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ABSTRACT

Cinnamaldehyde is a natural product from spices that inhibits cell separation in Bacillus
cereus. Cell division is regulated by FtsZ, a prokaryotic homolog of tubulin. FtsZ assembles
into the Z-ring at the site of cell division. Here, we report the effect of cinnamaldehyde on
FtsZ and hence on the cell division apparatus. Cinnamaldehyde decreases the in vitro
assembly reaction and bundling of FtsZ. It is found that cinnamaldehyde perturbs the Z-
ring morphology in vivo and reduces the frequency of the Z ring per unit cell length of
Escherichia coli. In addition, GTP dependent FtsZ polymerization is inhibited by cinnamal-
dehyde. Cinnamaldehyde inhibits the rate of GTP hydrolysis and binds FtsZ with an affinity
constant of 1.0 + 0.2 uM . Isothermal titration calorimetry reveals that binding of cinna-
maldehyde to FtsZ is driven by favorable enthalpic interactions. Further, we map the
cinnamaldehyde binding region of FtsZ, using the saturation transfer difference-nuclear
magnetic resonance and an in silico docking model. Both predict the cinnamaldehyde
binding pocket at the C terminal region involving the T7 loop of FtsZ. Our results show that
cinnamaldehyde binds FtsZ, perturbs the cytokinetic Z-ring formation and inhibits its
assembly dynamics. This suggests that cinnamaldehyde, a small molecule of plant origin,
is a potential lead compound that can be developed as an anti-FtsZ agent towards drug
design.
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1. Introduction

FtsZ, a 40-kDa protein is a highly promising target for new
antibacterial drugs because of its central role in bacterial cell
division [1]. FtsZ undergoes GTP-dependent polymerization
into filaments, which assemble into a highly dynamic
polymeric structure known as the Z-ring on the inner
membrane of the mid-cell [2]. FtsZ is an attractive drug target
due to its widespread conservation in the bacterial kingdom,
its absence in the mitochondria of higher eukaryotes and its
evolutionary distance from eukaryotic tubulin [3]. Recently, a
number of FtsZ inhibitors have been reported. Of the known E.
coli FtsZ inhibitors, viriditoxin [4], dichamantin [5], 2-hydroxy-
5-benzylisouvarinol-B [5], 2,4,6-trihydroxy-3,5-di(2'-hydroxy-
benzyl)-acetophenone [5] do seem to inhibit Gram-positive
bacteria, whereas zantrins Z1-Z5 [6], sanguinarine [7] and A189
[8] are potent inhibitors of broad range of pathogenic bacteria.
Z5 [6] and A189 [8] perturb the FtsZ ring assembly with the
inhibition of GTPase activity, whereas sanguinarine perturbs
the Z ring but may be toxic as it targets mammalian cells [7].

Here we report the identification of FtsZ as one of the likely
intracellular targets for antibacterial action of cinnamalde-
hyde. This phenylpropanoid compound binds FtsZ, inhibits
the GTPase function and polymerization of E. coli FtsZ in the
micro molar range and perturbs the Z-ring assembly in vivo, an
assembly essential for bacterial cell division. Interestingly, it
can offer equivalent bactericidal activities against both, the
susceptible and multi drug resistant Gram-positive and Gram-
negative pathogenic bacteria isolated from human subjects,
with no development of any resistance even after 10
successive passages at sub-inhibitory concentrations [9],
which implies its role as a successful inhibition of FtsZ
inhibitor. It induces cell filamentation and disintegrates E. coli
cytokinesis. Cinnamaldehyde is the only plant based small
molecule inhibitor of FtsZ, whose binding epitopes for FtsZ are
clearly identified for the first time in this study, along with a
proposed binding site in the C terminal pocket of FtsZ
involving the T7 loop.

In this study, the predominant form of cinnamaldehyde,
i.e. trans isomer is used, although cis and trans isomers both
exist. Trans-cinnamaldehyde, 3-phenyl-2-propenal, a potent
aromatic compound isolated from the stem bark of Cinnamo-
mum cassia is used in traditional medicine and pharmaceutical
preparations for gastritis, cold, anti-aggregation of platelet,
anti-mutagenic and bactericidal effects, e.g. Weitongding
tablet (WTDT) is a new Chinese traditional patent medicine,
and Dihuang Pill (GDHP) is a herbal medicinal preparation
[10,11]. This natural product is considered to be a non-toxic
and safe fragrance agent with no acute or chronic toxicity, no
mutageneticity or genotoxicity and no carcinogenicity
detected in bacterial, insect and mammalian studies [12]. It
completely inhibits the growth of numerous pathogenic
species (rods and cocci) such as Staphylococcus, Micrococcus,
Bacillus, Enterobacter, Helicobacter pylori, Mycobacterium smegma-
tis [9,13,14]. Among human intestinal bacteria, growth-
inhibiting activity of cinnamaldehyde was more pronounced
in harmful bacteria like Cl. perfringens and B. fragilis, as
compared to the beneficial bacteria like bifidobacteria and L.
acidophilus [15]. Treatment of the exponential phase cells with
cinnamaldehyde results in filamentation and stronginhibition

of cell separation in B. cereus, where the formation of septa was
observed to be initiated but not completed when treated with
cinnamaldehyde [16]. The mechanism of inhibition of growth
of microbial cells by cinnamaldehyde remains unclear.

Here, we have demonstrated for the first time that FtsZ may
be one of the target proteins for cinnamaldehyde. We have
also shown that cinnamaldehyde inhibited cytokinesis of E.
coli by perturbing the cytokinetic Z-ring formation probably by
inhibition of the assembly of FtsZ protofilaments. In addition,
a 3D model for FtsZ-cinnamaldehyde complex has been
proposed here. The combination of saturation transfer
difference (STD) NMR measurements [17-19] and in silico
molecular modeling using the program AutoDock [20] helped
in identifying the epitopes of the cinnamaldehyde interacting
with FtsZ at atomic resolution.

2. Material and methods
2.1. Reagents

GTP, MES, EDTA, B-mercaptoethanol, LB, Tris-HCI, KCI, MgCl,,
DMSO, CaCl,, polymyxin B, mellitin were purchased from
Sigma (St. Louis, MO). IPTG was purchased from Molecular
Probes (Johnson City, OR). Cinnamaldehyde was obtained
from Aldrich (Milwaukee, WI). Nickel resin was from Qiagen
(Chatsworth, CA). SDS-PAGE chemicals were purchased from
BioRad (Richmond, CA). Alamar Blue was obtained from
Alamar Biosciences Inc (Sacramento, CA). All other chemicals
were of analytical grade.

2.2.  Antibacterial and hemolytic activity of
cinnamaldehyde

Minimum inhibitory concentration and minimum bactericidal
concentration of trans-cinnamaldehyde were determined for
Gram-negative E. coli and Gram-positive B. subtilis using the
colorimetric (alamarBlue™) micro dilution broth assay [21].
For MIC determination, 1000 mg/mL polymyxin B was used as
the positive control and bacterial strains were obtained as
clinical isolates. In addition, MIC of cinnamaldehyde was also
determined for methicillin resistant S. aureus by broth micro
dilution method using National Committee for Clinical
Laboratory Standards [22].

Further, the toxicity of cinnamaldehyde to eukaryotic cells
was tested by its ability to lyse human red blood cells, and
results were compared with mellitin as a standard. Hemolytic
activity was performed as described earlier [23] for which 1000
and 2000 pg/mL cinnamaldehyde was assayed in duplicate.

2.3. FtsZ wild type and FtsZ-GFP purification

FtsZ was purified from the transformed recombinant E. coli K-
12 strain AG1 containing plasmid pCA24N with gene inset for
untagged FtsZ (EcoGene accession no. EG10347) [24]. Cells
grown in LB media were induced (0.5 mM IPTG), harvested,
sonicated and purified on a Nickel-NTA Agarose resin column
by eluting with 300 mM imidazole. Fractions were dialyzed
with 50 mM Tris-HCl pH 8.0, 50 mM KCl, 10% glycerol, 1 mM
EDTA by AKTA FPLC UPC-900 system (GE Healthcare Ltd, UK),
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pooled, concentrated and analyzed by 12.5% SDS PAGE.
Homogeneity of purified FtsZ was assessed by dynamic
light-scattering measurements (DynaPro™ Protein Solutions,
Santa Barbara, CA). FtsZ aliquots were stored at —80 °C.

2.4.  Light-scattering assay for FtsZ polymerization and
1Cso determination

A standard light-scattering assay [25] was used to determine
whether cinnamaldehyde could inhibit GTP initiated in vitro
polymerization of recombinant wild type E. coli FtsZ. In brief,
untagged FtsZ (12.5 pM)) was polymerized in assembly buffer
A (50 mM MES pH 6.5, 50 mM KCl, 5 mM MgCl,, 1 mM GTP) in
the presence of cinnamaldehyde (0-200 M) and monitored in
a LS 55 fluorescence spectrometer (Perkin-Elmer® Corp. MA).

2.5.  GTP hydrolysis assay for FtsZ

A standard malachite green sodium molybdate assay [26] was
employed to quantify the inorganic phosphate produced due
to hydrolysis of GTP during FtsZ assembly in the presence of
cinnamaldehyde (0-200 pM).

2.6. Electron microscopy of FtsZ protofilaments

Untagged-wild type control FtsZ, 12.5 uM was incubated in
assembly buffer A for 10 min. 100 pM cinnamaldehyde was
added to FtsZ protofilaments. After 5 min, the sample was
placed on a carbon coated EM copper grid (300-mesh size) for
60 s, and then the grid was blotted dry and negatively stained
with 2% phospho-tungstate for 45 s [27]. Images were collected
using CM 200 transmission electron microscope (Philips
Electron Optics, FEI Co. Hillsboro, Ore) at 50,000x magnifica-
tion.

2.7.  Spatial characteristics of Z-ring of E. coli cells in vivo

An overnight culture of E. coli cells expressing FtsZ-GFP-tagged
was diluted 1:10 in fresh LB broth [28]. Pre-log phase cells
(ODgoo = 0.3) were treated with 100 pM cinnamaldehyde for
75 min and observed using LSM 510 METAM* laser scanning
fluorescence microscope (Carl Zeiss Micro Imaging GmbH,
Germany) at 100x oil magnification, standard fluorescein
isothiocyanate filter set for GFP. Z-ring analysis was done
using Image J (U.S. National Institutes of Health, Maryland,
USA) and Image-Pro® software (Media Cybernetics, Silver
Spring, MD). 100 cells were analyzed to calculate the frequency
of FtsZ rings.

2.8.  Isothermal titration calorimetry

ITC measurements were performed [29] on VP-ITC Micro-
Calorimeter (MicroCal™ Inc, Northampton, MA). 0.01 mM FtsZ
and 0.025 mM cinnamaldehyde were dialyzed against the
same buffer (50 mM MES pH 6.8, 50 mM KCl, and 5 mM MgCl,).
A typical titration involved 50 injections of cinnamaldehyde
(5 pL aliquots per shot) at 3 min intervals, into the sample cell
(volume ~1.4 mlL) containing FtsZ. The heat of dilution of
ligand in the buffer alone was subtracted from the titration
data. The data was analyzed using Origin® 5.0.

2.9. Saturation transfer difference (STD) NMR
spectroscopy

The exchangeable protons of FtsZ were exchanged to deuter-
ated buffer 50 mM sodium phosphate buffer, pH 6.5 (the pH
value is uncorrected for the deuterium effects), 50 mM NacCl,
5 mM MgCl, by ultra filtration. All STD NMR experiments were
performed on an AVANCE™ DRX-600 NMR spectrometer
(Bruker BioSpin Pte Ltd.) equipped with a cryoprobe at 298 K
using the WATERGATE 3-9-19 sequence for water suppression.
Maximal STD effects can be obtained when it is performed at
protein toligand ratio of 1:100 [30]. 1D STD NMR spectra of 15 uM
of FtsZ and 1500 pM of cinnamaldehyde (molar ratio 1:100) were
recorded using the standard pulse sequence [17] with a 30-ms
spin-lock pulse of 15 kHz. FtsZ was irradiated at 0.15 ppm (on-
resonance) and at 40 ppm (off-resonance), where no NMR
resonances are present. Subtraction of the two spectra by phase
cyclingled to a differential spectrum containing the signal from
the saturation transfer. 256 scans were used for the reference
spectra and 512 for the difference spectra. Spectrum of
cinnamaldehyde was assigned under the same conditions as
the STD NMR spectra. Data processing was performed using the
TopSpin® program suite (Bruker BioSpin Pte Ltd.). For group
epitope mapping analysis of cinnamaldehyde, relative STD
values for the protons were calculated by arbitrarily assigninga
value of 100% to the most intense STD signal.

2.10. In silico molecular modeling

AutoDock 3.0 [20] was employed to dock the PDB coordinates
of the cinnamaldehyde (http://chemistry.gsu.edu) into E. coli
FtsZ homology model, built from the X-ray crystal structure of
M. jannaschii (PDB:1FSZ, 2.8 A) [31] template using Insight II®
2005 (Accelrys, CA, USA). SYBYL 7.1 (Tripos Inc., St. Louis, MO)
was employed to assign the Kollmann all atom charges prior to
docking. Grid maps were constructed using 127 x 127 x 127
points, with grid spacing of 0.375 A. 250 Lamarckian genetic
algorithm runs were performed and the maximum number of
accepted and rejected trials per cycle was set to 10°. Binding
modes were clustered using an r.m.s deviation cut-off of 1.0 A
with respect to the starting position.

3. Results

3.1.  Antibacterial and hemolytic activity of
cinnamaldehyde

Cinnamaldehyde exhibited a broad spectrum of antibacterial
activity against antibiotic sensitive and resistant bacteria.
Minimum inhibitory concentration (MIC) of cinnamaldehyde
against E. coli and B. subtilis were determined to be 1000 and
500 mg/L, respectively (data not presented). For concentra-
tions less than MIC, aerobic microbiological activity caused
alamarBlue™ redox dye to change from blue to pink. For
methicillin resistant Staphylococcus aureus strain (MRSA), the
broth dilution method showed an MIC of 250 mg/L. MIC of
cinnamaldehyde for MRSA was the same as reported earlier
[32]. MIC endpoint was read as the lowest concentration of
cinnamaldehyde in vivo at which no visible growth was
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observed for E. coli, B. subtilis and MRSA. Cinnamaldehyde
showed a minimum bactericidal concentration (MBC) of
1000 mg/L against both E. coli and B. subtilis, respectively.
The MBC was the lowest concentration of cinnamaldehyde
that killed 99.9% of the original inoculum of E. coli and B. subtilis
in 48 h and more.

In the experiment used to evaluate cytotoxicity for red
blood cells, positive control mellitin showed strong hemolytic
activity with 100% lysis after 60 min. However, the highest
concentrations of cinnamaldehyde tested (1000 and 2000 p.g/L)
showed 0% hemolysis. Thus, even at doses higher than its
minimum inhibitory and minimum bactericidal concentra-
tions, cinnamaldehyde showed no hemolytic activity for
human erythrocytes.

3.2.  Cinnamaldehyde inhibits FtsZ assembly

Cinnamaldehyde strongly inhibited the light-scattering signal
of FtsZ assembly. The decrease in light-scattering intensity of
the FtsZ assembly in the presence of cinnamaldehyde
indicates the decrease in the polymer mass of FtsZ protofila-
ments. Fig. 1 shows the effect of cinnamaldehyde on the
kinetics of FtsZ assembly in vitro. GTP-dependent FtsZ
polymerization is inhibited by cinnamaldehyde in a concen-
tration dependent manner. ICs, of cinnamaldehyde for FtsZ
was found to be 6.86 +£2.2 uM (n=>5). Since the assembly of
FtsZ protofilaments is dependent on GTPase activity, it was
important to investigate the effect of cinnamaldehyde on the
hydrolysis of GTP. Cinnamaldehyde showed inhibition of FtsZ
GTPase activity in a dose dependent manner with an ICso of
5.81+ 2.2 uM (Fig. 2).

Electron microscopic images showed the visual evidence
for the inhibition of wild type FtsZ protofilaments in the
presence of cinnamaldehyde. In the absence of cinnamalde-
hyde, a dense network of GTP induced FtsZ protofilaments was
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Fig. 1 - Effect of cinnamaldehyde on FtsZ assembly in vitro.
The polymerization of GTP induced FtsZ was monitored as
a function of light scattering in following concentrations of
cinnamaldehyde, 0 pM (—), 5 pM (—), 10 pM (----), 50 pM
(~=), 100 pM (- - -), 150 pM (- - -), 200 pM (~==). The % control
activity of various cinnamaldehyde concentrations (Inset)
was calculated by comparison with an assay without
cinnamaldehyde and ICs, value of 6.86 + 2.2 puM was
obtained. The experiment was performed in triplicate and
average spectra are shown.
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Fig. 2 - Effect of cinnamaldehyde on the GTPase activity of
FtsZ. GTP hydrolysis was carried out in the presence of
cinnamaldehyde (0-200 M) by adding 1 mM GTP. ICs, of
5.81 + 2.2 pM was observed in presence of
cinnamaldehyde. The experiment was done for three
times.

observed, shown by dark arrows (Fig. 3A). Cinnamaldehyde
inhibited the in vitro bundling of FtsZ protofilaments in a dose-
dependent manner. In presence of 100 uM cinnamaldehyde,
except for a few straight, thin filaments, complete inhibition of
polymerization was observed, as shown in Fig. 3B. Since light-
scattering data showed almost 80% inhibition of FtsZ poly-
merization for 100 pM cinnamaldehyde, it was chosen as the
test concentration for imaging studies in this study.

3.3.  Cinnamaldehyde targets Z-ring characteristics in vivo

Confocal imaging of live E. coli cells with GFP tagged FtsZ was
done under 100 nM concentration of cinnamaldehyde. In the
absence of cinnamaldehyde, the normal pattern of FtsZ
localization with bands of FtsZ-tagged GFP fluorescence (seen
as Z-ring pattern) was observed at the mid-cell (Fig. 4A).
Treatment with 100 uM cinnamaldehyde perturbed the Z-ring
morphology (Fig. 4B). Addition of cinnamaldehyde resulted in
a reduction of Z-rings from 85.7% (0 uM) to 58% (100 M) along
with a reduction in frequency of Z-ring per unit cell length of E.
coli from 5.00 to 2.88. Fig. 4B shows cell elongation induced by
100 pM cinnamaldehyde. The mean length of 3.4 pm in control
E. coli cells can be compared with mean length of 7.2 pm in
treated cells.

3.4.  Cinnamaldehyde binds to FtsZ

The interactions between FtsZ and cinnamaldehyde were
studied by the isothermal titration calorimetry (Fig. 5). The
initial injection of cinnamaldehyde into FtsZ resulted in
binding of cinnamaldehyde and generation of maximal heat
associated with the total enthalpy of the interaction. With
subsequent injections, the amount of FtsZ available for
binding decreased. A concomitant reduction in complex
formation led to reduction of associated heat of interaction.
Eventually all the FtsZ was found in the complex and no
further heat of binding was observed (Fig. 5A). The heats of
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Fig. 3 - Inhibitory effect of cinnamaldehyde on preformed FtsZ wild type protofilaments by electron microscopy. Electron
micrograph (A) illustrated the polymerized network of FtsZ (12.5 pM) upon addition of 1 mM GTP in 50 mM MES pH 6.8,
50 mM KCl, 5 mM MgCl, buffer. The dark arrows are pointed to show the protofilaments (B) illustrated the loss of
polymerized FtsZ bundles (this is shown by the dark arrows) when treated with 100 pM cinnamaldehyde. The grid was
searched thoroughly to trace a few sections containing dot like FtsZ structures, as seen in (B). The scale bar is 100 nm.

individual injections were integrated with respect to time and
plotted against molar ratio of cinnamaldehyde (Fig. 5B). When
the resultant titration curve was fitted using one site binding
model, it yielded an association constant of 1.0 x 10° + 0.2 M~?
and enthalpy change (AH) of —11.260 + 6.150 Kcal mole ™ for a
binding stoichiometry of n=1. The free energy (AG) and the
entropy (AS) calculated were —8.16Kcalmole! and
—0.0106 Kcal mole~* deg?, respectively.

3.5. Epitope mapping of cinnamaldehyde

To determine the pharmacophoric groups of cinnamaldehyde
bound to FtsZ, 1D STD NMR spectroscopy [17-19] was

performed. The STD NMR spectroscopy detected the magne-
tization that was transferred from FtsZ to the bound
cinnamaldehyde protons. It further confirmed the binding
of cinnamaldehyde to FtsZ as only bound ligands show STD
effects. 1D STD NMR spectrum of the FtsZ-cinnamaldehyde
complex is shown in Fig. 6. The relative STD values of the
individual protons were obtained from the reference and STD
spectra, respectively, (Fig. 6A and B). The difference spectrum
(Fig. 6B) contained only signals of cinnamaldehyde, with low
molecular weight impurities being removed. Fig. 6C reflects
the relative amount of saturation exclusively transferred to
cinnamaldehyde which bound to FtsZ. It was found that the
H2 and H3 of the conjugated alkene of cinnamaldehyde

Fig. 4 - Effect of cinnamaldehyde on Z-ring spatial characteristics by confocal microscopy. (A) and (B) show a typical result for
E. coli cells bearing an FtsZ-GFP fusion. Shown are control cells with typical Z ring pattern, as shown by arrows (A), cells
treated with 100 pM cinnamaldehyde show elongation in cell length with dissipated Z-ring morphology, as indicated by
arrows (B). Insets in both panels show an enlarged view of an individual E. coli cell. Cinnamaldehyde reduced the frequency
of Z-ring occurrence/unit cell length in E. coli bacteria and perturbed the Z-ring morphology. The scale bar is 10 pm.
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Fig. 5 - Thermodynamic characterization of FtsZ-
cinnamaldehyde interaction by ITC. (A) Titration of

10.0 pM FtsZ with 25 pM cinnamaldehyde (5 pL injection
steps) in 50 mM MES, 50 mM KCl, 10 mM MgCl, pH 6.8 at
20 °C, as raw data. The rate of heat released is plotted as a
function of time. (B) Plot of heat of exchange per mole of
cinnamaldehyde vs. molar ratio of FtsZ after subtraction of
buffer control.
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received the largest relative saturation transfer of 94% and
100%, respectively (Fig. 6C), and therefore, are most intimately
bound to FtsZ. All the protons of the aromatic ring showed
medium STD response of around 70% (Fig. 6C), suggesting that
these protons have less intimate contacts with the FtsZ
surface in comparison to the H2 or H3. However, H1 was an
exchangeable proton and it was exchanged with the D,0O
buffer.

3.6.  Molecular modeling

In silico molecular modeling was performed using AutoDock
program which gave a docking model built from the flexible
conformational space of cinnamaldehyde, assuming the FtsZ
receptor to be rigid. Auto Docking resulted into one major (210
conformations) and one minor cluster (40 conformations). The
conformation of minor cluster showed that H2 and H3 are
close to the FtsZ surface but the aromatic ring was pointing
towards the solution and hence was ruled out. The lowest
energy conformation from the major cluster of AutoDock was
considered as it was in agreement with the results obtained
from STD NMR spectroscopy. The close view of the putative
binding pocket involved in FtsZ-cinnamaldehyde interaction
is shown in Fig. 7 using PyMOL. This model predicted a strong
possibility of interaction between H2 of cinnamaldehyde and
G295 (~2.2 A) of FtsZ; and between H3 of cinnamaldehyde and
methyl group of V208 (~1.8 A). Interestingly, these residues are
conserved among FtsZ from several species. In the docking
model (Fig. 7), the aromatic ring of cinnamaldehyde was near
the aliphatic-side chains of P203, M206, N207 and V208 of T7-
loop of FtsZ, whereas the carbonyl group of cinnamaldehyde
was found in close proximity to the side chain amino group of
N263 (~1.8A), guanidinium group of R202 (~3.8A) and
hydroxyl group of $297 (~2.8A). These findings on group
epitope mapping agreed well with the docked conformation of

() 70%  100%
H H

H H
70%
H
70%
H
70%

Fig. 6 — Group epitope mapping of cinnamaldehyde bound to FtsZ. (A) Reference 1D NMR spectrum of cinnamaldehyde-FtsZ
complex at 298 K and 600 MHz, using a 30-ms spin-lock pulse of 30 dB is shown. Asterisk indicates the signal for impurities
in the buffer. (B) Corresponding STD NMR spectrum showing that cinnamaldehyde yields signals and therefore binds to
FtsZ. The impurity did not bind to FtsZ, as this signal is absent in the STD spectrum. (C) Structure of cinnamaldehyde and
the relative degrees of saturation of individual protons normalized to that of the H3 proton, as determined from 1D STD
NMR spectra, are shown. Higher % indicates a closer proximity to the FtsZ surface.
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N206 )
Cinnamaldehyde
P203

Fig. 7 - Putative binding pocket for cinnamaldehyde in E.
coli FtsZ. Close view of AutoDock model for
cinnamaldehyde-FtsZ interaction is shown, involving the
T7 loop binding pocket. For simplicity hydrogens of
cinnamaldehyde are omitted. The labeled residues of FtsZ
involved in binding with cinnamaldehyde can be
compared to the STD NMR data. In FtsZ, H7, S8, S9 stands
for central helix 7, and B sheets 8 and 9, respectively.

cinnamaldehyde. In the proposed model, the binding of
cinnamaldehyde to FtsZ involves the T7 loop pocket, similar
to SulA, another known FtsZ inhibitor that binds to the T7
loop.

4, Discussion

Considerable efforts have been made to identify antibacterial
drugs that target the cell division protein FtsZ in an attempt to
establish novel drugs with a unique mode of action. Here, we
have shown that cinnamaldehyde binds FtsZ, inhibits its
assembly and perturbs the formation of the Z-ring, thus
inhibiting the process of cell division.

In vitro, the inhibition of FtsZ by cinnamaldehyde was
confirmed by the reduction in light scattering of polymerized
FtsZ and inhibition of FtsZ polymers was visualized by
electron microscopy. Further, cinnamaldehyde was also found
to be a potent inhibitor of the GTPase activity of FtsZ that
explains its ability to depolymerize preformed FtsZ polymers.
The results of confocal microscopy of live E. coli cells showed
that cinnamaldehyde specifically targeted Z ring spatial
arrangement by dissipating the Z-rings and reducing fre-
quency of Z-ring formation per unit cell length of E. coli to
almost half. Cinnamaldehyde increased the average cell
length of E. coli and perturbed Z-ring morphology by depletion
of FtsZ protofilaments. This further justifies its inhibitory
effect on cell division via FtsZ as a target, because cinnamal-
dehyde is also known to significantly decrease the exponential
growth rate in Bacillus cereus [33] and specific growth rate in E.
coli ATCC 33456, Pseudomonas strains in a dose dependent
manner [34]. The frequency of Z-ring formation in normal cell
division is also proportional to growth rate of bacteria [35]. As
reported earlier, cinnamaldehyde does not disintegrate the
outer membrane or deplete the intracellular ATP pools in

bacteria [36], suggesting that cinnamaldehyde could gain
access to the periplasm and to the deeper parts of the cell,
probably through the outer membrane traversing porins [37].
Thus, one of the modes of antibacterial activity of cinnamal-
dehyde may be attributed to perturbation of Z-rings and
inhibition of cytokinesis.

Cinnamaldehyde can be generally considered a bactericidal
compound asithas an MBC almostequal toits MIC for E. coliand
B. subtilis. In this study, the MIC of cinnamaldehyde against
MRSA is 250 ng/mL which correlates with the earlier report [32].
The acrolein group in the cinnamaldehyde has been elucidated
to be an essential element for the antibacterial activity [38]. But
when exposed to air, the reactive unsaturated aldehyde would
readily oxidize trans-cinnamaldehyde to cinnamic acid [39].
This would cause volatile loss and instability of trans-cinna-
maldehyde and in vivo, it might decompose prior to carrying out
its bactericidal activity. This would result in varying range of
MIC’s of trans-cinnamaldehyde for a bacterial strain, e.g. here
the MIC of trans-cinnamaldehyde in E. coli is 1000 pg/mL.
Although some reports suggest MIC to be in the range of 75-
600 ng/mL[40,32],ithas alsobeenreported tobe merely 1 pg/mL
[9]. But since cinnamaldehyde inhibits MRSA and other
antibiotic-resistant strains of M. tuberculosis, Escherichia, Enter-
ococcus and Staphylococcus [9], it can serve as a template for
developing a novel class of antimicrobial compounds to combat
continuous emergence of antibiotic resistance by targeting
FtsZ. Cinnamaldehyde displayed potent broad spectrum anti-
bacterial activity but no significant hemolytic activity, indicat-
ing that it may be good lead to develop new drugs against
bacterial infections. Moreover, a nearly linear relationship
between antibacterial activity (MIC for E. coli) and E. coli FtsZ
inhibition (ICsp) was observed. This infers [41] that FtsZ can be a
selective mode of action for the cinnamaldehyde and a more
therapeutic effect rather than a toxic effect is exerted by
cinnamaldehyde.

Itis known that cinnamaldehyde is a reactive aldehyde due
to the a,B-unsaturated carbonyl moiety in its side chain. In
vivo, large quantities of the absorbed cinnamaldehyde can be
rapidly and irreversibly oxidized to cinnamic acid by enzy-
matic catalysis, making it unstable in blood [42]. However,
micro encapsulation of trans-cinnamaldehyde for adminis-
tration in vivo could help in preventing this degradation. A
recent report on micro encapsulation of cinnamon oleoresin
by spray drying using binary and ternary blends of gum arabic,
malto-dextrin, and modified starch could successfully stabi-
lize and protect the degradation of cinnamaldehyde, its major
(90%) constituent from light, oxygen and volatile loss [43].
Although micro encapsulation is already a widely accepted
drug delivery method that allows longer-lasting half-lives of
drugs, sustained/controlled release, drug site targeting and
reduced toxicity, further studies are clearly required for
evaluating the stability and overall efficacy of encapsulated
cinnamaldehyde in vivo. Nevertheless, other novel approaches
are being successfully attempted to develop administration of
cinnamaldehyde in vivo. Recently, in mice, a direct delivery
route via the intranasal inoculation and inhalation of vapor
was found to be an effective and safe delivery route for
cinnamaldehyde in improving lethal influenza [44].

Binding of cinnamaldehyde to FtsZ was characterized by
ITC and 1D STD NMR experiments. Isothermal calorimetric
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titration revealed an exothermic and thermodynamically
driven FtsZ-cinnamaldehyde interaction with an association
constant of 1.0 + 0.2 uM~L. Release of heat occurred as FtsZ
went from free (unbound) to the bound state. Since AH is
negative, i.e. —11.260 + 6.150 kcal/mole, a favorable enthalpic
interaction [45] indicated a high affinity of cinnamaldehyde for
its FtsZ binding site. A negative binding free energy, i.e.
—8.16 kcal/mol, confirmed a favorable interaction between
cinnamaldehyde and FtsZ [46]. The dissociation constant
indirectly obtained from ITC results was observed to be one
order of magnitude lower than ICsy for FtsZ inhibition
and fairly consistent to fit the standard Cheng Prusoff
equation [47] for functional binding assay. The binding of
cinnamaldehyde to FtsZ was also confirmed by fluorescence
spectroscopy which showed an 800-fold enhancement in
cinnamaldehyde fluorescence along with a significant 20 nm
blue shift from 327 to 307 nm (data not shown) as cinnamal-
dehyde bound to FtsZ.

STD NMR experiments in conjunction with AutoDock
model gave precise information about the binding epitope
of cinnamaldehyde, which is important for the design of a
potent drug. The experimentally determined STD effects
clearly identified H2 and H3 protons (94% and 100%,
respectively) of conjugated alkene of cinnamaldehyde to be
in close contact with FtsZ protons in the binding pocket of
FtsZ. The AutoDock model showed that H2 proton is in close
vicinity to G295 and the H3 proton is near to the methyl group
of hydrophobic V208 of FtsZ. All the aromatic protons of the
cinnamaldehyde also gave medium STD response (70%),
indicating that the aromatic ring was also necessary for the
binding. Conjugated alkene and aromatic ring of cinnamalde-
hyde are its planar functional groups which may interact with
the binding pocket of FtsZ by means of Van der Waals or
hydrophobic interactions.

Further, H1 of cinnamaldehyde being an exchangeable
proton, no STD NMR assignments were possible for it. Earlier
reports have suggested that the carbonyl group of cinna-
maldehyde was involved in binding with proteins [48]. The
cinnamaldehyde binding site on other proteins involved
cysteine [49], serine [50], and asparagine and glutamine
residues [51]. Here, the docking model suggested that the
carbonyl group of cinnamaldehyde is in close proximity of
side chain amino group of N263, guanidinium of R202 and
hydroxyl group of S297. This indicates that cinnamaldehyde
may interact with FtsZ through hydrogen bonds as well.
Interestingly, multiple sequence alignment analysis revealed
that G295, V208, R202, N263 and S297 are found to be highly
conserved among the FtsZ. Hence, it can be speculated that
the interaction of these conserved residues with cinnamal-
dehyde could be a common feature for FtsZ from several
species.

In addition, N263 and S297 are three dimensionally close to
the T7 loop of FtsZ, whereas the position of R202 and V208 is in
the T7 loop itself. Binding of cinnamaldehyde to these residues
would probably result in perturbation of the conformation of
the T7 loop, which is involved in the GTPase activity of the FtsZ
[52]. Our experiments have shown that cinnamaldehyde
inhibits GTPase activity of FtsZ, further corroborating the
above proposition. Interestingly, crystal structure of the SOS-
inducible cell division inhibitor SulA in complex with FtsZ

from Pseudomonas aeruginosa revealed that SulA binds to the T7
loop surface of FtsZ [53]. Like cinnamaldehyde, SulA also
inhibits GTPase activity and affects FtsZ polymerization,
revealing an effective evolutionary strategy for targeting FtsZ.
From the sequence alignment, we found that residues that
bind SulA are also adjacent to the residues of FtsZ proposed to
be involved in cinnamaldehyde binding, especially V208, R202,
and N263 and G295. Based on this observation, we performed a
competitive binding experiment of SulA and cinnamaldehyde
with FtsZ. Our preliminary data showed a possibility of an
overlap of SulA and cinnamaldehyde binding pocket (data not
shown). This further strengthens the reliability of our FtsZ-
cinnamaldehyde complex model.

Hence, our finding that a small molecule inhibitor like
cinnamaldehyde binds around the T7 loop may be significant
to further predict a novel class of destabilizing anti-FtsZ
agents. These compounds may bind to the T7 loop in one FtsZ
monomer inducing such conformational changes that one
FtsZ monomer fails to make optimum contact with the GTP
binding T1-T6 loop in the neighboring monomer and thereby
inhibits FtsZ polymerization. The results reported here have
confirmed that cinnamaldehyde inhibits bacterial cell division
protein FtsZ. This work suggests that although cinnamalde-
hyde is unstable it could be considered a new source for
antibacterial drug development. Since its pharmacophoric
groups have been identified here, it could be a lead structure
for the design of more stable and potent anti-FtsZ agents as
well as a vital tool for understanding the regulatory role of FtsZ
in cell division.
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