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Abstract

With the emergence of multidrug-resistant bacterial strains, there is a dire need for new drug
targets for antibacterial drug discovery and development. Filamentous temperature sensitive
protein Z (FtsZ), is a GTP-dependent prokaryotic cell division protein, sharing less than 10%
sequence identity with the eukaryotic cell division protein, tubulin. FtsZ forms a dynamic Z-ring
in the middle of the cell, leading to septation and subsequent cell division. Inhibition of the Z-ring
blocks cell division, thus making FtsZ a highly attractive target. Various groups have been working
on natural products and synthetic small molecules as inhibitors of FtsZ. This review summarizes
the recent advances in the development of FtsZ inhibtors, focusing on those in the last 5 years, but
also includes significant findings in previous years.
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1. Introduction

Emergence and growing prevalence of multidrug resistance (MDR) in bacterial strains such
as Methicillin-resistant Staphylococcus aureus (MRSA), drug-resistant tuberculosis,
vancomycin-resistant enterococci (VRE) and other bacteria has caused a serious threat to
human health worldwide.l MRSA is a variant of Staphylococcus aureus (S. aureus) that is
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resistant to methicillin as well as other B-lactam antibiotics, such as nafcillin and oxacillin.?
It is responsible for numerous illnesses, ranging from skin infections to pneumonia. In 2011,
the CDC estimated 11,285 MRSA related deaths in the U.S.2 Tuberculosis (TB) is an
infection, typically in the lungs, caused by Mycobacterium tuberculosis (M. tuberculosis).
This disease has claimed 1.5 million lives worldwide in 2014 alone, and most fatalities are
prevalent in developing countries.3 Multi-drug resistant (MDR-TB) and extensively-drug
resistant (XDR-TB) strains exist and are becoming more frequent. The CDC classifies
antibiotic-resistant threat levels as “concerning,” “serious,” and “urgent,” with “concerning”
as the lowest level and “urgent” being the highest level.2 MRSA and MDR/XDR-TB cause
devastating infections and are ranked as threat level “serious” by the CDC.2 Thus, urgent
action needs to be taken to ensure these threats do not elevate to the “urgent” level.

The top three on the CDC’s list of “urgent” drug-resistant threats are Clostridium difficile
(C. difficile), carbapenem-resistant enterobacteriaceae (CRE), and drug-resistant Nersseria
gonorrhoeae (N. gonorrhoeae).2 C. difficile infections result in life-threatening diarrhea.
There are 250,000 infections a year resulting in 14,000 deaths annually, and at least $1
billion are spent annually on medical costs for treating C. difficile infections. CRE are a
class of bacteria that are resistant to many antibiotics, including carbapenems, which are
considered last-resort drugs. Drug-resistant . gonorrhioeae causes the sexually transmitted
disease, gonorrhea. The CDC estimated 246,000 cases of antibiotic-resistance in 2011.2
These bacteria cause diseases that are virtually untreatable, and immediate action is needed
to discover new ways to combat these pathogens. There is a dire need for next-generation
antibiotics with unexploited mechanisms of action, directed at novel targets. One such target
is filamenting temperature-sensitive protein Z (FtsZ), an essential bacterial cell division
protein.

FtsZ is a prokaryotic cell division protein with GTPase activity, which plays a vital role in
cell division. The protein is highly conserved throughout eubacteria. It is present in bacteria
with cell walls, such as £. coli, B. subtilis, and M. tuberculosis, as well as in bacteria lacking
cell walls, such as Mycoplasma pulmonis (M. pulmonis) and Acholeplasma laidlawii (A.
laidlawaii).*~" Even Halobacterium salinarium (H. salinarium) and Pyrococcus woesei (P,
woesei), from the Archaea domain, contain genes for FtsZ.8: With FtsZ present across a
wide range of bacterial species, it is an attractive target for the drug discovery of new-
generation antibacterial agents.

1.1. Structure and function of FtsZ

FtsZ is a structural homologue of tubulin, a eukaryotic cell division protein. Both proteins
polymerize in a GTP dependent manner, forming cytoskeletal filaments that are utilized in
cell division, but each protein has a distinct function.1911 Tubulin, polymerized into
microtubules, is responsible for migration of the genetic material to the poles of a dividing
cell, while FtsZ, polymerized into the Z-ring, is responsible for division of a bacterial cell
into daughter cells.19-12 Tubulin and FtsZ share only 7% sequence identity, but share high
structural similarity.11 Both proteins contain two domains, N-terminal and C-terminal,
connected by an a-helix (H7).11:13 The two domains on the FtsZ are a series of B-sheets
surrounded by a-helices. The N-terminal domain, consisting of helices H1-H6 and strands
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S1-S6, contains the nucleotide binding site, and the C-terminal domain, consisting of helices
H8-H10 and strands S7-S10, houses the vital T7 loop. The GTPase active site is located at
the junction of two FtsZ monomers, i.e., the nucleotide-binding site of a FtsZ monomer
combined with the T7 loop of another FtsZ monomer forms the active site (Figure 1).14.15

There are approximately 15,000 copies of FtsZ in a single £. coli cell. Upon binding of GTP,
FtsZ polymerizes to form protofilaments, which align at the center of a dividing cell.16:17
FtsZ polymerization directionality is not fully understood. Observations from
immunofluorescence microscopy experiments on MCZ26 E. coli cells showed centrally
located and symmetrical Z-spirals.1® From these observations, Addinal and Lutkenhaus
proposed an initial nucleation site at the center of cells that expanded outwards from both
ends, forming protofilaments in a bi-directional manner.1® However, Jindal and Panda
proposed a uni-directional mechanism based on the polymerization assays using B. subtilis
FtsZ (Bs-FtsZ) and demonstrated that truncated N-terminal constructs inhibited
polymerization, while C-terminal constructs had no effect on polymerization.1® These
results might suggest that the directionality of polymerization differs among bacterial
species. However, it appears too early to conclude because of the fact that two different
techniques were employed in two different bacterial species. Thus, further study is required
to clarify this intriguing issue.

1.2. Formation and localization of Z-ring

Regardless of polymerization directionality, protofilaments localize at the middle of the cell
to form the Z-ring, which is a key structure that recruits other cell division proteins to form
the divisome. About 30% of the available FtsZ is sequestered to the Z-ring, while the
remaining FtsZ monomers float around the cytoplasm and are readily exchanged with
polymerized FtsZ molecules in the protofilaments of the Z-ring.2% Fluorescence recovery
after photobleaching (FRAP) experiments highlighted the dynamic nature of the Z-ring, i.e.,
photobleaching recovery halftime was about 30 seconds, demonstrating FtsZ monomers
constantly exchange with polymerized FtsZ molecules.?0 In £, coli, the Z-ring is a single
layer of FtsZ protofilaments that runs parallel to the inner cell membrane and is five to ten
protofilaments thick.2! FtsZ protofilament interaction with ZipA and FtsA anchors the Z-
ring to the cell membrane.22-24 ZipA is a protein, containing a transmembrane domain and a
FtsZ binding domain.22 FtsA is a peripheral membrane protein, containing an amphipathic
helix that binds to the cell membrane and a FtsZ binding domain.23 The binding domains of
both proteins attach to the 17-amino acid sequence on the C-terminal of FtsZ. The Z-ring is
tethered to the cell membrane through ZipA and FtsA (Figure 2).

In E. coli and B. subtilis, localization of the Z-ring is regulated by the Min system and
nucleoid occlusion proteins. The Min system, in E. coli, is a series of proteins, MinC, MinD
and MinE, that ensure correct formation of the Z-ring at the midcell. Deletion of the Min
system overall in bacterial cells leads to formation of minicells, which do not contain any
genetic material.2> Deletion of MinE, while leaving MinC and MinD intact, leads to
filamentation of bacterial cells.2> MinC, a protein that prevents FtsZ polymerization, is
MinD-dependent, and together, they form a MinCD complex. This complex binds to the cell
membrane, particularly at the poles, and hampers FtsZ polymerization and Z-ring
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construction.2® MinE, a protein that suppresses MinCD activity, forms a dynamic ring
structure that oscillates from pole to pole.27:28 Oscillation of the MinE ring prevents MinCD
buildup at the midcell. FtsZ polymerization and subsequent Z-ring formation can occur at
the midcell, but not poles of the cell because MinCD remains active in those regions.2”

In B. subtilis cells, there is no equivalent to the £, coli MinE.2° DivIVA, a protein with
affinity to the poles of the bacterial cell, is thought to localize the MinCD complex at the
poles of the cell through a bridging protein, MinJ.2%:30 Sequestration of MinCD to the poles
inhibits FtsZ polymerization in those regions and allows for the formation of the Z-ring at
the midcell. The Min system ensures the proper placement of the Z-ring during cell division,
and this system is crucial for the proper formation of the divisome. However, in Min system
mutants, bacterial cells can properly localize the Z-ring and divide, albeit in a decreased
capacity compared to wildtype cells.3! This indicates that there are multiple regulatory
factors involved in the correct placement of the Z-ring.

Another regulating factor for the localization of the Z-ring is nucleoid occlusion. Bacterial
cells have a mechanism that prevents the destruction of the genetic material caused by cell
division through the nucleosome. In E. coli, SImA is the protein responsible for protecting
the bacterial DNA during cell division.32 This protein has DNA-binding and FtsZ-inhibiting
properties, i.e., it inhibits FtsZ polymerization within its proximity through binding to the
nucleosome.32 In B. subtilis, Noc is a nonspecific DNA-binding protein, which is found
throughout the nucleosome, with FtsZ-inhibiting properties. Like SmIA, this protein
prevents FtsZ polymerization near the nucleosome.3! Both proteins are part of the nucleoid
occlusion regulation of Z-ring formation.

Since GTP-bound protofilaments have slight curvatures and GDP bound protofilaments are
highly curved, it is speculated that the hydrolysis of GTP to GDP contracts the Z-ring and
generates the force required for septation. Molecular dynamics simulations of FtsZ dimers
predicted the force generated by GTP hydrolysis to be 30 pN per FtsZ monomer.33 The
calculated force required to invaginate the cell wall is 8-80 pN for £. co/i.3435 Another
molecular dynamics simulation, performed on the GTP-bound and GDP-bound FtsZ
filaments, found that GTP hydrolysis caused conformational changes in the filaments.36
These two experiments support the hypothesis that Z-ring contraction is initiated by GTP
hydrolysis to GDP. However, this does not explain how bacterial cells expressing FtsZ
mutants, with hampered or no GTPase activity, can still divide. Since GTP-bound
protofilaments are slightly curved, they generate an inward force, estimated to be 10 pN per
FtsZ monomer.33 These estimates suggest that invagination of the cell wall can be achieved
without hydrolysis of GTP to GDP.33

2. FtsZ inhibitors

With the rise of antibiotic-resistant strains of bacteria, there is much enthusiasm for
producing drugs with novel mechanisms of action. FtsZ is a well-studied, yet unexploited,
protein. It is essential for cell division in bacteria, making it an attractive target for antibiotic
research. Inhibition of the protein prevents proper formation of the divisome, which leads to
filamentation and eventual cell death (Figure 3).3738 The highly conserved nature of the

Bioorg Med Chem. Author manuscript; available in PMC 2017 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haranahalli et al.

Page 5

protein among numerous prokaryotic and archea species provides an opportunity for the
development of broad spectrum-antibiotics.3949 Currently, there are no drugs on the market
that target this protein, but many research labs have made great headway in studying
inhibitors of FtsZ and have demonstrated that FtsZ inhibition leads to bacterial cell death.
These inhibitors are summarized below.

2.1 Natural Products (Figure 4)

2.1.1. Curcumin—Curcumin is a naturally-occurring compound extracted from Curcuma
longa. It has been used as a spice and a coloring agent in Indian and Southeast Asian
cooking for ages, and it is known to have antioxidant, anticancer and anti-bacterial
properties.#1 Curcumin has been shown to bind to tubulin and exhibit antiproliferative
activity by destabilizing microtubules.*? Rai et al. showed that curcumin inhibits FtsZ in a
dose-dependent manner using light scattering assay. Curcumin displayed an 1Cgq of 17 pM
against B. subtilis 168 and 58 UM against £. coli K12 MG1655.41 GTPase assay suggested
that curcumin inhibited FtsZ by increasing the GTPase activity, hence destabilizing FtsZ
polymers.41 Utilizing a computational docking program, Molecular Electrostatic Potential
(MEP), and cavity depth analysis, Kaur et al. identified possible curcumin binding sites in £.
coli-FtsZ (Ec-FtsZ) and Bs-FtsZ, which were confirmed by mutagenesis studies.*3 The
curcumin binding site was found to overlap with the GTP binding site, as several amino acid
residues were common to both binding sites.4?

2.1.2. Coumarins—Coumarins are phytochemicals, consisting of a benzopyrone core and
are mostly known for their anticoagulant properties.** Duggirala et al. reported that
coumarins inhibited Bs-FtsZ polymerization in a dose-dependent manner.** For example,
scopoletin inhibited FtsZ polymerization with an ICgq of 41 M and daphnetin with an 1Cgg
of 73 uM. Scopoletin and daphnetin inhibited the GTPase activity with 1Cgq values of 23 uM
and 57 pM, respectively. Coumarin, 6-methylcoumarin, and hydroxylcoumarin showed
negligible activity against GTPase and FtsZ polymerization.*4 Docking studies of £c-FtsZ
revealed that coumarins bind to an allosteric site, located in the T7 loop.#4 Chiang et al.
reported that coumarins such as umbelliferone, scopoletin and phellodenol-A inhibited the
growth of M. tuberculosis H37Rv with MIC values of 58, 42, and 60 pg/mL, respectively.*®
The results of Duggirala et al. suggest that coumarins exhibit antibacterial activity against
M. tuberculosis H37Rv by inhibiting polymerization of FtsZ.

2.1.3. Plumbagin—PIlumbagin is a naphthoquinone derivative found as a secondary
metabolite in the root of Plumbago zeylanica.*® Acharya et al. reported that plumbagin
inhibited the polymerization of microtubules by binding to tubulin at the colchicine binding
site.4” Since FtsZ is a homolog of tubulin, Bhattacharya et al. examined the effect of
plumbagin on FtsZ. Their results show that plumbagin inhibits the FtsZ polymerization of B.
subtilis 168 in a dose-dependent manner. Thus, 2, 5, and 10 pM of plumbagin reduced the
assembly of the Bs-FtsZ by 26, 33, and 45 %, respectively. Plumbagin descreased the
hydrolysis of GTP by reducing the FtsZ’s GTPase activity. Thus, 24 UM plumbagin inhibited
58 % of the GTPase activity. Computational analysis suggested that plumbagin did not bind
to the GTP binding site and the plumbagin-binding site was located near the C terminal of
Bs-FtsZ. Although plumbagin clearly inhibited the polymerization of Bs-FtsZ, it did not
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show any effect on the polymerization or GTPase activity of Ec-FtsZ. This indicates that
there is a substantial difference in the structures of FtsZ proteins from different bacteria.*8

2.1.4. Resveratrol—Resveratrol is a phytoalexin that is produced mainly in plants, such as
grapevines, legumes, and pines as a defense mechanism“® in response to attack by pathogens
such as bacteria or fungi.®:°0 It has been shown to have antioxidant, antimicrobial, and anti-
proliferative activities.>> Hwang et al. investigated the mechanism of action of resveratrol for
its antibacterial activity.>! Then, it was found that the Z-ring formation was affected, to a
great extent, in £. colitreated with resveratrol. In order to examine if resveratrol inhibited
FtsZ, PNA-FtsZ, an RNA silencer that selectively targeted the mRNA of FtsZ, was used.
The treatment consisting of PNA-FtsZ and resveratrol showed a synergistic antibacterial
effect while PNA-7abl, an antisense inhibitor of the 7ab/ gene, did not show any synergistic
effect. Confocal microscopy analysis showed that the £. coli cells treated with PNA-FtsZ
and resveratrol induced cell elongation, whereas PNA- fabl treatment did not show any cell
elongation. This result led to the conclusion that the antibacterial activity of resveratrol is
ascribed to the inhibition of the £c-FtsZ gene expression.5?

2.1.5. Chrysophaentins—Chrysophaentins are polyhalogenated, polyoxygenated,
bisdiarylbutene ether macrocycles isolated from algae Chrysophaeum taylori. Plaza et al.
reported that chrysophaentins were effective against several drug-sensitive and drug-resistant
strains of gram-positive bacteria.>? Using saturation transfer difference NMR (STD-NMR),
chrysophaentin A was found to bind to £c-FtsZ, and NMR competition experiments using
GTP+yS suggested, chrysophaentin A is a competitive inhibitor of £c-FtsZ.52 Keffer et al.
synthesized hemi-chrysophaentin and found that its mechanism of action was similar to that
of chrysophaentin A.53 Both chrysophaentin A and hemi-chrysophaetin did not exhibit
antimicrobial activity against gram-negative bacteria, but inhibited Ec-FtsZ in vitro, which
could be ascribed to these compounds’ inability to pass through the outer membrane of
gram-negative bacteria. Thus, in order to test this hypothesis, the activities of chrysophaentin
A and hemi-chrysophaetin were determined against £. coli envA1, a strain with increased
compound permeability, and found the ICsq values to be 27 uM and 84 UM, respectively,
which proved the hypothesis.>3

2.1.6. Berberine and its derivatives—Berberine is a plant alkaloid isolated from
various species of Breberis. Damodia et al. reported that berberine targeted Ec-FtsZ by
inhibiting the FtsZ assembly (IC5¢ 10 pM) and GTPase activity (IC5p 16 uM) in a dose-
dependent manner. Computational docking studies revealed that the berberine binding site
overlapped with the GTP binding pocket in £c-FtsZ.%4

Based on the crystal structure of S, aureus-FtsZ (Sa-FtsZ), Sun et al. designed and
synthesized a series of 9-phenoxyalkylberberine derivatives, which were predicted to bind to
the interdomain cleft of SaFtsZ. Compounds from this series exhibited MIC values of 2-8
ug/mL against MRSA and methicillin-sensitive Staphylococcus aureus (MSSA), and 4-16
pg/mL against vancomycin-sensitive Enterococcus faecalis (VRE) and vancomycin-sensitive
Enterococcus faecalis (VSE). These berberine analogs also inhibited the growth of gram-
negative bacteria such as £. coliand Klebsiella pneumoniae (K. pneumoniaée) with MIC
values of 32-128 pg/mL. Compound 1 was the most potent compound in this series, which
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inhibited Sa-FtsZ GTPase (ICsp 38 pg/mL) and inhibited FtsZ polymerization in a dose-
dependent manner. Transmission electron microscopy (TEM) images of Sa-FtsZ with
compound 1, revealed that it significantly reduced the thickness and size of FtsZ polymers,
as well as the bundling of FtsZ protofilaments.5®

Parhi et al. synthesized a series of substituted dibenzo[a,g]quinolizin-7-ium salts and tested
them against MRSA, MSSA, VSE and VRE. Compounds consisting of an aryl substituent at
the 2- or 12-position of the tetramethoxydibenzoquinolizinium moiety, exhibited better anti-
staphylococcal and anti-enterococcal activity compared to berberine. Compound 2 was the
most potent in this series (MIC values: 0.5 pg/mL against MSSA and MRSA and 2 ug/mL
against VRE and VSE). Light scattering assay of compound 2 using Sa-+tsZ revealed that
substituted dibenzo[a,g]quinolizin-7-ium compounds act by promoting FtsZ polymerization.
Since benzamides like PC190723 act by promoting FtsZ polymerization, it was
hypothesized that these compounds may have similar mechanism of action.>8

2.1.7. Phenylpropanoids—Phenylpropanoids are secondary metabolites produced by
plants to protect plants against predators and pathogens.>’ It has been shown that these
compounds possess antibiotic activities and inhibit FtsZ.57-58 Eight phenylpropanoids were
assayed against E£c-FtsZ and were found to inhibit FtsZ polymerization (1Csq 69 pM~>250
uM). Chlorogenic acid, being the most active, had an 1Csq of 69.55+3.6 M. Caffeic acid,
2,4,5-trimethoxycinnamic acid, p-coumaric acid, and cinnamic acid had I1Csq of 105.96+6.3
UM, 148.59+4.3 pM, 189.53+3.7 uM, and 238.91+7.1 UM, respectively. 3,4-
Dimethoxycinnamic acid, 2,4,5-trimethoxycinnamic acid, and eugenol were the least active
with ICgsg >250 uM. Most of the eight phenylpropanoids inhibited GTPase activity. Light
scattering analysis showed a dose-dependent reduction in the polymerization of FtsZ. B.
subtilis 168 cells were elongated, compared to the control when exposed to
phenylpropanoids.>®

2.1.8. Cinnamaldehyde and its derivatives—Cinnamaldehyde, a phenylpropanoid
chalcone is the major constituent of the bark extract of Cinnamomum verum. It has been
shown that cinnamaldehyde is effective against a variety of bacteria, viruses and fungi.t°
Cinnamaldehyde exhibited the MIC values of 0.1-0.5 ug/mL against £. coli (0.1 pg/mL), B.
subtilis (0.5 ug/mL) and MRSA (0.25 ug/mL). Cinnamaldehyde inhibited the GTPase
activity thus inhibiting the assembly of FtsZ protofilaments.61 Confocal imaging of £. coli
cells containing GFP-tagged Ec-FtsZ treated with cinnamaldehyde showed reduction in the
Z ring formation.6?

Li et al. synthesized a library of cinnamaldehyde derivatives and tested /n vitro for their
antibacterial activity against a variety of gram-positive and gram-negative bacteria.5? Several
compounds exhibited MIC values of 0.25-4 pg/mL against S. aureus ATCC25923.
Cinnamaldehyde derivatives containing a 2-methylbenzimidazolyl substitution at 1-position
and 3-chlorophenyl, 2,4-dichlorophenyl, 4-clorophenyl, 4-fluorophenyl, or 4-nitrophenyl at
the 3-position exhibited the best activity (Compounds 3 and 4). They also carried out
polymerization and GTPase assays to confirm Sa-FtsZ as the target.62
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2.2. Synthetic small molecules

2.2.1 Benzamides—Ohashi et al. assayed the antibacterial activity of 3-
methoxybenzamide (3-MBA) on B. subtilis UOT1285 as well as FtsZ mutant strains of B.
subtifis UOT1285 such as RIK7 (brgA1 mutation), RIK8 (spb-1 mutation), RIK9 (brgA1
and spb-1 mutations). The growth of B. subtilis UOT1285 was inhibited in the presence of
=5 mM 3-MBA leading to filamentation followed by cell death, whereas the growth of B.
subtilis with mutant FtsZ strains was not inhibited by 3-MBA even at 35 mM. This led to the
hypothesis that 3-MBA inhibited the growth of B. subtilis UOT1285 by inhibiting Ftsz.53

Since 3-MBA displays poor anti-bacterial activity (MIC value of 4000 pug/mL against B.
subtilis cells),54 Haydon et al. performed the SAR study of 3-MBA based on over 500 3-
MBA congeners, which identified PC190723, a compound with better potency than 3-
MBA.85 PC190723 exhibited antibacterial activity against B. subtilis and several strains of
staphylococci, including MRSA and multidrug resistant Staphylococcus aureus (MDRSA),
with MIC values of 0.5-1 ug/mL. PC190723 inhibited the GTPase activity of Sa-FtsZ in a
dose-dependent manner (ICsq 55 ng/mL). Treatment of B. subtilis bearing green fluorescent
protein-labeled FtsZ (GFP-FtsZ) with PC190723 showed mislocalization of FtsZ, wherein
FtsZ was distributed as discrete foci throughout the elongated cell (Figure 5). The in vivo
efficacy of PC190723 was tested in a murine septicaemia model of staphylococcal infection.
There was 100 % survival of mice that were inoculated with a lethal dose of S. aureus
following iv or PO administration of 30 mg/kg of PC190723.65 A PC190723-resistant
mutant strain of S. aureus was isolated when an 8 times higher concentration than the MIC
value was employed.%°

Comparison of the protein sequences of FtsZ from six different bacteria, i.e., B. subtilis, S.
aureus, Enterococcus faecalis (E. faecalis), E. coli, Pseudomonas aeruginosa (P. aeruginosa),
and Streptococcus. pneumoniae (S. pneumoniae), and mammalian p-tubulin showed that the
PC190723 mutations overlapped with the residues of the taxane-binding site in p-tubulin,
suggesting a similar mechanism of action.6®> Andreu et al. reported that Bs-FtsZ treated with
PC190723 showed a reduced GTPase activity, which resulted in the formation of straight
bundles and ribbons.56 Then, it was suggested that PC190723 inhibited FtsZ by stabilizing
the FtsZ polymer.56 Elsen et al. carried out several structural and biochemical analyses of
Sa-FtsZ and PC190723, which revealed that PC190723 shifted the equilibrium towards the
high-affinity FtsZ conformation (Figure 6) and reduced the transition slope for
polymerization.8” The co-crystal structure of Sa-FtsZ with PC190723 indicated that the C-
terminal domain moved in such a manner that FtsZ protofilaments were stabilized over FtsZ
monomers.5’

Stokes et al. developed PC190723 analogs, bearing a phenyloxazole group instead of a
thiazolopyridine group and a substituted methylene group connecting the oxazole and
benzamide moieties.58 A series of (4,5-disubstituted oxazolyl)-CH(R)-O-benzamides were
found to improve the potency significantly against wild type S. aureus (Compound 5, MIC
as low as 0.03 pg/mL) The C5 position of the oxazole moiety tolerated a variety of alkyl,
aryl and halogen substituents to keep a good potency. Among them, 5-Bromo- and 5-
chlorooxazolyl analogs exhibited high activity against a mutant strain of S. aureus, G196A.
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In order to improve the pharmacokinetic parameters, polar groups, e.g., alcohol, amine,
carboxylic acid, heterocycles, etc., were introduced to the pseudo benzylic position, i.e., -
CH(R)-O- moiety, which improved the solubility and metabolic stability. Introduction of a
gemdimethyl group at the pseudobenzylic position resulted in loss of activity, suggesting
the importance of chirality for antibacterial activity. Thus, two enantiomers of compound 6,
bearing a -CH(CH,OH)-O- group, were isolated by chiral chromatography and their
antibacterial activity examined, which revealed that (/)-(+)-enantiomer is 128 times more
potent than the corresponding (S5)-(=)-enantiomer. In order to enhance the solubility of
compound 6, they synthesized a prodrug 7, which was twice as soluble as the parent
compound. %8

In order to improve the pharmacological properties of PC190723, Kaul et al. designed and
synthesized a 1-methylpiperidine-4-carboxamide TXY541, a prodrug of PC190723, which
was found to be effective against both MRSA and MSSA.%9 TXY541 was 143 times more
soluble in an aqueous acidic vehicle (10 mM citrate, pH 2.6) than PC190723 and exhibited
efficacy /n vivovia intravenous (i.v.) and oral (p.o) administration utilizing mouse peritonitis
model of systemic infection with S. aureus using female Swiss-Webster mice. TXA541
showed the MBC/MIC ratio of 1~2 against MSSA (strains 8325-4 and 19636) as well as
MRSA (strains ATCC 33951 and 443300), indicating bactericidal activity.59 In order to
overcome the CYP-mediated dechlorination/oxygenation of TXY541, TXA707, bearing a
trifluoromethyl group in place of the chloro group in TXY541, as well as its prodrug
TXA709 were developed.’ The introduction of a trifluoromethyl group substantially
improved metabolic stability. The modal MIC of TXA707 was found to be 1 pg/mL against
MRSA, VISA, VRSA, DNSSA, LNSSA, and MSSA.

Transmission electron microscopy (TEM) images of S. aureus cells displayed absence of
septa within 1 hour of treatment with TXA707 (Figure 7). The ty» of TXA707 following i.v.
administration of TXA709 was 3.65 hours, while the ty/, of PC190723 following the i.v.
administration of TXA541 was 0.56 hours.”® Thus, the prodrugs of PC190723 exhibited
better pharmacokinetic properties by maintaining the strong antibacterial potency. The /in
vivo efficacy study of TXA709 was carried out using mouse tissue (thigh) model of
infection with MRSA ATCC 33591. 120 or 160 mg/kg of TXA709 administered orally,
reduced the bacterial load of MRSA by nearly 2 logig CFU in the thigh, while 200 mg/kg of
orally administered PC190723 reduced only 0.5 log,g CFU.70 (Figure 8)

2.2.2 2-Nitro-vanillin-aniline Schiff bases—Vanillin, the principal component of
vanilla and a widely used flavoring agent,’! is also known to possess antibacterial properties
and has been used as a food preservative.’2 Sun et al. synthesized a series of 2-nitro-vanillin-
aniline Schiff base derivatives and examined their antibacterial activities against £. coli, P.
aeruginosa, B. subtilis, and S. aureus.”t Then, a dozen compounds exhibited strong
antibacterial activities, and it was found that compounds with two substituents on the aniline
moiety showed better activities than their monosubstituted counterparts (Figure 11). The
presence of electron-donating groups on the aniline moiety increased the antibacterial
potency, while electron-withdrawing groups reduced potency. For example, compound 8 was
found to be the most potent against £. colfin the series (MIC 0.28 pg/mL), which was more
potent than the kanamycin (MIC 0.40 pug/mL) used as a positive control. This compound was
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reported to have inhibited FtsZ polymerization (ID5q 2.1 pM), although it was not clearly
stated which bacterial FtsZ was used.”!

2.2.3 Arene-diol digallates—In order to find small molecule inhibitors that replace GTP
in FtsZ, Andreu and collaborators screened over 4 million compounds by docking into Bs-
FtsZ GTP binding site. Hits from this screen were further tested via mant-GTP anisotropy
method for Bs-FtsZ. Hit compounds included UCMO05, UCM44, and UCM53, which
inhibited bacterial growth with MIC values of 100 uM, 25 uM, and 13 UM, respectively.
However, these compounds were not effective against gram-negative bacteria such as £. coli.

The binding modes of UCMO05 and UCM44 suggest that the phenolic groups and the
naphthalene core occupy the phosphate and nucleic base binding sites of GTP, hence leading
to their inhibitory action. The bacterial cell growth was inhibited via filamentation by all
three compounds, which is a phenotypic response of FtsZ inhibition.”® Building upon hit
compounds, UCMO05 and UCM44, a series of small molecule inhibitors was synthesized and
examined for their potencies. This series of compounds interacted with the GTP binding site
of Bs-FtsZ with Ky values of 0.4-0.8 pM. The lead compounds blocked the bacterial cell
division by inhibiting proper assembly of FtsZ, leading to filamentation (Figure 9). The most
potent compound from this series, compound 9 displayed strong binding (K4 0.5 uM) and
antibacterial activity against MRSA (MIC 7 uM). Most of the compounds did not inhibit
tubulin assembly at 100 M, showing high specificity to FtsZ.”4 (Figure 11)

2.2.4 Rhodanine derivatives—OTBA, a rhodanine derivative, was found to promote the
assembly and stabilization of Ec-FtsZand Bs-FtsZ protofilaments, thus inhibiting the Z-ring
dynamics.”® Singh et al. screened a library of 151 rhodanine compounds for their
antibacterial activity on B. subtilis cells.”® It was found that two compounds inhibited cell
proliferation at 2 uM and three compounds increased the bacterial cell length, indicating
FtsZ as the target. One of these three compounds, CCR11, bound to FtsZ (K4 1.5 uM) and
inhibited FtsZ assembly as well as GTPase activity /n vitro. Docking study of CCR-11 to
Bs-FtsZ suggested that CCR-11 would bind to FtsZ in a cavity adjacent to the T7 loop.
CCR-11 inhibited the proliferation of B. subtilis cells (MIC 3 uM), and perturbed the Z-ring
formation, but did not affect the nucleoid segregation or membrane integrity of B. subtilis
cells (Figure 10) (Figure 11).76

2.2.5 Benzo[g]quinazolines, Quinazolines, quinoxalines and 1,5-
naphthyridines—Based on zantrin Z3(1), a known GTPase inhibitor of Bs-FtsZ (ICsq 24
UM),”” Nepomuceno et al. synthesized several quinazoline analogs as inhibitors of FtsZ and
their potency examined.”” Compound ZZ3(2), the N, A-dimethyl analog of ZZ3(1), was
found to be twice as potent as ZZ3(1) (ICsg 12 uM). Further SAR study revealed that
benzo[g]quinazoline of ZZ3(1) and ZZ3(2) could be replaced by a smaller quinazoline,
bearing an ammonium salt side chain, to form the most active compound 10 in this series
(ICs50 9 uM). It was found that 4-chlorostyryl moiety was essential for good inhibitory
activity.”’

Parhi et al. synthesized a series of quinoxalines, quinazolines and 1,5-naphthyridines and
evaluated their potencies against MRSA, MSSA, VSE, and VRE. Introduction of
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hydrophobic substitutions such as phenyl, 3-biphenyl, 4-fluorophenyl, 4-t-butylphenyl at the
3-position of 1-mehtylquinoxalinium iodide (Compounds 11, 11a) increased the
antibacterial activity. In a similar manner, the introduction of a carbomethoxy or 5-
carboxamido group to the quinoxaline skeleton increased potency (compound 12).
Guanidinomethyl derivatives of quinazoline and 1,5-naphthiridine showed better activity
than their amidinomethyl counterparts. Compounds 13, 13A, 14 and 15 displayed good MIC
values (4-8 pg/mL) against MRSA and MSSA, and those compounds were also found to be
bactericidal (Figure 12).78

2.2.6 Pyrimidine-quinuclidine derivatives—For the identification of hit compounds
that target the GTP binding site of FtsZ, Chan et al. screened /n silico a library of over
20,000 compounds, consisting of natural products and their semisynthetic analogs, using the
crystal structure of Methanococcus jannaschii-FtsZ (Mj-FtsZ) for docking.”® Top-ranked 10
compounds from this 7 sifico screening were purchased, and tested /in vitro for their GTPase
inhibitory activity, as well as MIC against £, coliand S. aureus.” Then, compound 14
(Figure 13), containing a pyrimidine-quinuclidine moiety as the core structure, was found to
display moderate GTPase inhibitory activity (ICsg 317 M) and antibacterial activity against
E. coliand S. aureus (MIC 449 uM and 897 uM, respectively). Thus, 16 was selected as the
hit compound for further in silico optimization, library synthesis and SAR study. The most
potent compound from this series was compound 17 (Figure 13), which showed more than
10 times higher GTPase inhibitory activity (ICsg 37.5 pM) and antibacterial activity against
S. aureus (MIC 24.6 uM) and E. coli (MIC 49.6 uM). Compound 15 selectively inhibited
FtsZ over tubulin, hence not cytotoxic.’®

2.2.7 Pyridopyrazine and pyrimidothiazine analogs—Based on compounds 18 and
19 (Figure 13) that were reported to inhibit Mit-FtsZ,80 Mathew et al. synthesized a series
of pyridopyrazine and pyrimidothiazine analogs and their biological activities evaluated.80 It
was found that (a) pyridopyrazine analogs, bearing heteroaromatic substituents at the C6 and
C7 positions, were more potent than those bearing aliphatic substituents, (b) the C4 position
tolerated various dialkylamino groups, and (c) a carbamate group at the C2 position was
essential for activity. Compounds 18 and 20 exhibited an excellent antibacterial activity
against M. tuberculosis H37Rv (ICqq <0.19 uM) and a moderate inhibitory activity for M.
tuberculosis-FtsZ (Mtb-FtsZ) polymerization (1Csg ~34 uM). Both compounds 18 and 20
were evaluated /n7 vivo for their efficacy in an acute TB model in immune-compromised
GKO mice. Compound 18 reduced the bacterial load in lungs by 0.86 log;g CFU, but did not
have any effect on the spleen. Compound 20 (Figure 13) did not reduce bacterial load in
both lungs and spleen.8% Pyrimidothiazine analogs of compound 19 were synthesized and
evaluated, but were found to be 10-fold less effective than 19.80

2.2.8 Taxanes—Paclitaxel, a microtubule-stabilizing agent known as a very important
drug for cancer chemotherapy displayed moderate inhibitory activity (MIC 40 pM) against
both drug-sensitive and drug-resistant strains of M. tuberculosis, although it was highly
cytotoxic against human cancer cell lines (1Csp 0.019 — 0.028 uM).81 Based on the
functional similarity between tubulin and FtsZ, it was reasonable to hypothesize that taxanes
could serve as the starting point to identify FtsZ inhibitors.8 Thus, real time PCR assay was
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used to screen a library of taxanes, including cytotoxic taxanes and taxane multidrug-
resistance reversal agents (TRASs).81

SB-RA-2001 (TRA) (Figures 14 and 15) was found to exhibit good antitubercular activity
against drug-sensitive (H37Rv: MIC 5 uM) and multidrug-resistant (IMCJ946.K2: MIC 2.5
UM) strains of M. tuberculosis, but it was still cytotoxic (A589: ICsq 15.7 pM).81
Antiangiogenic C-seco-taxane IDN5390, bearing C-seco-baccatin moiety, was reported to be
less cytotoxic than paclitaxel 82-83 Thus, C-seco-baccatin analogs of SB-RA-2001 were
synthesized and evaluated.81:84 Then, it was found that C-seco-TRAs, SB-RA-5001 and
analogs (Figure 15), exhibited strong antitubercular activity (MICgg 1.25~5 uM) with
substantially reduced cytotoxicity (ICsg >80 uM). Scanning electron microscopy (SEM)
analysis of M. tuberculosis cells treated with SB-RA-2018 and SB-RA-5001 showed
filamentation, a phenotypic response of FtsZ inhibition.8! Transition electron microscopy
(TEM) analysis of Mrb-FtsZ treated with SB-RA-5001 indicated that SB-RA-5001
stabilized Mib-FtsZ polymers.85

Singh et al. reported that SB-RA-2001 inhibited the growth of B. subtilis and
Mycobacterium smegmatis (M. smegmatis) cells (MIC 30 pM and 60 pM, respectively).86
SB-RA-2001 substantially increased the bacterial cell length, indicating FtsZ as the target.
SB-RA-2001 disturbed the formation of Z-ring in B. subtilis and affected the midcell
localization of another cell division protein DivIVA. SB-RA-2001 also inhibited the GTPase
activity of Bs-FtsZ, and promoted the assembly and bundling of Bs-FtsZ protofilaments.
Docking analysis of the binding site of SB-RA-2001 in Bs-FtsZ suggested its proximity to
that of PC190723 (Figure 14).86

2.2.9. Benzimidazoles

2.2.9.1. Trisubstituted benzimidazoles: Researchers at Southern Research Institute (SRI)
identified several pyridopyrazine and pteridine based FtsZ inhibitors with antitubercular
activity.87-88 Albendazole and thiabendazole are known tubulin inhibitors, and Sarcina et al.
found that thiabendazole caused elongation of £. coli cells, suggesting FtsZ as the target.8°
Slayden et al. demonstrated albendazole and thiabendazole inhibited septation of M.
tuberculosis cells leading to filamentation and cell death.3”

Through structural analysis of these heterocycles and substitution patterns, Ojima and Lee
designed a library of trisubstituted benzimidazoles as FtsZ inhibitors.90 Libraries of 2,5,6-
and 2,5, 7-trisubstiutued benzimidazoles (~1,100 compounds) were synthesized and
evaluated for their activity against M. tuberculosis H37Rv using microplate alamar blue
assay in a 96-well format, which identified 204 hit compounds that showed antibacterial
activity at <5 pg/mL.8%.91.92 Then, 56 compounds out of the 204 hits were selected,
resynthesized and their potencies determined (MIC 0.06-6.1 pug/mL).85 91-92 SAR studies
indicated that a cyclohexyl group at the 2-position is critical for high activity although other
groups were tolerated. The 6-position tolerated various dialkylamino and aryloxy groups, but
a dimethylamino group was found to provide a series of the most potent compounds.91-93
Compounds with a carbamate group at the 5-position were more potent than the 5-amido
counterparts.?1-92 The most potent compound of this series in the cell-based assay was SB-
P17G-C2 (MIC 0.06 pg/mL).%2 Selected lead compounds inhibited the polymerization of
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Mitb-FtsZ in a dose-dependent manner and increased the GTPase activity of Mtb-FtsZ, thus
decreasing the stability of FtsZ polymers and protofilaments. TEM analysis of Mtb-FtsZ
protein treated with SB-P17G-C2 and others indicated that these compounds not only
inhibited the polymerization of FtsZ monomers into protofilaments but also destabilized and
depolymerized FtsZ polymers preformed in the presence of GTP (Figure 16) (Table 1).92

Selected lead compounds were examined for their potencies against drug-sensitive (W210)
and drug-resistant clinical strains (NHN382 and TN587) of M. tuberculosis and were found
to be equally effective against both strains, as anticipated (Table 2).94 SB-P3G2 and SB-
P8B2 were found to have modest activity against non-replicating M. tuberculosis cells
grown under low oxygen conditions, which suggested that this series of compounds might
have efficacy against latent TB infections.9® In the /n vivo efficacy study of SB-P3G2 and
SB-P17G-A20 using an acute TB infection model in GKO mice showed SB-P3G2 reduced
the bacterial load of M. tuberculosis H37Rv by 0.7 + 0.17 log1g CFU in the lungs and 0.41
+0.36 log;o CFU in spleen,® while SB-P17G-A20 reduced the bacterial load by 1.73 + 0.24
log1g CFU and 2.68 + 0.48 logyg CFU in lungs and spleen, respectively.9

In order to improve the plasma metabolic stability, SB-P17G-A33, SB-P17G-A38 and SB-
P17G-A42 that contained additional fluorine atoms on the benzamido moiety were
synthesized.% These compounds inhibited drug sensitive and drug resistant strains of M.
tuberculosis with MIC values ranging between 0.18 — 0.39 pg/mL (Table 2). SB-P17G-A33
and SB-P17G-A38 were stable in human and murine plasma after 4 hours of incubation. 96
SB-P17G-A33, SB-P17G-A38 and SB-P17G-A42 displayed limited lability in the presence
of liver microsomes. In the /n vivo efficacy study of SB-P17G-A33, SB-P17G-A38 and SB-
P17G-A42 using an acute TB infection model in GKO mice showed SB-P17G-A38 and SB-
P17G-A42 reduced the bacterial load of M. tuberculosis H37Rv by y 5.7-6.3 logg CFU in
the lungs and 3.9-5.0 log1g CFU in the spleen, while SB-P17G-A33 reduced the bacterial
load by 1.7-2.1 logqg CFU in the lungs and 2.5-3.4 log1g CFU in the spleen.% The efficacy
exhibited by SB-P17G-A38 and SB-P17G-A42 is equivalent to that of isoniazid (INH), and
those lead compounds are active against INH-resistant patient-derived M. tuberculosis
strains. Thus, these two lead benzimidazoles are highly promising to become drug
candidates.

Kumar et al. screened libraries of 2,5,6- and 2,5, 7-trisubstituted benzimidazoles against
Francisella tularensis (F. tularensis) LVS strain, which resulted in 23 hits with >90 % growth
inhibition at 10 pg/mL.%7 Out of the 23 hits, 7 compounds displayed 40~50 % growth
inhibition at 0.2 ug/mL, and 21 compounds exhibited MICgq values of 0.35 48.6 pg/mL.
Compound 21 (Figure 17) was the most potent compound in this series (MICgq 0.35 pg/mL).
Ex-vivo efficacy assay of compounds 22e, 22f, 22g and 22h (Figure 17) was carried out
using RAW macrophages infected by £ tfularensis LVS, which disclosed that these
benzimidazoles reduced CFU by 2-3 log units at 10-50 pg/mL except for 22f.%7

2.2.9.2. 2, 4-Disubstituted benzimidazoles: Ray et al. screened a library of 100
benzimidazole derivatives against B. subtilis cells and identified 2 hits, BT-benzo-29 (Figure
18) and BT-benzo-81.98 BT-benzo-29 caused cell elongation, inhibited Bs-FtsZ GTPase
activity, and inhibited the Z-ring formation. BT-benzo-29 inhibited the proliferation of B.
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subtilisand M. smegmatis cells (ICso 1 and 1.6 UM, respectively). It bound to tubulin with
very weak affinity. Docking study indicated that the binding site of BT-benzo-29 would be at
the C-terminal domain near the T7 loop in Bs-FtsZ, which was confirmed by site-directed
mutagenesis.%

2.3. Polypeptides

2.3.1. Cathelin-related antimicrobial peptide (CRAMP)—Cathelin-related
antimicrobial peptide is a murine defense peptide with 37 amino acid residues that bolsters
the immune system by binding to bacterial cell surfaces and increasing the permeability of
the outer membrane.?-100 This protein was active against various species and strains of
bacteria, such as E. coli, Salmonella typhimurium (S. typhimurium), MRSA, and Bacillus
megaterium (B. megaterium) with MIC values ranging from 0.5 uM to 64 pM.100 Recent
studies using a truncated version of the peptide, CRAMP (16-33), exhibited FtsZ activity.101
Light scattering analysis of FtsZ and tubulin treated with CRAMP showed a dose-dependent
inhibition of FtsZ polymerization, while tubulin polymerization was unaffected.19! This
peptide also decreased the GTPase activity of FtsZ, but it did not share the same binding site
as GTP, and B. subtilis cells exposed to this protein were elongated and lacked Z-ring
formation. A docking study using Bs-FtsZ indicated a crevice near the T7 loop where
CRAMP (16-33) might bind (Figure 19).191 The proposed mechanism is that CRAMP (16—
33) binds to FtsZ near the T7 loop and disrupts monomer-monomer interaction of FtsZ,
hence preventing polymerization.10

2.3.2. Edeine—Edeine is a polypeptide antibiotic obtained from Bacillus brevis (B. brevis)
strain Vm4.102 The antibiotic consists of a pentapeptide linked to a base moiety. It exists in
two forms, edeine A and edeine B, which differ in the base moiety. Edeine A and edeine B
are each further differentiated into two reversible isomers, edeine A;, A, and edeine Bq, By,
respectively. Edeine A; and edeine B are active, while the other isomers are inactive.103
The pentapeptide moiety, which is identical for both forms of edeine, is Gly-isoSer-(2,6-
diamino-7-hydroxyazelayl)-B-Tyr-(a.,B-diaminopropanoyl).102 The base component of
edeine A and edeine B are spermidine and N-guanyl- A/ -(3-aminopropyl)-1,4-
diaminobutane(guanylspermidine), respectively.102 Edeine A; inhibits DNA and protein
synthesis within bacteria, resulting in a filamentous phenotype.104-106 Cells cannot divide
when DNA synthesis is halted. Recently, the target of edeine B (Figure 20) was found to be
FtsZ in B. subtilis cells.103 Z-ring formation was inhibited in cells expressing FtsZ-GFP, but
DNA replication was unhindered.103

2.4. Nucleic Acids

2.4.1. Peptide nucleic acids (PNA)—Peptide nucleic acids (PNAs) are oligonucleotide
analogues with a polypeptide-like backbone instead of a ribose-phosphate backbone (Figure
20).107.108 pNAs are neutral and highly resistant to degradation by nucleases.197 PNAs can
silence genes by binding to complimentary strands of RNA to prevent them from expression.
Recently, ten regions free of secondary structures were found in /zsZ-mRNA using a
prediction software, Mfold web server and RNAstructure 5.5. Then, complimentary
oligonucleotides for each viable region were synthesized and then examined through dot-
blot hybridization.
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A PNA oligomer was synthesized based on the best result from dot-blot hybridization, and
conjugated to the cell penetrating peptide, (RXR)4XB, for improved internalization into
cells. The resulting conjugate was PPNAL, which was complimentary to nucleotides 309—
323 of ftsZZmRNA.199 A second conjugate, PPNA2, was synthesized from the translation
initiation and ribosome binding sites of fzsZ-mRNA.109 Both PPNA1 and PPNA?2 inhibited
the growth of MRSA CY-11 strain in a dose-dependent manner, and complete growth
inhibition was observed at 30 pM for PPNA1 and 40 uM for PPNA2.199 Cell viability
assays, at 40 uM of both compounds, revealed that PPNAL was bactericidal, while PPNA2
was not.199 RT-PCR experiments, on bacterial cells exposed to PPNA1 and PPNA2, showed
a dose-dependent decrease in fzisZ-mRNA, indicating an antisense gene knock-down
mechanism.109

2.4.2. Locked nucleic acids (PLNA)—Locked nucleic acids (LNA) are nucleic acid
analogues with the ribose ring locked by a 2"-0, 4"-C-methylene bridge (Figure 20).110.111
Oligomeric chains of LNA have high affinity to complimentary strands of RNA or DNA,
and act by silencing target genes.111 Gene silencing with LNA has been effective in killing
E. coli cells by targeting RNase P expression.110 Recently, a peptide-LNA hybrid was
synthesized and exhibited activity against MRSA-FtsZ. A peptide-LNA compound,
PLNA787, consisted of a cell-penetrating peptide, (KFF)3K, attached to a cysteine-
succinimidyl frans-4-(maleimidylmethyl)cyclohexane-1-carboxylate-C6 (Cys-SMCC-C6)
linker and an LNA oligomer.111 The LNA portion of LNA787 was complimentary to the
nucleotides 787-808 fragment of MRSA ftsZ-mRNA.

PLNA787 and its various components were examined against 10 strains of S. aureus for
their antibacterial activity, wherein one strain was MSSA ATCC29213 strain, and nine
others, Mu50, WHO-2, and MRSAO01 to MRSAQ7, were MRSA strains. It was found that
LNA787 itself exhibited no antibiotic activity against those strains in this assay, but

(KFF) 3K-PLNA787 conjugate was active, which indicates that the conjugation to a cell
penetrating peptide was required for efficient delivery of PLNA787 into the cell.111
(KFF)3K-PLNA787 conjugate was active against all 10 strains of S. aureus with MIC values
of 1.56~12.5 uM.11 When human gastric mucosa epithelial cells were infected with Mu50,
PLNA787 conjugate protected the eukaryotic cells against infection.

PLNA787 conjugate also rescued Mu50-infected mice, while untreated and ampicillin-
treated mice died within two days. A mechanistic study showed a decline in fZsZZ-mRNA
expression as well as diminished FtsZ protein expression.111 TEM of Mu50 cells treated
with PLNA787 conjugate showed increased size compared to untreated cells, and some cells
exhibited diploid and tetraploid phenotypes. PLNA787 was demonstrated to inhibit cell
division in various MRSA strains by silencing the fzsZ gene and preventing protein
expression.111 The conjugate was also shown to be noncytotoxic and effective in bacterial
growth assays, epithelial cell infection assays, and mouse infection models.111

2.5. Summary of FtsZ inhibitors, their (putative) binding sites and mechanism of action

Table 3 summarizes the FtsZ inhibitor’s compounds types, bacterial species studied,
(putative) binding sites in FtsZ and their mechanisms of action. Since the protein X-ray
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crystallography of FtsZ-inhibitor has been successful only for PC190723- Sa-FtsZ co-
crystals,87 the structural biology of FtsZ inhibitors needs to be advanced to promote rational
structure-based design. Nevertheless, putative binding sites have been indicated and
reasonable mechanisms of action have been proposed based on various biochemical and
molecular biology studies.

3. Conclusion

Emergence of drug resistance to currently used antibiotics and antimicrobials drugs,
especially multidrug resistance, is an imminent threat to human health. The vast majority of
clinically used antibacterial drugs target cell wall biosynthesis, nucleic acid synthesis and
protein synthesis. Thus, identification of a novel drug target that is critical for the bacterial
survival to overcome such drug resistance, is urgently needed. In the last 15 years, FtsZ, an
essential bacterial cell division protein and a homologue of tubulin, emerged as a highly
promising new molecular target for new-generation antimicrobial drug discovery. FtsZ is a
highly conserved and ubiquitous bacterial protein, playing a vital role in bacterial
cytokinesis. Thus, the inhibition of proper FtsZ assembly causes the disruption of septum
formation and bacterial cell division, leading to cell death. Therefore, FtsZ inhibitors have
been actively investigated for broad-spectrum or pathogen-specific antibacterial agents. In
addition, extensive studies have been performed on the FtsZ structures and functions based
on structural biology as well as cell and microbiology, which can be translated into
structure-based or fragment-based drug discovery by exploiting computational biology tools.

As described above, a variety of natural products and their derivatives, as well as synthetic
small molecules have been investigated and several classes of compounds, targeting FtsZ,
have been found effective against various pathogens, including M. tuberculosis, MRSA and
VRE, as well as B. subtilis, S.aureus, MSSA and VSE. Among various natural products and
their derivatives, berberine derivatives, cinnamaldehyde and cinnamamides exhibited MIC
values as low as 0.1 pg/mL against MRSA, S. aureus, E. coliand S. subtilis, but so far no in
vivo efficacy data have been reported. However, it should be noted that curcumin,
rhodamine, and their derivatives, for example, are categolized as “Pan Assay INterference
compoundS (PAINS)”112 which display promiscuous behavior that result in interference of
a variety of assays like metal chelation, redox cycling, and protein reactivity. Such behavior
may either result in false positives while carrying out high throughput screening.112
Curcumin could perturb membranes and alter the function of membrane proteins such as
membrane-anchored metalloproteases, mechanosensitive ion channels, and voltage-
dependent potassium and sodium channels.113 Also, the promiscuous interaction of
rhodanine with other proteins could cause toxicity while the color of rhodanine itself could
interfere in colorimetric assays.11* Accordingly, compounds like curcumin and rhodanine
may not provide a good starting point for the development of FtsZ inhibitors.

Among the small molecule FtsZ inhibitors investigated, a benzamide derivative, PC190723,
exhibited very strong potency against S. aureus (MIC 0.03 pg/mL). Although PC190723 is
highly potent, the compound has rather poor pharmacological properties. Accordingly,
TX707, which has an improved solubility, was developed, and also prodrugs of PC190723
and TX707 were explored. Thus, TX541 (prodrug of PC190723) and TX709 (prodrug of
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TX707) were developed, which exhibited efficacy in the MRSA infected mice model (up to
2 log10 CFU reduction in thigh). At present, TX709 appears to be the most advanced lead
compound in this series.82:69.70 These compounds, however, showed poor activity against
other Gram-positive and Gram-negative pathogens. Accordingly, the discovery of broad-
spectrum antibacterial agents may require another round of lead discovery efforts.

Another series of promising FtsZ inhibitors is trisubstituted benzimidazoles, especially
against drug-resistant M. tuberculosis. 2,5,6-Trisubstituted benzimidazoles inhibit the
nucleation/aggregation/polymerization of Mtb-FtsZ quite effectively in a dose-dependent
manner, by enhancing the GTPase activity of Mtb-FtsZ. Several lead compounds have been
identified, which show highly promising efficacy in the acute animal models as well as
ADME profiles in the preclinical drug development. Especially, SB-P17G-A38 and SB-
P17G-A42 reduced the bacterial load of M. tuberculosis H37Rv by y 5.7~6.3 log,g CFU in
the lungs and 3.9~5.0 logyg CFU in the spleen in the in vivo efficacy study using an acute
TB infection model in GKO mice.85:91.92.94-96 |t js noteworthy that the efficacy exhibited by
these two benzimidazoles is equivalent to that of isoniazid (INH), and those lead compounds
are also active against INH-resistant patient-derived M. tuberculosis strains. Consequently,
these two leads are likely to become anti-TB drug candidates.

Quite recently, peptide-based FtsZ inhibitors, such as CRAMP and edeine B1, have
exhibited good activities against various bacteria, including MRSA.101.103 This is certainly a
new trend and other peptide-based FtsZ-inhibitors will certainly be explored in coming
years.

Collectively, it has been shown that (i) the disruption of Z-ring formation, either by
stabilizing or destabilizing FtsZ polymers, leads to bacterial cell death and (ii) the FtsZ-
interacting agents do not have any appreciable resistance to the drug-resistant strains for
clinically used antibacterial drugs at present since FtsZ is an entirely new target for
antibacterial agents.

In addition to the inhibition of FtsZ protein function, a different approach is showing
promise, which is the suppression of the f#s.Z gene expression by nucleic acid-based agents.
PNA and LNA can silence ftsZgene by using complementary oligonucleotides to ftsZ-
mMRNA, but delivery to cells is an issue. Thus, those were conjugated to Arg-rich cell-
penetrating peptides for enhancing internalization. PPNAL1 is active against MRSA CY-11
strain and bactericidal.1%° LNA787 is complimentary to the nucleotides 787-808 fragment
of MRSA ftsZ-mRNA. Although LNA can silence gene expressions effectively, LNA787
does not show any antibacterial activity, due to the delivery problem. However, PLNA787
conjugate, consisting of a cell-penetrating peptide, (KFF)3K, and LNA787, is active against
10 strains of S. aureus with very good MIC values and has been able to rescue Mu50-
infected mice, while untreated and ampicillin-treated mice died within two days.111 Thus,
this new approach appears highly promising.

As discussed above, FtsZ has proven to be an excellent molecular target for antibacterial
drug discovery and there has been extensive studies on the discovery and development of
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efficacious FtsZ inhibitors as next-generation antibacterial agents. Accordingly, it appears

likely that a good number of clinical candidates will be developed in the near future.
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Figure 1.
Comparisons of a-tubulin, p-tubulin, and FtsZ monomer. Cyan colored-region is the N-

terminal domain. The red-colored region is the H7 helix. The yellow-colored region is the
T7 loop. The blue-colored region is the C-terminal domain. The magenta-colored molecule
is GDP/GTP, which sits in the nucleotide binding site. (PDB entries 17TUB for tubulins and
2VAP for FtsZ).
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Figure 2.
A) FtsZ monomers polymerize in the presence of GTP, forming protofilaments. B)

Protofilaments line up at the center of the cell to form the highly dynamic Z-ring, which is
anchored to the bacterial cell membrane by FtsA and ZipA. FtsZ monomers readily
exchange with FtsZ molecules incorporated into the Z-ring. C) Contraction of the Z-ring
leads to invagination of the cell membrane. D) Septation is completed and the Z-ring
dissipates.
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Figure 3.
(A) Normal cells divide and remain a short length. (B) and (C) Inhibition of FtsZ causes

filamentation. Cells continue to grow and elongate, but cannot divide. Reprinted with
permission from Huang, Q.; Kirikae, F.; Kirikae, T.; Pepe, A.; Amin, A.; Respicio, L.;
Slayden, R. A.; Tonge, P. J.; Ojima, I., Targeting FtsZ for Antituberculosis Drug Discovery:
Noncytotoxic Taxanes as Novel Antituberculosis Agents. J. Med. Chem. 2006, 49(2), 463—
466. Copyright 2012 American Chemical Society.
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Figure 4.
Naturally occurring FtsZ inhibitors
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Figure 5.
PC190723 inhibits localization of FtsZ. GFP-FtsZ of B. subtilis 2020 cells, in the absence

(@) and presence of 8 pg/mL of PC190723 (b). Adapted with permission from reference 64.
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Movement of helix 7 favors the high affinity state over the low affinity state. Reprinted with
permission from Elsen, N. L.; Lu, J.; Parthasarathy, G.; Reid, J. C.; Sharma, S.; Soisson, S.

M.; Lumb, K. J., Mechanism of action of the cell-division inhibitor PC190723: modulation

of FtsZ assembly cooperativity. J. Am. Chem. Soc. 2012, 134 (30), 12342-5. Copyright

2012 American Chemical Society.
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Figure 7.
Transmission electron micrographs of MSSA 8325-4 bacteria treated with DMSO vehicle or

4 ug/ml TXA707 for 1, 4, and 9 hours. Adapted with permission from reference 69.
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Figure 8.
PC190723, its analogs and their prodrugs
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Figure 9.
Phase contrast microscopy of B. subtilis 168 cells in the absence (a) and presence (b) of 5

uM of compound 21. Reprinted with permission from Artola, M.; Ruiz-Avila, L. B.;
Vergonos, A.; Huecas, S.; Araujo-Bazan, L.; Martin-Fontecha, M.; Vazquez-Villa, H.;
Turrado, C.; Ramirez-Aportela, E.; Hoegl, A.; Nodwell, M.; Barasoain, I.; Chacon, P.;
Sieber, S. A.; Andreu, J. M.; Lopez-Rodriguez, M. L., Effective GTP-replacing FtsZ
inhibitors and antibacterial mechanism of action. ACS Chem. Biol. 2015, 10(3), 834-43.
Copyright 2015 American Chemical Society.
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Figure 10.
Effect of CCR-11 on Z-ring and nucleoid of B. subtilis cells in the absence (a) and presence

of 2.5 uM CCR-11 (b). Reprinted with permission from Singh, P.; Jindal, B.; Surolia, A.;
Panda, D., A rhodanine derivative CCR-11 inhibits bacterial proliferation by inhibiting the
assembly and GTPase activity of FtsZ. Biochemistry. 2012, 51 (27), 5434-42. Copyright
2012 American Chemical Society.
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Figure 12.
Quinoline, quinoxalines, quinazolines and 1,5-naphthyridine derivatives
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Pyrimidine-quinuclidine and pyridopyrazine analogs

Bioorg Med Chem. Author manuscript; available in PMC 2017 December 15.

N

Page 34



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Haranahalli et al. Page 35

Figure 14.
Analysis of the presumed binding of SB-RA-2001 and PC190723 on Bs-FtsZ. SB-RA-2001

is indicated in blue while PC190723 is indicated in cyan. Reprinted with permission from
Singh, D.; Bhattacharya, A.; Rai, A.; Dhaked, H. P.; Awasthi, D.; Ojima, I.; Panda, D., SB-
RA-2001 inhibits bacterial proliferation by targeting FtsZ assembly. Biochemistry. 2014, 53
(18), 2979-92. Copyright 2014 American Chemical Society.
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Figure 15.
A lead Taxane and C-seco-taxanes
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Figure 16.
Transmission electron microscopy (TEM) Images of Mtb-FtsZ. Mtb-FtsZ (5 M) was

polymerized by GTP (25 IM) in the absence (A and D) and presence of 80 uM of SB-P3G2
(B) and SB-P17G-C2 (C). Image (E) displays the effect of SB-P17G-C2 (80 uM) on
preformed polymers, wherein FtsZ polymers formed after addition of GTP were treated with
compound. Images are at 49,000 magnification (scale bar 500 nm). Reprinted with
permission from Awasthi, D.; Kumar, K.; Knudson, S. E.; Slayden, R. A.; Ojima, I., SAR
Studies on Trisubstituted Benzimidazoles as Inhibitors of Mth FtsZ for the Development of
Novel Antitubercular Agents. J. Med. Chem. 2013, 56 (23), 9756-9770. Copyright 2013
American Chemical Society.

Bioorg Med Chem. Author manuscript; available in PMC 2017 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Haranahalli et al.

0
©/\OJ\NH G H
H N N X
HN/©::/>_© HNj@ N/>_@
oo "o

21
ZZe-R = CGH4CH20, X = S
22f-R = 2-MeOC6H4, X=8
22g-R = 2-MeOCgH,, X =0
22h-R = 1-naphthyl, X=0

Figure 17.
Trisubstituted benzimidazoles active against ~ tularensis.
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BT-benzo-29

Figure 18.
BT-benzo-29.
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Figure 19.
Interaction of CRAMP (16-33) with FtsZ. The N-terminus of FtsZ is blue. The H7 helix is

green. The C-terminus is red, and CRAMP (16-33) is magenta. A) Proposed CRAMP (16—
33) binding site located near the T7 loop. B) Magnification of CRAMP (16-33) binding site.
C) Residue interactions forming salt bridges (green) and hydrogen bonds (orange).
Reprinted with permission from SocietyRay, S., Dhaked, H. P., Panda, D., Antimicrobial
peptide CRAMP (16-33) stalls bacterial cytokinesis by inhibiting FtsZ assembly.
Biochemistry. 2014, 53 (41), 6426-9. Copyright 2014 American Chemical Society.
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Figure 20.

Comparison of peptide, PNA, LNA, and DNA. PNA and LNA can readily associate through

nucleotide base pairing with DNA.
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Table 1

Antitubercular activity of lead benzimidazoles

R! §
<)
HN N

A

R2"0
Compound R R2 MICgq (Ug/mL) H37RV
\ *
SB-P3G2 N—* S O’ 0.63
S

SB-P8B2 N—* M 0’ 0.39

\ *
SB-P17G-C2 /N — =il il 0’ 0.06
\ A
SB-P17G-C4 /N — 0.16
\ *
SB-P20G3 /N — 0.16
\ *
SB-P17G-A20 N—* ,©/ 0.16
F FCO
e
SB-P21G4 N—* 0.31
F F
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1 H
R N
/
HI‘L N
R2" S0
Compound R R2 MICgg (Hg/mL) H37Rv
¥
SB-P21G7 N—* 0.31
Br
SB-P17G-C8 N—* N Oor 0.31
\ *
3
SB-P17G-A28 N—* | 0.31
/ -
\ F A
N >0
SB-P17G-C12 / F 0.63
F
*
\
SB-P17G-A33 /N — F 3C D F 0.39

r
\
SB-P17G-A38 N—* /CE 0.31
F4CO r
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Compound R R2 MICgg (Hg/mL) H37Rv
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Summary of inhibitors and their mechanisms of action.

Table 3

Page 46

Phenylpropanoids

Cinnamaldehyde and cinnamides

PC190723

Arene-diol digallates
Rhodanine derivatives
Pyrimidine quinuclidine derivatives

Taxanes (SB-RA-5001, SB-RA-2001)

Trisubstituted benzimidazoles

BT-Benzo-29

CRAMP (16-33)

PNA
(KFF);K-PLNA787

B.subtilis, E.coli

B.subtilis, E.coli, MRSA

MRSA, MDRSA

B.subtilis, MRSA
B.subtilis, E.coli
S.aureus, E.coli

M. tuberculosis, B.subtilis

M. tuberculosis

B.subtilis

B.subtilis

MRSA
S.aureus, MRSA

Compound Bacteria studied Binding site Mechanism of action
. . .. . 4, | increases GTPase activity and
Curcumin E.coli, S.aureus close to GTP binding site’ destabilizes FtsZ polymers?!
: M. tuberculosis, B.subtilis, | allosteric site near T7 A o
Coumarin Ecoli loop™ inhibition of GTPase activity
Plumbagins B.subtilis, E.coli near the C-terminal“é inhibition of GTPase activity*®
Resveratrol E.coli unknown inhibition of FtsZ gene expression®!
Chrysophaentin E.coli GTP binding site®? inhibition of GTPase activity>3
Berberine E.coli close to GTP binding site> | inhibition of GTPase activity>*
Berberine derivative (2) S.aureus interdomain cleft>® promotes FtsZ polymerization and

T7 loop®®

C terminal region around
the T7 loopS?

between C terminal domain
and helix 7 (co-crystal X-
ray)%7

GTP binding site”
cavity adjacent to T7 loop”®

GTP binding site”

close to the PC-190723
binding site®

unknown

C terminal domain near T7
loop®®

near T7 loopl®!

FtsZ-MRNAL09
FtsZ-mRNA1L

stabilizes FtsZ polymers>®

inhibition of FtsZ polymerization®?

inhibition of GTPase activity®!

stabilize FtsZ polymers®

inhibition of GTPase activity’

promotes assembly and stabilizes
FtsZ polymers’®

inhibition of GTPase activity”®

promotes FtsZ polymerization and
stabilizes FtsZ polymers8®

increases GTPase activity,
destabilizing FtsZ polymers®1:92

inhibition of GTPase activity%

disrupts monomer- monomer
interaction®0*

antisense gene knockdown09

antisense gene knockdown!!1
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