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Inhibition of bacterial cell division is a novel mechanistic action in the development of new antimicrobial agents. The FtsZ

protein is an important antimicrobial drug target because of its essential role in bacterial cell division. In the present study,

potential inhibitors of FtsZ were identified by virtual screening followed by in vivo and in vitro bioassays. One of the

candidates, Dacomitinib (52727), shows for the first time its potent inhibitory activity against the MRSA strains. The binding

mode of Dacomitinib in FtsZ was analyzed by docking, and Asp**® and Thr?®> are thought to be essential residues involved in

the interactions.

Introduction

In recent years, antimicrobial resistance (AMR) has received
international concern because of its increasing threats to public
health.! Many conventional antibiotics have become ineffective
because of the overuse of antibiotics leading to the evolution of
antibiotic-resistant bacteria and superbugs.? There is an urgent
need to discover new and effective antibacterial agents to
combat the AMR problem.

Because of the essential role of the FtsZ protein (filamentous
temperature-sensitive mutant Z) in bacterial cell division, it has
become an attractive target in the development of new
antibiotics.37 Cell division, a crucial step in bacterial
reproduction, is orchestrated by a large protein complex called
the divisome, which localizes at the middle of the dividing cells.®
% The assembly and functions of the divisome are dependent on
FtsZ, which is the first protein recruited to the future division
site.1012 FtsZ assembles into a ring-like structure (Z-ring) at the
division site, offering a platform for the positioning of the
downstream proteins and controls the constriction of the cell
membrane by continuous remodeling.*® 1* Disturbing the cell
division process will prevent bacterial reproduction, so
inhibiting FtsZ is thought to be a promising approach to combat
antibiotic resistance.’> ¢ FtsZ is considered a good target for
new antibiotic discovery for the following reasons: (1) effective
inhibition of the activity of FtsZ can stop the cell division and
then trigger cell enlargement and subsequent lysis'> 8; (2) Ftsz
is conserved in most bacteria but absent in eukaryote cells and
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only shares 40% to 50% sequence identity to tubulinl® 17, The
crystal structure of FtsZ is available in the PDB database (PDB
ID: 2VAM, 2VXY, 3VPA, 4DXD, and 5H5G), which is helpful in
computer-aided drug design®?%; (3) FtsZ has two druggable
pockets: the nucleotide binding site, where GTP or GDP binds
to, and the PC binding site, where a known FtsZ inhibitor, PC
190723%?, binds to (Figure 1)®. Many researchers have made
significant contributions to the developments of inhibitors of
FtsZ, and several effective inhibitors have been discovered.
Examples include natural products [e.g., sanguinarine?®> and
berberine?*], synthetic GTP analogies®® and 3-methoxy
benzamide derivatives [e.g., PC190723??]. Nevertheless, there
is still a long way to develop effective and safe FtsZ inhibitors
for clinical applications'® 26,

N-terminal
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C-terminal

T7 loop subdomain

Figure 1 The crystal structure of S. aureus FtsZ (PDB ID:
4DXD). The C-terminal domain and the N-terminal domain
are in green and brown, respectively. The H7 helixis in blue.
The PC binding site was marked in a semi-transparent red
region.
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Virtual screening (VS) is a powerful tool for searching hit
molecules in drug discovery.?” In virtual screening, compounds
in libraries are docked to the active site (the defined pocket) of
the receptor in silico?®. After docking a ligand to the receptor,
the best conformation of the ligand can be searched by
optimizing parameters continuously and calculating the binding
energy of the complex in the platform of the screening
software?®. By comparing the docking scores of many molecules
in the receptor, the ones with higher scores are supposed to
have relatively strong affinities to the active site and they are
selected for further studies.

In developing new inhibitors of FtsZ, B. subtilis and E. coli are
commonly used as model bacteria for Gram-positive and Gram-
negative strain respectively. B. subtilis has a rod-shaped
morphology, which can be easily observed under a microscope,
especially when it becomes filamentous. Therefore, the effects
of the inhibitors of FtsZ on the morphologies are usually studied
on B. subtilis by microscopic methods. Gram-negative strains
are intrinsically more resistant to antibiotics than gram-positive
strains due to the difference in cell envelope structure of the
two bacterial strains. In Gram-positive strains, the cell envelope
consists of an inner cell membrane and a thick peptidoglycan
layer. However, In Gram-negative strains, the envelope consists
of an inner membrane, an outer membrane and a thin layer of
peptidoglycan between the two membranes. The outer
membrane prevents many antibiotics from penetrating into the
cell, although some hydrophilic antibiotics can cross the
membrane through porins3°.

In the present study, virtual screening was used to discover new
inhibitors of FtsZ from compound libraries. The compound
Dacomitinib (S2727) was found to be a potential inhibitor of
FtsZ, which was subsequently confirmed by in vivo and in vitro
bioassays. Our experimental results indicate that this
compound is a good antimicrobial agent against MRSA strains.
In addition, the mechanical action of the compound against FtsZ
was investigated.

Materials and Methods

Virtual screening

Screening of inhibitors of FtsZ was carried out by Discovery
Studio 2016 (BIOVIA). The crystal structure of S. aureus FtsZ
(SaFtsz) (PDB ID: 4DXD)*® retrieved from RCSB Protein Data
Bank and the compound libraries (Selleck Company) were
prepared using the built-in receptor and ligand preparation
protocols, respectively. The hot spot, the PC binding site in FtsZ,
was defined from the site recorded in the PDB file, and it was
highlighted with a semi-transparent red sphere, as shown in
Figure 1. LibDock and CDOCKER are two built-in algorithms and
they were for screen potential inhibitors of FtsZ. All settings in
LibDock were set as default and calculated poses ranked by
LibDock Scores. CDOCKER utilized a CHARMm-based molecular
dynamics scheme to dock ligands into the PC binding site of
FtsZ. After docking, different poses of ligands in the PC binding
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site were ranked by the CDOCKER Energy and the CDOCKER
Interaction Energy. The CDOCKER Energy represents the
CHARMm energy, the sum of interaction energy plus the ligand
strain. The CDOCKER Interaction Energy, usually used to
compare different ligands in one protein model after molecular
docking simulation, is the interaction energy alone for each final
pose. A lower CDOCKER interaction energy indicates that the
ligand binds more strongly to the binding site of the receptor.
The compound library screened in this work was “All DMSO
(Dimethyl sulfoxide) Compounds Library (Library A)” containing
313 compounds from the Selleck Company.

Antibacterial assay

Studies on the antibacterial activities of compounds were based
on the CLSI (Clinical and Laboratory Standards Institute)
guidelines3’. The test bacterial strains in their glycerol stocks
were streak on LB (Luria-Bertani) agar plates at 37°C overnight.
A single colony from the plate was inoculated into 5 mL of MHB
(Muller-Hinton Broth) (Sigma-Aldrich) or CAMHB (Cation
adjusted Muller-Hinton Broth) (Sigma-Aldrich) and grown
overnight at 37°C with shaking at 250 rpm. Methicillin-resistant
S. aureus (MRSA) or methicillin-sensitive S. aureus (MSSA) were
inoculated into CAMHB. S. aureus BAA 41, S. aureus BAA 44, S.
aureus ATCC 43300, S. aureus ATCC 33591, S. aureus ATCC
33592, and S. aureus BAA 1720 are MRSA strains. B. subtilis 168
and E. coli ATCC 25922 (E. coli) were cultured in MHB. The
overnight cell culture was diluted by 10 times into a fresh
medium and incubated in a shaker. After 2 hours of incubation,
the absorbance of the cell culture at 600 nm (Agop) was
measured, and the concentration of the culture was diluted to
5x%10° CFU/mL. A 10 pL-portion of cells was added into each well
of a 96-well microplate. All test compounds were dissolved in
DMSO and two-fold serial dilutions were carried out. The
concentration of DMSO in each well was maintained at 1%.
After incubating the plate at 37°C for 18 hours, the Agqo of each
well was recorded using a iMark™ microplate reader (Bio-rad).
Each experiment was performed in duplicate. The MIC
(minimum inhibitory concentration) is defined as the lowest
concentration of a compound necessary to inhibit visible
growth (Aggo < 0.1)32.

Bactericidal assay

Studies on the bactericidal activities of compounds were also
based on the CLSI (Clinical and Laboratory Standards Institute)
guidelines3!. The cell culture preparation and the dilution of the
compounds were conducted as described in the antibacterial
assay above. A 3-mL portion of the cell culture (5 x 10° CFU/mL)
was incubated with the test compounds at different
concentrations or 1% DMSO as the control and cultured
overnight at 37°C with shaking at 250 rpm. After overnight
incubation, the cell culture (500 pL) was diluted by 10 times or
more when necessary and samples were plated onto each
Trypticase Soy Agar (TSA) plate and incubated at 37°C for 24
hours. The number of colonies that survived on the agar plates
was counted. The minimum bactericidal concentration (MBC)
was defined as the lowest concentration of an antibacterial
agent required to reduce the viability of the initial bacterial
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counts by > 99.9%33. As for the time-kill assays, a 100-pL portion
of cell culture was collected at different time intervals, diluted
(when necessary), and spread out on the agar plate. The
colonies were counted after 24 h of incubation at 37°C.

Checkerboard assay

The synergistic effects of the test compounds with methicillin
were assessed using the checkerboard assay3* 3°. The test
compounds were diluted in two-fold serial dilutions across a 96-
well microplate, while methicillin was diluted similarly down the
assay plate. Two columns of the assay plate were left for the
untreated cells. 5 x 10°> CFU/mL bacterial suspension was then
added into each well to 100 pL. The whole 96-well plate was
incubated at 37°C for 16-24 hours. After incubation, the A600
value of each well was measured using the iMarkTM microplate
reader.

Polymyxin B Nonapeptide (PMBN) (Sigma-Aldrich, St. Louis,
MO) was used in studying the antimicrobial activity of test
compounds against E. coli ATCC 2592236, The procedures for the
dilution of test compounds in a 96-well plate were followed as
described before. Then, PMBN was added to each well to a final
concentration of 20 pug/mL before bacterial suspension (5 x 10°
CFU/mL) was added.

Phase-contrast microscopy

The overnight culture of B. subtilis 168 was diluted ten times
into 5 mL of the fresh media and incubated for another 2 hours.
The density of the cells was then adjusted to Agoo = 0.01, and the
cell culture was supplemented with the test compounds at
different concentrations. After 4 h of incubation at 37°C, cells
were harvested, and a 1-plL portion of the resuspended cells in
LB was added on a 1.2% agarose pad and then covered with a
cover glass®’. The morphologies of B. subtilis 168 were observed
under a TiE2 microscope (Nikon), and the cell length was
measured using Image)3.

Z-ring visualization in B. subtilis cells

B. subtilis 168 carrying the IPTG (Isopropyl b-D-1-
thiogalactopyranoside) inducible green fluoresent protein
labelled FtsZ (BsFtsZ-GFP) plasmid was available in our
laboratory®’. B. subtilis was grown in 5 mL of LB medium
overnight with 30 pg/mL chloramphenicol at 37°C. On the next
day, the culture was back diluted to A600 = 0.01. The expression
of FtsZ-GFP was then induced with 40 uM IPTG, and the cells
were treated with test compounds at 37°C with shaking for four
hours. B. subtilis 168 cells were then collected by centrifugation
and resuspended in PBS (phosphate-buffered saline). A 1-uL
portion of cells was mounted on an agarose pad and covered
with a coverslip. Those slides were observed using a Nikon
Super-Resolution Microscope (N-SIM).

GTPase activity assay

S. aureus FtsZ (SaFtsZ) was overexpressed and purified as
described before®. The GTPase activity of SaFtsZ was measured
using a Malachite Green Phosphate Assay Kit (BioAssay
Systems) according to the protocol provided by the
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manufacturer. A 3-uM portion of SaFtsZ was incubated with
each compound subject to serial dilutions to 63.2 pL of 50 mM
Mops buffer (4-morpholinepropanesulfonic acid buffer, pH 6.5)
at room temperature for 30 mins. In the control group, the
protein was incubated with 1%(v/v) DMSO. MgCl, (5 mM) and
KCI (200 mM) were then supplemented, and the reaction was
started by the addition of 250 uM GTP. After incubation at 37°C
for 10 mins, a 20-pL portion of the working reagent, provided in
the kit, was added into this 96-well microplate under incubation
at 37°C for 30 mins for color development. The free phosphate
was quantified by measuring Aeoo by the microplate reader (Bio-
rad).

Isothermal titration calorimetry

A MicroCal PEAQ-ITC instrument (Malvern Panalytical
Company) was used to study the thermodynamic parameters in
the binding between the test compounds and SaFtsZ. SaFtsZ
was dialyzed against Tris-HCI buffer (20 mM Tris-HCI, 150 mM
NaCl, pH 7.5), and the test ligands were dissolved in the same
dialysis buffer to minimize the heat changes arising from the
mismatch between the two portions of solution during the
titration. The concentration of DMSO was kept at 5% in both the
cell and the syringe. In a typical titration, at the time interval of
every 4 seconds, a 2-uL portion of the test compound at 200 uM
was titrated into the sample cell containing 20 uM SaFtsZ, and
150 seconds was then allowed to maintain a zero-temperature
difference between the reference and the sample cell. The total
number of injections was 19. The data were analyzed using the
MicroCal PEAQ-ITC Analysis Software (Malvern Panalytical
Company).

Cytotoxicity test

MTT (Invitrogen) assay was applied to test the cytotoxicity of
S$2727 against HFF1 and HepG2 (purchased from American Type
Culture Collection, ATCC). Cells were counted and diluted to
5000 cells in 100 pL of the medium. Diluted cells were
transferred into a 96-well tissue culture plate and allowed to
grow overnight to adhere to the plate. Different concentrations
of S2727 were added to incubate cells for up to 3 days. Then,
the treated cells were mixed with 10 uL of 5 pug/mL water-
soluble MTT regents, and the plate was incubated at 37°C for 4
hours. Only live cells could reduce MTT into purple formazan.
After incubation, acidified SDS (0.01 N HCI in 10% SDS) was
added to dissolve formazan, and absorbance at 570 nm was
measured by a plate reader. Cells treated with DMSO only was
used as a negative control.

Results and Discussion

Hit compound screening tests

We used LibDock for the initial virtual screening and found that
the LibDock score of PC190723 to SaFtsZ was 143.70, which was
used as the reference for selecting potential inhibitors against
FtsZ. Library A was screened in a high throughput manner;
compounds with LibDock scores higher than 100 were
purchased for the following bioassays (Table 1). The minimum
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inhibitory concentrations of the selected compounds were
comprehensively evaluated against the three common bacterial
strains (B. subtilis 168, S. aureus 29213, and E. coli 25922) to
screen out the compounds with antimicrobial activities. Among

Table 3. Top 10 compounds with higher Libdock scores
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the 10 potential inhibitors, only S2727, S2163, and S2717 were
found to kill B. subtilis 168 and S. aureus 29213 (Table 2), while
other compounds were unable to kill B. subtilis or S. aureus at
128 pg/mL. S2727 killed B. subtilis 168 at 16 pug/mL and S.
aureus 29213 at 32 ug/mL. S2163 is a less potent inhibitor than
S$2727 because a higher concentration (128 pg/mL) of S2163
was required to kill the gram-positive bacterial strains. The MIC
of S2717 against B. subtilis was 16 pug/mL, whereas the growth
of S. aureus 29213 could not be inhibited even at a much higher
concentration (128 pg/mL of $S2717). PC190723 inhibited the
growth of both B. subtilis 168 and S. aureus 29213 at 0.5 pg/mL.
Neither of the test compounds nor PC190723 could inhibit the
growth of E. coli ATCC 25922 at a MIC less than 128 pg/mL,
presumably because of their weak permeability to the bacterial
periplasm*, The calculated CDOCKER and the CDOCKER
interaction energy (Table 3) of the three compounds (52727,
S$2163, and S2717) with the hot spot in the crystal structure of
SaFtsZ from the molecular CDOCKER simulation indicate that all
three compounds can bind with the protein. When comparing
the CDOCKER interaction energies (representing the energies of
the ligands) of S2727 and PC190723, which were -54.70
kcal/mol and -50.40 kcal/mol, respectively, the CDOCKER
interaction energy of S2727 in FtsZ is lower than that of
PC190723 in the same protein. This implies that $2727 has a

Table 1. Antimicrobial activities of the potential inhibitors
of FtsZ. Minimum inhibitory concentrations of selected
potential inhibitors against B. subtilis 168, S. aureus 29213,
and E. coli 25922 are shown in this table.

MIC (pg/mL)

Compounds B. subtilis S. aureus E. coli
168 29213 25922

S2727 16 32 >128
S2163 128 128 >128
S2717 16 >128 >128
S2777 >128 >128 >128
S1216 >128 >128 >128
S$2581 >128 >128 >128
S1536 >128 >128 >128
S2743 >128 >128 >128
S1576 >128 >128 >128
S2656 >128 >128 >128
PC190723 0.5 0.5 >128

Table 2. The CDOCKER energies and the CDOCKER
interaction energies of the potential inhibitors of FtsZ with
antimicrobial activities.

CDOCKER CDOCKER Interaction
Compounds Energy Energy
(kcal/mol) (kcal/mol)
S2727 -15.83 -54.70
S2163 -32.29 -44.84
S2717 -34.47 -47.39
PC190723 -27.21 -50.40
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higher affinity with FtsZ as compared to PC190723. As for S2163
and S2717, these two compounds have less affinity with FtsZ
than PC190723.

The antimicrobial activities against the MRSA strains

The MIC values of S2727, S2163, S2717, PC190723, and
methicillin against the clinically relevant bacterial strains,
methicillin-resistant S. aureus strains (MRSA), are shown in
Table 4. A high concentration of methicillin, in the range of 256
to 1024 pg/mL, is required to kill the six MRSA strains. PC190723
is able to inhibit the growth of all the MRSA strains at 1-2 pug/mL.
Both S2727 and S2163 show antimicrobial activities against the
six MRSA strains. The MIC values of S2727 and S2163 against
the six bacterial strains are in the range of 32 to 64 ug/mL.
Because S2717 exerts no significant antimicrobial activities
against the MRSA strains (except for S. aureus ATCC 43300), we
did not further study this compound.

Table 5. Antimicrobial activities of the four compounds
and methicillin (meth) against MRSA strains.

MIC (ug/mL)

MRSA

Meth $S2727 S2717 S2163 PC190723
BAA41 1024 32 >128 64 0.5
BAA 44 512 64 >128 64 1
ATCC

256 32 32 32 1
43300
ATCC

512 64 >128 64 1
33591
ATCC

256 64 >128 64 2
33592
BAA 1720 256 64 >128 64 1

The combined effects of inhibitors and PMBN against E. coli

Although FtsZ is highly conserved in both Gram-negative and
Gram-positive bacteria, neither our potential FtsZ inhibitors nor
PC190723 show significant antimicrobial activities against E.
coli, presumably due to the outer membrane of gram-negative
bacterial strains effectively hindering the penetration of these
compounds?®!. Polymyxin B is an antibiotic isolated from Bacillus
polymyxa 3¢ and its derivative PMBN (polymyxin B nonapeptide)
(Figure 2) can enhance the permeability of the outer membrane
of Gram-negative strains3®. Antimicrobial activities of these
potential inhibitors of FtsZ supplemented with PMBN on E. coli
are shown in Table 5. Results show that neither PMBN nor the
potential inhibitors can kill E. coli when they are tested
separately. However, when 20 pg/mL PMBN was
supplemented, S2163 killed E. coli at 64 ug/mL, while S2727 and
PC190723 killed E. coli at 32 pug/mL. These results support the
hypothesis mentioned above that the reduced membrane
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Figure 2 The structure of Polymyxin B nonapeptide
(PMBN).

Table 4. Antimicrobial activities of the inhibitors of FtsZ
against E. coli. The synergistic effects of S2727, S2163, and
PC190723 with Polymyxin B nonapeptide (PMBN) against E.
coli 25922. The concentration of PMBN is 20 pug/mL.

MIC (pg/mL)
Compounds
- PMBN + PMBN
PMBN >256 -
S2727 >128 32
S2163 >128 64
PC190723 >128 32

penetration may be a reason that the selected inhibitors have
no antimicrobial activities against the Gram-negative strain, E.
coli 25922.

Synergistic effects with methicillin

The fractional inhibitory concentration indexes (FICIs) of S2727,
S$2163 or PC190723 with methicillin were measured to study the
synergistic effects between the three compounds and
methicillin (Table 6). The FICI is calculated using the formula
shown below*?:

(MIC of agent A in a combination) (MIC of agent B in a combination)

FICI =

MIC of agent A alone MIC of agent B alone

FICI < 0.5 indicates a strong synergistic effect between the two
test agents. When the FICI is in the range of 0.5-1, the two
agents are likely to have partial synergistic effects. If the index
is > 1, there are additive effects between the two test agents *3.
The FICIs of the combined use of S2727 or PC190723 with
methicillin are 0.50 and 0.52, respectively, indicating that both
S2727 and PC190723 have partial synergistic effects with
methicillin. The FICI of S2163 with methicillin is > 1. Therefore,
there is no synergistic effect between S2163 with methicillin.
The partial synergistic effect may be caused by the fact that
both the target of S2727 (or PC190723) (i.e., FtsZ) and that of
methicillin (i.e., penicillin-binding proteins) participate in the
process of cell divisions. In the process of the cell division, the
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first step requires the participation of FtsZ and the final step is
the synthesis of bacterial cell walls, which involves the
biosynthesis of peptidoglycans.** Inhibition of the function of
FtsZ is likely to exert a weakening effect on the cell wall
synthesis since the Z-ring functions as a platform for the

Table 6 Synergistic effects of S2727, S2163 and PC190723
with methicillin (meth) against S. aureus BAA 41.
Compounds S. aureus BAA 41
Meth alone 1024
S$2727 alone 128
S$2727 in a combination 64
Meth in a combination 4
FICI 0.50
S2163 alone 128
S$2163 in a combination 128
Meth in a combination 1
FICI >1
PC190723 alone 1
PC190723 in combination 0.5
Meth in combination 4
FICI 0.52

recruitment of downstream proteins.

Effects on cell morphology of B. subtilis

Inhibitors of FtsZ can disrupt the functions of FtsZ in cell division,
disturbing the formation of Z-ring and then lead to filamentous
cells. Such cells can be easily observed by microscopy %2. The
effects of S2727, S2163, and PC190723 on the cell morphology
of B. subtilis 168 are shown in Figure 3. When B. subtilis 168 was

Journal Name

cultured with 1%(v/v) DMSO only (Figure 3a), the cells showed
the typical rod and short morphologies. However, the cells were
elongated after treating with 0.5 pg/mL PC190723 (Figure 3b)
or 16 pug/mL S2727 (Figure 3c) for 4 h. However, the elongation
of B. subtilis cells triggered by S2163 at 64 pg/mL was not
obvious (Figure 3d). In order to quantify the elongation effects
caused by the potential inhibitors, the cell lengths of 100 cells
removed from the cell culture treated with DMSO or the
potential inhibitors of FtsZ were measured using ImagelJ, and
the distributions of cell lengths were plotted. In the control
group [1%(v/v) DMSO], the lengths of 75% of the cells are
between 2.5 and 5 um, and the average length is 4.5 um. After
treating with PC190723 (Figure 3e), the distribution of cell
lengths is close to a normal distribution and 33% of cells are
elongated to more than 82.5 um with an average length of
135.8 um, which is almost 30-fold longer than the normal cells.
S$2727 also induces cell elongation slightly (Figure 3f), and the
average cell lengths are 51.6 um (around 12-fold longer).
However, the distribution of the bacterial cells treated with
S$2163 is similar to that of the bacterial cells treated with DMSO
only, and this result is consistent with that shown in Figure 3g.
Considering the fact that the elongation of B. subtilis after
treated with S2163 was hardly seen, S2163 appears to have
little effect on FtsZ because the filamentous morphologies are
the major effect caused by the inhibitors of FtsZ. The elongation
of the bacterial cells after treating with S2727 indicates that
S2727 is likely to inhibit bacterial divisions by disrupting the
function of Ftsz.

Z-ring Formation

According to previous studies, inhibitors of FtsZ can delocalize
the assembly of FtsZ?% %>, To further confirm the target of S2727

[N Control (1% DMSO)
I PC190723 (0.5 pg/mL)

Cell numbers
8
Cell numbers

or g) 64 pug/mL S2163. Scale bar = 50 um.

Figure 3 The effects of the potential inhibitors of FtsZ on B. subtilis 168 cell morphologies. B. subtilis 168 were treated with
a) 1%(v/v) DMSO; b) 0.5 pg/mL PC190723; c) 16 pg/mL S2727; d) 64 ug/mL S2163. The photos were taken under a phase-
contrast microscope. Comparison of the cell length distributions of the total 100 cells treated by 1%(v/v) DMSO and the
potential inhibitors were analysed and plotted using ImagelJ: 1%(v/v) DMSO with e) 0.5 ug/mL PC190723 or f) 16 ug/mL S2727

8

I Control (1% DMSO)
I 52727 (16 gimL)

B Control (1% DMSO)
I 52163 (64 pgimL)

g 3 8 8

Cell numbers
g

&

8 8
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is FtsZ, the effects of S2727 on the assembly of FtsZ-GFP in B.
subtilis were observed using a super-resolution microscope
(Nikon). In bacterial cells treated with 1%(v/v) DMSO, a green
band or a condensed spot located at the division site, where the
cell membrane was also formed and this was indicated by the
red fluorescence signal, while unpolymerized FtsZ cannot be
found at other positions (Figure 4a). With PC190723 as the
positive control, in those cells treated with 0.125 pg/mL
PC190723 or 8 pg/mL S2727, FtsZ-GFP complexes cannot
assemble into a Z-ring in the middle of cells and are dispersed
in the elongated cells (Figure 4b and c). Thus, both PC190723
and S2727 can delocalize the FtsZ-GFP complex and prevent the

1% DMSO 0.5 ug/mL PC190723

16 pgimL $2727

Figure 4 The effects of the potential inhibitors of FtsZ on
the Z-ring formation. B. subtilis cells were treated with a)
1%(v/v) DSMO; b) 0.5 ug/mL PC190723; ¢) 16 pug/mL S2727.
The cell membrane was stained with the membrane dye FM
5-96 (red). Scale bar = 10 um.

a 1% DMSO
PC 1 xMIC
PC 2 xMIC
PC 4 x MIC
PC 8 x MIC

ki

/

>

L P B |
1020 22 24 26

Log (CFU/mL)
(2]
TTTTrTTrrrrr1rr=1rr1l

b Time (h)
1% DMSO
14— S27271X MIC
L —h—  S27272XMC
12 —¥—  S27274XMC
L —e—  S27278XMC
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E 8
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5 6 —
> 4 \\/// /
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1020 22 24 26

Figure 5 Time-kill curves of S. aureus BAA41 after treating
with PC190723 and S$S2727. Cells treated with 1%(v/v)
DMSO served as the control. a) Cells were treated with
PC190723 at 2 x MIC and 8 x MIC. b) Cells were treated with
S2727 at 2 x MIC, 4 x MIC, and 8 x MIC, respectively. The
MIC values of PC190723 and S2727 against S. aureus BAA
41 were 1 pg/mL and 32 pug/mL, respectively.
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monomers of FtsZ from forming the platform for the cell
division.

Time-kill kinetic assays and MBC tests

The bactericidal activities of S2727 and PC190723 against S.
aureus BAA 41 (over 24 h) were determined by the time-kill
kinetic assay (Figure 5). When the bacterial cells were treated
with PC190723 at 1 x MIC or 2 x MIC, cells were just inhibited
and can grow when they were spread on agar plates. When cells
were treated with 4 x MIC and 8 x MIC, the starting log(CFU/mL)
was reduced to nearly O after 24 h of treatment. S2727 exhibits
bactericidal activity against BAA 41 at 256 pug/mL (8 x MIC) after
4 h of treatment. At 1, 2 and 4 x MIC of S2727, the bacterial cells
were also recovered from the execrable living environment. The
minimal bactericidal concentrations (MBC) of PC190723 and
S$2727 against BAA 41 were 2 pg/mL (4 x MIC) and 256 pg/mL (8
x MIC), respectively, because no observable colonies could be
found on agar plates. A ratio of MBC and MIC over 32
demonstrates that the test bacteria is tolerant to the test
compound*®, The ratios of PC190723 and S2727 against BAA 41
are 2 and 8, respectively. Consequently, BAA 41 is sensitive to
PC190723 and S2727, and their antibacterial activities against
methicillin resistant strains are consistent with their bactericidal
modes of action.

Effects on the GTPase activity

To study the interactions between S2727 and SaFtsz, effects of
S$2727 and PC190723 (as the control) on the GTPase activity of
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Figure 6 The effects of PC190723 and S2727 on the GTPase
activity of S. aureus FtsZ. The error bars are shown in red
(n =3 measurement).
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SaFtsZ were measured, and changes in the GTPase activity of
SaFtsZ were plotted (Figure 6). We found that PC190723
enhances the GTPase activity in a dose-dependent manner,
which is consistent with the result of a previously published
work?” as well as documents supplied by Merck, which indicates
that this compound is an activator of GTPase activity*®. When
SaFtsZ was treated with PC190723 at 1 pg/mL, its GTPase
activity increases to 105.4 + 3.5%, as compared to the GTPase
activity treated with DMSO alone (100 + 8.3%). 8 and 16 pg/mL
PC190723 enhances the GTPase activity to 271.1 + 18.8% and
288.2 + 27.7%, respectively. However, at 64 ug/mL, S2727
decreases the GTPase activity of SaFtsZ to 63 + 6%. Apparently,
S2727 exhibits an opposite effect on GTPase activity against
SaFtsz, as compared to PC190723, although its inhibitory effect
is weaker. Both suppression and enhancement on the GTPase
activities of SaFtsZ are regarded as inhibition of FtsZ activity.
This is because polymerization of FtsZ mediated by GTP is a
dynamic process. When the GTPase activity of FtsZ is enhanced
by PC 190723, the transition slope from monomer to polymer is
decreased and then the assembly cooperativity of FtsZ is
reduced*’. When the GTPase activity of FtsZ is inhibited by
S$2727, the polymerization rate of FtsZ is reduced. Therefore,
both decreasing and increasing the GTPase activity of FtsZ

Time (min)

0.5 J
0.0 N o

-0.5—

DP (uM)
7

AH (kJ/mol)

0.0 0.2 04 06 0.8 1.0 1.2 14 16 1.8 20

Molar Ratio
Figure 7 ITC titration curve of SaFtsZ with $2727. The top
picture is the raw ITC signals resulting fromS 2727 binding
to SaFtsZ in 20 mM Tris-HCI, 150 mM NacCl, pH 7.5, at 25°C.
The curve in the bottom picture was the integrated ITC
signals of S2727 binding to SaFtsZ in the same buffer. The
dissociation constants (K;) S2727 with SaFtsZ were 0.6 £
0.11 uM
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would disturb the dynamic process and then inhibit the cell
division process.

Binding affinity studies

Interactions between S2727 and SaFtsZ were characterized by
Isothermal Titration Calorimetry (ITC) (Figure 7). When
analyzing the ITC data, ‘one set of sites’ was selected as the
fitting model. The dissociation constant (Ky4) was determined by
an analyzing software (the MicroCal PEAQ-ITC Analysis
Software). The dissociation constants (K4) $S2727 with SaFtsZ
were 0.6 = 0.11 uM. The binding between S2727 and SaFtsZ is
demonstrated.

Proposed binding mode of $2727 in FtsZ

The proposed binding mode of S2727 in S. aureus FtsZ (Figure 8)
and that of PC190723 in S. aureus FtsZ (Supplemental Materials,
Figure 1) are compared to investigate whether there is
difference in the binding mode of the two inhibitors.

The binding mode of PC190723 in FtsZ presented by DS was in
accordance with the crystal structure (PDB ID: 4DXD). PC190723
consists of two chemical groups: benzamide and
triazolopyridine. Both groups have essential interactions with
FtsZ. The amid hydrogens on the benzamide form hydrogen
bonds with the carbonyl group on the side chain of Asn?%3 and
the carbonyl group on the main chain of Val??’. The amide group
on the main chain of Leu?® also stabilize PC190723 by forming
hydrogen bonds. The 2-fluoro groups on the benzamide moiety
is located in a hydrophobic core formed by Leu?°® and Leu?%°,
while the hydrophobic environment for the 6-fluoro group is
formed by Val?®® with Val?®’. Another moiety of PC190723,
triazolopyridine, is buried in the hydrophobic cleft between the
Helix 7 and the C-terminal subdomain; Gly*%3, Gly*, lle?7, le??4,
Thr3%, 311, and Met??® are essential for maintaining this
hydrophobic environment for the stabilization of PC190723 in
FtsZ.

S2727 has three groups: a piperidine group, a quinazoline
group, and a benzene group. In the proposed binding model
with SaFtsZ (Figure 8), the benzene group is inserted into the
pocket and surrounded by a hydrophobic environment formed
by Gly®3, Met??5, lle'?7, Ile??8, Val3!?, and lle3!. The quinazoline
group resides in another hydrophobic core which is formed by
Leu?®, val?®3, Leu?%®, Asn?%3, Val?®’, and Asn?®°. Asp!®® and
Thr?55 stabilize the position of $2727 by forming hydrogen
bonds with the linker between the piperidine group and the
quinazoline group. Thr?%> and are essential for the binding of
S2727 to FtsZ. Asp'®® can form m-anion interactions with the
quinazoline group and a salt bridge with the piperidine group.
Thr?%> can form a hydrogen bond with the carbonyl of the linker
of S2727.

To summarize, in the crystal structure of SaFtsz, Val?%7, Leu?°?,
and Asn?®3 play essential roles in stabilizing PC190723 in the
pocket of SaFtsZ (Supplemental Materials, Figure 1). In the
proposed binding model of $2727 with SaFtsz, Thr?%> and Asp*®®
are more likely to be crucial. Other amino acids, albeit with

This journal is © The Royal Society of Chemistry 20xx
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weaker interactions, may also be necessary for stabilizing the
compounds in the pocket. For example, a previous study
showed that when Gly'%¢ in FtsZ was mutated to Ser'®®, bacteria
developed resistance to PC190723; Gly®® could only form a
carbon-hydrogen bond with PC190723, which is considered to
be a weak hydrogen bond%, but the G196S mutation also
changed the spatial structure of the PC pocket.

’ T7 Loop

Interactions

[ Hydrogen bond

[ Pi-donor hydrogen bond
[ Pi-Anion (Electrostic bond)

[] van derwaals
[ Hydrophobic (Alkyl)

Figure 8 The proposed binding mode of S2727 in the hot
spot of S. aureus FtsZ (PDB ID: 4DXD). The mode was built
using Discovery Studio (DS) by docking S2727 to the same
pocket of PC190723, which was a cleft below helix 7 and
surrounded by a T7 loop with four parallel B-strands. The
interactions between S2727 and the amino acids involved
in the binding site are shown in a 2-dimensional format.
Colors of balls and dash lines represent different
interactions between amino acids and S2727.

Therefore, although S2727 was designed to bind to the PC
pocket, the binding modes of the two compounds in the hot
spot are still expected to be different.

Cytotoxicity

The cytotoxicity of S2727 on both human skin cells and liver
cancer cells is tested (Figure 9). The viabilities of cells after
treatment with S2727 were measured and calculated, and their

This journal is © The Royal Society of Chemistry 20xx
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relationships with S2727 were fitted with the log(agonist) vs.
response functions in GraphPad Prism.

When a human skin cell line is treated with 8.4 ug/mL S2727,
50% of cells are killed. When liver cancer cells are treated with
S$2727, the IC50 is 2.45 pg/mL. The minimum inhibitory
concentration of $S2727 is 16 pg/mL against B. subtilis 168 and
32 - 64 pg/mL against S. aureus strains. S2727 is quite toxic to
human cells. This is not surprising as Dacomitinib is an inhibitor
of epidermal growth factor receptor and is used to treat non-

140
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120
|- HepG2(%)
100
£
> 80
£ 60
>
§ 40|
20
o_
T T T T 1
0.0 0.5 1.0 1.5 2.0
log[S2727]
Figure 9 Toxicity of $2727 over human skin cells and liver
cancer cells. HFF1 is the human skin cell, and HepG2 is the
liver cancer cells, which are shown in black and red,
respectively.

small-cell lung cancer.?® Reducing its cytotoxicity is necessary if
this compound is to be used as a template for further
modification.

Conclusions

To summarize, results from in vivo and in vitro studies
demonstrate that S2727 can serve as an inhibitor against FtsZ.
Data from the in vivo study reveals that S2727 possesses
antimicrobial activities against B. subtilis, MSSA, and MRSA
strains. When using PMBN to increase the permeability of the
outer membrane of the gram-negative strain, both $S2727 and
PC190723 exert inhibitory effects on the growth of E. coli. In
addition, S2727 causes B. subtilis cells to be elongate and FtsZ
to be delocalized as PC190723 does. These suggest that S2727
is an effective inhibitor towards FtsZ. In vitro studies on the
GTPase activity assays and the ITC tests have revealed the
binding of S2727 to SaFtsZ. Based on the proposed binding
mode of $2727 in FtsZ, S2727 is likely to reside in the PC binding
pocket formed by the H7 helix and four parallel B-strands;
Asp'®® and Thr?®° are expected to interact with $2727 through
hydrogen bond formations and m-anion interactions.

Comparing the antimicrobial potency, inhibition effect, and
binding affinity of $2727 with PC190723 towards FtsZ protein,
increasing the water solubility of S2727 may enhance its
antimicrobial activity. In the proposed binding mode of $S2727
with Ftsz, Asp®? and Thr?%° are essential for contributing a high
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binding affinity of S2727 to FtsZ. Therefore, maintaining the
interactions of S2727 with these two amino acids is of great
importance. Further development of antibacterial agents based
on the scaffold of S2727 should also consider its cytotoxicity.
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