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The antibacterial activity and the synergistic effect with b-lactam antibiotics of a new 1-
methylquinolinium iodide derivative were investigated. The experimental results indicate that the
compound possesses a strong antibacterial activity against a panel of bacteria including methicillin-
resistant Staphylococcus aureus, vancomycin-resistant Enterococcus and NDM-1 Escherichia coli with
the MIC values from 0.75 mg/mL to 6 mg/mL. In addition, this compound combined with b-lactam anti-
biotics shows strong synergistic antimicrobial activities against antibiotic-resistant strains of S. aureus.
The results of biochemical studies also reveal that this compound can effectively disrupt GTPase activity,
polymerization of FtsZ, and cell division to cause cell death. The compound shows high potential for
further development as a new generation of antibacterial agents to fight against the emergence of
multidrug-resistant bacteria.

© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Since the discovery of the first antibiotic, penicillin, by Alex-
ander Fleming in the 1930s, the following 40 years is the “golden
era” of antibiotic research and most of the antibiotics currently in
use were discovered and developed in that period.1 The discovery
of antibiotics was once regarded as the ultimate victory of the battle
against bacterial infections but unfortunately the development of
antimicrobial resistance to common antibiotics implies that this
battle is endless. Nowadays, the treatment of bacterial infections
has become more difficult because bacteria can develop resistance
to antibiotics at an alarming rate.1,2 For example, Vancomycin-
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resistant Enterococcus faecium (VREF) and methicillin-resistant
Staphylococcus auerus (MRSA) are two typical representatives of
bacteria that are resistant to conventional antibiotics such as van-
comycin and methicillin.3,4 Therefore, new antimicrobial agents
with novel mechanisms of action against drug-resistant bacteria
are urgently needed.2 Currently, an alternative approach that
sounds effective to combat drug-resistant strains is to combine new
compounds with certain existing antibacterial drugs. The key of
combination therapies is to search for synergistic effects of the
compounds with different mode of action, which has been widely
used to treat infectious diseases. For example, b-lactamase in-
hibitors such as clavulanic acid and tazobactam have been suc-
cessfully combined with b-lactam antibiotics to treat drug-resistant
bacterial infections.5

Cell division is an essential process for bacterial survival. Among
the bacterial cell division proteins, the filamenting temperature-
sensitive mutant Z (FtsZ) is the first protein that assembles and
initiates the cell division process. FtsZ is highly conserved in a wide
nese Pharmacological Society. This is an open access article under the CC BY-NC-ND
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range of bacteria.6 During bacterial cell division, FtsZ assembles
into a highly dynamic cytoskeleton scaffold called the Z-ring by
undergoing GTP-dependent polymerization, forming head-to-tail
protofilaments and assembling into bundles at the site of septum
formation.7e10 The high conservation and functional importance of
FtsZ in bacterial cell division render it as an attractive target for the
development of novel antibacterial agents. Recently, some FtsZ
inhibitors have been reported to impair the bacterial cell divi-
sion.10e20 Among them, the small-molecule PC190723 and quinu-
clidine 1 that exhibit potent antibacterial activity against MRSA
were reported to restore the susceptibility of MRSA to b-lactam
antibiotics.21,22 Previous studies revealed that quinoline derivatives
(Fig. 1), such as Zantrin Z3 and N-methylbenzofuro quinoline de-
rivative, can effectively inhibit the proliferation of bacterial strains
such as Staphylococcus aureus and Bacillus subtilis by disrupting FtsZ
activity.23e26 Herein, we reported the antibacterial activity of a new
1-methylquinolinium iodide derivative (compound 1, 1-methyl-4-
((E)-(3-methylbenzo[d]thiazol-2(3H)-ylidene)methyl) quinolin-1-
ium iodide) against a panel of bacterial strains and investigated
its synergistic effects in the combination with b-lactam antibiotics
against antibiotic-resistant strains of S. aureus. In addition, we also
probed the underlying mechanisms of antibacterial activity of this
compound.

2. Material and methods

2.1. Antimicrobial susceptibility assay

Strains were purchased from American Type Culture Collection
(ATCC, USA). Antimicrobial susceptibility tests were conducted in
96-well microplates using the broth micro-dilution procedures
described in the Clinical and Laboratory Standards Institute (CLSI)
guidelines.27 The MIC was defined as the lowest compound con-
centration at which the growth of bacteria was inhibited by �90%.
Three independent assays were performed for each test.

2.2. Time-killing curve assay

The growing culture of S. aureus ATCC BAA-41 or Escherichia coli
ATCC 25922was diluted to approximately 105 CFUmL�1 in volumes
of Cation-adjusted Mueller Hinton broth or Mueller Hinton broth
Fig. 1. Chemical structures of possible FtsZ-targeting quinoline derivatives and com-
pound 1.
respectively, containing various concentrations of compound 1.
Cultures were incubated at 37 �C, shaking at 250 rpm. At the
appropriate time intervals, 100 mL samples were removed for serial
dilution in 900 mL volumes of Cation-adjustedMueller Hinton broth
and 100 mL volumes from three dilutions were spread on to MH
agar. Cell counts (CFU ml�1) were enumerated after incubating the
plates at 37 �C for 18 h.

2.3. Synergistic effect of compound 1 with b-lactam antibiotics

The synergistic activity of compound 1 and b-lactam antibiotics
against ampicillin-resistant S. aureus ATCC 29247 and methicillin-
resistant S. aureus (MRSA) ATCC BAA-41 were assessed using a
checkerboard broth microdilution method.28 The MICs of b-lactam
antibiotics were determined as described in Section 2.1. The
checkerboard test was performed in a 96-well microplate con-
taining MuellereHinton broth in which a two-dimensional array of
serial concentrations of compound 1 and b-lactam antibiotic is
used. For example, synergy between compound 1 and methicillin
was tested against MRSA in the concentration range of 1/8�MIC to
1�MIC. The synergistic effect between compound 1 and antibiotics
were evaluated using the fractional inhibitory concentration
index (FICI). FICI was calculated as FICI ¼ (MICa combination
/MICa alone) þ (MICb combination/MICb alone). The FIC indexes at values
of �0.5, 0.5e1, 1e4, and >4 were defined as synergistic, partial
synergistic, additive or indifferent, and antagonistic, respectively.28

Experiments from the checkerboard test were performed in
triplicates.

2.4. Visualization of bacterial morphology

The B. subtilis 168 cells were overnight incubated at 37 �C in
5 mL LuriaeBertani (LB) broth. Then the cells were diluted to
1 � 105 CFU mL�1 and incubated with or without compound 1 at
37 �C for 4 h. The bacterial morphology study was performed under
a phase-contrast optical microscope as previously described.25

2.5. GTPase activity test

FtsZ protein in the biological tests was prepared as our previous
study.14 GTPase activity assay was performed as previously
described to study the effect of compound 1 on the GTPase activity
of FtsZ.25

2.6. Effect of compound 1 on the FtsZ polymerization

The light scattering assay and transmission electron microscopy
analysis were performed as previously described to investigate the
effect of compound 1 on the FtsZ polymerization.25

2.7. Molecular modeling study

The molecular modeling was performed by using CDocker
program of Discovery Studio (DS) 2016. The X-ray crystal structure
of S. aureus FtsZ was downloaded from RCSB Protein Data Bank
(PDB entry: 4DXD).22 The protein and the compound were pre-
pared for docking using a preparation protocol of DS. Automated
docking studies were carried out using DS-CDocker protocol. The
top-scoring pose was visually inspected.

2.8. Preparation of compound 1

The detailed synthesis and characterization of the compound
are available in the Supporting information.
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3. Results and discussion

3.1. In vitro antibacterial activity of compound 1

To determine the antibacterial activity of compound 1, the
compound was tested against a panel of clinical relevant bacterial
strains and also some selected drug-resistant strains. Berberine and
methicillin were tested as the reference compounds under same
condition. The results are summarized inTable 1. The results showed
that 1 can effectively inhibit the growth of drug-sensitive strains
including B. subtilis 168, S. aureus ATCC 29213, Staphylococcus epi-
dermidis ATCC 12228, and E. coli ATCC 25922 with the MIC values
ranged from 0.75 mg/mL to 3 mg/mL, which are comparable to that of
methicillin and are much lower than that of berberine. Moreover,
the antibacterial activity of 1 against the tested MRSA strains with
the MIC value as low as 1.5 mg/mL is 100-fold better than that of
methicillin and berberine. In addition, compound 1 also showed
strong inhibitory effect on the growth of vancomycin-susceptible
and vancomycin-resistant Enterococcus faecalis (MIC value 1.5
mg/mL) and E. faecium (VREs) with MIC value of 2 mg/mL, indicating
that 1 is more potent than that of vancomycin (MIC values higher
than 96 mg/mL against VREs).14 For Gram-negative bacteria, the
compound can inhibit the growth of E. coli and its antibiotics
resistant mutant with the MIC value of 3 mg/mL. A multidrug-
resistant Pseudomonas aeruginosa strain can also be effectively
inhibited with 1 (MIC value of 6 mg/mL). However, the compound
shows moderate antibacterial activity against multidrug-resistant
Klebsiella pneumoniae indicated by its MIC value of 24 mg/mL. The
results of antibacterial test reveal that compound 1 is potent and has
a broad-spectrum antibacterial activity against most of bacterial
strains including drug-resistant strains.
3.2. Time-killing curve determinations

To further investigate whether compound 1 is bactericidal or
not, the time killing curves were determined by counting bacterial
colonies at different time points.27 The results of time killing curves
for 1 against S. aureus ATCC BAA-41 and E. coli ATCC 25922 were
illustrated in Fig. 2. Fig. 2A showed that 2�MIC and 4�MIC of 1 can
rapidly reduce the viable counts of S. aureus below the lowest
detectable limit 103 CFU mL�1 (99.9% of bacterial growth was
Table 1
Antibacterial activity of compound 1 against a panel of bacterial strains.

Organism MIC (mg/mL)

1 Berberine Methicillin

B. subtilis 168 1.5 96 <0.75
S. aureus ATCC 29213 1.5 192 <0.75
S. aureus ATCC 29247a 1.5 192 6
S. aureus ATCC BAA-41b 1.5 192 1024
S. aureus ATCC BAA-1717b 1.5 192 512
S. aureus ATCC BAA-1720b 1.5 192 1024
S. aureus ATCC BAA-1747b 1.5 192 256
S. epidermidis ATCC 12228 0.75 192 0.75
E. faecalis ATCC 29212 1.5 >192 4
E. faecalis ATCC 51575c 1.5 >192 4
E. faecium ATCC 49624 2 >192 4
E. faecium ATCC 700221c 2 >192 4
E. coli ATCC 25922 3 >192 3
E. coli ATCC BAA-2469d 3 >192 >1024
P. aeruginosa ATCC BAA-2108d 6 >192 >256
K. pneumoniae ATCC BAA-1144d 24 >192 >256

a An ampicillin-resistant strain.
b MRSA.
c Vancomycin-resistant strains.
d Multidrug-resistant strains.
inhibited) after incubation for 4 h. Similar effects was also found in
the time-killing curves of E. coli cells incubated with 1 (Fig. 2B). The
results also showed that 1� MIC concentration of 1 caused a
~102 CFU mL�1 reduction of S. aureus in 4 h and to below
103 CFU mL�1 in 8 h, and the counts were maintained under the
detectable limit after 24 h incubation (Fig. 2A). On the other hand,
1� MIC concentration of compound 1 can also reduce the viable
counts below 103 CFU mL�1 in the E. coli bacterial survival test for
24 h (Fig. 2B). These results suggested that the antibacterial activity
of 1 with the same mode of bactericidal effect.

3.3. Synergistic effects of 1 with b-lactam antibiotics

To detect whether compound 1 can restore the antibacterial
activity of b-lactam antibiotics against ampicillin-resistant S. aureus
and MRSA strains, a broth microdilution checkerboard experiment
was performed. As shown in Table 2, b-lactam antibiotics showed
weak or moderate antibacterial activity against MRSA with MIC
values higher than 24 mg/mL. On the other hand, using b-lactam
antibiotics with a combination of 1 can effectively improve their
antibacterial activity against drug-resistant S. aureus. Compound 1
can enhance the antibacterial activity of ampicillin against
ampicillin-resistant S. aureus from an MIC value of 24 mg/mL to
6 mg/mL, with a concentration of 0.375 mg/mL (1/4 MIC of 1).
Moreover, 0.375 mg/mL of compound 1 can dramatically improve
the antibacterial activity of methicillin against MRSA (ATCC BAA-
41) by reducing the MIC value from 1024 mg/mL to 32 mg/mL,
with an FICI of 0.281. The combination of 1 with ampicillin or
oxacillin also showed synergistic effects against MRSA with FICIs
0.5 and 0.375 respectively. In the test, compound 1 at the concen-
tration of 0.375 mg/mL can improve the antibacterial activity of
ampicillin by 4-fold (reducing MIC from 48 mg/mL to 12 mg/mL) and
oxacillin by 8-fold (reducing MIC from 256 mg/mL to 32 mg/mL)
against MRSA. In addition, the enhancement in antibacterial ac-
tivity of imipenem and ceftazidime were observed when
combining with compound 1, with FICIs 0.75.

3.4. Effects of compound 1 on the cell morphology of B. subtilis

Some quinoline derivatives were known having antibacte-
rial activity via the inhibition of FtsZ activity to cause cell
elongation.23e25 To further investigate the possible antibacterial
mechanism of compound 1, we firstly studied the cell inhibitory
effect of the compound on B. subtilis cells. The morphology of
B. subtilis that incubated under the conditions with and without 1
was observed through an optical microscopy. The results showed
that B. subtilis cells with 1were significantly elongated compared to
the control (Fig. 3). The normal cell length of B. subtilis cells is
around 5e10 mm (Fig. 3A). The cell after incubatedwith 1 at theMIC
concentration (1.5 mg/mL), its length was found longer than 20 mm
(Fig. 3B). The similar cell elongation phenomena was also found in
other FtsZ inhibitors such as quinoline and berberine de-
rivatives,14,25,26 encouraging us to further investigate the underly-
ing antibacterial mechanism of this compound.

3.5. Effects of compound 1 on the GTPase activity of FtsZ

Recent studies reported that quinoline derivative induced cell
elongation in the antibacterial experiment may be due to their
inhibitory effect on the GTPase activity of FtsZ.23,25,26 We therefore
prepared a S. aureus FtsZ protein and investigated the effect of
compound 1 on FtsZ GTPase activity by following our previous
conditions.25 The results revealed that compound 1 can effectively
inhibit the GTPase activity of FtsZ in a dose-dependent manner. In
the study, compound 1 at 0.75 mg/mL showed an inhibition of about



Fig. 2. Time-killing curve of compound 1 against S. aureus ATCC BAA-41 (A) and E. coli ATCC 25922 (B). Different concentrations of compound 1were represented by different colors,
0� MIC (1% DMSO) (black), 1� MIC (red), 2� MIC (green) and 4 � MIC (blue).

Table 2
MIC values of compound 1 combined with b-lactam antibiotics against drug-resistant S. aureus.

Straina Compound MIC (Single compound, mg/mL) MIC (Checkerboard assay, mg/mL) FICI

ATCC 29247 1 1.5 0.375 0.5
Ampicillin 24 6

ATCC BAA-41 1 1.5 0.375 0.5
Ampicillin 48 12

ATCC BAA-41 1 1.5 0.375 0.281
Methicillin 1024 32

ATCC BAA-41 1 1.5 0.375 0.375
Oxacillin 256 32

ATCC BAA-41 1 1.5 0.75 0.75
Imipenem 24 6

ATCC BAA-41 1 1.5 0.75 0.75
Ceftazidime 96 24

a ATCC 29247 is an ampicillin-resistant S. aureus; ATCC BAA-41 is an MRSA.

Fig. 3. The effect of compound 1 on B. subtilis 168 morphology. Cells of B. subtilis 168 were grown in the absence (A), and presence of 1.5 mg/mL of compound 1 (B). The scale bar is
10 mm.
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20%. However, 50%, 70% and 80% inhibitions can be achieved by
using 1 at the concentration of 1.5 mg/mL, 3 mg/mL and 6 mg/mL
respectively (Fig. 4A). The results suggested that the compound
inhibits bacteria growth through the inhibition of the GTPase ac-
tivity of FtsZ.

3.6. Effects of compound 1 on the polymerization of FtsZ

Since GTPase activity of FtsZ is correlated to the dynamic poly-
merization of FtsZ,29 we further investigated the impact of
compound 1 on the FtsZ protein. Firstly, a light scattering assay was
used to monitor the effect of compound 1 on the dynamic poly-
merization of FtsZ. Fig. 4B shows the time-dependent polymeri-
zation profiles of S. aureus FtsZ in the absence and in the presence of
1 at different concentrations ranged from 0.75 to 3 mg/mL. The re-
sults revealed that the compound enhanced FtsZ polymerization in
a dose-dependent manner. The non-FtsZ-targeting antibiotic
methicillin (5 mg/mL) was also tested in the same condition as a
negative control and it did not show any effect on the FtsZ poly-
merization. In addition, the effect of compound 1 on FtsZ



Fig. 4. Impact of compound 1 on the GTPase activity and polymerization of S. aureus FtsZ. (A) Inhibition of GTPase activity of FtsZ by compound 1; (B) Time-dependent poly-
merization profiles of FtsZ in the absence and presence of different concentrations of compound 1.
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polymerization was observed by using transmission electron
microscopy. It was found that the size of FtsZ polymers was
significantly increased after incubated with compound 1 at a con-
centration of 1.5 mg/mL (Fig. 5). These results suggested that the
antibacterial activity of compound 1 may be due to its disrupting
effects on GTPase activity and polymerization of FtsZ.
3.7. Prediction of the binding mode of compound 1 in FtsZ

From the above biological assays, compound 1 is ascertained as
a potent antibacterial small molecule, which is targeting FtsZ. It is of
importance to further identify the possible binding site for the
compound in the FtsZ protein. In the molecular modeling study, the
optimal docking pose suggests that 1 probably binds into an
interdomain cleft in C-terminal, which is a narrow cleft constituted
by the H7-helix, T7-loop and a four-stranded b-sheet (Fig. 6A). The
2D ligand interaction diagram (Fig. 6B) shows the predicted in-
teractions between compound 1 and the FtsZ residues. The binding
of compound 1with Asp 199, Leu 200, Met 226, Ile 228, Val 297, Leu
302 and Val 307 of FtsZ protein are through hydrophobic
Fig. 5. Transmission electron micrographs of S. aureus FtsZ polymers in the absence
interactions. In addition, a hydrogen bond interaction can be found
between Asp199 and hydrogen of methyl group in compound 1.
Moreover, van der Waals force is found for compound 1 interacting
with a few amino acids such as Gln 192 and Gly 196 around the
binding pocket.
4. Discussion

In this study, we have found that compound 1 possesses potent
and broad spectrum antibacterial activity. It was also found that 1
shows remarkable synergistic effects with b-lactam antibiotics
against MRSA. Moreover, this compound induced filamentation of
B. subtilis 168 cells, which suggests that the compound inhibits
bacterial cell division. In the biochemical tests, compound 1 was
found to interact with FtsZ to increase the polymerization and
inhibit the GTPase activity of FtsZ. The similar biological phenom-
ena can also be found in some FtsZ-targeting compounds such as
PC190723 and Zantrin Z3.26,30 The polymerization dynamics of FtsZ
is supposed to be regulated by GTPase activity of FtsZ29 and the
increment of FtsZ polymers may be due to the conformational
(A) and in the presence (B) of 1.5 mg/mL of compound 1. Scale Bar ¼ 500 nm.



Fig. 6. Predicted binding modes of compound 1 bound to FtsZ. (A) Compound 1 bound to the interdomain cleft of FtsZ (PDB: 4DXD); (B) Predicted interaction between compound 1
and amino acids of FtsZ.
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change to the high-affinity state, which enables FtsZ assembly.31 In
the antibacterial tests, compound 1 can effectively inhibit the
bacterial proliferation against all Gram-positive strains in the tests
including drug-resistant bacteria, such as MRSA and VREF. LowMIC
values are obtained in the range of 0.75 mg/mL to 2 mg/mL, which
are similar to or slightly better than some of reported FtsZ in-
hibitors. For example, PC 190723 can inhibit the cell division of
MRSA with an MIC of 1 mg/mL.30 Berberine derivative 2 inhibited
the proliferation of MRSA and VREF with MIC values of 2 mg/mL and
8 mg/mL respectively.14 The MIC of quinuclidine 1 against MRSA is
24 mg/mL, which is much higher than that of compound 1.21 On the
other hand, compound 1 was found effective against some Gram-
negative strains, such as E. coli and P. aeruginosa, with MIC values
of 3 mg/mL and 6 mg/mL, respectively. Up to now, there are only a
few FtsZ inhibitors were reported showing activity against Gram-
negative strains. For instance, N-methylbenzofuro quinoline de-
rivatives against E. coliwithMIC values from 6 mg/mL to 16 mg/mL.25

Guanidinomethyl biaryl derivative 13 against the Gram-negative
strains with MIC values from 2 to 32 mg/mL.32 The antibacterial
activity on the Gram-negative strains of these compounds may be
due to their ability to pass the out membrane of these bacteria.
Moreover, compound 1 at the concentration of 0.375 mg/mL ex-
hibits synergistic effects with some b-lactam antibiotics (such as
ampicillin and methicillin) against MRSA. Two FtsZ inhibitors
(PC190723 and quinuclidine 1) were also reported to restore the
susceptibility of MRSA to b-lactam antibiotics.21,22 However, the
mechanism still needs to be explored further. Recent study
revealed that FtsZ dynamics regulates not only the rate of cell di-
vision but also the peptidoglycan synthesis.33 Since the drug target
of b-lactam antibiotics is cell wall peptidoglycan. It could be con-
jectured that FtsZ inhibitors disturb the polymerization dynamics
of FtsZ, leading to abnormal of peptidoglycan, and making bacterial
cell wall more sensitive to b-lactam antibiotics.

5. Conclusions

In conclusion, 1-methylquinolinium iodide derivative (compound
1) was demonstrated to possess potent antibacterial activities against
both Gram-positive and -negative strains including the drug-
resistant bacteria such as MRSA and VREF. The compound was
found to restore the susceptibility of MRSA to b-lactam antibiotics.
The mode of action of the compound was also studied through
biochemical evaluations. The results reveal that the compound
probably binds into the interdomain cleft of FtsZ, disrupts the GTPase
activity and plymerization of FtsZ, and eventually impairs bacterial
cell division causing cell death. Therefore, it is worthy to develop a
diversity of derivatives based on this compound and then investigate
their biological activities further, particularly to study their antibac-
terial mechanism in-depth.
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