-ring formation in vivo without
influencing chromsome segregation [78]. Using solid-phase parallel synthesis
approach, a series of GTP analogues was prepared. Some of these derivatives were
shown to effectively inhibit S. auerus in vivo [79]. Using a high-throughput
protein-based chemical screening approach, small molecules such as Zantrins
(Z1-Z5), which are dissimilar to GTP analogues, were found to inhibit FtsZ GTPase
activity and polymerization. Z1, Z2 and Z4 were demonstrated to destabilize FtsZ
assembly while Z3 and Z5 stabilized FtsZ bundles [80]. PC58538 was found to
inhibit FtsZ GTPase activity after screening 105,000 synthetic compounds in a
cell-based antibiotic screening assay [81]. Mutation experiment showed that PC58538
may bind to the GTP-binding pocket. Although it was found to inhibit the GTPase
activity of FtsZ, it only exhibited weak antimicrobial activity. In order to enhance its
potency and broaden the spectrum of activity, a number of PC58538 analogues were
synthesized. The most potent compound, PC170942, was active against a broad
spectrum of antibiotic-sensitive and antibiotic-resistant Gram-positive species [81].
There are several examples of using structure-guided synthesis to optimize the
properties of the lead molecules. For example, N-Benzyl-3-sulfonamido-pyrrolidine
(543F6), was found to show a weak GTPase inhibition activity. Using
structure-activity relationship data, the antibacterial activity of this molecule was

improved. But the modified molecule did not affect the GTPase activity of FtsZ,
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indicating that the more potent derivative exhibited a different mode of inhibition
from the parent molecule [82]. Taxanes are known potent inhibitors of tubulin
assembly, which were screened to identify lead compounds against FtsZ using the
microdilution broth assay [83]. The most potent lead compound, TRA 2a, was found
to effectively inhibit drug-sensitive and drug-resistant M. tuberculosis (MTB) strains
and did not bind to microtubulin. Optimization of lead molecules showed that a series
of TRA 10 compounds, also called C-seco-taxane-multidrug-resistance (MDR)
reversal agents, possessed potent anti-TB activity (MIC = 1.25-2.5 uM) against
drug-sensitive and drug-resistant MTB strains without appreciable cytotoxicity (ICsg
> 80 uM). These FtsZ specific taxanes were also found to be non-cytotoxic to human
host cells at the concentration required for their antibacterial activity [83]. This
example demonstrated that some molecules can differentate between FtsZ and tubulin
and are non-cytotoxic to the host. Amikacin, a potent semi-synthetic aminoglycoside
derived from kanamycin, is a commonly used antibiotic to treat bacterial infections. It
is interesting to find that amikacin can cause cell elongation and perturb FtsZ
assembly in vivo [84]. Recently, after screening 81 compounds of different structural
scaffolds, OTBA (3-{5-[4-0x0-2-thiox0-3-(3-trifluoro-methylphenyl)thiazolidin-5-

ylidenemethyl]-furan-2-yl}-benzoic acid) was found to promote FtsZ assembly in
vitro [85]. OTBA was found to exhibit a different antibacterial mechanism from other
known FtsZ inhibitors. It was shown to increase the bundling of FtsZ protofilaments
by promoting FtsZ assembly in vitro, cause filamentation and inhibit the formation of
cytokinetic Z-rings in bacteria, but did not influence the proliferation of mammalian

cells [85].
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Table 1.3  FtsZ inhibitors from synthetic and semi-synthetic approaches

Anti-FtsZ
activity

Source of

Mode of action on FtsZ
compound

Compound

2-carbamoyl

Unknown about targeting
binding site; Inhibits
GTPase activity

M. tuberculosis

peridine and polymerization
534F6 Unknown about targeting E coli
derivatives binding site; Inhibits of '
cell division but not the
GTPase activity
4-aminofurazan Unknown about targeting E. coli
derivative binding site; Inhibits (MIC =128
A-189 GTPase activity (ICso = pg/mL) and
80 pg/ml) and Z-ring S. auerus
assembly (MIC =16
pg/mL)
o Semi-synthetic Unknown about targeting .
Amikacin aminoglycoside binding site; Perturbs E. coli
derived from Z-ring formation
kanamycin
BrGTP GTP analogues Binds to GTP binding E. coli and
site; Inhibits EcGTPase S. auerus
activity (IC50 =27 MM)
Unknown about targeting
binding site; Inhibits B. subtili
OTBA BsFtsZ and EcFtsZ (M‘;Lé v M)
GTPase activity, but H
promotes assembly of
FtsZ
Binds to GTP binding S. auerus
site; Inhibits EcGTPase (MIC = 64
PC 170942 activity (ICsp of lead and  pg/mL) and E.
derivative =136 and 24  coli (MIC >
ng/mL respectively) 256 pg/mL)
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Continue......

Source of compound Mode of action on  Anti-FtsZ
Compound .
FtsZ activity
Binds to H8
o o . S. auerus
helix binding site; (MICs =
Inhibits SaFtsZ | ug/mL)
PC 190723 - GTPase activity E“g -
. coli
(ICsp =55 ng/mL)
and perturbs (MIC > 64
Z- ring formation ng/mL)
SRI-3072 2-alkoxycarbonylaminopyridine Unknown about  B. subtilis
targeting binding  (MIC =
site; Inhibits 0.28 uM)
MtbGTPase
activity and
polymerization
TRA 10 Taxane derivatives Unknown about  B. subtilis
series targeting binding (MIC=2.5
site; Stabilizes uM)
MtbFtsZ against
depolymerization
Z1-73 Zantrins (polyphenols) Unknown about Broad
targeting binding  -spectrum
site; Z1, Z2 and activity
Z4 destabilize (MICs of
FtsZ assembly, Z3 Z1 on
and Z5 S. auerus
hyperstabilize and E. coli
FtsZ assembly, =1 pug/mL
inhibit EcFtsZ and 8
and MtFtsZ pg/mL)
GTPase activity
(ICso =2-15
pg/mL)
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1.7 The use of computer-aided drug screening in drug discovery
and development

1.71 Introduction

Development of lead compounds into new drugs for a particular disease is an
extremely difficult process and it usually takes 10 to 15 years to develop a new
prescription drug to the market. The major difficulty is the extremely high research
and development cost. On the contrary, the average number of new drugs released has
been decreasing over the last decade because regulatory authorities become much
more restrictive and demanding for highly effective and safe drugs [86, 87]. It means
that any new drugs should show substantial benefits over existing ones used in the
market [88]. Over the last several decades, drug discovery and development process
has changed dramatically. The use of computer science within the traditional drug
design campaigns is an alternative method to improve the successful rate of drug
discovery process [89, 90]. Nowadays, computer techniques are used in all stages of
drug screening, design and development from the early identification of disease
related genes to the interpretation of clinical trial data at the later stage. At the early
stage of drug discovery, virtual screening is an important tool to identify small
molecules that are complementary with the active site of biological targets. The
biological activities of potential compounds are then measured and based on the
results of a series of related compounds, computational techniques can be applied to
build statistical models. Computer-aided drug design (CADD) not only facilitates the

understanding of the chemical and physical properties of a compound that are
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significant for target interaction, it also provides information to guide future synthesis
in lead optimization. In addition, CADD is useful for understanding and predicting
the pharmacokinetic and toxicological properties of compounds, which can optimize
the potential compounds into efficacious drugs (Figure 1.5) [91]. There are many
successful examples of rational computer-aided drug design including dorzolamide
(Trusopt® from Merck, a carbonic anhydrase inhibitor for glaucoma treatment) [92],
zanamivir (Relenza® from GlaxoSmithKline, a neuraminidase inhibitor for influenza
virus treatment) [93], lopinavir (Kaletra® from Abbott, a protease inhibitor for HIV
treatment) [94] and imatinib (Gleevec® from Novartis, a tyrosine kinase inhibitor for

the treatment of chronic myeloid leukemia) [95].
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Figure 1.5 Workflow of drug discovery and development. Computer-aided drug

design is used in lead discovery, lead optimization and pre-clinical phases.

32



1.7.2  The basic principles of computer-aided drug design

CADD, also called structural-based drug design, involves computational
chemistry in the discovery, screening, design and optimization of biologically active
compounds. The basic goal of CADD is to estimate whether a given molecule will
bind to a particular target and how strong the binding interaction is. Additionally, the
biochemical information of ligand-receptor interaction is used for the subsequent
ligand refinement. For example, if information about the steric complementarity of
the ligand inside the binding site is available, the affinity of ligand can be improved

for its receptor.

There are three different situations to be faced in computer-aided drug design of
new lead compounds: 1) the structure of the receptor is known but the bioactive
conformation of the ligand is unknown, 2) only the bioactive conformation of the
ligand is available and 3) the structure of target and the bioactive conformation of the
ligand are unknown. Various computational methods in computer-aided drug design

can be used in these three situations, which will be described in section 1.7.2.4.

1.7.2.1  Structural optimization

Before describing how to use computational techniques to discover new active
molecules, it is necessary to understand the basic theory of the approaches to compute
the energy of a molecule (target and ligand) because the low energy conformation of

a ligand plays an important role in its activity. For example, when a ligand binds to a
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specific receptor, a low energy conformation of ligand is adopted in order to be
complementary to the binding pocket. This protein-ligand bound conformation is
called the bioactive conformation. Molecular mechanics (MM) and quantum
mechanics (QM) are used to calculate the energy of a particular arrangement of atoms
(conformation), optimize a compound’s energy and calculate properties such as
charge, dipole moment and heat of formation, which are very useful for structure

optimization.

1.7.2.1.1 Principle of molecular mechanics

Molecular mechanics (MM) is the classic mechanics to describe the behavior of a
biomolecular system. This mathematical model takes the nuclei of atoms in a
molecule as spheres connected by springs without consideration of the electron.
Changes in energy (force field) due to bond stretching, angle bending, torsional
energies and non-bonded interactions (electrostatic and van der Waals interactions)
are calculated using parameters such as bond lengths (/), angles (6), torsions (),
charges (¢) and Lennard-Jones parameters (the collision parameter ¢ and the well
depth &), which together with a set of equations are referred to as a force field (Figure
1.6) [96]. A molecular mechanics program is usually used in the energy minimization
process. Energy calculations using a MM force field measure how much the bond
lengths, angles and torsion of a molecule deviate from the “ideal” values. The bond
lengths, angles and torsions in the energy minimization process are varied in order to
obtain improved ligand conformations [97]. In each step, the energy of the new

conformation is measured and the lower energy conformation is retained for further
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optimization until no additional improvement can be achieved. After achieving the
energy minimum of a system, the ligand tends to stop in a local minimum
conformation rather than overcoming an energy saddle to the global minimum as
shown in Figure 1.7. As a result, the lowest energy conformation at the global
minimum cannot be achieved. In order to overcome this energy barrier, another
computational tool, conformational search, can be used to generate different starting
conformations by stepwise bond rotation followed by energy minimization of each of
these. Molecular dynamics is another useful computational tool to perform
conformational analysis, which generates different conformations by simulating the
time-dependent movement of the compound [98, 99]. Monte Carlo simulations are
also commonly used to generate random conformations of the compound to sample

all possibilities. But this method requires longer computer running time.

Although the energies calculated by molecular mechanics have no meaning as
absolute quantities, they are useful in comparing different conformations of the same
molecule. Molecular mechanics calculation is fast and is less computer time
demanding than quantum mechanics. Consequently, it is commonly used to optimize
initial geometries into realistic compound structures. Some force fields such as
AMBER [100], GROMOS [101] and CHARMM [102] were designed for the study
of proteins. The Molecular Merck Force Field (MMFF) is commonly used for

describing force field of small molecules [103].
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Figure 1.6 Schematic representations of the main energy contributions to a
molecular mechanics force field. Various potential energy are illustrated. This figure

was adopted from reference [96].
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Figure 1.7 Schematic diagram of a one-dimensional energy surface. Molecular

dynamics can be used to search different conformations by crossing of energy barriers,

eventually leading to the most stable molecular conformation. This figure was

adopted from reference [97].
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1.7.2.1.2 Principle of quantum mechanics

Quantum mechanics (QM) uses quantum physics to calculate the properties of a
molecule by considering the interaction between the electrons and nuclei of the
molecule. Unlike molecular mechanics, atoms are not treated as solid spheres. The
use of quantum mechanics is more accurate to calculate the ligand conformations
[104]. QM techniques can be divided into two broad categories including ab initio
and semi-empirical calculations. 4b initio technique is more rigorous which does not
require pre-defined parameters, and is only dependent on the selection of basis set.
However, the required computer time is much more intensive and is only applied to
small molecule. On the other hand, semi-empirical methods are quicker though less
accurate because only the valence electrons are considered. This method can be

applicable to higher molecular weight compounds [105].

1.7.2.2  Molecular dynamics

Molecular dynamics (MD) is a computational technique which integrates
Newton’s law of motion to generate successive configurations of a system. This
method can be used to trace how the positions and velocities of particles in the
system vary with time and provide atomic detail on the internal motions of biological
macromolecules [99]. MD simulations are commonly used for drug design
applications such as estimation of free energies of binding, prediction of target
selectivity, generation of multiple conformations for flexible docking, development of

dynamic protein-based pharmacophores, metabolism prediction and refinement of
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protein homology models.

1.7.2.3  Homology modeling

Generally, the 3D structures of macromolecular targets are determined
experimentally by nuclear magnetic resonance (NMR) spectroscopy and/or X-ray
crystallography. NMR spectroscopy solves the structure of macromolecules in
solution. The main limitation of NMR spectroscopy is that it only applies to small
proteins. Thus, X-ray crystallography plays an important role to determine the protein
structures for structure-based drug design [106]. In the absence of experimentally
derived protein structures, molecular modeling is an alternative method to build up
theoretical models. The binding sites of a target protein can be constructed if the
primary amino acid sequence is known and the X-ray structure of a related
protein-ligand complex has been determined. Usually about 30% of sequence
similarity of two proteins can share the same 3D structure [107]. In homology
modeling, the sequence of model is firstly compared against the sequences of
available crystal structures. Structures with high degree of sequence similarity are
defined as templates. The next step is to align the sequence of the template protein
with that of the protein to be modeled. It is followed by the generation of the
backbone of the protein and modeling of the side-chains, often using rotamer libraries.
The model is then optimized using an MM force field and validated by statistical
comparison of physicochemical properties of the resulting structure, to averaged
values found in high-quality structures [108]. For the FtsZ protein, the structure of E.

coli FtsZ is unknown. Hence, a homology modeling technique is commonly used to

39



construct a three-dimensional (3D) structure of FtsZ for E. coli from B. substilis FtsZ
(PDB code: 2VXY), P. aeruginosa FtsZ (PDB code: 10FU) and M. jannaschii FtsZ

(PDB code: 1FSZ) [60, 61, 69].

1.7.2.4  Virtual screening in drug discovery

1.7.2.4.1 Introduction

Various computational methodologies are available to complement experimental
high-throughput screening. Among these, virtual screening (VS) is one of the popular
approaches because it can evaluate almost unlimited number of chemical structures in
silico for subsequent high-throughput screening experiment. VS refers to the
screening of large number of compounds (10° to 107) in silico before selecting a
limited number of candidate molecules for testing and identification of possible drug
candidates [109]. Virtual screening is a knowledge-driven technology because it
depends on the available information regarding either a 3D structure of the target
(structural-based virtual screening) or known compounds that bind to the
corresponding target (ligand-based virtual screening), or both [110]. Virtual screening
includes a variety of computational screens and can effectively exploit different types
of information describing the receptor. For example, given the 3D structure of a target
protein is available, molecular docking or combinatorial drug design can be used to
perform a target-based virtual screening [111]. Even if the structure of the binding site
of the receptor is unknown, various computational methods can be used to predict its

3D structure by comparing the chemical and physical properties of known drugs that
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bind to the specific site of the target [112].

1.7.2.4.2 Virtual screening based on molecular docking

Molecular docking is the process of predicting the protein-ligand interactions.
The structural information from the theoretic model or the crystal structure of
ligand-protein complex may clarify the putative binding modes (search algorithm),
and provide guidance to discover new drug-like candidates according to the estimated
binding affinities between receptor and ligands (scoring function). There are a large
number of docking algorithms available for use in virtual screening (Table 1.4). Their
differences are the sampling algorithm, scoring functions, the flexibility of ligand and
receptor and the CPU time required to dock a molecule to a given target. In the past
several years, virtual screening based on molecular docking in drug design is a
successful application in pharmaceutical industry (Table 1.5). For example, ICM
software was used to screen ACD database resulting in the discovery of several new
antagonists of Retinoic acid receptor [113]. Inhibitors of AmpC B-lactamase were

discovered using the DOCK program [114].

In earlier docking approaches, both the protein and the ligand were treated as
rigid bodies, compounds were docked by rotation and translation into the binding
pocket of the target. Then, semi-flexible docking was used in which the ligand was
treated flexibly by allowing bonds to rotate. Nowadays, flexible protein docking
methods become much more important because it incorporates receptor flexibility.

But the treatment of receptor flexibility remains a major challenge because of the
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long computing time [111]. Among various flexible docking algorithms, the Internal
Coordinate Mechanics (ICM) method adopts on the global optimization of entire
flexible ligand in the receptor field in the docking process [115]. It combines
large-scale random moves of several types with gradient local minimization [116],
which include pseudo-Brownian moves [117], optimally biased moves of groups of
torsions [118] and single torsion changes. The optimized docking functions in ICM
program can successfully predict the binding pose of 26 protein-ligand complexes

with better than 2 A RMSD in comparing with their crystallographic poses.

The reliability of molecular docking is significantly dependent on precise scoring
functions. Although the scoring functions are not always accurately ranking all
compounds in terms of their binding affinity, they are able to separate the most
promising compounds from non-binders of the macromolecular target [119]. A large
number of scoring functions are available to estimate the free energies of binding for
small molecules (Table 1.4). They have different accuracy and required different
computing time. Amongst these, force field functions such as DOCK [120] and
GOLD [121] use the van der Waals grids and coulombic potentials to produce
docking scoring function. Empirical scoring functions such as FlexX [122] and ICM
[123] predict the binding energy of a ligand conformation in terms of
physicochemical interactions [124]. Knowledge-based functions use structural
information obtained from high-quality X-ray structures of protein-ligand complexes

[125].
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Table 1.4 Docking programs for virtual screening

Method Sampling Scoring Speed Ref.
method function

DOCK Incremental Force field Fast [120]
build

EUDOC Exhaustive Force field Fast [126]
search

FlexX Incremental Empirical Fast [122]
build score

ICM Stochastic Empirical Fast [123]
global score
optimization

LigandFit Monte Carlo Empirical Fast [127]

score

FlexiDock Genetic Force field Slow [128]
algorithm

Slide Conformational | Empirical Fast [129]
ensembles score

Affinity Monte Carlo Force field Slow [130]

AutoDock Genetic Empirical Slow [131]
algorithm score

Glide Exhaustive Empirical Slow [132]
search score

Gold Genetic Empirical Fast [121]
algorithm score

43




Table 1.5 Examples of discovering bioactive molecules using docking-based virtual

screening
Target Activity Method Protocol Ref.
AmpC B-lactamase | K; =26 uM DOCK Rigid docking | [114]
Aldose reductase IC50=0.1 uM | DOCK Rigid docking | [133]
(ALR2)
Human carbonic IC50< 0.5 uM | FlexX Flexible [134]
anhydrase docking
tRNA-guanine Ki <10uM | FlexX Flexible [135]
tranglycosylase docking
HIV-1 TAR CDso=1 ICM-Dock Flexible [136]

docking

Retinoic acid EDsy=2 ICM-Dock Flexible [113]
receptor docking
Farnesyltransferease | ICso=25uM | EUDOCK Rigid docking | [137]
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1.7.2.4.3 Virtual screening based on pharmacophore model

Pharmacophore perception method is commonly used to identify new bioactive
compounds in ligand-based virtual screening. A pharmacophore consists of steric and
electronic features that are significant to interact with a specific biological target
[138]. The typical functional groups in a pharmacophore model include hydrogen
bond donors and acceptors, ionizable groups and hydrophobic regions. The new
molecules are generally studied in 3D so that the pharmacophore model can feature
both the nature of the functional groups and good orientation to avoid steric clashes in
the active site of the biological target [139]. Pharmacophore models can be used to
quickly screen databases of hundreds of thousands of compounds to discover new

leads.
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1.8 Drug synergy effect

For several decades, many studies on the effectiveness of drug combinations
have been reported which include antibiotics, analgesics, insecticides, fungicides,
plant and animal hormones and cellular poisons. There are three possibilities of drug
combination: synergism, zero-interaction and antagonism [140, 141]. Two
approaches are commonly used in a combination therapy [142]. The first approach is
to use multiple drugs to target multiple targets at the same time. The second approach
is to use multiple drugs with different mechanisms or modes of action that may affect
a single target or a disease so as to treat it more effectively. A combination drug
regime would be most advantageous in the development of novel antibacterial
therapies, as it may increase the efficacy of the therapeutic effect, reduce the dosage
to minimize toxicity without compromising the efficacy, and minimize the
development of drug resistance [143]. Even a compound with only weak interaction
with the target may be significant for its mechanistic implications in the design and
development of new agents. Drug combinations have been widely used to treat
dreadful diseases such as cancer and infectious diseases, including AIDS and

methicillin-resistant Staphylococcus aureus (MRSA) [144] .

In antibacterial treatment, synergism is defined as the ability of two or more
antimicrobial drugs acting together to enhance the rate of early bactericidal action in
comparison to the rate with either drug alone. A combination of drugs can kill greater
numbers of bacteria or cure clinical infections more effectively than a single drug.

The degree of synergy between antibacterial drugs is expressed in terms of the
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Fractional Inhibitory Concentration index (FICI) [145].
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1.9 Aims and objectives

Since many multidrug-resistant bacteria have emerged to cause most existing
antibiotics less effective, discovery of new antibacterial agents against
antibiotic-resistant strains is of utmost importance to the health of human beings. As
discussed in the previous sections, FtsZ protein is a promising target for the
development of new antibacterial agents because it is conserved among the
prokaryotes, absent in the mammalian cells and plays an important role in bacterial
cell division. The main objective of this project is to develop new inhibitors for FtsZ

as novel antibacterial agents through computer-aided drug design and bioassays.

The identification of hit compounds from chemical databases and libraries by
virtual screening of X-ray structure of FtsZ and study of their antibacterial activities
will be discussed in chapter 2. In order to increase the accurary of the docking
simulation and identify more potent FtsZ inhibitors, optimization of the GTP binding
pocket in FtsZ with a hit compound and building a model of the GTP binding site of S.
auerus FtsZ will be presented in chapter 3. Lastly, the validation of top-scoring

derivatives by various biochemical assays will be reported in chapter 4 of this thesis.
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Chapter 2

In silico hit identification and
biochemical validation



2.2 Introduction

In the past several years, physical high-throughput screening (HTS) methods
have been utilized to discover antibacterials that inhibit the GTPase activity or
assembly of FtsZ. For example, PC58538 was identified after screening of 105,000
synthetic compounds using a cell-based antibiotic screening assay [81]. Zantrins
were discovered by a high-throughput protein-based chemical screening method [80].
Viriditoxin was identified by in vitro high-throughput screening of more than
100,000 extracts of microbial fermentation broths and plants [62]. Although physical
HTS significantly supports the drug discovery process, it is time-consuming and
needs expensive experimental set up. In the early 2000s, studies showed that
computational docking hit rates were 10-fold to 1000-fold higher than those
obtained by a physical HTS against the same drug target [146-149]. Computer-based
docking has therefore been extensively applied to the discovery and early
optimization of leads in a drug design process. Additionally, computer-aided rational
drug design can facilitate and complement chemical synthesis and biological assays
[150]. In a structural-based virtual screening, molecular docking is utilized to screen
commercially available databases or virtual compounds on three-dimenional target
models in silico [151]. The docking scoring function is then used to evaluate ligands
complementing the active site of target and high-ranking compounds will be tested
experimentally [152]. Typically, a virtual HTS process consists of three stages. First,
the large compound database is divided into clusters according to structural
similarity which ensure compounds with same or similar scaffolds will be in the

same group. Then, representative compounds of each cluster are selected and
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flexibly docked into the target binding site in the crystal structure and top-ranked
compounds are selected. After that, all members of identified hits in the cluster are
subjected to a docking process incorporating protein flexibility again to obtain the
top scoring hits. There are two common approaches in computer-aided drug design
to discover novel ligands in silico. One approach is structure-based virtual screening
that can identify hit or lead compounds by screening available commercial and in
house libraries based on the crystal structure of a particular target [153]. The other
approach is ligand-based virtual screening in which a novel inhibitor is discovered
based on the vast information on strong inhibitors published in the literature [154].
In the past several years, only a few FtsZ inhibitors were found to bind the GTP
binding site which include berberine [69], GTP analogues [79], PC170942 [60] and
Chrysohaentins A-H [61]. Therefore, it is difficult to predict the important
physicochemical features which can guide us to design new FtsZ inhibitors using a
ligand-based virtual screening approach. On the contrary, much effort has been
made to determine the structure of FtsZ proteins by X-ray crystallography [60, 77,
155-158], which faciliates us to search for novel inhibitors by a rational
structure-based virtual screening of compounds from vendor or in-house databases
and libraries. To our best knowledge, no attempt has ever been made to identify and
optimize the potency of lead compounds towards FtsZ using a molecular docking of
structural-based virtual screening. It also motivates us to use the structural-based
virtual screening approach to identify new FtsZ inhibitors. Even if the crystal
structure of FtsZ of a particular bacterium is not solved by crystallography, a

homology model can be built based on available X-ray crystal structures in the
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protein databank.

Over the last two decades, many approved drugs were discovered from natural
products and their derivatives [159]. Natural products possess the advantages of high
molecular diversity, bioactive substructures and potentially lower toxicity profiles
compared to synthetic compounds [160, 161]. With regard to the importance of
natural products in the drug discovery process, it would be advantageous to identify
novel FtsZ inhibitors using high-throughput virtual screening of natural product

databases.

In this study, one of the most popular docking algorithms, Internal Coordinate
Mechanics (ICM) [123], was used in hit identification and hit-lead optimization.
ICM performs fast and accurate docking of fully continuously flexible small
molecule ligands to a protein represented by grid interaction potentials. In this
chapter, using molecular docking of ICM software [123] to screen libraries of
natural products containing over 20,000 compounds will be reported. Potential FtsZ
inhibitors were identified by in silico screening. Various in vivo and in vitro assays
were used to test the inhibitory effect of the hit compounds on FtsZ. The minimal
inhibitory concentration (MIC) of each hit compound was measured against a range
of bacterial strains. On-target activity of the compounds was also studied by
morphometric analysis. /n vitro assays were employed to measure the inhibitory
ability of each compound on FtsZ. The most biologically active compound was also

tested for its effect on the polymerization of tubulin, the eukaryotic homologue of
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FtsZ.

53



2.2 Experimental

2.2.1 Materials

2.2.1.1 Bacterial strains and cell lines

E. coli XL-1 Blue was used as a recipient of recombinant plasmids and for
plasmids amplification. S. auerus FtsZ was over-expressed in a host of E. coli BL21
(DE3). The bacterial strains used in minimum inhibitory concentration (MIC)
determination are: S. aureus ATCC 29213, S. aureus ATCC 29247, S. epidermidis
ATCC 12228, E. faecalis ATCC 29212, E. faecium ATCC 49624, M. catarrhalis
ATCC 25240 and P. aeruginosa ATCC 27853 which were purchased from
American Type Culture Collection (USA). B. subtilis 168 and E. coli ATCC 25922
are our laboratory collections. Three mammalian cell lines (L929: mouse fibroblast
cells, MKCKII: Madan-Darby canine kidney cells and HEK293/pcDNA3.1: human
embryonic kidney cells containing a pcDNA3.1 vector) were used in the cytotoxicity

test.

2.2.1.2 Plasmids

pRSET-A-S FtsZ was cloned from the S. auerus (ATCC 29213) ftsZ gene which

was employed for the over-expression of the FtsZ protein in a E. coli expression

system. The plasmid map is shown at Figure 2.1.
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5 aureus Ft=Z
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Ampr 1 origin

bla promoter

Figure 2.1 Plasmid map of pRSET-A-S FtsZ with ampicillin resistant marker
(Amp r1). S. auerus FtsZ was cloned between Ndel and Xhol located in the
multi-cloning site (MCS).
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2.2.1.3 DNA manipulation reagents

PCR and site-directed mutagenesis were performed by PfuUltra High-Fidelity
DNA Polymerase (Stratagene). Primers used in PCR were purchased from
Sigma-Proligo. Restriction digestion enzymes (Ndel and Xhol) and dNTPs were

purchased from Promega. The PCR purification kit was purchased from Roche.

2214 Media

Nutrient agar, tryptone and yeast extract were obtained from Oxoid Ltd.
(Nepean, Ontario, Canada). Luria-Bertani (LB) medium was purchased from USB
Corporation and used for preparation and transformation of E. coli competent cells
and in vivo assays. 2 X TY medium for the over-expression of FtsZ protein was
prepared by the addition of 16 g tryptone, 10 g yeast extract and 5 g sodium chloride
into 1 L deionized water and sterilized. Miiller-Hinton broth (MHB), cation-adjusted
Miiller-Hinton broth (CA-MHB) and trypticase soy broth (TSB) for Minimum
Inhibitory Concentration (MIC) determination were purchased from Becton,
Dickinson and Company (New Jersey, USA). All nutrient agar plates containing 50
pg/mL ampicillin were prepared by the addition of 0.5 mL ampicillin (10 mg/mL)

into 100 mL sterilized molten agar at about 50 °C.

2.2.15 Chemicals

Ampicillin, chloramphenicol, cinnamaldehyde, totarol, 4-morpholinepropane
sulfonic acid (MOPS), Tris-HCI, calcium chloride, magnesium chloride, potassium
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chloride, EDTA, 4°, 6-diamidino-2-phenylindole (DAPI), guanosine 5’-triphosphate
(GTP) and phosphotungstic acid (PTA) were purchased from Sigma-Aldrich.
Sodium chloride, potassium hydroxide, potassium dihydrogenphosphate and
isopropyl B-D-1-thiogalactopyranoside (IPTG) were obtained from USB Corporation.
FM 4-64 and SlowFade Antifade kit were purchased from Invitrogen (Eugene,
Oregon). Polyclonal anti-FtsZ rabbit antibody was developed in rabbit against E.
coli FtsZ by Agrisera (Sweden). FITP-conjugated goat anti-rabbit secondary
antibody was obtained from Acris Antibodies GmbH (Germany). All natural
products and semi-synthetic natural derivatives were purchased from AnalytiCon
Discovery (Potsdam, Germany). The chemical structures of hit compounds were
verified by using high-resolution mass spectrometry (Micomass Q-Tof-2) to
determine the molecular weight (M+H)". For example, the mass spectral analysis on
the sample of compound 5 indicated an observed mass of [(M+H)" = 429.13], which
in agreement with the calculated mass (428.19) based upon the chemical structure.

All other chemicals used were of analytical grade.

2.2.1.3 Proteins

BSA and lysozyme were obtained from Sigma-Aldrich. Restriction enzymes for
cloning were purchased from Promega. E. coli FtsZ protein was obtained from

Cytoskeleton (USA).
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2.2.2  Computational techniques

2.2.2.1 Receptor preparation

The X-ray structure of the co-crystallized FtsZ dimer with GTP from M.
jannaschii (PDB code: 1W5B) [157] was used as our initial docking template. All
atom types, hydrogen and missing heavy atoms were added to the structure after the
protein had been converted into an ICM object. The position of asparagine and
glutamine side chains were also optimized to improve the hydrogen bond pattern.
Unless involved in at least three specific and conserved contacts with non-water
atoms, water molecules in the ICM object were removed. Metal ions and the original
ligand from the X-ray structure were deleted before starting a docking simulation
process. The residues were renumbered based on the protein sequence retrieved from

UniProt [162].

2.2.2.2 Ligand preparation

Merck Molecular Force Field (MMFF) atom assignment and force field
optimization were used to convert ligands from two-dimensional to
three-dimensional chemical structure and the three-dimenional structure was then
optimized for a docking simulation. Charges and hydrogen atoms of each ligand

were added in the optimization process.
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2.2.2.3 Determination of binding pocket

The IcmPocketFinder [163] tool as implemented in ICM 3.6 was used to
identify putative binding sites on the entire structure of the M. jannaschii FtsZ dimer.
The tolerance value was set to be 4.6. IcmPocketFinder used the marco to provide a

mesh associated to every detected pocket.

2.2.2.4 High-throughput screening of natural product databases

The ICM-Pro 3.6-1c software (Molsoft) [164] was used to screen natural
product and semi-synthetic natural product derivative libraries containing more than
20,000 compounds based on more than 60 highly diverse chemotypes [165]. The
molecular conformation was represented by the internal coordinate variables. The
adopted force field was a modified version of the ECEPP/3 force field [166] with a
distance-dependent dielectric function. The initial structure was converted into an
ICM object by adding polar hydrogen, assigning atom type and charges from
residues. Then, a grid map was calculated with grid spacing of 0.5 A. Docking was
performed with a global optimization algorithm to find the global minimum of the
energy function. This algorithm consists of five grid potentials describing
interactions between the flexible ligand with the receptor and internal
conformational energy of the ligand. Then, a series of five grid potential
representations of the rigid receptor were generated and superimposed to give rise to
the hydrogen-bonding profile, hydrophobicity, carbon-based and hydrogen-based

van der Waals boundaries, and electronstatic potential of the predefined ligand
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binding site of FtsZ [163]. It means that all the residues with at least one side chain
non-hydrogen atom in the range of 3.0 A from the selected mesh were considered
part of the pocket. The reduced receptor representation can greatly minimize the
calculation time. A biased probability Monte Carlo (BPMC) global stochastic
optimizer implemented in the ICM program was used for global energy optimization.
In the BPMC method, a flexible ligand from a chemical library of natural product
and semi-synthetic natural product derivatives was docked into the grid
representation of the pocket. During the docking, either one of the torsional or
roto-translational variables of the ligand was randomly changed or a
pseudo-Brownian move was performed. Then, the ICM global optimization
algorithm was used to optimize the resulting conformation of the complex between
small molecule and the FtsZ dimer to calculate the complete energy such as the
solvation energy and those of the conformational entropy. A total energy of new
conformation after each run was accepted or rejected based on the Metropolis
criterion [167]. A new random change is introduced and the whole procedure was
repeated until the lowest energy conformation of complex was obtained. The free
energy of binding of each conformation was assessed by means of the standard ICM
empirical scoring function [168]. Each compound was docked three times and the
best score of each compound was then retained. The ICM binding score was used to
reflect its fit with receptor. The reasonable approximation of the free binding energy
of binding between the compound and FtsZ were evaluated with a full-atom ICM
binding score [34] from a multi-receptor screening benchmark. The score was

calculated using the following formula:
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Score = Ein + TAStor + Evw + 01 Ee1 + 0oEpy + 03EL, + 04Esr

where E\, Ee, En, Enp, and Egrare van der Waals, electrostatic, hydrogen bonding,
and nonpolar and polar atom desolvation energy differences between bound and
unbound states respectively. Ejy is the internal strain of ligand calculated as a
difference between its internal force-field energy in the bound state and its ground
state energy, AStor 1S the ligand conformational entropy loss upon binding, and 7' =
300 K, and the a coefficients are empirical weights introduced to balance the

different contributions.

2.2.3  Invivo assays

2.2.3.1  Antimicrobial testing

Minimum inhibitory concentration (MIC) value was determined by a broth
microdilution method according to the National Committee for Clinical Laboratory
Standards (CLSI) guidelines [169]. The experiments were conducted in 96-well
microtiter plates (IWAKI, Japan) using 2-fold serial dilutions in cation-adjusted
Miiller-Hinton (CA-MH) (S. auwerus ATCC 29213 and ATCC 29247) and
Miiller-Hinton (MH) broths (other bacterial strains). Compounds were dissolved in
DMSO and then diluted in serial two-fold manner. The final DMSO concentration in
the medium was 1% and should have no effect on the growth of the panel of
organisms. Exponentially growing cells were diluted to approximately 5x10°
CFU/mL (final optical density) in MH broth. In this susceptibility test, ampicillin,

totarol and cinnamaldehye were used as positive controls. After 18 h incubation at
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37 °C, absorbance (Ago) readings were recorded to calculate the percentage
inhibition in cell growth with respect to control (BioRad 680). MIC was defined as
the lowest concentration of the tested compound that inhibited pathogen visible
growth and reproduction. Data were collected and analyzed using Microsoft Excel.
The Agoo of respective blanks having only tested compounds was subtracted to give
the final Agpo. The percentage inhibition of bacterial growth was calculated by the
equation:

% Inhibition = [1 — (final Agoo/ Agoo Of the control culture)] x 100

The percentage inhibition of bacterial growth was determined 18 h after the addition
of tested compound to the bacterial culture. Inhibition is defined as the reduction of
absorbance of > 90% relative to the control without any inhibitor. The experiment

was set up in triplicates.

2.2.3.2  Visualization of bacterial morphology

B. subtilis 168, E. coli (ATCC 25922) and S. auerus (ATCC 29213) cells were
grown in LB medium. The cultures were inoculated at an ODgyy of 0.01 from an
overnight culture in the same medium containing 1% DMSO or different
concentrations of compounds and grown at 37 °C. After 4 h, the bacteria cells were
harvested and resuspended in 100 puL of PBS buffer containing 0.25% agarose. Then,
a total of 10 pL suspension mixture was placed on the microscopic slide which had
been pretreated with 0.1% (w/v) poly-L-lysine and the morphology of the bacterial
cells was observed under a light phase-contrast microscope (Leica) at x40

magnification. The images were captured using a Nikon camera. The length of a
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bacterial cell was measured using a software installed in the Nikon camera. 200 cells

were analyzed to determine the bacterial average cell length.

2.2.3.3 Membrane staining

FM4-64, a red fluorescent dye, was used to stain the membrane of bacterial
strains [66]. In this study, B. subtilis 168 and E. coli cells from overnight culture in
10 mL of LB were diluted to OD 0.01 and were further grown in the absence or
presence of various concentrations of compound 5 for 4 h at 37 °C. FM4-64 was
added to 1 mL of the growing B. subtilis 168 and E. coli cultures to a final
concentration of 1.6 uM and incubated at 30 °C. After 15 min, the bacteria cells were
harvested and resuspended in 100 puL of PBS buffer containing 0.25% agarose. 10
uL of sample mixture was placed on a pretreated microscopic slide with 0.1% (w/v)
poly-L-lysine and observed under a fluorescence microscope (Leica) by a x100 oil

immersion objective.

2.2.3.4  Visualization of Z-ring in the bacteria

A culture of E. coli IM109 WM647 (a gift from Dr. W. Margolin) containing an
IPTG-inducible plasmid for the production of GFP-tagged FtsZ was grown in LB
medium supplemented with chloramphenicol (30 pg/mL). After overnight incubation,
a sample of the culture was diluted to 1% in the LB medium containing different
concentrations of compounds and 40 uM IPTG [16]. After 4 h incubation at 37 °C,

the E. coli cells were fixed, harvested and resuspended in PBS buffer containing
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0.25% of agarose. 10 ul. sample of these were pipetted onto the pretreated
microscopy slide with 0.1% (w/v) poly-L-lysine and visualized by a fluorescence
microscope (Leica) at x100 oil immersion with a standard fluorescein isothiocyanate

filter set for GFP. 100 cells were analyzed to calculate the frequency of FtsZ rings.

2.2.3.5 Immunofluorescence microscopy

Immunofluorescence microscopy was applied to visualize the Z rings of B.
subtilis 168 cells. B. subtilis 168 cells were immunostained with procedures
described in the literature [170]. Briefly, a colony of B. subtilis strain 168 was
resuspended in LB medium and grown exponentially at 37 °C until Agg reached ~
0.3-0.4. Then, samples of the culture were treated with different concentrations of
the compound or 1% DMSO (control). After 90 min incubation at 37 °C, samples of
the culture were fixed with 2.5% formaldehyde and 0.04% glutaraldehyde in PBS
buffer at pH 7.4. After 10 min incubation at room temperature, cells were collected
and washed three times with PBS buffer. To quench auto-fluorescence and enhance
antigenicity, the cells were incubated with 1 mg/mL of sodium borohydride (NaBH4)
in PBS buffer for 5 min on a rotator and then washed twice with PBS buffer. The
cells were resuspended in PBS containing 0.05% Titron X-100 for 45 min. After
washing the cells three times with PBS buffer, the washed cells were resuspended in
GTE buffer (20 mM Tris, pH 7.5, 50 mM glucose and 10 mM EDTA) containing
freshly prepared 20 ug/mL of lysozyme incubated at room temperature for 30 min
and washed again with PBS. The cells were immediately transferred to the

microscope slide that had been pretreated with 0.1% (w/v) poly-L-lysine. After 5
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min, loosely adherent bacterial cells were aspirated. A blocking solution (2% [w/V]
bovine serum albumin in PBS) was added and the cells were incubated for 30 min.
After removing the blocking solution, cellular FtsZ was stained with a polyclonal
anti-FtsZ rabbit antibody and the cells were incubated overnight at 4 °C. A
FITC-conjugated goat anti-rabbit secondary antibody was added to further stain the
cellular FtsZ for 2 h. After that, the slides were washed 10 times with PBS
containing 0.05% Tween 20. Nucleoids were visualized by staining the bacterial
cells with 1 pg/mL 4’,6-diamidino-2-phenylindole (DAPI) and the cells were then
incubated for 1 min at 25 °C. The cells were washed twice with distilled water and
then 2 drops of the SlowFade equilibration buffer were added to pre-equilibrate the
bacterial specimens for 5 min before being mounted in 5 pL of SlowFade and 5 uL
of PBS buffer containing 0.25% (w/v) agarose. Finally, the bacterial specimens were

visualized under a fluorescence microscope (Leica).

2.2.4  Invitro assays

2.2.4.1 Cloning and DNA manipulation

2.2.4.1.1 Preparation of E. coli competent cells

E. coli BL21 (DE3) strain was cultured in 5 mL sterilized LB medium for 14-16
h at 37 °C with shaking at 280 rpm. Overnight culture (200 uL) was added into 100
ml sterilized LB medium and incubated at 37 °C with shaking at 280 rpm. When the
optical density (ODggo) of the bacterial culture reached 0.3 - 0.4, cells were harvested

and centrifuged at 4000 rpm for 20 min at 4 °C. Then, the cell pellet was
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resuspended in 10 mL sterilized ice-cold 100 mM CaCl, and kept in ice. After 25
min, the cells were pelleted again by centrifugation at 4000 rpm for 20 min at 4 °C
and then the pellet was resuspended in 700 pL ice-cold CaCl,. 300 uL of 50%
sterilized glycerol was added to make up a final glycerol concentration of 15%, and
the mixture was aliquoted into eppendorf. These competent cells were frozen

quickly by liquid nitrogen and stored at — 80 °C.

2.2.4.1.2 Transformation of competent cells

Plasmid DNA or ligation product was added and mixed thoroughly with 50 mL
competent cells. After being incubated on ice for 25 min, the competent cells were
heat shocked at 42 °C for 2 min. Then, 200 mL sterilized LB medium was added to
the eppendorf containing the competent cells which were incubated at 37 °C for 1
hour. These competent cells were streaked on nutrient agar plate containing 50

ug/mL kanamycin and incubated at 37 °C overnight.

2.2.4.1.3 Extraction and purification of genomic DNA from S. aureus strain

Genomic DNA from S. aureus strain (ATCC 29213) was extracted according to

the protocol of the illustra bacteria genomicPrep Mini Spin Kit (GE healthcare).

2.2.4.1.4 Subcloning of S. auerus FtsZ gene into expression vector

Genomic DNA (template) was isolated from S. auerus strain (ATCC 29213) by

the illustra bacteria genomicPrep Mini Spin Kit (GE healthcare). The fisZ gene was
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amplified by PCR using oligonucleotides Sa Ftz-F (CTATGTCATATGTTAGAAT-
TTGAACAAGGATTTAATC) and Sa Ftz-R (CATTGACTCGAGTTAACGTCTT-
GTTCTTCTTGAAC) flanked by Ndel and Xhol restriction site respectively. The
PCR profile was set as follows: pre-denaturation at 95 °C for 5 min, 30 cycles
amplification at 94 °C for 1 min, 55 °C for 1 min, 72 °C for 1 min 10 s and final
elongation at 72 °C for 10 min. The PCR product was purified and digested with
Ndel and Xhol restriction enzymes. Digested ftsZ gene was ligated into pPRSET-A-S
which had been previously digested by Ndel and Xhol restriction enzymes. Histidine
tag was added to the N-terminal of FtsZ protein by inserting 6 codons
(CATCACCATCACCATCAC) between the translation start and the second codon
by the QuickChange® II Site-Directed Mutagenesis Kits (Stratagene) according to
the manufacturer’s instructions. The insertion was preformed by using two primers,

FtsZ-F (GGAGTATACATATGCATCACCATCACCATCACTTAGAAT-

TTGAACAAGGA) and FtsZ-R (TCCTTGTTCAAATTCTAAGTGATGGTGATG-

GTGATGCATATGTATACTCC) under the following PCR cycling condition:
pre-denaturation at 95 °C for 2 min, 18 cycles at 95 °C for 30 s, 57 °C for 1 min, and
68 °C for 4 min. FtsZ, 6His-tagged at its N-terminus, was expressed from
pRSET-A-S FtsZ in E. coli BL21(DE3) cells under control of the T7-promoter. The

expressed protein contains 396 residues and has a molecular weight of 41.8 kDa.
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2.2.4.2 Preparation of S. auerus His-tagged FtsZ

2.2.4.2.1 Expression of S. auerus His-tagged FtsZ in E. coli

In this study, His¢-FtsZ was overexpressed in E. coli BL21(ADE3) cells. E. coli
cells containing the fisZ gene was streaked on a nutrient agar plate with 50 pg/mL
ampicillin and incubated at 37 °C overnight. A few single colonies were inoculated
into 5 mL LB medium, incubated at 37 °C and shaked at 250 rpm for 14-16 h. This
pre-culture was transferred to a flask containing fresh 2 x TY medium in 1:100
dilution and 50 pg/mL ampicillin was added, followed by incubation at 37 °C with
shaking at 280 rpm. Cell growth was monitored by measuring the optical density at
600 nm (ODgog). When ODggo reached 0.8, His-tagged FtsZ was induced with 0.4
mM filtered isopropyl-p-D-thiogalactopyranoside (IPTG) for 4 h at 37 °C with
shaking at 250 rpm. Cells were harvested by centrifugation at 4 °C, 9000 rpm for 20

min. Before subsequent purification steps, the cell pellet was stored at — 80 °C.

2.2.4.2.2 Purification of intracellular His-tagged S. auerus FtsZ

Before the purification step, the 6his-tagged FtsZ in the cell pellet was extracted
by homogenization. First, the cell pellet was resuspended in 20 mL of solubilization
buffer (50 mM Tris-HCI, 150 mM NaCl, I mM PMSF and 1 mM EDTA, pH 7.4)
and incubated with 75 pg/mL lysozyme for 1 h at 30 °C, followed by a 30
s-sonication for 5 times with a Soniprep 150 ultrasonic disintegrator (MSE Scientific
Instrument, England) to obtain cell extracts. Soluble and particulate fractions were

separated by centrifuging cell extracts at 13,000 rpm for 1 h at 4°C. Most His-tagged
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FtsZ protein was obtained in the soluble fraction.

In order to purify the soluble protein (Hise-FtsZ), metal affinity chromatography
was performed using an Amersham-Pharmacia AKTA FPLC system
(Amersham-Pharmacia Biotech Inc., Piscataway, NJ). The supernatant was passed
through a 0.22 um filter before loaded on a 5-mL nickel (II) sulfate charged 5-mL
HiTrap chelating column (Amersham-Pharmacia Biotech Inc.) that had been
pre-equilibrated with a pH 7.4 starting buffer made up of 20 mM sodium phosphate
and 150 mM KCI. The column was then washed with 8 column volumes of the
starting buffer and the Hise-FtsZ was eluted by a linear imidazole gradient from 0.1
to 0.2 M. Eluates with the UV absorbance peak were pooled and dialyzed
extensively against a 50 mM MOPs buffer, pH 6.5 or other bioassay buffers such as
50 mM Tris.HCl (pH 7.4). The protein was aliquoted and stored at —70 °C.
His-tagged FtsZ was purified to more then 95% homogeneity by this
chromatographic procedure. For long-term storage, the purified enzyme was
buffer-exchanged with 20 mM ammomium bicarbonate, lyophilized and stored at —

20 °C.

2.2.4.3 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Protein samples were analyzed on 12% SDS-PAGE in a Mini-PROTEAN III
dual slab cell (Bio-Rad Laboratories). The sample was mixed with reducing agent
S-mercaptoethanol and SDS. The SDS-PAGE gel comprised of 5% stacking gel (pH
6.8) and 12% separating gel (pH 8.8) and was subjected to electrophoresis in 1x

running buffer at 200 V for 60 min. After electrophoresis, the gel was stained with
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Coomassie blue for 5 min. Then the gel was immersed into the destain solution with
shaking; and the destain solution was replaced until a clear background of the gel
was obtained. Afterwards, the gel was air-dried and finally mounted with gel drying

film (Promega).

2.2.4.4 Determination of protein concentration

The total FtsZ concentration of the samples was determined by Bradford assay.
In this assay, 200 pL of Bradford Reagent Dye (Bio-Rad) was mixed with 800 uL of
sample and then incubated for 10 min at room temperature. The absorbance of the
sample was measured spectrophotometrically at 595 nm. The protein concentration
of the sample was determined by comparison against a protein standard curve, which

was constructed by different concentrations of BSA standards.

2.2.4.5 Electrospray ionization-mass spectrometry (ESI-MS)

A VG Platform single quadrupole or quadrupole-time of flight (Q-TOF2) mass
spectrometer (Micromass, Altrincham, Cheshire, UK) equipped with an electrospray
interface was used to obtain ESI-mass spectra. Protein samples were dissolved in
H,O/CH;CN (1:1 v/v) or H,O/MeOH (1:1 v/v) containing 0.2% formic acid (v/v)
and injected into the electrospray source via a 20 pL-loop injector (Rheodyne 5717)
at a flow rate of 10 pL/min. The mass spectrometer was scanned over the m/z 570 —
1600 range. The instrument was calibrated with myoglobin (10 pmol/uL, average

molecular mass 16,951.5).
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2.2.4.6 Light scattering assay

The polymerization and depolymerization of S. auerus FtsZ was followed by
90° light scattering in a thermostatically (37 °C) controlled Pekin Elmer LS-50B
spectrofluorometer using a 0.5 mL quartz curvet (10 mm, Hellma). Both excitation
and emission wavelengths were set at 600 nm with a slit width of 2.5 nm. S. auerus
FtsZ (12.5 uM) in 50 mM MOPS buffer (pH 6.5) was incubated with 1% DMSO or
different concentrations of compounds for 10 min at 25 °C. Then, 50 mM KCI and
10 mM MgCl, were added to establish a baseline. After 8 min, a final concentration
of 1 mM GTP was added at the last fraction and the increase in light scattering was
measured for an additional 25 - 30 min. The rate and extent of polymerization were
determined. The appropriate blank was subtracted from all experimental data. Each

light scattering assay was repeated three times to obtain the average result.
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2.2.4.7 GTPase activity

The conversion of GTP to GDP by E. coli and S. auerus FtsZ proteins was
measured by monitoring the release of inorganic phosphate in an end point enzyme
assay using CytoPhos™ phosphate assay Biochem Kit™ (Cytoskeleton, USA). In
this assay, 2 uM E. coli FtsZ or 7.5 uM S§. auerus FtsZ was preincubated with a
serial dilution of compounds in a 15 puL buffer containing 50 mM Tris at pH 7.4 (E.
coli FtsZ protein) or 50 mM 4-morpholinepropanesulfonic acid (S. auerus FtsZ
protein) for 10 min at 25 °C. The control tube contained 1% DMSO alone. Then, 5
mM of MgCl, and 200 mM KCI were added. The reaction was started by the
addition of 500 uM GTP followed by incubation at 37 °C. 100 pL of Cytophos
reagent was added into each sample containing E. coli FtsZ and S. auerus FtsZ after
5 min or 30 min respectively. After 10 min incubation, the absorbance (Agsp) was
taken in a 96-well microplate reader (BioRad 680). The ICsy (50 % inhibitory
concentration) value of hit compound was determined from the relative slopes of
GTP hydrolysis at different concentrations of compounds compared to the control

with DMSO only.

2.2.4.8 Transmission electron microscopy

S. auerus FtsZ (12 uM) was incubated in the absence and presence of different
concentrations of hit compound in 50 mM MOPS buffer at pH 6.5 for 10 min at 25
°C. Then, 50 mM KCl, 5 mM MgCl, and 1 mM GTP were added to the reaction

mixtures which were then incubated at 37 °C for 15 min. Subsequently, 10 pL
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aliquots were applied to a glow-discharged Formvar carbon-coated copper grid (400
mesh) and blotted dry. 10 pL of distilled water was added to wash away any excess
sample solution on the grids for 30 s. The grid was subsequently subjected to
negative staining using 10 pL of 0.5 % phosphotungstic acid (PTA) for 30 s,
air-dried and digital images of the specimen were observed with a JEOL model JEM
2010 transmission electron microscope operated at 200 kV and equipped with a

Gatan MSC 794 CCD camera.

2.2.4.9  Tubulin polymerization assay

A hit compound was tested for inhibition of bovine brain (mammalian) tubulin
polymerization using the Tubulin Polymerization Assay Kit (Cytoskeleton, Inc.).
Polymerization was monitored by measuring the fluorescence enhancement from a
fluorescent reporter [4’,6-diamidino-2-phenylindole (DAPI)] incorporated into the
microtubules. The final concentration of bovine brain tubulin was 2
pg/mL. Paclitaxel (20 pM) and vinblastine (30 uM) which are known tubulin
polyermization enhancer and inhibitor respectively, were also included as reference
compounds as compared to the control (1% DMSO). Compound 5 was tested in the
assay at a final concentration of 384 ug/mL (890 uM in 1% DMSO final).
Fluorescence was measured using a PolarStar Optima (BMG) microplate reader at
wavelength settings of 360 nm (excitation) and 450 nm (emission). Data were

collected using Microsoft Excel and treated by Origin.
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2.3 Results and discussion

2.3.1 ldentification of potential FtsZ inhibitors by the

structure-based virtual screening method

Computer-aided drug screening was conducted to identify potential FtsZ
inhibitors that bind to the GTP binding pocket. ICM-Pro (version 3.6-1c) [123] was
used to dock the libraries of natural products and semi-synthetic natural products
containing more than 20,000 compounds against the X-ray structure of M.
Jjannaschii FtsZ (PDB code: 1W5B). More than one druggable binding sites of the
FtsZ dimer were identified (Figure 2.2). Since the GTP binding site (pocket 2) has
been shown to be highly conserved with recognizable sequence identity, it is likely
to be a good target site for new inhibitors with a broad spectrum activity of bacteria.
In the first round virtual screening, each continuously flexible compound of the
natural product databases was docked to the rigid pocket of the receptor using the
biased probability Monte Carlo (BPMC) global energy minimization procedure.
Each compound was docked three times. The best scoring pose of each compound
from different clusters were inspected manually and evaluated. Some hit compounds
which were not necessarily those with the best final scores were chosen because they
showed the best characteristic interaction with the GTP binding site of M. jannaschii
FtsZ. The hit compounds were selected for subsequent biochemical tests based on
criteria such as formation of specific hydrogen bonds with significant residues to

bind GTP substrate, contact with most parts of GTP pocket and compounds with
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best scoring from each cluster were selected for further biochemical validation. The

chemical structures of the hit compounds are summarized in Table 2.1.
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Pocket 2 - GTP binding site

Pocket 5

Figure 2.2 X-ray structure of the FtsZ dimer (PDB code: 1W5B) are shown in
ribbon form. The GTP substrate is depicted as ball-and-stick models displaying
carbon (yellow), hydrogen (grey), oxygen (red) and nitrogen (blue) atoms. The
favorable binding pockets of the FtsZ dimer are represented as grey (pocket 1), red
(pocket 2 — GTP binding site in subunit B), yellow-brownish (pocket 3 near T7 loop
at C-terminus), green (pocket 4 — nucleotid binding site in subunit A), brown (pocket

5), purple (pocket 6- unknown function).
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Table 2.1 Chemical structure of hit compounds
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2.3.2  Antimicrobial testing

Since FtsZ is an intracellular protein in bacteria, it is important to identify
cell-permeable small-molecule inhibitors that are able to penetrate into bacterial cell
wall. Hence, the minimal inhibitory concentration (MIC) of each hit compound was
measured against a range of Gram-positive and -negative bacterial strains at 384
pg/mL. Five hit compounds demonstrated the ability to inhibit the bacterial growth;
the MIC values are summarized in Table 2.2. The remaining compounds did not
show antibacterial activity. Gram-positive organisms were significantly more
sensitive to compounds 1, 2, 6 and 16 than Gram-negative bacteria. These four
compounds failed to kill Gram-negative bacteria strains. The MICs of compound 1
against three of the tested strains were at 96 pg/mL. Compound 2 only inhibited
Gram-positive sensitive and resistant S. aureus strains at 192 pug/ml. Compound 16
strikingly caused the cell death of B. subtilis 168 at 24 pg/mL. The MICs of
compounds 6 and 16 for the opportunistic food-born pathogen B. cereus were found
to be the same (96 pg/mL). Although 4-(((2R,4S,5R)-5-(2-methyl-6-(thiophen-2-yl)-
pyrimidin-4-yl)quinuclidin-2-yl)methylcarbamoyl)butanoic acid (5) (Table 2.1)
showed relatively weak antibacterial activity against Gram-positive and -negative
bacterial strains contrasting to ampicillin, it was found to be more potent against B.
subtilis and S. auerus than some literature reported FtsZ inhibitors such as
cinnamaldehyde and 3-MBA (Table 2.3). Compound 5 was also found to be more
effective than totarol, cinnamaldehyde and 3-MBA to inhibit E. coli. In order to
eliminate false positives in susceptibility tests, the five possible FtsZ inhibitors were

inspected for inhibition of cell division in vegetative growing B. subtilis, E. coli and
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S. aureus under a phase-contrast microscope.
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Table 2.2 MICs of hits against gram-positive and gram-negative bacteria

Strain MIC  (ug/mL)

1 2 5 6 16

B. subtilis 168 >384 >384 96 192 24

B. cereus 96 >384 96 96 96
E. faecalis ATCC 29212 >384 >384 384 >384 | >384
E. faecium ATCC 49624 >384 >384 192 >384 | >384
E. coli ATCC 25922 >384 >384 192 >384 | >384
M. catarrhalis ATCC 25240 n.d. n.d. 96 n.d. n.d.
P. aeruginosa ATCC 27853 >384 >384 >384 >384 | >384
S. epidermidis ATCC 12228 >384 >384 48 >384 | >384
S. aureus ATCC 29213 96 192 384 >384 | >384
S. aureus ATCC 29247 96 192 384 >384 | >384

n.d. - not determined
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Table 2.3 MICs of positive controls against gram-positive and gram-negative

bacteria
Strain MIC  (pg/mL)
Ampicillin | Totarol | Cinnamaldehdye 3-MBA

B. subtilis 168 0.09 1.5 250 1250

B. cereus n.d. n.d. n.d. n.d.

E. faecalis 6 n.d. n.d. n.d.
ATCC 29212

E. faecium 3 n.d. n.d. n.d.
ATCC 49624

E. coli 6 400 500 >2500

ATCC 25922
M. catarrhalis 1.5 n.d. 500 n.d.
ATCC 25240
P. aeruginosa n.d. n.d. n.d. n.d.
ATCC 27853
S. epidermidis 3 1.5 250 n.d.
ATCC 12228

S. aureus 1.5 1.5 250 2500
ATCC 29213

S. aureus 24 n.d. n.d. n.d.
ATCC 29247

n.d. - not determined
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2.3.3  Visualization of bacterial morphology

The effects of the five possible hit compounds and positive controls on bacterial
morphology are shown in Figures 2.3-2.5. Untreated B. subtilis cells have typical
short rod morphology (Figure 2.4A). After treatment with compound 6 or 16 (Figure
2.3C or 2.3E), the cell morphology of B. subtilis were found to be short rod shaped.
Regarding compounds 1 and 2 (Figures 2.3D and 2.3F), they didn’t influence the
cell morphology of spherical-shaped S. aureus. Figure 2.4A-D showed the effect of
compound 5 on the cell morphology of various bacterial strains. It induced
filamentation in B. subtilis and E. coli cells (Figures 2.4B and 2.4D). The average
cell length of untreated B. subtilis and E. coli cells were about 3.1 £ 1 ym and 2 + 1
um respectively. After 4 h of incubation, the average cell length of B. subtilis was
increased by 8 folds from 3.1 £ 1 um to 24 £ 20 um in the presence of 48 pg/mL
(112 uM) of 5. The average cell length of E. coli was increased by 2.6 folds from 2 +
I um to 5.2 £ 1.9 um. Thus, 5 showed a stronger inhibitory effect on the
proliferation of B. subtilis cells than E. coli cells. The results indicated that depletion
of FtsZ in S. aureus caused a different effect on morphology than in rod-shaped B.
subtilis and E. coli. Some S. aureus cells treated with 96 pg/mL (450 uM) of
compound 5 (Figure 2.4F) became enlarged but still remained a spherical shape. But
some depleted cells of S. aureus were burst. Although 5 could effectively inhibit the
cell divisions of B. subtilis, E. coli and S. aureus, at least seven known proteins in B.
subtilis and E. coli cells are responsible for efficient cell division [3]. Anyone or

more of these proteins might be the targets for compound 5. Additional assays were
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therefore needed to identify the specific target for compound 5.
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Figure 2.3 Effect of 1, 2, 6 and 16 on cell division and cell morphology. Cells of B.
subtilis 168 (A, C and E) were grown for 4 h in the absence (A) or presence of 96
pug/mL (160 uM) of 6 (C) or 12 pg/mL (53 uM) of 16 (E). Cells of S. aureus ATCC
29213 (B, D and F) were grown for 4 h in the absence (B) or presence of 48 ug/mL
(110 uM) of 1 (D) or 96 ng/mL (300 uM) of 2 (F). The cells were visualized using a
phase contrast microscope. The scale bar is 10 um. The experiment was repeated 3
times.
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Figure 2.4 Effect of 5 on cell division and cell morphology. Cells of B. subtilis
168 (A and B) or E. coli ATCC 25922 (C and D) or S. aureus ATCC 29213 (E and F)
were grown for 4 h in the absence (A, C and E) or presence of 48 pg/mL (112 uM)
of 5 (B) or 96 pg/mL (450 uM) of 5 (D and F). The cells were visualized using a
phase contrast microscope. The scale bar is 10 um. The experiment was repeated 3
times.

86



Figure 2.5 Effect of cinnamaldehyde, totarol and 3-MBA on cell division and cell
morphology. Cells of B. subtilis 168 were grown for 4 h in the absence (A) or
presence of 1.89 mM (250 pg/mL) of cinnamaldehyde (B), 2 uM of totarol (C), 8.28
mM (1250 pg/mL) of 3-MBA (D). The cells were visualized using a phase contrast

microscope. The scale bar is 10 um. The experiment was repeated 3 times.
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2.3.4  Membrane staining

Perturbation of the membrane structure also induced cell lysis and death.
Therefore, the effects of 5 on the membrane structure of B. subtilis and E. coli cells
were examined. The results of membrane staining with FM 4-64 demonstrated that
compound 5 did not perturb the membrane structures of B. subtilis (Figures 2.6A and
C) and E. coli (Figures 2.6B and D). The formation of integral septa at the division

sites of B. subtilis and E. coli cells were observed after treatment with 5.
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Figure 2.6 Effects of 5 on the bacterial cell membrane. Cells of B. subtilis 168 were
grown for 4 h in the absence (A) or presence of 88 uM of 5 (C). E. coli ATCC 25922

cells were grown for 4 h without (B) or with 450 uM of 5 (D). The cells were stained
with the membrane stain FM 4-64 for 30 min and visualized using a fluorescence

microscope. The scale bar is 10 um. The experiment was repeated 3 times.
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2.3.5  Visualization of Z-ring in the bacteria

As another approach to confirm that FtsZ is the target for compound 5, we tired
to observe the formation of the dynamic Z-ring in the bacteria. In rod-shaped E. coli,
septum formation during cell division is initialized by the dynamic Z-ring. When the
Z-ring is perturbed, the bacterial cell division is then inhibited to induce the increase
of bacterial cell length [171, 172]. In the absence of 5, a fluorescent band at the cell
midpoint was appearently observed in a high percentage of E. coli cells as assisted by
the GFP-tagged FtsZ (Figure 2.7A). These fluorescent bands represented the
septation-competent localized Z-rings (cytoskeletal structures). Upon the exposure to
96 ng/mL (224 uM) compound 5, GFP-FtsZ dispensed as discrete foci throughout the
most elongated cells, indicating that 5 perturbed the Z-ring assembly and integrity
significantly due to FtsZ mislocalization. Besides, compound 5 did not change the
frequency of occurance of nucleoids per micrometer of cell length, suggesting that it
did not influence the DNA replication and nucleoid segregation in the elongated E.
coli cells. The effect of 5 on dynamic Z-ring formation was similar to the PC190723
inhibitor of FtsZ [60]. But our results were different from other FtsZ inhibitors, which

cause the dissipation of FtsZ assembly [80, 81].
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Figure 2.7 Perturbation of cytokinetic Z-ring in E. coli. E. coli (JM109 WM647)
cells were grown in the absence (A) or presence of 96 ng/mL (224 uM) of 5 (B). The

scale bar is 10 um. The experiment was repeated 3 times.



2.3.6  Immunofluorescence microscopy

Compound 5 did not display any background fluorescence. The electron
microscopy results showed that the B. subtilis cells treated with compound 5 caused
the formation of filamentous cells. Together with the disruption of Z-ring formation
in E. coli cells, these observations implied that 5 may perturb cytokinesis by
influencing the function of FtsZ. The effects of 5 on the Z-ring formation and
nucleoid in B. subtilis 168 were studied by staining the cells with anti-FtsZ antibodies
and DAPI fluorescence (Figure 2.8). It was found that most untreated B. subtilis cells
showed an integral Z-ring. In the presence of 112 uM compound 5, only very few
cells were found to assemble a well-defined Z-ring. Figure 2.9B showed that the
immunostained FtsZ proteins were found throughout the filamentous cell. However,
the number of nucleoids per micrometer of cell length in the absence (0.48 + 0.01)
and presence of compound 5 (0.46 = 0.01) are almost the same. These findings
showed that compound 5 influenced the Z-ring formation rather than nucleoid

segregation.
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Figure 2.8 Effects of 5 on the Z-ring and nucleoid segregation in B. subtilis 168.
Cells were immunostained with polyclonal anti-FtsZ rabbit antibody followed by
FITC-conjugated goat anti-rabbit secondary antibody for the observation of Z-ring
and stained with 1 ug/mL DAPI to observe the nucleotides. The cells in A and C and
overlay (E) were in the absence of 5. The cells in B and D and overlay (F) were
treated by 112 uM (48 pg/mL) of 5. The Z-rings and nucleotide are shown in green
and blue respectively and were visualized under a fluorescence microscope with 100x
oil immersion len. The scale bar is 10 um. The experiment was repeated 3 times.
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2.3.7  Expression and purification of S. auerus His-tagged FtsZ

S. auerus His-tagged FtsZ was successfully expressed and purified by a HiTrap
chelating column. The chromatogram and 12% SDS-PAGE are shown in Figure 2.9.
The purity was analyzed by 12% SDS-PAGE. In general a single peak of His-tagged
FtsZ was found in the chromatogram with typically 85-90 % purity and the protein
yield was about 20 mg per 1g of cell paste. The purity of S. auerus FtsZ was further
confirmed by ESI-mass spectrometry (Figure 2.10). A mass spectrum showed that the
measured mass of S. auerus FtsZ was consistent with the calculated value. The
purified S. auerus FtsZ protein was then used for subsequent in vitro experiments to

validate the action mode of compound 5 on FtsZ.
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Figure 2.9 Purification of S. auerus Hiss-FtsZ (a) Elution profile of the enzyme
from cell lysate obtained from 400 mL culture (b) 12 % SDS-PAGE. Lane 1, low
range molecular marker: rabbit muscle phosphorylase b (97400 Da), BSA (66200 Da),
hen egg white ovalbumin (45000 Da), bovine carbonic anhydrolase (31000 Da),
soybean trypsin inhibitor (21500 Da), hen egg white lysozyme (14400 Da); lane 2,
crude cell lysate; lane 3, soluble fraction of cell lysate; lane 4, insoluble fraction of
cell lysate; lane 5, soluble fraction after passing through nickel-affinity column; lanes

6-10, elution of S. auerus His¢-FtsZ by elution buffer.
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Figure 2.10 ESI-mass spectrum of S. auerus 6HisFtsZ
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2.3.8  Light scattering assay

Since 5 significantly induced the cell filamentation in B. subtilis and E. coli and
perturbed the formation of Z-ring in living E. coli cells, the effect of compound 5 on
S. auerus FtsZ polymerization and depolymerization was monitored using light
scattering assay. This assay can be used to trace the dynamics of FtsZ assembly into
protofilaments in vitro because light scattering signal at 600 nm is directly
proportional to the polymer mass of FtsZ [173]. The results showed that the assembly
of FtsZ monomers in the absence of compound 5 occurred at a much higher rate than
in the presence of that compound (Figure 2.11). Compound 5 inhibited the
light-scattering signal of the FtsZ assembly in a dose-dependent manner. Compared
with the control, the FtsZ polymerization was inhibited by ~ 20% and 40% in the

presence of 90 uM and 240 uM compound 5 respectively.
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Figure 2.11 Effect of 5 on FtsZ assembly in vitro. S. auerus FtsZ (12 uM) was
polymerized in 50 mM MOPS, pH 6.5, 50 mM KCI, 10 mM MgCl, and 1 mM GTP
in the absence of 5 (a), in the presence of 90 uM (b), 120 uM (c) and 240 uM (d) of 5.
Appropriate blanks were subtracted from all the traces. The experiment was

performed three times.
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2.3.9 GTPase activity

The dynamic assembly of FtsZ was regulated by the GTPase activity of FtsZ
[174, 175]. The effect of 5 on the GTPase activity of E. coli FtsZ and S. auerus FtsZ
were measured from the half-maximal inhibitory concentration (ICsp). The
concentration-response curve for compound 5 is shown in Figure 2.12. Compound 5
was found to moderately reduce the GTPase activities of E .coli FtsZ and S. auerus
FtsZ in a concentration-dependent manner with ICsy values of 221.5 + 19.7 pg/mL
(572.3 £ 50.9 uM) and 145.0 = 37.2 pg/mL (387.6 = 96.1 uM) respectively. The
results showed that compound 5 suppressed the GTPase activity of S. auerus FtsZ
more effectively than E. coli FtsZ. Many biochemical data strongly suggest that
nucleotide hydrolysis is driven by oligormerization of FtsZ [45, 46, 175, 176]. On the
basis of measuring GTPase activity, compound 5 might inhibit the GTP hydrolysis
rate of both FtsZ assembly either by modulating assembly dynamics of FtsZ
protofilaments or by inhibiting the binding of GTP to FtsZ. Together the above light
scattering study, 5 may perturb the assembly of dynamic FtsZ by inhibiting the

GTPase activity of FtsZ.
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Figure 2.12 Concentration-response curve of 5 as tested against S. auerus FtsZ (m)

and E. coli FtsZ (e). Each point represents the mean of three assays and the vertical

bars show the standard error of the mean. The data were plotted and ICsy was

calculated by nonlinear regression using a sigmoidal concentration-response curve

(Original Software).
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2.3.10 Transmission electron microscopy

The effect of compound 5 on the assembly of S. auerus FtsZ protofilament was
examined by transmission electron microscopy. The electron microscopic images are
shown in Figure 2.13. In the absence of compound 5, a dense network of bundles of
FtsZ polymers with an average width of 110 = 22 nm was observed. The number and
thickness of FtsZ polymers were significantly reduced with increasing the
concentration of compound 5. For example, the average thickness of the Ftsz bundles
was 88 £ 10 nm and 31 + 24 nm in the presence of 50 uM and 120 uM 5 respectively.
In the presence of 120 uM compound 5, FtsZ formed short bundles with a mean
length of 2000 + 1000 nm as compared with the FtsZ protofilaments formed in the
absence of compound 5. The high concentration of compound 5 not only inhibited the
assembly of FtsZ protofilament by weakening its self-association process, but also
induced aggregation of FtsZ monomers. The findings of this experiment can explain
the moderate effect of 5 on the polymerization of FtsZ in vitro as determined by the
light-scattering experiment and GTPase activity analysis. In accord with these
experimental results, the effect of 5 on the GTPase activity of both FtsZ proteins may
be caused by the disruption of FtsZ assembly in an organized and regulated fashion.
As a result, a balanced FtsZ polymer stability may not be achieved for the assembly

and positional regulation of the Z-ring in the cytokinesis.
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Figure 2.13 Electron micrographs of FtsZ polymers. S. auerus FtsZ (12 uM) was
polymerized in 50 mM MOPS buffer, pH 6.5, containing 50 mM KCI, 5 mM MgCl,,
and 1 mM GTP in the absence and presence of 5 for 15 min at 37 °C. Shown are the
electron micrographs of FtsZ polymers formed in the absence (A) and presence of
120 uM (B) and 50 uM (C) of 5. The scale bar of A = 1000 nm. The scale bar of B
and C =2000 nm.
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2.3.11 Tubulin polymerization assay

The effect of compound 5, paclitaxel (an enhancer of tubulin polymerization as
positive control) and vinblastine (a microtubule destabilizing drug as negative control)
on mammalian tubulin polymerization were evaluated using in vitro tubulin
polymerization assay. The results are shown in Figure 2.14. The fluorescent reporter
inside microtubules allowed a simple and rigorous quantification of the extent of the
tubulin polymerization. The curves in Figure 2.14 demonstrated that the
polymerization of tubulin consisted of three phases: nucleation, growth and steady
state equilibrium. The fluorescence intensity was significantly increased in the
presence of paclitaxel because paclitaxel eliminated the nucleation phase and greatly
enhanced the rate of polymerization of mammalian tubulin (curve a). On the other
hand, vinblastine completely inhibited the polymerization of mammalian tubulin
(curve d). In the case of compound 5, it did not affect the polymerization of
mammalian tubulin. The increase of fluorescence intensity in the presence of
compound 5 (curve c¢) was similar to one in the blank control (curve b). These results
implied that compound 5 is highly selectivity against FtsZ rather than the eukaryotic

cytoskeletal protein tubulin.
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Figure 2.14 Effect of 5 on the polymerization of mammalian tubulin. A tubulin
polymerization assay was performed under the presence of 20 uM paclitaxel (an
enhancer of tubulin polymerization (a), 384 pg/mL of 5 (c¢), 3 uM vinblastine (an
inhibitor of tubulin polymerization (d) or 1% DMSO only (b). The polymerization of
mammalian tubulin was monitored by the increase in the Absolute Fluorescence

Units (AFU) for 30 minutes.
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2.4 Concluding remarks

In summary, a structure-based virtual screening approach has been successfully
employed to identify an FtsZ antibacterial agent after screening natural product
libraries containing 20,000 compounds in silico. Among the 16 hit compounds, only
compound 5 showed the inhibitory effect on the growth of bacterial strains and the
GTPase activity of FtsZ. Although 5 had moderate antibacterial activity on the
bacterial strains, it effectively perturbed bacterial cytokinesis as shown by the
elongation of B. subtilis and E. coli cells and the disruption of Z-ring formation at
mid cells. Compound 5 also sustained the membrane integrity of bacterial cells,
indicating that it is specifically targeting against FtsZ rather than other targets in the
bacterial cell membrane. Despite the low inhibitory effect of compound 5 on the
GTPase activity of FtsZ proteins, it can inhibit the bundling and size of FtsZ
protofilements in vitro. Compound 5 was found to disrupt the assembly of FtsZ
protofilements. But it did not inhibit the polymerization of mammalian tubulin. These
results motivate us to use in silico screening method to identify more potent FtsZ
inhibitors. But, the major problem encountered in this study is that sufficiently high
scoring pose(s) of 5 were not achieved in the first round high-throughput virtual
screening due to protein flexibility and induced fit effect. Thus, a more thorough
approach was employed in the subsequent docking studies to determine the optimal

binding pose(s) of compound 5. The results will be reported at chapter 3.
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Chapter 3

In silico optimization of the binding
pocket structure
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3.1 Introduction

In the drug discovery process, initial hits are explored by screening vendor or
in-house databases covering as many structural analogues as possible. After hit
identification, the potency, physiochemical and metabolic properties of validated hits
are optimized to increase the likelihood for success in subsequent clinic trials. The
main aim of in silico hit optimization is to identify more potent derivatives based on
the absolute binding free energies predicted from the docking simulation. Hit
optimization involves docking a series of hit analogues to the X-ray crystal structure
of the target to calculate more accurate binding free energy and obtain consistent and
optimal binding pose of the hit(s). Finally, a structure-activity relationship (SAR)
study is used for hit-lead optimization process. However, the rigid-receptor
high-throughput docking method is often inadequate for hit identification and hit
optimization because subtle energy changes of protein are not involved in docking
calculation. Incorporating flexible docking and induced fit algorithms into
ligand-receptor docking were found to significantly improve the accuracy of docking

results [119, 177-180].

In the previous chapter, virtual screening using the crystal structure of M.
jannaschii  FtsZ  resulted in  the  discovery of an  inhibitor,
4-(((2R,4S,5R)-5-(2-methyl-6-(thiophen-2-yl)pyrimidin-4-yl)-quinuclidin-2-yl)methyl
-carbmoyl)butanoic acid (5), which is dissimilar from known natural product FtsZ
inhibitors and provides a novel scaffold for further optimization. Despite exhibiting

only weak antibacterial activity against bacteria, it can penetrate the bacterial cell

107



wall, which is always a barrier in antibacterial discovery. These experimental results
encouraged us to find more potent FtsZ inhibitors based on the scaffold of 5.
However, the success of hit optimization significantly depends on the accuracy of
docking score and pose of a hit compound. In the study reported in the previous
chapter, the binding scores were found not to rank compounds accurately and could
not differentiate between active and inactive compounds. In addition, the docking
pose of 5 could not fit very well in the GTP binding site, and the docking result of
compound 5 was found not to directly correlate with the measured activity in
biochemical assays. One possible reason is that 5 may induce a pocket rearrangement
upon binding to the GTP binding site and hence the conformation of 5 is
incompatible with the initial pocket geometry. In addition, the protein flexibility of
FtsZ was not incorporated in the initial screening. As a result, high scoring binding
pose of 5 could not be achieved. The current study is to incorporate a novel
computational technique, SCARE (Scan Alanines and Refine), to improve the
accuracy of docking protocol and score functions implemented in the ICM docking
program. SCARE algorithm has been developed that takes into account full protein
flexilibility and an induced fit into a docking simulation. Compound 5 was firstly
docked into an ensemble of protein conformations extracted from the crystal
structures of FtsZ rather than docking it into a static protein receptor. The docking
pose of 5 at each conformation was ranked according to ICM scoring function [34] to

identify the optimal binding poses.

Many available FtsZ crystallographic structures, in complex with substrate (GTP)
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or substrate product (GDP) or GTP analogue inhibitor, provided new alternative
templates to build a homology model of other FtsZ proteins. Modeling of small
compound-FtsZ complexes is useful to understand the molecular mechanisms of
inhibition and to provide a basis for structure-based drug design and virtual ligand
screening. In the past few years, homology modeling techniques have widely been
used for the prediction of binding pose of FtsZ inhibitors, highlighting their favorable
binding sites and guiding the design of new potent compounds such as berberine [181]
and PC190723 [60]. In order to obtain more accurate docking results to explain our
experimental findings, a homology model of S. auerus FtsZ was constructed based on
the crystal structure of 4. aeolicus FtsZ (PDB code: 2R6R). The amino acid sequence
identity between the target S. auwerus FtsZ and the template A. aeolicus FtsZ
determined from NCBI protein BLAST tool is 44%. The high sequence identity
between the target and template proteins has facilitated us to accurately construct a
homology model of FtsZ for S. auerus based on the template structure of A. aeolicus

FtsZ with compound 5 using the ICM/Homology program [123].

A library of compound 5 derivatives were then docked against several refined
models prepared by SCARE and homology modeling methodologies. Based on the
results of high-throughput virtual screening, top-scoring compounds were selected for

subsequent in vitro and in vivo assays.
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3.2 Methods

3.2.1  Structural preparation

3.2.1.1 Benchmark selection

All atomic coordinates of FtsZ were retrieved from the Protein Data Bank (PDB)
[182]. Before starting a docking simulation, all available FtsZ crystal structures were
aligned, superimposed and clustered into different subgroups according to the
conformational changes of GTP binding site. There are two important rules to select
crystal structures representing the protein flexibility of FtsZ. Firstly, no more than
two structures of the same protein were used in order to increase the diversity of the
X-ray crystal structures from different bacterial strains. Secondly, holo crystal
structures (co-crystallized with ligands) were preferred over apo structures (without
ligand) because the side chains in the pocket of apo-crystal structure may not be in
the correct conformation: some side chains always stick out and hinder ligand binding
in the docking process. Based on these criteria, eight crystal structures were selected
to represent different conformations of the GTP binding site in FtsZ (PDB codes:
10FU, IRLU, 1WS5B, IWSF, 2R6R, 2R75, 2VXY and 2VAP). The detailed
information of the eight crystal structures are summarized in Table 3.1. The sequence

alignment of the eight crystal structures of FtsZ are shown in Figure 3.1.
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Figure 3.1 Sequence alignment of eight crystal structures of FtsZ which represent

different conformations of the GTP binding site. The unique GTP-binding motif is

highlighted in gray. The residues of the GTP binding site are in bold form. The eight

crystal structures are P. aeruginosa FtsZ (PDB code: 10FU), M. tuberculosis FtsZ
(PDB code: 1RLU), M. Jannaschii FtsZ (PDB codes: 1W5B and 2VAP), T. maritime
FtsZ (PDB code: 1WS5F), A. aeolicus FtsZ (PDB codes: 2R6R and 2R75) and B.
substilis FtsZ (PDB code: 2VXY).
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Table 3.1 X-ray crystal structures of FtsZ used in the SCARE docking

PDB Res. (A) Bacterial strain Ligand name” Ligand function
10FU 2.1 P, aeruginosa GDP FtsZ substrate product
IRLU 2.08 M. tuberculosis GSP GTP analogue
1W5B 2.2 M. jannaschii GTP FtsZ substrate
IWSF 2.0 T maritima G2P GTP analogue
2R6R 1.7 A. aeolicus GDP FtsZ substrate product
2R75 1.4 A. aeolicus 8-morpholino-GTP FtsZ inhibitor
2VAP 1.7 M. jannaschii GDP FtsZ substrate product
2VXY 1.7 B. substilis Apo structure -

* GDP = Guanosine diphosphate, GTP = Guanosine triphosphate, GSP =
5’-Guanosine- diphosphate-monothiophosphate, G2P = Phosphomethylphosphonic
acid guanylate ester and 8-morpholino-GTP = §-morpholin-4-ylguanosine

5'-(tetrahydrogen triphosphate)
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3.2.1.2 Receptor preparation

When more than one copies of a crystal structure were included in the
asymmetric unit, the best solved one was chosen. Other detailed procedures of
receptor preparation for subsequent SCARE docking and virtual screening of hit

derivatives have been described in sections 3.2.3 and 3.2.5.

3.2.1.3  Preparation of a virtual library of compound 5 analogs

Based on the scaffold of 5, a collection of 720 derivatives were extracted from
the commercially available libraries by the substructure search function implemented
in ICM MolCart. Before starting virtual screening, each compound of the virtual
library of 720 derivatives was processed using the same procedure as described in

section 2.2.2.2.

3.2.2  Single grid docking simulation of compound 5

In the single grid docking simulation of 5, eight FtsZ crystal structures were used
as our docking models. The procedure of the single grid docking has been described
in section 2.2.2.4. Briefly, the GTP binding site was firstly identified by means of
IcmPocketFinder tool implemented in ICM 3.6. The GTP binding site at each FtsZ
receptor was represented by pre-calculated potential grid maps. A flexible ligand
(compound 5) was then placed to the GTP binding site. The top scoring poses of

compound 5 at different receptor representations were selected to undergo the
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refinement process of the receptor pocket around the ligand. The refinement
procedure was based on the BPMC global energy optimization. During the entire
refinement process, the temperature was set at 600 K. The side chain variables of

residues within 5 A from the ligand were sampled. In this refinement step, the

backbone and side chain variables of receptor with the free variables of the ligand
could be effectively optimized by means of Monte Carlo sampling. After the
refinement process, the energy of each conformation was re-assessed. The most

energetically favorable ligand-receptor pairs were re-docked and rescored.

3.2.3 SCan Alanines and REfine (SCARE) docking of compound 5

In order to obtain the optimal docking poses of compound 5, an SCARE
algorithm was used [183]. The application and function of this algorithm has been
described previously. In the SCARE docking, multiple receptor variants of FtsZ
(X-ray crystal structures of FtsZ selected from different bacterial strains) were used.
The conformational change of residues at each receptor was scanned upon the
binding of compound 5 to the GTP binding site. No more than three hampering
residues of each variant were mutated into alanine. The mutation process did not
change the backbone conformation. The mutated residue of each variant are listed in
Table 3.2. A refinement procedure was used to optimize the tethered ligand. During
the refinement, both the side-chain and backbone of the pocket residues surrounding
the ligand (compound 5) were actively optimized followed by generating stack
comformations of the ligand/receptor complex. The lowest energy stack of the
ligand/receptor complex was then selected to redock compound 5. Subsequently, the
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mutated residues of the lowest energy conformation were changed back to their
original residues. The side chains were refined again. Compound 5 was re-docked to
the refined model again. The SCARE procedure was repeated on the multiple
receptors of FtsZ (different PDB codes). Finally, the receptor conformation with the
lowest score assigned to compound 5 was saved and selected as a docking template

for further virtual library screening of compound 5 derivatives.
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Table 3.2 List of mutated residues of eight crystal structures.

PDB

10FU N25A,R143A and D187A
IRLU N22A and R140A

1W5B NS5I1A, R169A and D212A
IWSF N35A,RI53A and D197A
2R6R N21A, K139A and DI83A
2R75 N21A, KI139A and D183A
2VAP RI169A and D212A

2VXY N25A,RI143A and D187A
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3.24 Homology model of FtsZ for S. auerus

Until now, the crystal structure of S. auerus FtsZ (Swiss-Prot accession numbe:
B5LVS58) used in this study is unknown. Therefore, the refined model from SCARE
algorithm of A. aeolicus FtsZ (PDB code: 2R6R) with compound 5 was used as a
template to build the model of S. auerus FtsZ using the ICM-Homology modeling
algorithm [168, 184-186]. Deriving the homology model required several steps.
Firstly, the sequence of S. auerus FtsZ (ATCC 29213) was aligned and superimposed
to a single homologue template of A. aeolicus (PDB code: 2R6R) (Figure 3.2).
Subsequently, a homology model was built by inheriting the backbone conformation
of the template and replacing the non-identical side chains of the GTP binding site at
N-terminal domain to prevent changing as many torsion variables from the template
as possible. The conformation of the A. aeolicus FtsZ was left unchanged, whereas
the GTP binding site at N-terminal domain of 4. aeolicus FtsZ (K139, K70, L101,
L130 and V182) was mutated into the corresponding residues of S. auerus FtsZ
(ATCC 29213) (R143, N74, M105, R134, A186) respectively. The superimposed
structures between template (PDB code: 2R6R) and model of S. auerus FtsZ (ATCC
29213) are shown in Figure 3.3. The homology model of S. auerus FtsZ with
compound 5 was refined using the ICM global optimization algorithm. After

structural refinement, flexible compound 5 was docked to the GTP binding site again.
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Figure 3.2 Alignment of 4. aeolicus (PBD code: 2R6R) FtsZ and S. auerus ATCC
29213 (Swiss-Prot accession number: BSLV58) FtsZ was performed by the alignment
algorithm implemented in ICM. Amino acid changes are highlighted in gray with

corresponding positions in the A. aeolicus FtsZ sequence at the top.
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Figure 3.3 Homology model of the GTP binding site of S. auerus FtsZ (Swiss-Prot:

B5LVS58) built based on the template of A. aeolicus FtsZ (PDB code: 2R6R) with
compound 5 obtained from the SCARE algorithm. Residues K139, K70, L101, L130
and V182 of A. aeolicus FtsZ are the equivalents of R143, N74, M105, R134, A186
respectively in S. auerus FtsZ (Swiss-Prot accession number: BSLV58). These five
residues of A. aeolicus FtsZ were mutated into the corresponding residues of S.

auerus FtsZ to prepare the model.
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3.25  Virtual screening

ICM virtual library screening (VLS) module was used to screen the library of
compound 5 derivatives against a panel of five refined models of FtsZ that were
prepared by the SCARE algorithm (section 3.2.3) and homology modeling (section
3.2.4). The detailed procedure of VLS has been described in section 2.2.2.4 of the
previous chapter. The 1% top-scoring ligand-protein complexes were manually
inspected: parameters taken into account included hydrogen bond network, shape
complementarity and docking pose similarity with the hit compound 5. Based on
these requirements, selected compounds were then validated by in vitro and in vivo

assays.
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3.3 Results

3.3.1 Benchmark selection

28 crystal structures of FtsZ from different organisms were clustered and then
evaluated. Some FtsZ crystal structures were found to adopt quite different
conformations in the presence of different bound ligands. Finally, eight FtsZ crystal
structures were selected to represent different conformations of the GTP binding site
of FtsZ. In the ensemble of protein conformations extracted from FtsZ crystal
structures, seven structures are bound with different nucleotides or GTP-analogue
inhibitors (PDB codes: 10FU, 1RLU, 1W5B, 1WS5F, 2R6R, 2R75 and 2VAP). One is

an apo crystal structure without ligand (PDB code: 2VXY).

3.3.2  Single rigid receptor docking of compound 5

The experimental results in the previous chapter showed that 5 (Figure 3.4) has a
moderate antibacterial activity against FtsZ protein in vitro and in vivo assays. Here,
we tried to address why the best scoring docking pose of compound 5-FtsZ could not
be attained in the first round of molecular docking. Docking simulation with a full
atom representation of each FtsZ receptor was done to determine the binding pose of
5 by Monte Carlo energy minimization of the complex with both flexible ligand and
receptor side chains. In a docking experiment, compound 5 was docked into an
ensemble of protein conformations rather than a static protein receptor. Since the

docking experiment had eight conformations to represent FtsZ flexibility, molecular
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docking was repeated eight times for each conformation. The binding scores are
summarized in Table 3.3. In the context of putative binding pose of 5 at the GTP
binding site of the eight FtsZ conformations, we noted that the docking poses were
greatly different from each other. Based on these observations, we could not attain an
optimal binding pose of compound 5 with FtsZ. In these eight FtsZ crystal structures,
the highest binding scores were -22.7 and -22.6 obtained from 4. aeolicus FtsZ (PDB
codes: 2R6R and 2R75). The schematic diagram of compound 5 interacting with the
GTP binding site of 4. aeolicus FtsZ (PDB code: 2R6R) is shown in Figure 3.5. With
a docking analysis, it was observed that three hydrogen bonds were formed between
compound 5 and important active site residues, including a carbonyl oxygen of 5
interacting with Gly106 (2 A), another carbonyl oxygen atom and hydroxyl groups of
carboxyl group of 5 interacting with Thr105 (1.8 A) and Ala67 (1.7 A) respectively.
These three residues all play an important role in substrate binding for GTP
hydrolysis activity of FtsZ [157]. In addition, hydrophobic interactions with many
residues of the binding site including Gly18, Thr129, Prol31, Prol135, Lys139,
Phel79, Vall82, Leul86 and Lys193, were also observed. Regarding other seven
conformations (docking templates), the docking results indicated that neither the
binding pose nor meaningful binding score of compound 5 could be achieved. The
possible reason is that compound 5 induces a pocket rearrangement resulting in
incompatibility with the initial pocket geometry. Therefore, SCARE algorithm was
ultilized to validate the effect of the protein flexibility and induced fit of compound 5

to the FtsZ receptors.
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Figure 3.4 Chemical structure of compound 5
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G106

105

Figure 3.5 Docking pose of 5 in the GTP binding site of FtsZ (PDB code: 2R6R).
The subunit of the FtsZ monomer is depicted in ribbon form. Compound 5 is depicted
as a ball-and-stick model showing carbon (yellow), hydrogen (grey), oxygen (red)

and nitrogen (blue) atoms. Three hydrogen bonds are depicted as dotted lines.
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Table 3.3 Results of single grid docking of compound 5 on eight crystal structures
of FtsZ

PDB Score

10FU (P. aeruginosa)  -11.1
1RLU (M. tuberculosis) -14.3
IW5B (M. jannaschii) — -20.5
1WSF (T. maritima) -12.6
2R6R (A. aeolicus) -22.7

2R75 (A. aeolicus) -22.6
2VAP (M. jannaschii) 5.6
2VXY (B. subtilis) -4.9
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3.3.3  SCan Alanines and Refine (SCARE) docking of compound 5

In order to find the optimal docking pose of compound 5, the SCARE algorithm
was used. The results of using SCARE algorithm on the eight FtsZ receptors are
summarized in Table 3.4. To compare with the results from section 3.3.2 (single rigid
receptor docking of compound 5), the scores of compound 5 on the eight receptor
templates were found to be improved significantly by mutating not more than three
flexible residues into alanines to remove the bulky residues, then re-mutating these
residues into original one. The docking poses of 5 on four receptors (PDB codes:
IW5B, 1WS5F, 2VAP and 2VXY) are not shown because the scores are not good
enough to predict the possible binding poses of compound 5. The best scoring poses
of compound 5 obtained from P aeruginosa FtsZ (PDB code: 10FU), M.
tuberculosis FtsZ (PDB code: 1RLU) and A. aeolicus FtsZ (PDB codes: 2R6R and
2R75) were described in detail. Figures 3.6-3.9 show the binding poses of 5 to be
determined from a SCARE docking. Interestingly, the scores and binding poses of
compound 5 after the mutation to alanine and back mutation to original one are
similar. In the case of P. aeruginosa FtsZ (PDB code: 10FU), the score of compound
5 being docked to the native crystal structure was -11.1 (Table 3.4). Only one H-bond
was found to form between Gly108 (2 A) and the carbonyl oxygen of 5 (Figure 3.6A).
The result showed that the docking pose of 5 was clashed by the bulky side chains of
Asn25, Aspl187 and Argl43. These clashing effects may cause the methyl group of
the pyrimidine moiety of compound 5 to point inward and a sulphur atom of
thiophene ring was forced to point outward. When the hampering residues were

mutated into alanine to modify the pocket shape, more hydrophobic region of GTP
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pocket was available for docking the ligand. As a result, the binding score of 5 was
greatly improved from -11.1 to -30.7. Three H-bonds were formed between a
carboxyl group of compound 5 and the main chains of Gly108 and Thr109. Figure
3.6B shows that a methyl group on the pyrimidine moiety of compound 5 is pointing
outward and the sulphur atom of thiophene ring is pointing inward. The binding pose
of compound 5 changed a lot after the mutation of residues into alanine especially for
the direction of the quinuclidine core. The final step of SCARE method was to
change the mutated residues back into original one and the binding pocket was then
refined with compound 5. The score of compound 5 was further improved from -30.7
to -36.0 (Table 3.4). For the M. tuberculosis FtsZ receptor structure (PDB code:
IRLU), compound 5 was shown to interact with two critical residues for GTP
substrate binding, Gly19 (2.2 A) and Ala70 (1.8 A) (Figure 3.7A). The binding pose
of the pyrimidine moiety and thiophene ring of compound 5 are similar to those in the
P. aeruginosa FtsZ receptor (Figure 3.6A). The Asn22, Argl40 and Aspl184 residues
of M. tuberculosis FtsZ receptor structure (PDB code: 1RLU) also contributed to the
steric hindrance, which influenced the binding geometry of 5. After the removal of
these bulky effects on compound 5 by mutating these three residues into alanines, the
conformation of the R; group of compound 5 (Figure 3.4) was changed. The
conformation change is important to improve the binding score with compound 5
(Table 3.4). Stronger H-bonds were formed between the carbonyl oxygen of amide
group and that on the R; moiety with Gly107 (2 A) and Ala70 (1.7 A) respectively
(Figure 3.7B). After mutating these alanines back to their original residues, the score

of compound 5 was similar to that with the FtsZ receptor mutated into alanines and
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their docking poses were almost the same (Figures 3.6B and 3.6C and Table 3.4). The
scores of compound 5 docking to the native crystal structures of A. aeolicus FtsZ
(PDB codes: 2R6R and 2R75) were similar with three H-bonds observed (Figures
3.8A and 3.9A). Figure 3.8 showed that three H-bonds were formed at Ala67 (1.7 A),
Thr105 (1.8 A) and Gly106 (2 A). The methyl group on the pyrimidine moiety of 5
was found to point inward at the upper hydrophobic region of GTP binding site. But
changing Asn21, Lys139 and Asp183 into alanines led to the replacement of H-bond
with Thr105 by Glyl104 (2.3 A). Another two H-bonds with Ala67 (1.9 A) and
Thr105 (2.4 A) became weaker because the whole molecule of compound 5 moved
slightly toward the hydrophobic region of GTP binding site to form the fourth new
H-bond (2 A) between Thr192 and the nitrogen atom of the pyrimidine ring (Figure
3.8B). After mutating the three residues into original ones, the best binding score and

docking pose of compound 5 were still retained (Figures 3.8C and 3.9C).
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Figure 3.6 Predicted binding poses of compound 5 in the GTP binding site of P.
aeruginosa FtsZ (PDB code: 10FU) using the SCARE algorithm. (A) Before the
alanine mutation. (B) After the triple mutation into alanine. (C) These three alanines
were mutated into original residues. Compound 5 was depicted as a ball-and-stick

model and coloured by atom types.
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Figure 3.7 Predicted binding poses of compound 5 in the GTP binding site of M.
tuberculosis FtsZ (PDB code: 1RLU) using the SCARE algorithm. (A) Before the
alanine mutation. (B) After the triple mutation into alanine. (C) These three alanines
were mutated into original residues. Compound 5 was depicted as a ball-and-stick

model and coloured by atom types.
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Figure 3.8 Predicted binding poses of compound 5 in the GTP binding site of A.
aeolicus FtsZ (PDB code: 2R6R) using the SCARE algorithm. (A) Before the alanine
mutation. (B) After the triple mutation into alanine. (C) These three alanines were

mutated into original residues. Compound 5 was depicted as a ball-and-stick model

and coloured by atom types.
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Figure 3.9 Predicted binding poses of compound 5 in the GTP binding site of A.
aeolicus FtsZ (PDB code: 2R75) using the SCARE algorithm. (A) Before the alanine
mutation. (B) After the triple mutation into alanine. (C) These three alanines were
mutated into original residues. Compound 5 was depicted as a ball-and-stick model

and coloured by atom types.
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Table 3.4 Results of the SCARE docking

Score
PDB code (strain) Before al_anine After algnine I\_/Igtation !nto
mutation mutation original residues

10FU (P. aeruginosa) -11.1 -30.7 -36.0
1RLU (M. tuberculosis) -14.3 -30.6 -31.5
IW5B (M. jannaschii) -20.5 -26.5 -28.6

IWSF (T. maritima) -12.6 -25.1 -15.2

2R6R (4. aeolicus) -22.7 -33.7 -41.3

2R75 (A. aeolicus) -22.6 -33.7 -41.1
2VAP (M. jannaschii) 5.6 -21.4 -25.4

2VXY (B. subtilis) -4.9 -22.0 -22.7
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3.3.4 Homology modeling of S. auerus FtsZ

The high-resolution X-ray crystal structure of 4. aeolicus FtsZ (PDB code: 2R6R)
was used as a template for homology modeling the GTP binding site of S. auerus
FtsZ [155]. S. auerus FtsZ and A. aeolicus FtsZ shared a high degree of homology in
their amino acid sequences (44% identify) and most residues of both GTP binding
sites are the same according to the sequence alignment. When a sequence identity of
more than 30% exists between the target protein (S. auerus FtsZ) and the template
protein (A. aeolicus FtsZ), a computational homology modeling method can provide
an accurate 3D structure for the target protein [107]. Therefore, ICM homology
modeling algorithm was employed to build and refine the model of S. auerus FtsZ
(Figure 3.10B) on the basis of the template obtained by using SCARE algorithm of A4.
aeolicus FtsZ with compound 5 (Figure 3.10A). In homology modeling, all
non-identical residues within the GTP binding pocket of the template structure were
mutated into the corresponding residues of S. auerus FtsZ. Next, the modeled 3D
complex structure bound with compound 5 was constructed through molecular
dynamic simulation to refine the side chain conformation (Figure 3.10C).
Comparison of a model of S. auerus FtsZ with the template 4. aeolicus FtsZ showed
that the conformations of the GTP binding site are essentially the same. The RMSD
of main-chain between the optimized S. auerus FtsZ model and the template structure
was within 1 A. Finally, compound 5 was docked to the optimized model of S. auerus
FtsZ. The best binding score and pose of 5 were obtained. The binding score is -37.51
and the docking pose of 5 on the homology model (Figure 3.11) was as same as the

template (Figure 3.10D).
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Figure 3.10 (A) The GTP binding site of 4. aeolicus FtsZ (PDB code: 2R6R) in the
presence of compound 5 obtained from the SCARE docking. (B) The homology
model of GTP binding site of FtsZ for S. auerus. (C) The homology model of GTP
binding site of FtsZ for S. auerus with compound 5 was refined using a molecular
dynamic simulation with compound 5. Compound 5 was depicted as a ball-and-stick
model and coloured by atom types. (D) The predicted docking pose of compound 5
on the refined homology model of S. auerus FtsZ. The docking pose of compound 5
on S. auerus FtsZ and A.aeolicus FtsZ were represented in black and pink

respectively.
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Figure 3.11 Ribbon diagram showing compound 5 in the GTP binding site of the
homology model of S. auerus FtsZ. Compound 5 was depicted as a ball-and-stick

model and coloured by atom types.
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3.3.5  Virtual screening of compound 5 derivatives

Five best scoring refined models of FtsZ were attained by SCARE and homology
modeling techniques including P. aeruginosa FtsZ (PDB code: 10FU), M.
tuberculosis FtsZ (PDB code: 1RLU), 4. aeolicus FtsZ (PDB codes: 2R6R and 2R75)
and the optimized S. auerus FtsZ model. These five docking models of FtsZ were
employed in the present study as receptors for virtual screening of a small library of
compound 5 analogues. After the compounds had been virtually screened and scored,
15 best scoring derivatives at each FtsZ receptor structure were selected. A total of 69
compounds were tested experimentally to validate the accuracy and quality of the five
selected conformations of FtsZ. The chemical structures of the 69 compounds are
shown in Tables 3.5-6. They are divided into two main groups bearing the

pyrimidine-linked (Tables 3.5) or pyrazole-linked quinuclidine core (Table 3.6).
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Table 3.5 Chemical structures of compound 5 derivatives
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Table 3.6 Chemical structures of compound 5 derivatives
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3.4 Discussion

3.4.1 Determination of optimal docking pose of compound 5

Although the theoretical and technical aspect of virtual high-throughput
screening have been significantly improved [187], this screening method still has
some unsatisfactory performance and is not able to accurately predict the correct
binding mode of a ligand due to the lack of receptor flexibility [180]. This
phenomenon has occurred in a large region of low structural stability of many active
sites because binding a ligand into an enclosed binding site necessitates that part of
the receptor to be flexible in order to allow access [188, 189]. Although incorporating
the protein flexibility in molecular docking remains challenging because a large
conformational space will be involved, the rank-order performance was found to be
greatly improved [190]. Nowadays, many diverse attempts were made to incorporate
protein flexibility into the molecular docking. One of the commonly used methods to
account for receptor flexibility is an ensemble docking [191]. Several crystal
structures can be employed to calculate the average potential grids for molecular
docking. This approach can greatly shorten the calculation time. But the large
repulsive energy associated with steric clashes with the binding site would heavily
bias the mean after combining possible conformations into an average structure. In
addition, less space will be available for docking, which greatly decreases the size of
the binding site and the conformational space accessible to the ligand [180]. Another
approach is an induced fit with multiple receptor conformations [192-195]. In this

approach, different rigid protein conformations obtained from the crystal structure of
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target or being generated by molecular dynamics simulations (MD) [196, 197] are

used as initial docking templates in VLS.

Since compound 5 was found not to fit into the GTP binding site of FtsZ,
receptor flexibility has been incorporated into the subsequent docking calculation to
find the optimal binding pose. Eight of twenty-three available crystal structures were
selected to represent possible conformations of FtsZ. Although using more receptor
conformations can reflect the dynamic nature of receptor structure, it may increase
the “false-positive” rate in virtual screening studies and the computing time. In order
to accomplish a compromise between the computing time and performance in
predicting an optimal docking pose of 5 in our study, attempts were made to combine
the SCARE approach with a multiple-receptor conformation docking method.
Notably, the optimal docking pose of compound 5 could be attained. For example, the
binding score of compound 5 on most selected FtsZ crystal structures were less than
-30. The more negative scores represent more energetically favorable binding to the
active site. In chapter 2, the optimal binding mode of 5 may not be correctly predicted
because some bulky side chains may hinder the access of ligand to the GTP binding
site. After superimposing the sequence of eight models, we found that the orientation
of some flexible side chains were totally different from each other. It may cause the
different docking poses of compound 5 as shown in Figures 3.6-9A. Thus, not more
than three flexible residues were mutated into alanine to dock a ligand again in the
SCARE study. In light of the SCARE results, mutating several residues into alanine

significantly improved the docking poses of compound 5 on all FtsZ crystal structures.
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After eliminating the steric hindrance effect of several bulky side chains in the GTP
binding site, the R, substituent group of compound 5 (Figures 3.6-3.9B) was found to
interact better with the residues at the hydrophobic region. Changing these mutated
residues into their original one did not cause deterioration of the binding score of
compound 5 except for one docking template (PDB code: 1WS5F). Although the
SCARE approach can improve the binding score of compound 5 on all crystal
structures, only the scores on four crystal structures are less than -30. Based on the
above docked results, the optimal binding modes of compound 5 could be predicted
by the best scoring pose determined from four crystal structures (PDB codes: 10FU,
IRLU, 2R6R and 2R75). This technique is particularly important for selecting

appropriate receptor structures for in silico hit optimization.

3.4.2 Homology modeling

Knowledge on the three dimensional structure of S. auerus FtsZ is important to
understand its mechanism of action and inhibition by the ligand. Unique information
can be obtained from the atomic detail of the GTP binding site which was then used
to identify key interactions between FtsZ protein and compound 5. The structures of
many FtsZ proteins from different bacterial strains have already been reported.
Despite the low sequence identity of C-terminus between members of different FtsZ
families, they all share the same overall topology [155]. In addition, the GTP binding
pocket cavity shows a high degree of sequence identity (Figure 3.1). According to the
result of the SCARE docking, the best scoring pose of compound 5 was A4. aeolicus

FtsZ (PDB code: 2R6R) with a score of -41.254. Therefore, we used the structure of
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A. aeolicus FtsZ (PDB code: 2R6R) with compound 5 as a template to construct a
model of GTP binding site for S. aureus FtsZ and further refined the side chain
conformations through molecular dynamics simulation. Comparison of our modeled S.
aureus FtsZ structure with the A. aeolicus FtsZ showed both the overall fold and
binding site conformation are almost the same with similar docking poses and scores

for compound 5.

3.4.3  High-throughput virtual screening of library of compound 5

derivatives

To optimize the ligand interactions with the GTP binding site, the four best
scoring models of FtsZ obtained from a SCARE protocol and the homology model of
S. auerus FtsZ were used for in silico virtual screening of a small library of
compound 5 derivatives. Based on the binding score and the docking pose, 69
top-scoring derivatives were selected for the subsequent biochemical assays. The
experimental results can then be used to validate the accuracy of docking calculations

in this chapter.
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3.5 Conclusing remark

Eight different receptor conformations were selected to represent a protein
flexibility of FtsZ and were used as the initial docking templates. Compound 5 was
docked to each conformation. It was found that the best scoring and the optimal
docking pose of 5 on these eight receptors could not be attained. Hence, the 3D
structures of these eight receptors were superimposed. It was found that several
residues inside the GTP binding site of FtsZ have different orientations and bulky
side chains that might hinder ligand entering that pocket. In order to investigate the
effect of protein flexibility and induced effect of ligand, a novel docking algorithm,
SCARE, was used. As a result, the highest-scoring pose of 5 could be found on four
docking templates, which is attributed to the incorporation of an induced fit effect
upon ligand binding to the GTP binding pocket and protein flexibility in a docking
simulation. In these docked models, 5 was found to interact with several residues that
are critical for interacting with nucleotides in the GTP binding site to form several
hydrogen bonds, charged and hydrophobic interactions. Good shape complementarity
of 5 with the active site was shown in these docked models. However, the optimal
binding pose of 5 on four docked models might not be used directly to correlate with
the experimental results of S. auerus FtsZ protein in chapter 2 because no X-ray
crystallographic structure of S. auerus FtsZ is available. Herein a homology modeling
of FtsZ for S. auerus was successfully constructed based on the optimized model of A.
aeolicus FtsZ (PDB code: 2R6R) with compound 5 obtained from SCARE.
Compound 5 was docked to this optimized homology model. The result revealed that

a highest scoring pose of 5 was obtained. Homology model of S. aureus FtsZ gave

146



results in good agreement with the experimental results shown in chapter 2. After
obtaining several optimal docking models from SCARE and homology techniques, a
series of compound 5 derivatives were screened in silico for hit optimization. 69
top-ranking derivatives were then selected for validation of the potency and the

results will be reported in chapter 4.
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Chapter 4

Biochemical studies on the anti-FtsZ
activity of hit derivatives



4.1 Introduction

4.1.1 Biochemical assays of the anti-FtsZ activity of hit

derivatives

Once the optimal binding pose of compound 5 at the GTP binding site has been
determined, hundreds of its analogs can be docked via structure-based virtual
screening and this pharmacophore class can be examined in details to improve its
antibacterial activity and inhibitory affinity towards FtsZ. Based on the docking
poses and binding scores of the hit derivatives, sixty-nine compounds were selected.
The antibacterial activities of these compounds were firstly tested experimentally to
determine their MICs against a panel of bacterial isolates and to determine their
on-target activity as indicated by the cell filamentation of B. subtilis and E. coli
using the morphometric analysis. Derivatives with higher antibacterial activity were
then tested to determine their inhibitory effects of GTPase activity and assembly of
FtsZ in vitro. According to the experimental results and binding conformations from
molecular docking through SCARE and homology models of FtsZ, a
structure-activity relationship (SAR) of compound 5 derivatives can be obtained to
determine which functional groups of the molecule are important to biological
activity. The cytotoxicity effect of more potent derivatives on mammalian cell lines
was also studied. Studying the toxicity effect of new drugs at an early phase is very
crucial because it is possible to establish a relationship between the molecular
structure of a compound and its toxic effects. Even if a compound is found to be

toxic, it can be chemically modified to eliminate its toxicity and retain its potency.
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There are three ways to cause cytotoxicity which are pharmacophore-induced,
structure-related or metabolism-induced [198]. Pharmacophore-induced toxicity was
led by the pharmacology of the compound. At elevated doses (excess of the
therapeutic dose), the original selectivity of the compound for the target is lost
because the compound affects structures that are closely related to the original target.
In the case of a structural-related toxicity, it is triggered by structural features or
physicochemical properties of the compound. For example, the presence of iodine in
the amiodarone molecule causes hypothyroidism and hyperthyroidism in patients
[199]. When the drug is a highly lipophilic base, it can easily accumulate in some
tissues to cause side effects after a long-term therapy [200]. The third cause of
cytotoxicity is metabolism-induced, which is not caused by the parent compound
itself but by reactive metabolites formed in situ inside the cells. A key functional
group of the compound can be altered by oxidation, reduction or conjugation to
become a reactive electrophile group. Then, the electrophile group reacts with
nucleophiles in proteins, nucleic acids and small peptides in the body. Finally, this
reaction causes cell disorders and toxic effects. The reactive electrophile group can
be attributed by compounds containing epoxides, quinines, imines, nitrenium ions,
iminium ions, hydroxylamines, thiophene rings, thioureas or chloroquinolines [198].
In this study, in vitro cytotoxicity test was undertaken to evaluate the toxicity effect
of selected derivatives on three mammalian cell lines namely L929: mouse fibroblast,
MKCKII: Madan-Darby Canine Kidney Cell and HEK293/pcDNA3.1: human

embryonic kidney cell containing a pcDNA3.1 vector.
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4.1.2  Exploring the synergistic effect of compound 5 and its

derivatives with other antibacterial agents

The emergence of resistant bacteria is considered to be one of the most
prevalent health hazards all over the world. Most clinically used antibiotics to treat
infections from bacteria have become less effective. To overcome this problem,
several strategies could be used to combat resistant strains: one is to identify
compounds against novel bacterial targets; the other approach is to investigate the
synergistic effect of two or more compounds on the treatment of bacterial infections.
In the earlier studies in chapter 2, compound 5 was identified to inhibit the GTPase
and assembly activities of FtsZ. But the antibacterial potency of 5 and its derivatives
were found to be only moderate. In order to improve the antibacterial efficiency and
better understand the mode of action of compound 5 and its derivatives on the
bacterial strains, 3-methoxybenzamide (3-MBA) and ampicillin were tested in
combination with compound 5 (or its derivatives) against the Gram-positive and
-negative bacterial strains in this study. 3-MBA is known to be a T7 loop inhibitor of
FtsZ that inhibited bacterial cell division in the Gram-positive bacterium B. substilis.
But it only exhibits a weak antibacterial potency against the Gram-positive bacteria,
and is not potent against Gram-negative bacteria [60, 201]. Ampicillin is one
commonly used beta-lactam antibiotic that treats bacterial infections by inhibiting
bacterial cell wall synthesis. But ampicillin has become less effective in clinical
treatment because many ampicillin-resistant strains have been identified. Therefore,

the main aim of this study was to compare the activities of compound 5 and its
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derivatives in combination with 3-MBA or ampicillin with the activity of individual
compounds and to examine their synergistic effects on antibiotic-susceptible or

-resistant bacterial strains.
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4.2 Methods

4.2.1 Invivo and in vitro assays

The biological activities of compound 5 derivatives were tested experimentally
according to the detailed procedures of in vivo and in vitro assays described in
section 2.2. The chemical structures of compounds 5-316, 5-326, 5-387, 5-701,
5-702, 5-705 and 5-706 were verified by using high-resolution mass spectrometry
(Micomass Q-Tof-2) to determine the molecular weight (M+H)". The detail

procedures had been described in section 2.2.1.5.

4.2.2  Cytotoxicity

4221 Cell Culture

L929 cells and MDCKII cells were maintained in a DMEM medium
supplemented with 10% (v/v) heat-inactivated FBS and 100 units/mL penicillin and
100 pg/mL streptomycin. HEK293/pcDNA cells were maintained in a RPMI1640
medium supplemented with 10% (v/v) heat-inactivated FBS and 100 units/mL
penicillin and 100 pg/mL streptomycin. Cells were cultured at 37°C in a humidified
atmosphere with 5% CO,. When the cells had reached confluence, they were

detached by 0.05% trypsin-EDTA.

4.2.2.2 Cytotoxicity Assay

50,000 cells of L929 or MDCKII or HEK293/pcDNA3.1 were mixed with
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compound 5 derivatives of different concentrations and adjusted to a final volume of
100 pL in each well of a 96-well plate. DMSO was used as vehicle control at a final
concentration of 2%. The microplates were then incubated for 3 days at 37 °C. The
half-maximal inhibition (ICsp) of the compounds was determined using the CellTiter
96 AQueous Assay (Promega). MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-

methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, 2 mg/mL) and PMS, (phenazine
methosulfate, 0.92 mg/mL), were mixed in a ratio of 20:1. An aliquot (10 pL) of the
freshly prepared MTS/PMS mixture was added into each well, and the plate was
incubated for 2 hours at 37 °C. Optical absorbance at 490 nm was then recorded with
a microplate absorbance reader (Bio-Rad). ICsy values were calculated from the
dose-response curves of MTS assays (Prism 4.0). All experiments were performed in
triplicates and the results were represented as the average of the three independent

measurements.
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4.2.3  Synergistic effect of compound 5 and its derivatives with

3-MBA or ampicillin

In synergistic study, combinations of compound 5 or its derivatives with 3-MBA
or ampicillin were tested against four bacterial strains. Three Gram-positive bacteria
strains  (drug-susceptible S. auwerus, ampicillin-resistant S. auerus and
drug-susceptible B. subtilis) and one Gram-negative bacteria strain (drug-susceptible
E. coli) were evaluated. The MIC of each compound was determined individually
and in combination at a fixed ratio of 1:1. The MICs of the compounds were
determined by a broth microdilution method according to the National Committee
for Clinical Laboratory Standards guidelines [169]. The effects of interaction
between the antibacterial agents and the test organisms were evaluated using the
fractional inhibitory concentration index (FICI). FICI was calculated as follows:
FICI = (MICy combination/MICa atone) + (MICh combination/MICp atone). The detailed
procedures of MIC value determination were the same as those described in section
2.2.3.1. The MIC values were determined by three independent experiments and
FICI was calculated from both the FICI of compound 5 or its derivatives and 3-MBA
or ampicillin. The FIC indexes at values of <0.5, 0.5 - 0.75, 0.76 - 1, 1 - 4, and >4
were defined as synergy, partial synergy, additive effect, indifference, and

antagonism, respectively [202].
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4.3 Results and Discussion

4.3.1  Invivo assays

4.3.1.1 Antimicrobial testing

After manual inspection of 100 top-scoring derivatives, 69 compounds were
selected and separated into two groups bearing the pyrimidine-linked or
pyrazole-linked quinuclidine core. They were firstly tested for potency and spectrum
of activity against S. auerus ATCC 29213 and E. coli ATCC 25922, and the MICs
were determined by the CLSI method [169]. The results for the selected compounds
are summerized in Table 4.1. The results revealed that several compound 5
derivatives bearing the pyrimidine-linked quinuclidine core not only caused lethality
on E. coli and S. auerus cells, but also appeared to possess higher potency and
exhibited a broader spectrum of activity than compound 5, whereas the series of
pyrazole-linked quinuclidine core derivatives showed little antibacterial activity
against S. auerus and E. coli. Table 4.1 shows that replacing the thiophene ring in
compound 5 with a phenyl or furan ring would diminish the antimicrobial activity
against S. auerus and E. coli, the MICs of 5-306 or 5-307 were >384 ng/ml. The
addition of more bulky substituent groups such as methylbenzyl group (5-256) or
benzyl amine group (5-360) to the amide moiety enhanced the antibacterial activity.
But the replacement of the butyric acid group of 5 with either a 1-ethyl-propyl group
(5-120) or a phenylether group (compound 5-320) or a furan ring (compound 5-379)
was deleterious to the activity. On the contrary, replacing the butyric acid group with

either a methoxy group (compound 5-316) or a thioether group (compound 5-326) or
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a (trifluoromethyl)benzyl group (compound 5-705) could improve the activity.
Replacement of the thiophene ring of 5-256, 5-316 or 5-326 by a phenyl ring
(compound 5-312) or a furan ring (compound 5-254 or 5-315 or 5-324) also affected
the inhibitory activity. The antibacterial activity was significantly improved when
the amide substituent at R; group was changed into a thiourea group (compound
5-701). Interestingly, when the amide substituent at R; group (compound 5-379) was
replaced with an amine group (compound 5-387), a greater antibacterial activity
against S. auerus and E. coli was observed. Replacement of the furfuryl alcohol
group (compound 5-379) with an imidazole (compound 5-702) still retained the
antibacterial activity. Strikingly, adding more bulky and hydrophobic group at R,
group (compound 5-706) could greatly enhance the antibacterial activity in

comparison to compound 5-387.

After screening the 69 compounds in the susceptibility test, several derivatives
such as 5-705 and 5-706 were found to exhibit a greater antibacterial activity and
possess a higher potency than the hit compound 5 (Table 4.2). Although the
antibacterial activity of 5-316 was weaker than 5-705 and 5-706, it was more active
than the hit against certain Gram-positive bacterial strains. For example, 5-316
showed an 4-fold and 8-fold improvement in potency over 5 against S. auerus ATCC
29213 and E. faecalis ATCC 29212 respectively. 5-705 showed an 16-fold
improvement in potency over 5 in tests on B. subtilis and S. auerus, and 6-fold
improvement on E. coli respectively. Regarding 5-706, the potency against B.

subtilis and E. coli were the same as 5-705. Both ampicillin-sensitive and -resistant S.
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auerus strains were more sensitive to 5-706 than other derivatives with the MIC of
24 pg/mL. The results revealed that the antibacterial activities of compounds 5-705
and 5-706 against ampicillin-resistant S. auerus ATCC 29247 were the same as a
conventionally used B-lactam antibiotic, ampicillin (MIC = 24 pg/mL, Table 2.3).
The MICs of compounds 5-387, 5-701 and 5-702 (48 pg/mL) against the
ampicillin-resistant S. auerus ATCC 29247 were found to be comparable to that of
ampicillin. We also tested the compound 5 derivatives on Gram-negative strain P,
aeruginosa ATCC 27853. Among the derivatives tested, only 5-702 and 5-705 were
found to inhibit P. aeruginosa ATCC 27853 at 192 pg/mL. Other derivatives showed
no activity against P. aeruginosa. The low susceptibility towards antibiotic and our
derivatives are attributable to an action of multidrug efflux pumps with
chromosomally-encoded antibiotic resistance genes and the low permeability of the
bacterial cellular envelopes. Although only a small number of strains were tested
against compounds 5-387, -701, -702, -705 and -706, they were found to exert

greater potency and broader spectrum of activity than the parent compound 5.

158



Table 4.1 Antimicrobial activities of selected analogues of compound 5

R, N
MIC (ug/mL)
Compound R, R, S. auerus E. coli
ATCC 29213 ATCC
25922
5 . 0 % N 384 192
c’\NJ\/\/U\OH N /S\
H N =N
7/
5-13 e o £ 192 96
‘:\NJ\Q/KOH N/ N /S\
H 7;N
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N 5
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Table 4.1 continued.....
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Table 4.2 MICs of a selection of more potent derivatives against gram-positive

and gram-negative bacteria

Strains MIC (ug/mL)
5-13 5-256 5-316 5-326 5-387 5-701 5-702 5-705 5-706
S. aureus
ATCC 29213 | 192 192 96 96 48 48 48 24 24
S. aureus
ATCC 29047 | 192 192 96 96 48 48 48 24 24

B subilis 168| 96 96 24 48 48 24 24 24 24
S.epidermidis | 1o 4o 46 48 nd nd nd. 24 12

ATCC 12228
A?g‘éejg‘g; 48 48 48 96 nd. nd nd 24 24
A?g‘éeg‘;giz 384 384 48 96 nd nd nd 36 24
A:Tcé’g’grshzaéfg 9% 96 48 96 nd nd nd nd nd
k. c;é’;;gcc 9% 96 96 192 96 96 96 36 36
Z{’é’g"g’;gg >384 >384 >384 >384 >384 >384 192 192 >384

n.d. is not determined

161



4.3.1.2 Effect of compounds on bacterial morphology

To determine whether 5-316, 5-387, 5-705 and 5-706 possess in vivo on-target
activity, they were tested against two bacterial strains by observing the change in the
bacterial cell morphology (Figures 4.1 and 4.2). Log-phase cultures of B. substilis
and E. coli were treated with 1% DMSO or the four compounds (the final
concentration was 0.5 x MIC). The microscopic results indicated that the four
derivatives had the ability to inhibit bacterial cell division, causing filamentation of
B. subtilis and E. coli cells. The results obtained were similar to compound 5 in
section 2.3.3. The average cell length of untreated B. subtilis and E. coli cells were
about 3.1 £ 1 ym and 2 £ 1 um respectively. These four compound 5 derivatives (12
pg/mL) were found to cause lengthening in cell size of B. subtilis from 6-fold to
8-fold (Figures 4.1B-D). For example, 5-316 extended the cell length of B. subtilis
from 3.1 £ 1 uym to 18 £ 10 um. As shown in Figure 4.1E, 5-706 showed a great
effect on the elongation of B. subtilis cells (Figure 4.1B-D). About 90% of
5-706-treated B. subtilis cells exhibited cell length (22 £ 12 um) 8 times longer than
non-treated cells (3.1 + 1um) after a 4 h incubation. Concerning the cell
morphology of E. coli, different derivatives led to different extent of cell elongation
(Figures 4.2A-E). The average cell length of E. coli was increased by 2.9-fold from
2.2+ 1.3 um to 6.3 £ 1.9 um in the presence of 5-316. Comparing to compound 5,
5-705 and 5-706 showed a stronger inhibitory effect on the proliferation of E. coli
cells. The average cell length of E. coli was increased by 4-fold, which was

correlated with the antibacterial activity of these two compounds in Table 4.2 (MICs
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=36 ug/mL). The effects of 5 and 5-706 on the length of B. subtilis 168 and E. coli
ATCC 25922 cells are shown in Figure 4.3. In the absence of compound 5 or 5-706,
the length of the B. subtilis 168 cells were found to be within 2-4 um (80%) and 4-6
um (20%) respectively. When the B. subtilis 168 cells were treated with 5 (88 uM),
only 10% and 15% cells were found to be within 2-4 and 4-6 um respectively. 75%
of the cells were longer than 6 pm length. 5-706 produced a similar distribution of
the B. subtilis cell length. The length of 65%, 34% and 1% of the E. coli cells were
measured to be within 2-4, 4-6 and 6-8 um respectively in the absence of compound
5 or 5-706. The percentage of E. coli cells longer than 6 um in the presence of 5-706
(50 uM) was higher than that in the presence of compound 5 (450 uM). The results
showed that compounds 5 and 5-706 may inhibit bacterial proliferation by blocking

cytokinesis.
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Figure 4.1 Effects of compound 5 derivatives on cell division and cell morphology.

Cells of B. subtilis 168 was grown for 4 h in the absence (A) or presence of 31 uM
of 5-316 (B), 29 uM of 5-387 (C), 25 uM of 5-705 (D) or 25 uM of 5-706 (E). The
cells were visualized using a phase contrast microscope. The scale bar is 10 um. The

experiment was repeated 3 times.
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Figure 4.2 Effect of compound 5 derivatives on cell division and cell morphology.
Cell of E. coli ATCC 25922 was grown for 4 h in the absence (A) or presence of 124
uM of 5-316 (B), 124 uM of 5-387 (C), 50 uM of 5-705 (D) or 50 uM of 5-706 (E).

The cells were visualized using a phase contrast microscope. The scale bar is 10 um.
The experiment was repeated 3 times.
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Figure 4.3 Compounds 5 and 5-706 induced cell elongation in B. subtilis 168 and

E. coli ATCC 25922.
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4.3.1.3 Membrane staining

That compound 5 does not perturb the membrane structures of B. subtilis and E.
coli cells has been reported in section 2.3.4. The effects of the four derivatives,
5-316, 5-387, 5-705 and 5-706 on the membrane of both bacterial cells were also
examined using the membrane-staining dye FM4-64. The results are shown in
Figures 4.4-4.5. The fluorescence intensities across the membrane were found to be
similar in the absence and presence of compounds. In spite of an increase in the
average length of B. subtilis and E. coli cells, they were found not to induce
detectable perturbation of cell membrane, demonstrating that they performed the

antibacterial activity by targeting FtsZ rather than other cell membrane targets.
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Figure 4.4  Effect of derivatives on the bacterial cell membrane. Cells of B. subtilis
168 were grown for 4 h in the absence (A) or presence of 31 uM of 5-316 (B), 29
uM of 5-387 (C), 49 uM of 5-705 (D) or presence of 51 uM of 5-706 (E). The cells
were stained with the membrane stain FM4-64 for 30 min and visualized using a
fluorescence microscope. The scale bar is 10 um. The experiment was repeated 3

times.
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Figure 4.5 Effect of derivatives on the bacterial cell membrane. E. coli ATCC
25922 cells were grown for 4 h without (A) or with 124 uM of 5-316 (B) or in the
presence of 115 uM of 5-387 (C), 49 uM of 5-705 (D) or 51 uM of 5-706 (E). The
cells were stained with FM4-64 for 30 min and visualized using a fluorescence

microscope. The scale bar is 10 pum. The experiment was repeated 3 times.
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4.3.1.4 Visualization of Z-ring in the bacteria

The green fluorescence protein (GFP) FtsZ was used to trace the dynamic of
FtsZ movement in E. coli JIM109 (WM647) and to investigate the effect of
derivatives on the Z-ring formation. In the absence of compound 5 derivatives,
fluorescence microscopic observation showed integral Z-rings at the mid-cells
(Figure 4.6A). On the contrary, GFP-FtsZ proteins were found to dispense randomly
throughout the elongated E. coli cells in the presence of compound 5 derivatives
(Figures 4.6B-E). Furthermore, compound 5 derivatives induced the cell elongation
of E .coli. The average cell length of treated E. coli cells was increased by 2-fold in
the presence of compound 5 or 5-316 and 3-fold in the presence of compound 5-706
(Table 4.3). The average of cell length of untreated cells was 3.9 = 1.1 um while
those under the treatment of compounds 5, 5-316 and 5-706 were found to possess
average cell lengths of 7.6 + 1.5, 8.5 £ 1.8 and 13.2 £ 1.4 um, respectively. The
percentage of derivative-treated cells possessing intact Z-rings was significantly
reduced. For instance, the addition of compound 5-706 resulted in decreasing the
percentage of cells having Z-rings from 93 % (0 uM) to 24 % (51 uM), indicating
that 5-706 inhibited the septation process. Further, the frequency of Z-ring
occurrence per unit cell length of E. coli cells were found to be 0.38 + 0.01, 0.12 +
0.01, 0.07 = 0.02, and 0.05 += 0.01 in the absence (control) and presence of
compounds 5, 5-316 and 5-706, respectively (Table 4.3). These four selected
derivatives, 5-316, 5-387, 5-705 and 5-706, are similar to other known FtsZ

inhibitors targeting the dynamic assembly of FtsZ [66, 67, 76, 78, 80, 81, 203]. For
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example, sanguinarine induced filamentation in bacteria and perturbed dynamic
Z-ring formation in B. subtilis 168 [66]. In this study, 5-316, 5-387, 5-705 and 5-706

were found to strongly inhibit the formation of the cytokinetic Z-ring.
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Figure 4.6 Perturbation of cytokinetic Z-ring in E. coli. E. coli (JM109 WM647)
cells were grown in the absence (A) or presence of 62 uM 5-316 (B), 56 uM of
5-387 (C), 49 uM of 5-705 (D) or 51 uM of 5-706 (E). The scale bar is 10 um. The

experiment was repeated 3 times.
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Table 4.3 Effects of compound 5 and derivatives on the Z-rings of E. coli cells

5 5-316 5-706
Description Control (224 uyM) (62 uM) (51 uM)

Cell length 391 1lum 76+x15um 85+£1.8um 13.2+14um

0

foofcells 93 30 45 24

having a Z-ring
Frequency of

. 0.38 £0.01 0.12+0.01 0.07+0.02 0.05+0.01
Z-rings per pm

“100 cells were counted to calculate the frequency of occurrence of Z-rings
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4.3.1.5 Immunofluorescence microscopy

The effect of derivatives on the cytokinetic Z-ring and DNA organization in B.
subtilis 168 were investigated using anti-FtsZ antibodies and DAPI fluorescent stain
(Figures 4.7 and 4.8). The findings showed that the four selected derivatives not only
decreased the frequency of Z-ring occurrence per micrometer of cell length, they
also inhibited the morphology of the remaining Z-rings (Figures 4.7C, F, I and 5.8C
and F). But they were found not to perturb the DNA condensation and nucleoid
segregation (Figures 4.7B, E, H and 4.8 B, E). Among the derivatives, 5-706 was
found to be the most potent FtsZ inhibitor. Thus, the effect of 5-706 on the
cytokinetic Z-ring and chromosome organization was further investigated and the
results are summarized in Table 4.4. It was shown that most of the control cells
contained two nucleotides. For example, the percentage of control cells containing
one, two and more than four nucleotides were 8%, 80% and 12%, respectively. A
total of 72% of the control cells was found to contain two well-defined nucleotides
(Table 4.4). On the contrary, only 25% of the cells had two well-defined nucleotides
in the presence of 5-706 (Table 4.4). Interestingly, the percentage of cells containing
two nucleoids was greatly decreased in the presence of 5-706. The cells treated by
5-706 containing one, two and more than four nucleotides were found to be 0%,
15% and 85%, respectively. The number of nucleoids per micrometer of the cell
length in the absence and presence of 5-706 (Table 4.4) were found to be similar.
For example, the number of nucleoids per micrometer of the cell length were
determined to be 0.51 + 0.01 in the control and 0.49 + 0.01 in the presence 51 uM
5-706. The results together implied that 5-706 inhibited the formation of the Z-ring

without influencing the nucleoid segregation.
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Figure 4.7 Effects of derivatives on the Z-ring and nucleoid segregation in B.

subtilis 168. Cells were immunostained with polyclonal anti-FtsZ rabbit antibody

followed by FITC-conjugated goat anti-rabbit secondary antibody for the

observation of Z-ring and stained with 1 ug/ml DAPI to observe the nucleotides. The

cells (A and B) and overlay (C) were in the absence of derivative. The cells (D and E)
and overlay (F) were treated with 12 ug/mL 5-316. The cells (G and H) and overlay

(I) were treated with 12 pg/mL 5-387. The Z-rings and nucleotide are shown in

green and blue respectively. They were visualized under a fluorescence microscope

with 100x oil immersion len. The scale bar is 10 um. The experiment was repeated 3

times.
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Figure 4.8 Effects of derivatives on the Z-ring and nucleoid segregation in B.
subtilis 168. Cells were immunostained with polyclonal anti-FtsZ rabbit antibody

followed by FITC-conjugated goat anti-rabbit secondary antibody for the
observation of Z-ring and stained with 1 pg/mL DAPI to observe the nucleotides.
The cells (A and B) and overlay (C) were treated with 49 uM (12 pg/mL) 5-705. The
cells (D and E) and overlay (F) were in the presence of 51 uM (12 pg/mL) 5-706.
The Z-rings and nucleotide are shown in green and blue respectively. They were
visualized under a fluorescence microscope with 100x oil immersion len. The scale
bar is 10 um. The experiment was repeated 3 times.
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Table 4.4 Effects of compound 5-706 on the Z-ring and nucleotides of B. subtilis
168 “

Description Control 5-706 (51 uM)
Cell length 39+ 1.1 mm 13.2+ 1.4 mm
% of cells having a Z-ring 7 75
frequency of Z-rings/um of the 0274001 0.02 % 0.01
cell length
frequency of nucleoids/um of
the cell length 0.51+0.01 0.49 +0.01
0 -
% of cells contglnlng two 79 40
nucleoids
% of cells containing two
nucleoids having a Z-ring 85 20
frequency of Z-ring/ um of the 022 4001 0.04 + 0.01

cells containing two nucleoids

%200 cells were counted in both cases.
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4.3.2  Invitro assays

4.3.2.1 Light scattering assay

The effects of 5-316, 5-705 and 5-706 on FtsZ assembly were studied by
measuring the change of light scattering signal at 600 nm. The results are shown in
Figures 4.9-4.11. The observations were similar to that obtained with compound 5
(Figure 2.12). The addition of compound 5-316 or 5-705 or 5-706 decreased the
magnitude of light scattering signal, suggesting that they inhibited the assembly and

bundling of FtsZ protofilaments in vitro.
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Figure 4.9 Effect of 5-316 on FtsZ assembly in vitro. SaFtsZ (12 uM) was
polymerized in 50 mM MOPS, pH 6.5, 50 mM KCl, 10 mM MgCl, and 1 mM GTP
in the absence of (a), and the presence of 30 uM (b), 50 uM (c) and 70 uM (d) of
5-316. Appropriate blanks were subtracted from all the traces. The experiment was

repeated three times.

179



2.0 -

—_—
oo}
1

=
o)
1

I
[\S]
1

Relative Light Scattering (600 nm)
=
1

1.0

— 77
0 200 400 600 800 1000 1200 1400 1600
Time (s)

Figure 4.10 Effect of 5-705 on FtsZ assembly in vitro. SaFtsZ (12 uM) was
polymerized in 50 mM MOPS, pH 6.5, 50 mM KCl, 10 mM MgCl, and 1 mM GTP
in the absence of (a), and the presence of 50 uM (b), 70 uM (c) and 100 uM (d) of
compound 5-705. Appropriate blanks were subtracted from all the traces. The

experiment was repeated three times.
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Figure 4.11 Effect of 5-706 on FtsZ assembly in vitro. SaFtsZ (12 uM) was
polymerized in 50 mM MOPS, pH 6.5, 50 mM KCl, 10 mM MgCl, and 1 mM GTP
in the absence of (a), and the presence of 50 uM (b), 70 uM (c¢) and 100 uM (d) of
5-706. Appropriate blanks were subtracted from all the traces. The experiment was

repeated three times.
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4.3.22 GTPase activity

The antibacterial activities of the compound 5 derivatives were determined by
measuring the MIC values. To verify the mechanism of inhibition of several
derivatives that were found to effectively inhibit the bacterial growth in vivo, the
inhibition ability of these compounds were tested against the GTPase activities of
SaFtsZ and EcFtsZ in vitro. The 1Csy values of these compounds are summerized in
Table 4.5. All compounds demonstrated a linear decrease in the GTPase activity with
an increase in concentration. For instance, the concentration-response curves for
compounds 5-316 and 5-387 against SaFtsZ are shown in Figure 4.12. Regarding
5-701, 5-702, 5-705 and 5-706, the concentration-response curves against SaFtsZ
and EcFtsZ are displayed in Figures 4.13-14 respectively. As shown in Table 4.5,
compounds 5-254, 5-306, 5-307, 5-312 and 5-324 were found to exert a low affinity
against both forms of FtsZ, they exhibited ICsy values of >500 pg/mL. Other
derivatives inhibited the GTPase activity of SaFtsZ with the I1Csy values between
34.4 and 478.5 pg/mL. These compound 5 derivatives inhibited the GTPase activity
of EcFtsZ with ICsg values between 40.9 and 302.4 pg/mL. Among these derivatives,
5-706 displayed the greatest inhibitory activity against both SaFtsZ and EcFtsZ with
ICsop values of 344 + 5.6 pg/mL (72.4 uM) and 40.9 £ 4.6 pg/mL (86.1 uM)
respectively; 5-706 showed a 15-fold lower affinity than 5. 5-387 was less potent
than 5-706 with ICsy values of 47.7 = 12.6 and 105.5 + 16.8 pug/mL against SaFtsZ
and EcFtsZ respectively. The other derivatives in Table 4.5 displayed a weak

inhibition on SaFtsZ and EcFtsZ GTPase activities (ICsop >500 pg/mL). Compound
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5-655, bearing a pyrazole-linked quinuclidine, was unable to inhibit the GTPase

activity of EcFtsZ and SaFtsZ with ICso >500 pg/mL.
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Figure 4.12 Concentration-response curve of 5 (m), 5-316 (@) and 5-387 (A ) tested

against SaFtsZ. Each point represents the mean of three independent assays, and the
vertical bars show the standard derivation of the mean. The data were plotted and
ICsp was calculated by nonlinear regression wusing a  sigmoidal

concentration-response curve (Origin Software).
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Figure 4.13 Concentration-response curve of 5-701 (m), 5-702 (e), 5-705 (A) and

5-706 (w) tested against SaFtsZ. Each point represents the mean of three
independent assays, and the vertical bars show the standard derivation of the mean.
The data were plotted and ICsy was calculated by nonlinear regression using a

sigmoidal concentration-response curve (Origin Software).
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Figure 4.14 Concentration-response curve of 5-701 (m), 5-702 (®), 5-705 (A) and

5-706 (w) tested against EcFtsZ. Each point represents the mean of three
independent assays, and the vertical bars show the standard derivation of the mean.
The data were plotted and ICso was calculated by nonlinear regression using a

sigmoidal concentration-response curve (Origin Software).
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Table 4.5

ICso values of compound 5 and selected derivatives against SaFtsZ and

EcFtsZ
ICso + SEM*
(ng/mL)
Compound . auerus FtsZ E. coli FtsZ
5 145.0 £37.2 221.5+19.7
5-254 >500 >500
5-256 346.3 + 38.7 302.4+22.5
5-306 >500 >500
5-307 >500 >500
5-312 >500 >500
5-315 478.5+20.4 258.6+104
5-316 180.5+9.8 192.0 +£20.8
5-320 >500 >500
5-324 >500 >500
5-326 250.2+11.8 1925+ 14.5
5-387 47.7+£12.6 1055+ 16.8
5-701 1354+ 14.2 283.5+13.5
5-702 323.1+194 166.6 +£25.6
5-705 305.6+13.2 123.5+19.5
5-706 34.4+5.6 40.9 + 4.6

% SEM: standard error of the mean
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4.3.2.3  Transmission electron microscopy

The effect of compounds 5-316, 5-705 and 5-706 on the assembly of S. auerus
FtsZ were analysed by transmission electron microscopy (TEM) (Figures 4.15-4.17).
Electron microscopic images showed that these three compounds inhibited FtsZ
protofilaments in a dose-dependent manner. In the absence of derivatives, a dense
network of FtsZ protofilaments was observed (Figures 4.15-4.17A). The three
derivatives were found to drastically reduce the size and thickness of FtsZ polymers
and the bundling of FtsZ protofilaments with increasing concentrations. Compounds
5-316 (124 uM), 5-705 (99 uM) and 5-706 (50 uM) reduced the thickness of the
bundles of FtsZ protofilaments by 50% (Figures 4.15B, 4.16C and 4.17C
respectively). For instance, 5-706 (50 pM) reduced the thickness of FtsZ
protofilaments from 118 = 21 to 60 + 12 nm. Among the three derivatives, 5-706
was found to be the most potent derivative to inhibit the bundling of FtsZ
protofilaments (Figure 4.17C). Only a few straight, short and thin FtsZ filaments
were observed in the presence of 5-706 (50 uM) (Figure 4.17B). On the contrary,
5-316 (62 uM) and 5-705 (49 uM) were found not to completely inhibit the
polymerization and bundling of FtsZ protofilament (Figures 4.15C and 4.16D
respectively). These results together suggested that the reduction in bundling and
thickness of FtsZ protofilaments were caused by weakening the lateral interaction

between FtsZ protofilaments and the interaction between FtsZ monomers.
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Figure 4.15 Electron micrographs of FtsZ polymers. SaFtsZ (12 uM) was
polymerized in 50 mM MOPS buffer, pH 6.5, containing 50 mM KCI, 5 mM MgCl,,
and 1 mM GTP in the absence and presence of 5-316 for 15 min at 37 °C. Shown are
the electron micrographs of FtsZ polymers formed in the absence (A) and presence

of 124 uM (B) and 31 uM (C) 5-316. The scale bar = 1000 nm.
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Figure 4.16 Electron micrographs of FtsZ polymers. SaFtsZ (12 uM) was
polymerized in 50 mM MOPS buffer, pH 6.5, containing 50 mM KCI, 5 mM MgCl,,
and 1 mM GTP in the absence and presence of 5-705 for 15 min at 37 °C. Shown are
the electron micrographs of FtsZ polymers formed in the absence (A) and presence
of 100 uM (B), 50 uM (C) and 25 uM (D) 5-705. The scale bar of A and B = 500 nm.
The scale bar of C = 1000 nm.
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Figure 4.17 Electron micrographs of FtsZ polymers. SaFtsZ (12 uM) was
polymerized in 50 mM MOPS buffer, pH 6.5, containing 50 mM KCI, 5 mM MgCl,
and 1 mM GTP in the absence and presence of 5-706 for 15 min at 37 °C. Shown are
the electron micrographs of FtsZ polymers formed in the absence (A) and presence
of 100 uM (B), 50 uM (C) and 25 uM (D) 5-706. The scale bar of A, B and C =
2000 nm. The scale bar of D = 1000 nm.
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4.3.2.4  Tubulin polymerization assay

The effects of 5-705 and 5-706 on mammalian tubulin polymerization are
summarized in Figure 4.18. Clear-cut polymerization behavior was observed in the
presence of 50 uM of compounds 5-705 and 5-706, indicating that they did not
influence the mammalian tubulin polymerization in vitro. Same as before, paclitaxel
(a tubulin enhancer) and vinblastine (a tubulin inhibitor) were used as the positive

and negative controls respectively.
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Figure 4.18 Effect of 5-705 and 5-706 on the polymerization of mammalian
tubulin. The tubulin polymerization assay was performed under the presence of 20
uM paclitaxel (a tubulin enhancer) (a), 50 uM compound 5-705 (b), 50 uM 5-706
(c), DMSO only (d) and 3 pM vinblastine (a tubulin inhibitor) (e). The
polymerization of mammalian tubulin was monitored by the increase in the Absolute

Fluorescence Units (AFU) for 40 minutes.
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4.3.25 Cytotoxicity

A variety of in vitro and in vivo tests have been carried out on FtsZ to determine
the potency of compound 5 derivatives. Here, we also investigated the toxicity effect
of the four compounds 5-316, 5-387, 5-705 and 5-706 on three cell lines using in
vitro cytotoxicity assay (Table 4.6). In this assay, tetrazolium salts (MTS) was
reduced to intensely coloured formazan dyes by mitochondrial activity that can be
used to measure cellular metabolic function. Compounds 5-316, 5-387, 5-705 and
5-706 were found to exert toxic effects. They inhibited the proliferation of mouse
fibroblast cells (L929 cell line) in a concentration-dependent manner with ICsy of
85.2, 116.5, 35.1 and 36.1 puM respectively. Regarding the inhibition of the
proliferation of canine kidney cells of MDCKII cell line, the ICsps of compounds
5-316, 5-387, 5-705 and 5-706 are 125.8, 99.1, 37.2 and 41.6 uM respectively. The
toxicity effect of 5-316, 5-387, 5-705 and 5-706 were also examined on the human
embryonic kidney cells (HEK293/pcDNA3.1 cell line) with ICsos of 106.9, 161.8,
36.2 and 38.4 uM respectively. In contrast, 50% inhibition of S. aureus proliferation
(MICsp) occurred in the presence of 164.9 uM 5-316, 71.6 uM 5-387, 30.8 uM 5-705
and 19.1 uM 5-706. These derivatives were found to show cytotoxicity effects on
mammalian cell lines. The MICsy of 5-316 on the bacterial inhibition was 2-fold
higher than ICsy on the proliferation of three cell lines exhibiting a toxic effect.
Although the MICsg values of compounds 5-387, 5-705 and 5-706 are the same or
lower than those on the ICsy of three mammalian cell lines, they still contributed a

significant toxicity effect as the acceptable ratio of MICs (bacterial inhibition) vs
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ICsp (cytotoxicity) should be at least 1:10. There are several reasons to cause the
toxicity of compounds. One possible reason is toxic metabolites. Some functional
groups are more susceptible to chemical and enzymatic degradation than others,
which may trigger metabolism-induced toxicity. For example, the methyl group on
the pyridimine ring of compounds 5-316, 5-387 and 5-705 are often oxidized to
carboxylic acid. Compounds 5-316 and 5-705 have a thiophene ring whereas
compounds 5-387 and 5-706 have a liable furan ring. These two functionalities are
easily activated to electrophilic species. The literature reported that the thiophene
ring of tienilic acid, a uricosuric diuretic drug used in the treatment of hypertension
[204], was shown to be metabolized to the S-oxide by the liver protein cytochrome
P450, which cause hepatotoxic effect. Compounds containing the furan ring have
been reported to exert a toxic effect to both the lung and liver of the rat by forming

convalent bond to protein and nucleic acids in the cell [205].
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Table 4.6 1Csy determination in the susceptibility test and the cytotoxicity test

Compound I1Cso (uUM) Cytotoxicity  (ICsp, uM)
S. aureus
ATCC 29213 1929 MDCKII HEK293/pcDNA3.1
5-316 164.9 85.2 125.8 106.9
5-387 71.6 116.5 99.1 161.8
5-705 30.8 35.1 37.2 36.2
5-706 19.1 36.1 41.6 384

L929, MDCKII and HEK293/pcDNA3.1 cells: mouse fibroblast, Madan-Darby
Canine Kidney and human embryonic kidney cell containing a pcDNA3.1 vector
cell lines, respectively

196



4.3.3  Molecular docking studies of the binding mode of

compound 5 derivatives

4.3.3.1 Correlation between docking poses of derivatives and biochemical

results

In order to gain a better understanding of the interactions between derivatives
and FtsZ and investigate the SAR study of compound 5 derivatives, a homology
model for S. auerus FtsZ was built for docking a small library of compound 5
derivatives in chapter 3. The docking results were then used to explain how the
substituent groups affect the interaction with the GTP binding site of FtsZ. Figure
3.4 shows that compound 5 consists of three parts including a R; group
(4-carbamoylbutanoic  acid), a quinuclidine core and a R, group
[2-methyl-4-(thiophen-2-yl)-pyrimidine]. With docking analysis, compound 5 was
found to occupy the whole GTP binding site (Figure 4.19A). The pyrimidine moiety
of compound 5 deeply bound to the hydrophobic cavity of the GTP binding site by
hydrophobic interaction and formation of hydrogen bond with the backbone oxygen
atom of Thr129 (2.1 A). The 3D sequence alignments with other FtsZ proteins
whose X-ray structures are available show some residues in contact with 5 in the S.
auerus model are responsible for GTP binding site. When the thiophene ring of 5
was changed to other ring equivalents (a phenyl ring of compound 5-306 or furan
ring compound 5-307), no significant difference in bioactivity was observed in vitro.
From the docking results, similar docking poses were observed for these three

derivatives, indicating that the thiophene function group of compound 5 may not be
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a key factor for the activity. Nevertheless, upon the addition of methoxy group
(5-316) to the amide moiety, the antibacterial activity (Table 4.2) and binding
affinity (Table 4.7) were slightly enhanced. In the docked model, better binding
interactions were found between 5-316 and the GTP binding site by forming the
hydrogen bond (1.9 A) between the oxygen atom of carbonyl group of 5-316 and
Gly106. The methoxy moiety of 316 established two hydrogen bonds with the side
chain of Thr105 (2.0 A) and the main chain of Thr105 (2 A) (Figure 4.19A).
Interestingly, replacing the butyric acid group of 5 by the methoxy group did not
affect the docking pose of R, substituent group (Figure 4.20B). But 5-316 exhibited
a higher antibacterial activity and inhibitory effect on FtsZ, implying that the longer
carbon chain of butyric acid group may affect the strength and orientation of
hydrogen bond formation because it has a high degree of freedom. However, it is
also possible that the methoxy group of compound 5-316 interacts with two
significant residues (Thr105 and Glyl106) and hence impairs the GTP substrate
binding ability of enzyme. But replacing the methoxy moiety in 5-316 by an anisole
group (5-320) caused poor antibacterial activity (Table 4.2) and weakened its
inhibitory ability toward FtsZ (Table 4.7). From the docking conformation of
compound 5-320, it was observed that the bulky anisole group of 5-320 not only
decreases the degree of freedom of R; group to hinder the hydrogen bond formation,
it also may reduce the electron density of adjacent oxygen atom to form a hydrogen
bond with Gly104 (Figure 4.19C). Regarding the substitution of methoxy group by a
furan ring (5-379), the antibacterial activity (Table 4.2) and inhibitory effect (Table

4.7) were deleterious in vitro. The possible reason causing weak binding affinity is
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that no hydrogen bond could be formed as shown in the docked model. The
antibacterial activity (Table 4.2) and inhibitory effect (Table 4.7) of 5-326 are similar
to 5-316. They exhibited higher antibacterial effect than 5. On the one hand,
thioether is an angular functional group, the C-S-C angle approaching 90°, which
causes the R; substituent group of 5-326 to become more rigid. Hence, the R; group
could not freely rotate; the carboxyl group was found to be flipped inward forming
three hydrogen bonds with Gly104 (1.9 A), the side chain (1.6 A) and the main chain
(1.8 A) of Thr105 (Figure 4.19A). In addition, the bulkiness of sulfur atom caused
the carbonyl of amide group to point outward, which is different from that of
compound 5 (Figure 4.21B). From the binding mode of 5-379, the furan ring of this
compound would disrupt the binding interaction with important residues of the GTP
binding site. The docking results also indicated that substituting non-polar
substituents into the butyric acid group of the amide moiety in 5 may not facilitate
the fitting of the R; group into the GTP binding site. This weak interaction to the
binding pocket of FtsZ might be the reason for the weaker activity exhibited by this
compound. Two compounds, 5-256 with a para-methyl or 5-360 with a
para-dimethyl amine substitution of the benzene ring, retained similar activity to 5.
On the contrary, substituting the phenyl ring with para-trifluoromethyl (5-705) was
found to exert greater antibacterial activity as shown in Table 4.2. The ICsy of 5-705
on both FtsZ proteins were similar to those of compounds 5-256 and 5-360 in vitro
(Table 4.7). Based on the docking results, compounds 5-256, 5-360 and 5-705
displayed the same docking pose and the amide moiety at R; group and pyrimidine

moiety at R, group both formed a hydrogen bond with Gly106 (1.5 A) and Thr129
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(2.2 A) respectively (Figure 4.22A). Interestingly, compound 5-256 was found to be
as active as compound 5-705 to inhibit FtsZ GTPase activity in vitro, but a dramatic
difference was observed between the antibacterial activities of these two compounds
in vivo. The possible reason is that the para-trifluoromethyl substituent group
facilitates cell permeability. Concerning substituting the thiourea group with an
amide moiety, the antibacterial activity and inhibitory effect of 5-701 was slightly
higher than 5. But the binding score of 5-701 was poor in the docking simulation
(Table 4.7). Replacement of the amide moiety of R; group in 5 with the flexible
amine moiety (5-387) resulted in increasing both the antibacterial activity and
inhibitory effect (Tables 4.2 and 4.7). Figure 4.22B shows that the furan ring of
furfuryl alcohol group (5-387) interacted with residues of the GTP binding site in a
totally different manner from the ring of compound 5-379. The nitrogen atom of
amine moiety of 5-387 formed a hydrogen bond with the main chain oxygen atom of
Gly100 (2.3 A). But no hydrogen bond was observed between Gly100 and the amine
group of compound 5-379. 5-387 had a higher antibacterial activity and FtsZ
inhibitory activity because it formed a strong hydrogen bond between the furan ring
and the important active site residue Gly17 (2 A). This interaction may seriously
disrupt the binding between GTP substrate and FtsZ. (Figure 4.21B). Another
possible reason is that the amine group of 5-387 can freely rotate that would alter the
relative position of the hydroxyl group of furfuryl alcohol moiety to form a
hydrogen bond with the side chain of Asn40 (1.8 A). The binding pose of compound
5-387 illustrated that the flexible amine functional group of this compound may play

a significant role in antibacterial and FtsZ inhibitory activities. When the furfuryl
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alcohol moiety of 5-387 was replaced by an imidazole group (5-702), the
antibacterial activity was still retained. But the inhibitory affect of 5-702 on FtsZ
GTPase activity was found to be lower than that of 5-387 in vitro (Table 4.7). Only
one hydrogen bond was formed between the main chain nitrogen atom of Gly104
and the nitrogen atom of the imidazole group of 5-702 in the docked model (Figure
4.22C). The docking simulation results of compounds 5-387 and 5-702 are
consistent with the experimental results. When the 2-methyl-4-(thiophen-2-yl)-

pyrimidine moiety of compound 5 was replaced by the hydrophobic substitutent
4-(pentan-3-yl)-2-(pyridin-4-yl)pyrimidine, greater inhibitory activity of 5-706 were
achieved in vivo and in vitro. The docking results showed that 5-706 was the most
top-scoring compound in comparison to other derivatives (Table 4.7). The docking
pose of 5-706 (Figure 4.23A) is totally different from 5 and other derivatives. A
planar thiophene ring and the small size methyl group of pyrimidine moiety in 5 may
favor the R, substituent side chain to deeply bind to the cavity of the GTP binding
site. On the contrary, the bulky pentan-3-yl group prevented the R, substituent side
chain of 5-706 to deeply enter into the cavity, which may in turn facilitate the
formation of n-m and van der Waals interactions between the pyrimidine ring of
5-706 and the phenylalanine side chain of Phel79 (Figure 4.23A-B). The other end
of 5-706 exhibited four hydrogen bonds with the side chain of Ala67 (1.9 A), the
side chain (1.8 A) and main chain (2.4 A) of Thr105 and the main chain of Gly104
(2.4 A) (Figure 4.22C). Besides forming strong hydrogen and hydrophobic
interactions, the molecular geometry of 5-706 favors its fit into the GTP binding

pocket of FtsZ. 5-706 was observed to perfectly occupy the whole region of GTP
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binding site (Figures 4.23D and E) Those features are responsible for the great

difference in the activity of derivatives (Tables 4.2 and 4.7).
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Figure 4.19 (A) Predicted binding mode of 5 and GTP in the GTP binding site of the
homology model of S. auerus FtsZ. Yellow color represented hydrophobic, red and
blue represented polar and grey represented neutral region in the GTP binding site.
(B) Interaction of 5 and GTP with residues of the GTP binding site. Grey wire
represented the side chain of residues. 5 was depicted as a ball-and-stick model and
coloured by atom types. GTP substrate was depicted as a wire model and coloured

by atom types.
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Figure 4.20 (A) Interaction of 5-316 and GTP with residues of the GTP binding
site. (B) Interaction of 5, 5-316 and GTP with residues of the GTP binding site. (C)
Interaction of 5-316 and 5-320 with residues of the GTP binding site. 5, 5-316 and
5-320 were depicted as a ball-and-stick model and coloured by atom types. GTP
substrate was depicted as a thin wire model and coloured by atom types. Grey wire
represented the side chain of residues.
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Figure 4.21 (A) Interaction of 5-326 and GTP with residues of the GTP binding
site. (B) Interaction of 5, 5-326 and GTP with residues of the GTP binding site. 5
and 5-326 were depicted as a ball-and-stick model and coloured by atom types. GTP

substrate was depicted as a thin wire model and coloured by atom types.
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Figure 4.22 (A) Interaction of 5-256, 5-360 and 5-705 with residues of the GTP
binding site. (B) Interaction of 5-387 with residues of the GTP binding site. (C)
Interaction of 5-702 with residues of the GTP binding site. All residues were
represented by grey wires and compounds were depicted as a ball-and-stick model
and coloured by atom types.
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Figure 4.23 (caption on next page)
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Continue......

Figure 4.23 (A) Interaction of 5 and 5-706 with residues of the GTP binding site.
compound 5 was displayed as a thin wire and colored by atom type and residues
represented grey wire. (B) Interaction of 5-706 with residues of the GTP binding site,
residues was depicted as a hydrophobic surface. (C) Close-up view of the active site
of 5 on FtsZ. (D) Close-up view of the active site of 5 and GTP on FtsZ. (E) Overall
view of 5-706 bound in the GTPase binding site. Surface map of FtsZ was
represented as grey, 5-706 were depicted as a ball-and-stick model and coloured by
atom types.
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Table 4.7 Comparison of the calculated score of the five receptor/ligand

complexes with the biological activity of the compound 5 derivatives

ICs0 + SEM®
Binding score” (ug/mL)
Model of

S. auerus | S. auerus | E. coli

Compound | 2R6R 2R75 | 1IRLU | 10FU FtsZ FtsZ FtsZ
1450+ | 221.5
5 -39 -40.26 | -34.88 | -36.01 -37.59 37.2 +19.2
5-31 -24.19 | -11.13 | -11.82 [ -19.97 | -20.91 >500 >500
5-254 -29.32 | -10.56 | -13.24 | -8.00 -26.26 >500 >500
3463+ | 302.4
5-256 -26.3 -8.994 | -14.42 | -8.08 -25.15 38.7 +22.5
2324+ | 400.5
5-306 -32.43 | -30.92 | -34.69 | -34.75 -28.58 12.6 +255
2054+ | 3759
5-307 -30.11 | -30.51 | -33.62 | -24.99 -30.34 259 +24.5
5-312 -10 -10.93 | -20.34 | -9.14 -29.43 >500 >500
4785+ | 258.6
5-315 -28.34 | -22.73 | -17.73 | -5.01 -31.76 20.4 +10.4
180.5 + 192.0
5-316 -34.72 | -31.01 | -20.21 | -26.51 -32.88 9.8 +20.8
5-320 -26.92 | -27.36 | -22.02 | -10.07 -25.5 >500 >500
5-324 -2893 | -35.38 | -37.95 | -22.2 -28.23 >500 >500
250.2 £ 192.5
5-326 -32.46 | -38.41 | -35.73 | -33.83 -30.66 11.8 +14.5
3343+ | 368.7
5-379 -28.3 -15.86 | -18.74 | -9.06 -27.64 26.4 +18.2
47.7 + 105.5
5-387 -30.6 -16.02 | -18.49 | -18.46 -32.57 12.6 +16.8
13544+ | 283.5
5-701 -20.1 -19.48 | -10.6 | -16.22 -17.11 14.2 +13.5
3231+ 166.6
5-702 -22.57 | -20.58 | -17.5 | -8.956 -28.66 19.4 +25.6
305.6 + 123.5
5-705 -32.27 | -31.08 | -19.14 | -20.73 -29.46 13.2 +19.5
344 + 40.9 +

5-706 -35.5 -27.97 | -26.37 | -23.58 -35.86 5.6 4.6

“Binding score calculated by ICM in chapter 3
>SEM: standard error of the mean and ICsps of compound 5 derivatives on GTPase

activity of S. auerus FtsZ and E. coli FtsZ were determined in section 4.3.2.3.
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4.3.3.2 Biochemical validation of accuracy of five FtsZ docking templates

In chapter 3, we selected five best docking templates to screen a small database
of compound 5 derivatives. Each derivative was assigned a score reflecting its
fitness of binding with the receptor. The experimental ICsy values and the
corresponding scores calculated in a docking simulation are given in Table 4.7. For
the five docked templates, an acceptable trend between calculated binding scores
and experimental activities for the compound 5 derivatives was observed for A.
aeolicus FtsZ (PDB codes: 2R6R and 2R75) and the homology model of FtsZ for S.
auerus. With the docking analysis, we found that two best inhibitors (5-387 and
5-706) were among the top four scoring compounds whereas three analogues (5-316,
5-326 and 5-705) with moderate FtsZ inhibition activity were among the top four
scoring compounds. Compounds 5-31, 5-254, 5-256, 5-312, 5-320, 5-324, 5-701 and
5-702 with lower activity were found to have the lowest score. Even S. auerus FtsZ
model built with as little as 44% identity of FtsZ template could identify more potent

FtsZ inhibitors via a structural-based virtual screening.
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4.3.4  Synergistic effect of compound 5 or its derivatives with

3-MBA or ampicillin

The combination effect of compound 5 or its derivatives with conventional
antibiotic (ampicillin) or T7-loop inhibitor of FtsZ (3-MBA) was studied in order to
improve the antibacterial activity of compound 5 and its derivatives. The results
from the synergy test are summarized in Table 4.8. When tested alone, 5 and 5-316
showed modest antibacterial activities, whereas 3-MBA showed only a weak activity
against the Gram-positive strains (Table 4.8). But the combination of 5 or 5-316 with
3-MBA improved the antibacterial activity. The results showed that a combination of
compound 5 or 5-316 with 3-MBA displayed partial synergy against the
Gram-positive strains with FIC indexes of 0.63-0.82 (Table 4.8). In the case of the
combination of 5 or 5-316 with ampicillin, the antibacterial activity of ampicillin
was significantly improved against ampicillin-resistant strain S. auerus ATCC 29247
with FIC indexes of 0.38-0.5, indicating synergism for both compounds (Table 4.8).
On the contrary, the combination of 5-316 with 3-MBA is indifferent against the
Gram-negative strain (E. coli ATCC 25922) with a FICI of 1.16 (Table 4.8). The
possible reason is that the antibacterial activity of 3-MBA was poor against
Gram-negative strain E. coli. The FICI of the combination of compound 5-706 and
3-MBA for S. auerus strains ranged from 0.75-0.97 contributing a synergistic effect
(data not shown in Table 4.8). 3-MBA has been reported to target the T7-loop
binding site of FtsZ [60]. Although compound 5 or its derivatives and 3-MBA seem

to bind different sites of FtsZ, their modes of inhibition on FtsZ are not mutually

211



exclusive. In the assembly process, GTP binds at one end of the GTP-binding
domain of FtsZ monomer, designated the ‘plus’ end by convention. Addition of
C-terminal T7 loop domain of another monomer provides two water-polarizing
residues directly in contact with the water molecule for y-phosphate hydrolysis that
forms the GTPase catalytic site [174, 175]. As a result, the combination of 5 or
5-316 and 3-MBA only caused a partial synergy effect. Regarding the combination
of 5 or 5-316 and ampicillin, apparent synergistic interactions were found because
they act on different mechanisms. Ampicillin has been shown to inhibit the
formation of peptidoglycan cross-links in the bacterial cell wall. It is conceivable
that the synergy effect of the combination of compound 5 or 5-316 and 3-MBA is
less significant than with ampicillin. Despite the relatively small number of strains
tested, the results demonstrated that the effect of combining compound 5 or 5-316

with 3-MBA are similar among different species.
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Table 4.8 Synergistic effects of compound 5 or its derivatives with 3-MBA or
ampicillin against the testing organisms

MICs (ug/mL) of 5/ 5-316/3-MBA/AMP*

Combined b

Bacteria Individually In combination FIC Result
Gram-positive
bacteria
S. aureus 384/NT/2500/NT 192/NT/800/NT 0.82 PS
(drug-sensitive)
NT/96/2500/NT NT/48/312/NT 0.63 PS
S. aureus 384/NT/2500/NT 96/NT/1250/NT 0.75 PS
(AMP-resistant)
384/NT/NT/24 96/NT/NT/6 0.5 S
NT/96/2500/NT NT/24/1250/NT 0.75 PS
NT/96/NT/24 NT/24/NT/3 0.38 S
B. subtilis 192/NT/2500/NT 48/NT/1250/NT 0.75 PS
Gram-negative
bacteria
E. coli NT/96/5000/NT ~ NT/96/800/NT 1.16 I

(drug-sensitive)

“3-MBA, 3-Methoxybenzamide; AMP, ampicillin; NT, not tested.
»S, synergistic; PS, partial synergy; I, indifference.
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4.3.5 Comparison the antibacterial activities of compound 5-706

with known FtsZ inhibitors

Although the most potent derivative 5-706 was found to exhibit a slight
cytotoxicity against the mouse fibroblast cells of L929 cell line, the canine kidney
cells of MDCKII cell line and the human embryonic kidney cells of
HEK293/pcDNA3.1 cell line, 5-706 did not show any effect on the polymerization
of mammalian cytoskeleton protein tubulin. On the contrary, some FtsZ inhibitors
such as sanguinarine [66] and curcumin [64] have been shown to inhibit the tubulin
assembly into microtubules. Hence, compound 5-706 has the potential to be
developed as a lead compound because it exhibits broader spectrum of activities than
most natural product and synthetic FtsZ inhibitors that were shown only to inhibit
Gram-positive bacteria. For examples, berberine, cinnamaldehyde, curcumin, totarol,
viriditoxin, A-189, PC 170942 and PC 190723 have been found to inhibit the
proliferation of Gram-negative E. coli cells with MICs of > 400 pg/mL [181], 1000
pg/mL [63], > 64 ng/mL [64], > 400 pg/mL [67], > 64 pg/mL [62], > 128 ng/mL
[78], > 256 pg/mL [81] and > 64 pg/mL [60] respectively. Compound 5-706 was
found to effectively inhibit E. coli with a MIC of 36 ug/mL. Dicharnanetin [68] and
OTBA [85] showed a weaker inhibitory effect on the proliferation of Gram-negative
E. coli cells as compared with compound 5-706. The antibacterial activity of 5-706
against E. coli is comparable to sanguinarine [66]. Zantrins were shown to inhibit E.
coli with MIC values from 20 to 80 uM, and only zantrin Z5 induced filamentation
in E. coli [80]. But 5-706 (12 ug/mL) was found to effectively cause the cell
elongation of E. coli. Besides, 5-706 also showed higher antibacterial activity
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against the Gram-positive strains than most known FtsZ inhibitors such as berberine
[181], curcumin [64], A-189 [78] and PC170942 [81]. Although chrysohaentins A
was shown to exert higher potency than compound 5-706 against Gram-positive
bacterial strains such as S. awerus and E. faecium, the antibacterial activity of
chrysohaentins A were not validated against Gram-negative bacteria. Indeed,
discovery of new antibacterials against Gram-negative bacteria is very crucial to the
treatment of bacterial infections because most clinical pathogenic bacteria are
Gram-negative. In vitro, compound 5-706 showed higher inhibitory activity on FtsZ
GTPase activity than most FtsZ inhibitors. The ICs value of compound 5-706 on the
GTPase activity is 34.4 pg/mL (72.4 uM), while compound 534F6 (100 uM) [82],
A-189 (80 pg/mL) [78], PC170942 (24 pg/mL) [81] and SRI-3072 (100 uM) [75]
inhibited the GTPase activity by 20, 67, 50, 50 and 20% respectively. Though many
compounds such as dicharnanetin [68], sanguinarine [66], totarol [67], viriditoxin
[62], OTBA [85] and zantrin [80] have experimentally been shown to inhibit the
GTPase activity and FtsZ polymerization, the binding modes of these compounds
are unknown. As a result, it is difficult to design more potent derivatives based on
the scaffold of these compounds. On the contrary, the possible binding mode of
compound 5-706 has been investigated using computational docking, which also
facilitates the future design of more potent derivatives in silico. In addition, 5-706
binds to the highly conserved GTP binding site rather than other binding sites such
as the T7-loop at the C-terminus of FtsZ. This is the possible reason why compound
5-706 showed broader spectrum activity than other T7-loop binding FtsZ inhibitors

such as cinnamaldehyde[63], curcumin [64] and PC190723 [60].

215



4.4  Conclusing remarks

After testing the 69 derivatives, several compounds were found to significantly
improve the potency of compound 5. The results from in vivo assays indicated that
compounds 5-316, 5-387, 5-705 and 5-706 possessed higher antibacterial activities
and spectrum of activity. These compounds were also found to cause the cell
elongation of E. coli and B. subtilis. Among them, 5-706 showed the largest increase
in cell elongation of B. subtilis and E. coli by 4-fold and 8-fold respectively. These
more potent derivatives effectively disrupted dynamic Z-ring formation with no
influence on nucleoid segregation and DNA replication, and did not perturb the
structure of bacterial cell membrane. Although some compounds were found to exert
higher potencies against bacterial strains in vivo, the inhibitory effect of 5-701,
5-702 and 5-705 on the GTPase activities of both FtsZ proteins in vitro were weak.
Based on the results from docking simulations and biochemical assays, 5-706 is the
most potent derivative targeting FtsZ protein. The highest scoring pose of 5-706 can
fit very well in the GTP binding site to form several strong hydrogen bonding and
hydrophobic interactions. The docking results also demonstrated that three models
from A. aeolicus FtsZ (PDB codes: 2R6R and 2R75) and a homology model of FtsZ
for S. auerus were found to directly correlate with the experimental results. However,
the most potent derivative 5-706 exerted a toxic effect on mammalian cell lines. In
the study of synergy effect, the combination of 5 or 5-316 with 3-MBA or ampicillin
were found to show a partial synergy or synergy effect respectively on antibiotic

-sensitive and -resistant bacterial strains.
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Chapter 5

Conclusions



Natural product and semisynthetic natural product compounds provide a rich source
of potent and highly diverse structures for the development of new drugs. Nowadays,
many clinical used antibiotics are derived from semisynthetic modification of natural
products. This approach can improve the pharmacokinetics and pharmacodynamics of a
drug. In this study, a moderate FtsZ inhibitor, compound 5, was firstly identified using a
high-throughput virtual screening of the natural product databases. In the biological and
biochemical studies, compound 5 was shown to inhibit FtsZ assembly that interfered with
the formation and functioning of the Z-ring ultimately leading to bacterial cell death. In
order to identify more potent compound 5 derivatives in silico, Scan Alanines and REfine
(SCARE) and homology modeling techniques were utilized. In these docking studies,
several optimal docked models were successfully determined to predict the optimal
binding modes of 5. Thus, the most potent derivative 5-706 was identified by in silico
screening a series of compound 5 derivatives. The synergy study of compound 5 or its
derivatives with 3-MBA or ampicillin were also investigated in this study. Compounds 5
and 5-316 were found to show partial synergy effect in combination with 3-MBA on the
tested bacterial strains. Interestingly, the combination of weak compound 5 derivatives

with ampicillin showed a strong synergy effect.

Although the findings reported in this thesis are encouraging, compound 5-706
requires further optimization to enhance the binding affinity to FtsZ and reduce the
cytotoxicity and the dose necessary for bacterial inhibition. In subsequent hit-lead
optimization, docking simulations could be employed to screen newly designed

derivatives based on the scaffold of compound 5-706. For example, the bulky and
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hydrophobic functional groups of the pyrimidine moiety of R, group in compound 5-706
could be kept because these functional groups were found to be essential to anti-FtsZ
activity by forming hydrophobic interaction with crucial active site residues. Then the
furan ring of the amine moiety of R; group could be replaced by different function groups
such as a tetrazole ring or a triazole ring. These functional groups are planar in structure,
which is similar to that furan ring of compound 5-706. These functional groups may
improve target interactions and eliminate the toxicity effect. On the other hand, the furan
ring could not be replaced by an imidazole ring because this ring was found to be
susceptible to metabolic degradation leading to toxic species. Through an iteration of in
silico screening, chemical synthesis and bioassays, lead compounds with improved
potency, reduced off-target activities and appropriate physiochemical or metabolic

properties will be identified.
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