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Background: The prevalence of drug-resistant bacterial infections urges the development of
new antibacterial agents that possess a mechanism of action different from traditional
antibiotics. FtsZ has been recognized as a key functional protein in bacterial cell division
and it is currently believed to be a potential target for the development of novel antibacterial
agents.

Purpose: The primary aim of the study is to screen out an inhibitor targeting at FtsZ and
followed to investigate its antibacterial activity and mode of action.

Methods: Cell-based cell division inhibitory screening assay, antimicrobial susceptibility
test, minimum bactericidal concentration assay, time-killing curve determination, FtsZ poly-
merization assay, GTPase activity assay, and molecular modeling were performed in the
present study.

Results: The screening study from a small library consisting of benzimidazole and indole
derivatives discovered a compound (CZ74) with an indole-core structure. The compound
exhibited strong cell division inhibitory effect. In addition, CZ74 shows high antibacterial
potency against a number of tested Gram-positive bacteria, such as methicillin-resistant
Staphylococcus aureus and vancomycin-resistant Enterococcus. The minimum inhibitory
concentration values obtained were within the range of 2—4 pug/mL. The results of biological
study revealed that CZ74 at 2 pg/mL is able to disrupt FtsZ polymerization and inhibit
GTPase activity and cell division. From molecular modeling study, CZ74 is found possibly
binding into the interdomain cleft of FtsZ protein and then leads to inhibitory effects.
Conclusion: This indole-cored molecule CZ74 could be a potential lead compound and
could be further developed as a new generation of antibacterial agents targeting FtsZ to
combat against multidrug-resistant bacteria.

Keywords: indole-core-based derivative, antibacterial, cell division, FtsZ, antibiotic
resistant

Introduction

Over the past few decades, the use of antibiotics has greatly improved public health
worldwide. However, due to the improper use of antibiotics, bacteria develop drug
resistance rapidly to most antibiotics. This may imply that the battle against
bacterial infections is endless.'” Nowadays, the issue of antimicrobial resistance
is critical and is a global problem. For example, two typical representative bacteria,
methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant
Enterococcus faecium (VREF), are resistant to the clinically used antibiotics such
as methicillin and vancomycin.>* Considering the rapid emergence of drug-resis-
tant bacteria and limited clinically used antibiotic treatment options, to develop

submit your manuscript

Dove n

http:

in 3

Infection and Drug Resistance 2019:12 2283-2296 2283
© 2019 Yuan et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
[T 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati glli /by-nc/3.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).



http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Yuan et al

Dove

alternative strategies to fight against bacterial infections is
therefore urgently needed.

With respect to the recent progress on new drug dis-
covery, bacterial divisome could be a new area for the
development of new generation of antibiotics. Among the
proteins in the divisome, FtsZ has been recognized as a
FtsZ
assembled into a circumferential ring (Z-ring) at the

key factor.>® During bacterial cell division,
division site. The process involves GTP binding and
hydrolysis followed by stabilization and anchoring onto
the inner surface of the cytoplasmic membrane via FtsZ-
binding proteins. When Z-ring is ready, it recruits a series
of other cell division proteins that ultimately trigger
cytokinesis.”® The high conservation and functional
importance of FtsZ make it as a potential target for the
development of new antibacterial agents.'® Recently, a
few FtsZ-targeting compounds have been reported to
inhibit bacterial cell division through interfering FtsZ
activity.'®"'® However, no FtsZ-targeting small molecule
is found in clinical trial stage, meaning that further
advancement on the molecular scaffold design to achieve
higher inhibition potency is required.

Benzimidazoles and indoles are natural compounds and
their aromatic heterocyclic structures are widely used for

pharmaceutical synthesis and modification. Many
\| H
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Figure | Structures of benzimidazole and indole derivatives.

benzimidazole or indole core-based derivatives have good
activity against various microbials, such as fungi and
bacteria.'”'® Previous studies revealed that tri-substituted
benzimidazole derivatives and indole derivatives (Figure 1)
can inhibit effectively the growth of bacterial strains such as
M. tuberculosis, S. aureus, and B. subtilis via disrupting
FtsZ activity.'” % In this study, we screened a small library
of compounds containing 100 benzimidazole or indole core-
based derivatives through a cell-based screening assay and
successfully identified an indole core-based compound
(CZ74,  (E)-2-((1-(Phenylsulfonyl)-5-(4-(trifluoromethyl)
phenyl)-1H-indol-3-yl)methylene) hydrazine-1-carboximi-
damide hydrochloride) (Figure 1). This small molecule
was found possessing strong cell division inhibitory effect.
In addition, we further investigated its antibacterial activity
against several bacterial strains and the antibacterial
mechanism.

Materials and methods

Cell-based cell division inhibitory
screening assay

To search for compounds possessing strong cell inhibitory

effects, a screening assay as described previously was
performed.” In brief, B. subtilis 168 (ATCC 23857) cells

CzZ74
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were grown in starvation medium containing 1% hydro-
lyzed casein overnight. The culture was then diluted to
ODggp of ~0.01 in starvation medium containing 3%
hydrolyzed casein and incubated at 37°C. The stationary
phase culture was diluted to ODggo of ~0.06, and 10 pL
aliquots were transferred to 96-well microtiter plates con-
taining different concentrations of the screening com-
pounds in 100 pL. volumes of medium. After incubation
for approximately 5 hrs at 37°C, cell morphology was
observed by phase-contrast light microscopy. Berberine,
a natural compound has been reported to inhibit B. subtilis
cell division at 64 pg/mL,** was used as a positive control
in the assay. Each sample was repeated three times. The
compound inhibited the B. subtilis cell division at the
concentration <64 pg/mL would be selected to further
investigation.

Antimicrobial susceptibility test

All the strains used in this test were purchased from
American Type Culture Collection (ATCC, USA). And
all of them are clinically relevant pathogens except B.
subtilis. The minimum inhibitory concentrations (MICs)
of CZ74 against the tested strains were determined follow-
ing procedures described in the Clinical and Laboratory
Standards Institute (CLSI) guidelines.25 S. aureus strains
were cultured in cation-adjusted Mueller Hinton broth
(CA-MHB), E. faecalis and E. faecium strains were cul-
tured in Brain Heart Infusion broth (BHI), the other strains
were cultured in Mueller Hinton broth (MHB) in the
assays. The MIC was defined as the lowest compound
concentration at which prevents visible growth of bacter-
ium. Methicillin and berberine were applied as a reference
in this assay. Each test was repeated three times.

Minimum bactericidal concentration
(MBC) assay

This assay was used to detect the MBC value of an anti-
bacterial agent, and to further confirm whether the com-
pound is bactericidal or not. The test performed using the
protocol described above. The MBC was determined by
placing 10 pL of culture volume from the MIC assay onto
CA-MHB agar plate for S. aureus strains, MHB agar plate
for B. subtilis, and BHI agar plate for E. faecium. Then,
the plates were incubated at 37°C, and the colony forma-
tion was examined after 24 hrs. MBC was recorded as the
lowest concentration at which bacterial colonies were not
observed.?® Each test was repeated three times.

Time-killing curve determination

This assay was used to detect the kinetics of antibacterial
activity of CZ74. An overnight culture of S. aureus ATCC
25923 and B. subtilis 168 was diluted to 10° CFU/mL
approximately. Different concentrations of CZ74 were
added to bacterial culture. The cultures were then incu-
bated at 37°C 250 rpm. After that, 100 pL of the culture
were taken for serial dilutions and then spread on CA-
MHB or MHB agar plates at different time intervals (0, 2,
4, 6, 8, 24 hrs). The plates were incubated at 37°C for 24
hrs and then the cell counts (CFU/mL) were recorded.
Each test was repeated three times.

FtsZ polymerization assay

To investigate the possible antibacterial mechanism of
CZ74, S. aureus FtsZ was prepared according to the pre-
vious study.** Some biochemical assays were also per-
formed to confirm the effect of CZ74 on the FtsZ.
Firstly, the light scattering assay and transmission electron
microscopy (TEM) analysis were performed by following
a protocol from the literature®’ to investigate the effect of
CZ74 on the FtsZ polymerization. In the light scattering
assay, FtsZ (6 uM) was incubated with different concen-
trations of CZ74 at room temperature for 10 mins. The
light scattering signal was immediately detected by a ther-
mostatically (37°C) controlled fluorescence spectrometer
after additions of 20 mM KCl, 5 mM MgCl,, | mM GTP.
One percentage DMSO and 5 pg/mL methicillin were
tested as vehicle and negative control in the assay. In the
TEM analysis, 12 uM FtsZ was incubated with one per-
centage DMSO or 4 pg/mL of CZ74 in 50 mM buffer for
10 mins at room temperature. Then, 5 mM MgCl,, 50 mM
KCl, and 1 mM GTP were added to the mixtures. The
samples were then incubated in water bath at 37°C. After
15 mins, 10 pL of the sample was transferred to a Formvar
carbon-coated copper grid and subjected to 0.5% phospho-
tungstic acid for negative staining. And the air-dried sam-
transmission  electron

ple was observed with a

microscope.?’

GTPase activity assay

The GTPase activity assay was conducted by following the
previously described procedures in the investigation of
CZ74 on the GTPase activity of FtsZ.'® In short, 3.5 uM
FtsZ was incubated with different concentrations of CZ74
©, 1, 2, 4, 8, and 16 pg/mL) at room temperature in 20
mM Tris buffer. After 10 mins, 5 mM of MgCl,, 200 mM
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of KCl, and 500 mM GTP were added. The samples were
then incubated at 37°C for 30 mins. After that, the reac-
tions were quenched by adding 100 mL of Cytophos
reagent for 10 mins. Inorganic phosphate was quantified
with a microplate reader at 650 nm.

Molecular modeling

Discovery Studio (DS) 2016 was used to perform the
molecular modeling study. The X-ray crystal structure of
SaFtsZ was downloaded from the PDB database (PDB
entry: 4DXD).*® FtsZ and the ligand CZ74 were prepared
for this study using the own tools in DS. And then, the
CDocker protocol was used to predict the binding poses
and the top-scoring poses were visually inspected.

Preparation of compound CZ74
The preparation and characterization of CZ74 can be
referred to supplementary material and Figure S1.

Results
Cell inhibitory effect of CZ74 against B.

subtilis

The cell-based screening assay identified three potential
compounds (Table S1), which inhibited the growth of B.
subtilis at the concentration equal to or below 64 pg/mL.
However, only CZ74 possesses bacterial cell division inhi-
bitory effect. Compared to the control experiments, CZ74
elongated the cell length of B. subtilis obviously at the
concentration of 2 pg/mL (Figure 2). The untreated B.
subtilis cells have typical short rod morphology with cell
lengths from 5 to 15 pm (Figure 2A). After incubation with
CZ74 at 2 pg/mL, the cells were found longer than 50 pm
(Figure 2B). This phenomenon was similar to the B. subtilis
cells treated with 64 ug/mL berberine (Figure S2). These
results are also consistent with the reported FtsZ inhibitors,

13,29,30

such as benzamide and pyrimidine derivatives, and

Figure 2 Cell division inhibitory effect of CZ74. Cells of B. subtilis 168 were grown
in the absence (A) and presence of 2 ug/mL of CZ74 (B). Scale bar=15 pm.

suggest that CZ74 may disrupt FtsZ function and lead to the
abnormal cell division.

Antibacterial activity of CZ74

To investigate the antibacterial activity of CZ74, the com-
pound was examined against several bacterial strains
including some drug-resistant strains. The results showed
that CZ74 inhibited all the tested Gram-positive strains
effectively. The MIC values are found in the range of 2—
4 pg/mL. For instance, the growth of B. subtilis 168, S.
aureus ATCC 25923, and S. epidermidis ATCC 12228
were inhibited at 2 pg/mL. The MIC value is comparable
to that of methicillin and is much lower than that of
berberine. Furthermore, the MIC values of CZ74 against
the MRSA (ATCC BAA-41, 33591, 33592, and 43300) is
as low as 2 pg/mL. Compared with methicillin and ber-
berine, the antibacterial activity of CZ74 against MRSA is
much more potent (Table 1). The compound was also
evaluated against 50 clinical isolated MRSA. The results
also show that CZ74 has a potent antibacterial activity
with the MIC value in the range from 2 to 4 pg/mL
(Table S2). CZ74 also inhibited the growth of E. faecalis
and E. faecium effectively with the MIC value of 4 pg/mL
(Table 1). Since the MICs of vancomycin against vanco-
mycin-resistant E. faecalis and E. faecium (VREs) are
higher than 96 pg/mL, CZ74 possesses higher antibacterial
activity against VREs than that of vancomycin.**

Table | Antibacterial activity of CZ74 against a panel of bacterial
strains

Organism MIC (ug/mL)

CZ74 MET BER
B. subtilis 168 2 <l 96
S. aureus ATCC 25923 2 | 192
S. aureus ATCC 29247% 2 4 192
S. aureus ATCC BAA-41° 2 1024 192
S. aureus ATCC 33591° 2 1024 192
S. aureus ATCC 33592° 2 512 192
S. aureus ATCC 43300° 2 512 192
S. epidermidis ATCC 12228 2 0.75 192
E. faecalis ATCC 29212 4 4 >192
E. faecalis ATCC 51575 © 4 4 >192
E. faecium ATCC 49624 4 4 >192
E. faecium ATCC 700221° 4 4 >192
E. coli ATCC 25922 >64 4 >192
P. aeruginosa ATCC BAA-2108 >64 >1024 >192
K. pneumoniae ATCC BAA-I 144 >64 >1024 >192

Notes: *Ampicillin-resistant strain; "MRSA; “Vancomycin-resistant strains.
Abbreviations: MET, methicillin; BER, berberine.
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However, in the antibacterial effect against Gram-negative
strains such as P. aeruginosa, K. pneumoniae, and E. coli,
the compound at 64 pg/mL did not show any antibacterial
effect. The antibacterial property of CZ74 observed is
similar to those of reported FtsZ-targeting compounds

such as benzamide derivatives.’%>!

Bactericidal test of CZ74 against the

selected bacterial strains

After obtained the antibacterial activity of CZ74, it is
important to further investigate whether the antibacter-
ial activity is bactericidal or bacteriostatic. In this
study, the MBC values of CZ74 against B. subtilis
168, S. aureus ATCC 25923, MRSA (ATCC 43300),
and VREF (ATCC 700221) were determined (Table 2).
According to the CLSI standards, an MBC/MIC ratio
of 1-2 s
behavior.?’

considered indicative of bactericidal
The results show that all the MBC/MIC
ratios obtained are equal to or lower than 2, indicating
bactericidal activity of CZ74 against the tested bacter-
ial species.

Table 2 The MBC of CZ74 against drug-resistant bacterial
strains (ug/mL)

Bacteria MBC MIC MBC/MIC
B. subtilis 168 4 2 2
S. qureus ATCC 25923 4 2 2
S. aureus ATCC 43300 2 2 |
E. faecium ATCC 700221 8 4 2
A
10" s
10° RS o
108 v.
7% S. Aureus ATCC25923
10{ A = 0xMIC
PP e 1xMIC
€ 105 2 x MIC
D2 1074 —¥y—4xMIC
4
O 10 %
10 v o
102 \ A @
10’ z v =
100II'I‘Iil'II'I'I'I'I'I’l
0 2 4 6 8 1012 14 16 18 20 22 24 26

Time (h)

Kinetics of the bactericidal activity of

CZ74

After the bactericidal profile of CZ74 was confirmed, the
time-killing curve determinations were performed to inves-
tigate the kinetics of killing of CZ74 against S. aureus
ATCC 25923 and B. subtilis 168. As shown in Figure 3A,
S. aureus grew rapidly in the first 6 hrs without CZ74. After
6 hrs incubation, the growth of S. aureus went into the
stationary phase. On the other hand, the concentration of
CZ74 at 2x MIC and 4x MIC can completely inhibit the
growth of S. aureus after incubation overnight. At the con-
centration of 1x MIC, the compound also reduces the viable
counts of S. aureus below 10° CFU mL™" after incubation
for 24 hrs. The growth inhibition with different concentra-
tion gradients of CZ74 demonstrated that the rate of killing
S. aureus was dose-dependent. In addition, a similar kinetic
was found when B. subtilis incubated with CZ74 for 24 hrs
(Figure 3B).

Effect of CZ74 on the FtsZ

polymerization

In order to understand the mechanism of antibacterial
activity of CZ74, the effect of CZ74 on the dynamic
polymerization of FtsZ was investigated by using a light
scattering assay. Figure 4A shows the time-dependent
polymerization profile of FtsZ in the absence and in the
presence of CZ74 at a concentration range from 1 to 4 ug/
mL. The results revealed that CZ74 stimulated FtsZ poly-
merization in a concentration-dependent profile. The simi-
lar phenomena can also be observed in other reported

B
10" - .
9 " T o
10
8
10 u B.Subtilis 168
_ 10 u B oxMIC
4 o10° ® 1 xMIC
€ 10¢] 2 x MIC
D ° ¥— 4 x MIC
O 10%4 |
3 d [ ]
e N,
10° o f : x
10' "
10°+—— ey - :
0 2 4 6 8 1012 14 16 18 20 22 24 26

Time (h)

Figure 3 Time-killing curves of CZ74. (A) Samples of a growing culture of S. aureus ATCC 25923 were incubated with concentrations of CZ74 equivalent to |% (red), 2x
(green), or 4x (blue) the MIC. (B) Samples of a growing culture of B. Subtilis 168 were incubated with concentrations of CZ74 equivalent to | x (red), 2% (green), or 4% (blue)

the MIC. Vehicle (1% DMSO; black) was included.

Infection and Drug Resistance 2019:12

submit your manuscript

2287

Dove


http://www.dovepress.com
http://www.dovepress.com

Yuan et al

Dove

A
300 - - "a et -

l..l'll./ wt" "y LT wat rmatt ..""l'l"l

/
—~ 2504
5 ]
< \
E soo ] ] ) /..../.u.0.0;.n0.t.o‘...’.0\..00“.'..\...0..~ e “g/mL "
3 o e R
E l/.c ! 1' “g/mL
2 oo .// —¥— Vehicle :
% J Met 5 pg/mL |
g 10047 R
> >/ Y YyvVyy MAEMLA ""V"v'"v‘v
£ 7
O 50 .y

/
0+ ' ' ' '
0 500 1000 1500 2000
Time (S)

Figure 4 Time-dependent polymerization profiles of FtsZ in the absence and presence of CZ74 at a concentration range from | to 4 pg/mL (A). Electron micrographs of
FtsZ polymers in the absence (B) and in the presence (C) of 4 ug/mL of CZ74. Scale bar =1000 nm.

FtsZ-targeting compounds.'®'" Methicillin was also tested
under the same conditions as a negative control. As
expected, it does not affect FtsZ polymerization. Apart
from the light scattering assay, we also used TEM to
visualize the effect of CZ74 on the FtsZ polymerization.
The results showed that both the size of the FtsZ polymers
and the bundles of the FtsZ protofilaments were dramati-
cally increased when using 2 pg/mL CZ74 (Figure 4B
and C).

Effect of CZ74 on the GTPase activity of

FtsZ

The rate of GTP hydrolysis is correlated with the
dynamic polymerization of FtsZ.®»’ To investigate
whether the antibacterial mechanism of CZ74 is related
to the GTPase inhibitory effect, the effect of this com-
pound on the GTPase activity of the FtsZ was deter-
mined. The results the compound
inhibited the GTPase activity of FtsZ in a dose-depen-
dent profile. In the assay, 1, 2, 4, 8, and 16 pg/mL of
CZ74 inhibited the GTPase activity by 15%, 30%,
45%, 60%, and 62%, respectively (Figure 5). The
result indicates that the inhibitory effect of CZ74 on
GTPase activity may probably lead to the disruption of

revealed that

FtsZ polymerization.

Predicted the binding mode of CZ74

Molecular modeling study was also conducted to predict the
binding sites and the interaction pose of CZ74 in FtsZ. The
optimal docking pose suggests that the compound probably
binds to a hydrophobic and narrow cleft constituted by the
T7-loop, H7-helix, and a four-stranded B-sheet (Figure 6A).
The possible interactions between CZ74 and the amino acids
of FtsZ were shown in a 2D ligand interaction diagram
(Figure 6B). The guanidyl group of CZ74 could interact
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Figure 5 Inhibition of GTPase activity of FtsZ by different concentrations of CZ74.
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Figure 6 Predicted binding mode of CZ74 bound to FtsZ. (A) CZ74 bound to the C-terminal interdomain cleft of FtsZ; (B) predicted interaction between CZ74 and amino

acids of FtsZ.

with Val203, Asn208, and Leu209 of FtsZ protein through
four conventional hydrogen bonds. Several favorable hydro-
phobic interactions between CZ74 and the side chains of
Asp199, Val203, Met226, Thr265, Val297, and Ile311 were
predicted in the binding model. In addition, the trifluoro-
methyl group of CZ74 was predicted participating in one
carbon-hydrogen bond with the side chain of Gly193 and
three halogen bonds with Gly193, Gly227, and Val310.
Moreover, a lot of amino acids in this pocket (such as
Gly196, Val307, Thr309, etc.) could interact with CZ74 via
van der waals force (data not shown).

Discussion

Indoles are a class of important heterocycles possessing
diverse biological activities, such as anticancer, antibacter-
jal, and antiviral.>>>* In this study, we found that an
indole derivative CZ74 possesses strong antibacterial
activity against the tested Gram-positive bacteria, includ-
ing MRSA and VRE. The MIC values obtained are in the
range of 2—4 pg/mL, which is similar to or slightly better
than certain reported inhibitors targeting at FtsZ. In parti-
cular, berberine derivative inhibited the growth of MRSA
with a MIC value of 2 pg/mL and VREF with a MIC value
of 8 ng/mL.** PC 190723 can effectively against MRSA at
the concentration of 1 pg/mL.*® However, CZ74 has not
any antibacterial activity against the tested Gram-negative

strain at the concentration of 64 pg/mL, likely owing to
the intrinsically lower permeability of the Gram-negative
cell envelope.®

In the biological assays, CZ74 was found to stimulate
FtsZ polymerization with GTPase inhibitory effect. The
similar biochemical results were also found in some FtsZ
inhibitors, such as PC190723 and quinoline derivative.>*-*
FtsZ polymerization is found to be regulated by GTPase
activity of FtsZ® and the increasing of FtsZ polymers may
probably contribute from the conformational change to the
high-affinity state, which enables FtsZ assembly.’” In addi-
tion, same as those reported FtsZ-targeting compounds,'”
the strong inhibitory effect of CZ74 on the bacterial cell
division was observed. Recently, our group has reported
some FtsZ-targeting compounds with strong antibacterial
such as berberine derivatives,

activity, pyrimidine

" 15,16,24,27,29
derivatives, Sl

and quinolinium derivatives.
Unfortunately, the low solubility of these compounds hin-
dered their further investigation in animal study. We
expected that the polar guanidyl group of CZ74 could
overcome the solubility issue and make it possible for in
vivo study. In addition, this hydrophilic guanidyl group
was predicted to interact with FtsZ through hydrogen
bonds (Figure 6).

In summary, an indole-core-based compound was

demonstrated as a potential antibacterial agent targeting
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FtsZ. The compound exhibits good antibacterial activity
against several clinically representative Gram-positive
strains including some drug-resistant bacterial strains,
such as MRSA and VRE. From the biochemical evalua-
tions with the compound, the mode of action was
probed. It was suggested that the compound could pos-
sibly bind into the interdomain cleft of FtsZ and take
functions in disrupting the GTPase activity, stimulating
FtsZ polymerization, and eventually inhibiting bacterial
cell division to cause cell death. Therefore, this indole-
cored small molecule is suitable for further investigation
on their biological activities, particularly the antibacter-
ial mechanism.
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Supplementary material
Part 1: Preparation and characterization of CZ74

The preparation of CZ74 was performed using a proce-
dure as previously described (The Journal of Antibiotics.
2017;70:832-844)."

Characterization:

"H-NMR (400 MHz, DMSO): ¢ 12.05 (s, 1H, NH),
8.57 (s, 1H, Ar-H), 8.49 (d, J=1.5, 1H, Ar-H), 8.43 (s,

TOND D VOO DO OTF MM MO NOWD MM ®
0O ANVRD M mm N M e 5000 QN
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1H, CH), 8.02-8.13 (m, 3H, Ar-H), 7.95 (d, J=8.1, 2H,
Ar-H), 7.70-7.85 (m, 7H, Ar-H and NH), 7.64 (t,
J=17.8, 2H, Ar-H); ES-MS 486.1 (M + H)+; HRMS

caled for
486.1201.

C21H19F3N502S + 486.1212, found
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Figure S| 'H-NMR spectrum of CZ74.
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Part 2

Table SI Compounds possess antibacterial activity against B. subtilis generated from cell-based screening assay

Structure of compound

Concentration (inhibit the growth of
B. subtilis)

Concentration (inhibit bacterial
cell division)

- Cmpd 3 (CZ74)

“HCI

| pg/mL No effect on bacterial cell division
64 ug/mL No effect on bacterial cell division
2 pg/mL Inhibit bacterial cell division at 2 pg/mL
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Part 3

Figure S2 Cell inhibitory effect of 64 pg/mL berberine on B. subtilis cells. Scale bar=15 pm.
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Part 4

Table S2 Antibacterial activity of CZ74 against clinical isolated

MRSA

Table S2 (Continued).

MIC pg/mL

MRSA?

CZ74

Vancomycin

1428
8162
7917
3123
7247
7717
2671
3170
4127
3096
7971
7807
2491
2931
7863
7943
7947
1610
7813
5426
6334
7864
7972
1220
6515
4023
7960
1651
8179
8071
4955
5395
7844
7916
2158
7682
5239
2350
7664
7536
7587
1708
5035
4548
1947

N D NN BDAPNMNDNMMDNMDNDDADNDNDADBDNNMDNMNDNDMDDNOMDNDBADNMNDNDDDNDNMDEDAMPNDNDNDDDND DD DDDNDBDDNDNDNMDNDMNDMDNODMDNDDEDDNDDDNDDN

5

5

0
|
|
|
|
|
|
2
|
|
|
2
2
|
|
2
|
|
|
|
|
|
|
0.
|
2
2
2
|
|
|
|
|
|
|
|
|
|
0.5
|
2
|
|
2
2

MIC ug/mL
MRSA* CZ74 Vancomycin
5056 2 2
8078 2 2
7434 4 I
7449 4 |
7183 4 2

(Continued)

Notes: *All the strains are resistant to methicillin (MIC>64 pg/mL).
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