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ABSTRACT. Totarol, a diterpenoid phenol, has been shown to inhibit the proliferation of several pathogenic
Gram-positive bacteria includinglycobacterium tuberculosisn this study, totarol was found to inhibit

the proliferation ofBacillus subtiliscells with a minimum inhibitory concentration of 2. It did not
detectably perturb the membrane structur8 odubtilis it strongly induced the filamentation B. subtilis

cells, suggesting that it inhibits bacterial cytokinesis. Totarol M9 reduced the frequency of the Z-ring
occurrence per micrometer of the bacterial cell length but did not affect the nucleoid frequency, suggesting
that it blocks cytokinesis by inhibiting the formation of the Z-ring. The assembly dynamics of FtsZ is
thought to play an important role in the formation and functioning of the Z-ring, a machine that engineers
cytokinesis in bacteria. Since totarol was shown to inhibit the proliferatidn. afiberculosiswe examined

the effects of totarol on the assembly dynamicMofuberculosid-tsZ (MtbFtsZ) in vitro. Totarol decreased

the assembly dfitbFtsZ protofilaments and potently suppressed the GTPase actitybsttsZ. It bound

to MtbFtsZ with a dissociation constant of 1 2.3 uM. It increased the fluorescence intensity of the
MtbFtsZ—1-anilinonaphthalene-8-sulfonic acid complex and inhibited the fluorescence intenkitflef
pyrene)maleimide-labelelltbFtsZ, suggesting that totarol induces conformational changbibRtsZ.

The results indicated that totarol can perturb the assembly dynamics of FtsZ protofilaments in the Z-ring.
Totarol exhibited extremely weak inhibitory effects on HelLa cell proliferation. It did not affect microtubule
organization in HelLa cells. The results suggest that totarol inhibits bacterial proliferation by targeting
FtsZ and it may be useful as a lead compound to develop an effective antitubercular drug.

Cell division has always been an attraction for the drug cell division. Its prokaryotic homologue, FtsZ, is also shown
development programs. One of the major targets of theseto play a critical role in bacterial cell division (reviewed in
drugs in higher eukaryotes has been the cytoskeletal proteinrefs 5—8). FtsZ is known to be the first protein that reaches
tubulin (1—2). Tubulin plays a major role during eukaryotic to the division site and polymerizes to form a cytokinetic
ring, known as the “Z-ring” at the site of septum formation.
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OH recombinantM. tuberculosisFtsZ MtbFtsZ)?! It inhibited

the assembly and GTPase activityMtbFtsZ in vitro. The
data together indicated that totarol inhibits the proliferation
of Gram-positive bacteria by targeting FtsZ.

MATERIALS AND METHODS

Materials. Totarol was purchased from Industrial Research
Limited (New Zealand). HEPESNF(2-hydroxyethyl)pipera-
zine-N'-2-ethanesulfonic acid], monosodium glutamate, iso-
propyl p-pb-thiogalactopyranoside (IPTG), bovine serum
the antibacterial agentdZ, 13). Interestingly, most of the  albumin (BSA), guanosine '&riphosphate (GTP), '%6-
tubulin/microtubule targeting agents including paclitaxel, diamidino-2-phenylindole (DAPI), Cy3-conjugated goat anti-
vinblastine, and colchicine do not affect FtsZ assembly rabbit secondary antibody, and mouse monoclonal @nti-
dynamics, indicating that FtsZ can be a selective antibacterialtubulin antibody were obtained from Sigma (St. Louis, MO).

Ficure 1: Structure of totarol (14-isopropyl-8,11,13-podocar-
patrien-13-ol).

target. Recently, a few attempts have been made to explorel-Anilinonaphthalene-8-sulfonic acid (ANSN-(3-triethy-

the utility of FtsZ as a target for antibacterial agents
(14—17). Small molecule inhibitors that perturbed the
functional properties of FtsZ frofascherichia coli(14, 16)
and Mycobacterium tuberculosi§l5, 17) were found to
inhibit bacterial proliferation.

Totarol is a naturally occurring diterpenoid phenol ex-
tracted fromPodocarpus totargFigure 1). The timber of
P. totarais known for its resilience against rotting, which is
most likely derived from the antibacterial activity of totarol
(18). Totarol has been found to exhibit a potent antibacterial
activity against a number of Gram-positive bacteria, including
Staphylococcus aureuboth the penicillin-susceptible and
penicillin-resistant strainsl@), and M. tuberculosiswhere
it inhibited cell proliferation with a MIC of 16:g/mL (20).
Totarol was also found to potently inhibit the proliferation
of Propionibacterium acnesyhich causes skin diseas@qy

lammoniumpropyl)-4-[6-[4-(diethylamino)phenyl]hexatrienyl]-
pyridinium dibromide (FM 4-64), 2 (or 3-) O-(trini-
trophenyl)guanosine' &riphosphate (TNPGTPN-(1-pyren-
e)maliemide (PM), and goat anti-mouse lgBlexa 568
were purchased from Molecular Probes (Eugene, OR).
Primary polyclonal anti-FtsZ rabbit antibody was developed
in rabbit againsE. coli FtsZ by Bangalore Genie (India).
All other chemicals used were of analytical grade.
Expression and Purification of MtbFtsZ. MitsZ was
overexpressed and purified from the recombin&ntcoli
BL21 strain cloned in pET15b (kindly provided by Dr. P.
Tonge and Dr. P. Nair) as described previousg) (with
some modifications in the procedures. Briefly, the clear cell
lysate was subjected to 33% ammonium sulfate precipitation.
The pellet was dissolved in 25 mM HEPEROH buffer
(pH 6.5) containing 2 mM MgGJ and the protein solution
was desalted by passing through a preequilibrated gel
filtration column (Bio-Gel P-6 column).MtbFtsZ was

Although totarol showed a potent antibacterial activity against Purified using a C& agarose column (BD biosciences)

a wide range of Gram-positive bacteria, it did not show any

activity against Gram-negative bacteria. Totarol also has no

activity against fungi. Totarol was shown to have a mild
antitumor activity against the 9KB cell system, but the
activity was too low to be of therapeutic valud§}.
Haraguchi et al.Z2) proposed that totarol functions at the
level of energy-coupled bacterial respiration, but later it was
shown to inhibit the growth of facultative as well as obligate
anaerobic bacteria under anaerobic conditii2®.(Some
studies on the mechanism of antibacterial activity of totarol

equilibrated with buffer A (50 mM HEPESKOH, pH 7,
plus 300 mM NacCl). The column was washed with—10
15 mL of buffer A. Recombinan¥tbFtsZ was eluted with

1 x elution buffer containing 150 mM imidazole, 50 mM
HEPES-KOH (pH 7.0), and 300 mM NacCl. The protein
solution was desalted using a preequilibrated Bio-Gel P-6
column. The N-terminal six-His tag was removed by
digestion at 37C with 2 units of thrombin (Sigma)/mL of
FtsZ 26). Thrombin was removed by passing the digested
protein mixture over a benzamidine agarose column (Sigma;
flow rate, 1 mL/min) equilibrated with desalting buffer

claimed cell wall biosynthesis as a possible target. It has containing 25 mM HEPESKOH (pH 7.2), 100 mM KClI,

also been indicated that totarol may act by disrupting the
phospholipid membrane of bacteri2dj. Although different

mechanisms for the antibacterial action of totarol have been

proposed by several investigato?2,(24, 25), its antibacterial
mechanism of action is far from clear.

Interestingly, we found that totarol increased the length
of Bacillus subtiliscells by several fold, showing that it
inhibits cell division inB. subtilis At its effective inhibitory

concentration range, totarol neither disrupted the membrane

structure ofB. subtilis cells nor detectably affected the
nucleoid segregation. However, it perturbed the formation

0.1 mM EDTA, 1 mM DTT, and 10% glyceroRg). MtbFtsZ
was further purified using one cycle of temperature-depend-
ent glutamate-induced polymerizatioR7( 28). The pellet
was dissolved using ice-cold 25 mM HEPES buffer (pH 6.5)
on ice. FtsZ concentration was measured by the Bradford
method using BSA as a standag&$) and stored at-80 °C.
The purity of FtsZ was estimated to be98% from a
Coomassie-stained SBAGE.

Sedimentation Assaylotarol was dissolved in 100%
DMSO. MtbFtsZ (6uM) in 25 mM HEPES buffer, pH 6.5,

1 Abbreviations: MtbFtsZ, Mycobacterium tuberculositsZ; HEPES,
N-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic acid; IPTG, isopropyl

of the cytokinetic Z-ring, suggesting that the drug inhibits A-b-thiogalactopyranoside; BSA, bovine serum albumin; GTP, gua-

bacterial cytokinesis by perturbing the formation and func-
tioning of the Z-ring. Totarol was found to bind to purified

nosine 5triphosphate; DAPI, 46-diamidino-2-phenylindole; ANS,
1-anilinonaphthalene-8-sulfonic acid; TNPGTP; @r 3-) O-(trini-
trophenyl)guanosine'&riphosphate; PMN-(1-pyrene)maleimide.
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was incubated in the absence and presence of different In addition, FtsZ (9uM) was polymerized in 25 mM
concentrations (10, 25, 50, and #M) of totarol on ice for HEPES buffer, pH 6.5, containing 5 mM MgChnd
30 min. Then, 100 mM KCI, 5 mM MgGJ and 1 mM GTP 100 mM KCI in the absence of glutamate without or with
were added to the reaction mixtures and then polymerized 150 uM TNPGTP. The polymers were collected by cen-
at 37 °C for 30 min. The polymers were sedimented at trifugation, and the protein concentration in the pellet was
22700@ for 30 min at 30°C. The supernatant was collected determined as described previously.
without disturbing the pellet. The protein concentration in  Effect of Totarol on the Binding of TNPGTP to MtbFtsZ.
the supernatant was measured by Bradford’s met& ( TNPGTP, a fluorescent analogue of GTP, has been found
using BSA as a standard. The amount of polymer formed to bind to FtsZ with a stoichiometry 6£0.84 TNPGTP per
was calculated by subtracting the concentration of FtsZ in FtsZ monomer 31). Therefore, TNPGTP was used to
the supernatant from the total protein concentrat®r).( determine the effect of totarol on the binding of GTP with
Totarol-Induced Aggregation of MtbFtsZhe preformed MtbFtsZ. MtbFtsZ (5uM) was incubated without or with
MtbFtsZ aggregates were removed by centrifugation at different concentrations (10, 25, and a®) of totarol in
22700@ for 30 min. MtbFtsZ (6uM) in 5 mM MgCl, and 25 mM HEPES buffer, pH 6.5, containing 5 mM MgGbr
25 mM HEPES buffer, pH 6.5, was incubated in the absence 30 min on ice. TNPGTP (52M) was added to each of the
and presence of different concentrations of totarol on ice for reaction mixtures and incubated for an additichh onice.
30 min. The reaction mixtures were then incubated &t@@7  The fluorescence measurements were taken using 410 nm
for an additional 30 min and subsequently centrifuged at as the excitation wavelength. A cell of 0.3 cm path length
22700@ for 30 min at 30°C. The supernatant was collected was used to determine the fluorescence intensity changes.
without disturbing the pellet. The protein concentration in  Determination of the Dissociation Constant of the Interac-
the supernatant was measured. The amount of polymertion between MtbFtsZ and Totarol. MitsZ (1 «M) was
formed was calculated by subtracting the concentration of incubated with different concentrations of totarol in 25 mM
FtsZ in the supernatant from the total protein concentration. HEPES buffer, pH 6.5, at 28C for 30 min. Then, 5Q:M
Electron Microscopic Analysis. MEisZ (6 uM) was ANS was added to each reaction mixture and incubated for
incubated in the absence and presence of different concentraan additional 30 min. The fluorescence intensity at 475 nm
tions (25 and 5(:M) of totarol in 25 mM HEPES, pH 6.5, was measured using 360 nm as the excitation wavelength.
buffer for 30 min on ice. After adding, 100 mM KCI, 5 mM A cell of 0.3 cm path length was used to determine the
MgCl,, and 1 mM GTP were added to the reaction mixtures fluorescent intensity changes. Totarol increased Nte
and were kept for polymerization at 3T for 30 min. After bFtsZ—ANS complex fluorescence in a concentration-
30 min of assembly, FtsZ polymers in the samples were fixed dependent manner. Totarol had no effect on the fluorescence
with 0.5% glutaraldehyde, and 506L of the polymeric intensity of free ANS in the absence of FtsZ. The increased
suspension was placed on the carbon-coated copper grid$§luorescence intensity of tndtbFtsZz—ANS complex at 475
(300 mesh) and blotted dry. The grids were subsequentlynm in the presence of totarol was used to determine the
subjected to negative staining by 1% uranyl acetate solutiondissociation constant of the interaction between totarol and
and air-dried 28). The samples were examined using the FtsZ (32, 34). The fraction of binding sitesx) occupied by

FEI-Tecnai-G 12 electron microscope. ANS was calculated using the equation:
Measurement of the GTPase Adiy. A malachite green
ammonium molybdate assay was used to measure the o= (F — Fo)/AF .«

production of inorganic phosphate during the GTP hydrolysis

(28, 30). MtbFtsZ (6uM) in 25 mM HEPES buffer (pH 6.5)  whereF, is the fluorescence intensity of thétbFtsZ—ANS
was incubated in the absence and presence of differentcomplex in the absence of totardt, is the fluorescence
concentrations (5, 10, 25, 50, and #Z8) of totarol on ice intensity of theMtbFtsZ—ANS complex in the presence of
for 30 min. Subsequently, 100 mM KCI, 1 mM MgChand totarol, andAFn.«is the maximum change in the fluorescence
1 mM GTP were added to the reaction mixtures, and the intensity when FtsZ is fully occupied with totarohFmax
mixtures were immediately transferred to 32. The GTP was determined by plotting H(— Fo) versus 1/[totarol] and
hydrolysis reaction was quenched after 30 min of incubation extrapolating 1/[totarol] to zero. The dissociation constant
by adding 10% (v/v) ©7 M perchloric acid, and the (Kg) was calculated using the equation:

quenched reaction solutions were kept on ice. The reaction

mixtures were then kept at 2& for 10 min and incubated lla=1+ KyL;

with malachite green ammonium molybdate solution at room

temperature for 30 min. The production of phosphate ions wherelL; is the free totarol concentration ahgd= L — a-
was determined by measuring the absorbance at 650 nm. AC], whereL is the total concentration of totarol and [C] is
phosphate standard curve was prepared using sodium phosthe molar concentration of totarol-binding sites assuming a
phate. single binding site of totarol per FtsZ monomer.

Effect of TNPGTP on MtbFtsZ Assemb@lutamate is Effect of Totarol on the Conformation of N-(1-Pyrene)-
known to induce the assembly and bundling of FtsZ polymers maleimide-Labeled MtbFtsZ. MtbFt$& «M) was incubated
(28). MtbFtsZ (9uM) was polymerizedn 1 M monosodium with 6 uM N-(1-pyrene)maleimide (PM) in 25 mM HEPES
glutamate buffer, pH 6.8, containing 5 mM MgCand buffer, pH 6.5, fo 2 h onice. The reaction mixture was
100 mM KCI in the absence and presence of 184 then passed through a gel filtration column (Bio-Gel P-6) to
TNPGTP for 30 min at 37C. Polymers were centrifuged remove the free PM. The concentrationMtbFtsZ-bound
at 22700@ for 30 min at 30°C. The protein concentration ~PM was estimated from the absorbance at 337 nm using a
in the pellet was determined as described previously. molar extinction coefficient of 37000 M cm~* at 337 nm.
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The protein concentration was measured by Bradford’s intensity at 335 nm was measured using 295 nm as the
method 28). The incorporation ratio of PM per mole of excitation wavelength.

MtbFtsZ was determined by dividing the bound PM con-  Mammalian Cell Proliferation AssayHelLa cells were
centration by theMtbFtsZ concentration. The incorporation  grown in minimal essential medium (Himedia) supplemented
ratio (PM/FtsZ) was found to be 05 0.2. PM-MtbFtsZ  with 10% (v/v) fetal bovine serum, 1.5 g/L sodium bicarbon-
(1 uM) was incubated in the absence and presence ofate, and 1% antibiotic antimycotic solution at 3C in a
different concentrations (5, 10, 25, and &) of totarol at ~ humidified atmosphere of 5% carbon dioxid85) The
25 °C for 30 min. Fluorescence spectra were taken using inhibition of cell proliferation was determined using a
337 nm as the excitation wavelength. Totarol had no effect standard sulforhodamine B assay as described previ@Ely (
on the fluorescence intensity of 2-mercaptoethanol-conju- 36). The cells were seeded at a density of 1L.0° cells/mL
gated PM. and were grown in the absence and presence of different
Antibacterial AssayThe overnight grown culture was used concentrations (50 uM) of totarol for 24 h. DMSO was
to inoculate 10 mL of LB medium in a way that the final used as a vehicle control. The cells were fixed with 10%
ODgoo Of the media reachee0.1. Totarol was dissolved in  trichloroacetic acid and stained with 0.4% sulforhodamine
100% DMSO and sterilized by passing through a 2 B, and the concentration of the protein-bound dye was
syringe filter (Nalgene); the final concentration of DMSO determined by measuring the absorbance at 56038 (
in all experiments was 0.1%. Different concentrations (0.5, |mmunofluorescence Microscopy of Mammalian Cells.
1.0, 1.5, 2, and M) of totarol were added to culture, and  |mmunofiuorescence microscopy was performed as described
the cell proliferation was observed at different time intervals previously @3, 35). Briefly, the cells were grown on
by measuring the Odo. ODeoo values were used to calculate  coverslips and incubated with different concentrations of
the percentage inhibition in the cell growth with respect t0 totarol for one cell cycle. The cells were then fixed and
control. To determine the MIC (minimum inhibitory con-  permeabilized as described previousig)( After nonspecific
centration) of totarolB. subtilis 168 cells were grown for  gijtes were blocked with 2% BSA/PBS, the cells were
2 hin the absence and presence of different concentrationsncypated with the mouse monoclonal amtitibulin antibody
of totarol (0.5, 1.0, 1.5, 2, and 8M). Then appropriate  for 2 h at 25°C followed by the Alexa 568-conjugated anti-
dilutions were spread on the LB agar plates. The plates wereygyse lgG antibody fol h at 25°C. To visualize nuclei,
incubated for 12 h at 37C. The number of colonies growing  the cells were incubated with DAPI and examined with a
on each pIate_was determined using a bacteriological colony Njikon Eclipse TE-2000 U fluorescence microscope. The
counter (Medica Instrument Co., India). images were analyzed by using Image Pro Plus software

Visualization of Bacterial MorphologyAn overnight (Media Cybernetics, Silver Spring, MD).
culture was used to inoculate tubes containing 10 mL of LB

medium and different concentrations (0.5, 1.0, anduVB RESULTS

of totarol. Cells were grown fo2 h and fixed as described o

(14). The cells were examined using differential interference ~ Effects of Totarol on Polymerization of MtbFtsZhe
contrast microscopy. effect of totarol on the polymerization dfitbFtsZ was

Membrane Staining=M4-64, a fluorescent dye, was used analyzed by quantifying the polymerized mass of FtsZ in
to stain the membraned4). Briefly, B. subtilis 168 cells  the absence and presence of different concentrations (10
were grown in the absence and presence of different 75 «M) of totarol. Under the experimental conditions used,
concentrations of totarol for 2 h. FM4-64 was added to the 75% of the total FtsZ was sedimented as polymers in the
growing cultures. The cells were grown for an additional @bsence of totarol. Totarol decreased the amount of polym-
15 min and observed under an Eclipse TE-2000 U micro- €rized FtsZ (Figure 2). For example, bM totarol inhibited
scope (Nikon). The images were analyzed using Image Prothe polymerized mass of FtsZ by 27% ¢ 0.001).

Plus software (Media Cybernetics, Silver Spring, MD). The effect of totarol on the assemblyMtbFtsZ protofila-

Immunofluorescence Microscopyhe Z-ring and nucle- ments was also examined using a transmission electron
oids of B. subtilis 168 cells were visualized in the absence Mmicroscope. The number of FtsZ polymers per field of view
and presence of totarol as described previousty. Briefly, was found to be reduced significantly in the presence of
B. subtilis168 cells were grown in LB media for overnight. totarol, suggesting that totarol reduced the assembly of FtsZ
The cells were diluted in LB media in the absence and (Figure 3). The average width bitbFtsZ protofilaments was
presence of different concentrations (0.5, 1.0, anduM3 determined to be 2@ 12 nm. Totarol had no significant
of totarol and further grown for 2 h. Cells were fixed using effect on the width of the FtsZ protofilaments (data not
2.5% formaldehyde and 0.04% glutaraldehyde. FtsZ was Shown).
stained with polyclonal anti-FtsZ rabbit antibody followed Further, totarol was found to induce aggregation of
by Cy3-conjugated goat anti-rabbit secondary antibody. MtbFtsZ monomers under nonassembly conditions in the
Nucleoids were stained usingy/mL DAPI and visualized absence of GTP. For example, under the nonassembly
under a fluorescence microscope (Eclipse TE-2000 U conditions used, & 1%, 18+ 6%, and 3%+ 2% of MtbFtsZ
microscope; Nikon). were sedimented as polymers in the absence and presence

Binding of Totarol with TubulinThe binding interaction ~ of 50 and 100uM totarol, respectively. In addition, the
of totarol with tubulin was examined by monitoring the electron micrographs showed that high concentrations of
effects of totarol on the intrinsic tryptophan fluorescence of totarol caused extensive aggregation of FtsZ monomers
tubulin (3, 34). Goat brain tubulin (M) was incubated (Figure 3C). The findings together may explain the modest
without or with different concentrations of totarol in 25 mM  effect of totarol on the assembly of FtsZ in vitro as
PIPES, pH 6.5, for 30 min at 28C. The fluorescence determined by the sedimentation analysis.
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Ficure 2: Effects of totarol on the assembly litbFtsZ. MtbFtsZ

(6 uM) was polymerized in 25 mM HEPES buffer, pH 6.5,
containing 100 mM KCI, 5 mM MgGl and 1 mM GTP in the
absence and presence of different concentrations of totarol for
30 min at 37°C as described in Materials and Methods. The
polymers were collected by centrifugation at 227®@r 30 min.

The polymeric mass oMtbFtsZ was determined by subtracting
the supernatant protein concentration from the total protein
concentration. The experiment was performed four times.

Totarol Suppressed the GTPase Aityi of MtbFtsZ but
Did Not Affect the Binding of GTP to MtbFtsK s thought
that the assembly dynamics of FtsZ is regulated by the GTP
hydrolysis 87, 38). Totarol was found to reduce the GTPase
activity of MtbFtsZ in a concentration-dependent manner
(Figure 4). For example, 10 and 78/ totarol reduced the
GTPase activity oMtbFtsZ by 24% and 67%, respectively,
compared to the controp(< 0.001). The results suggested
that totarol perturbs the assembly dynamics of FtsZ.

Totarol might inhibit the GTP hydrolysis rate of FtsZ
assembly either by inhibiting the binding of GTP to FtsZ or
by modulating assembly dynamics of FtsZ protofilaments.
The effect of totarol on the GTP binding was determined by

. different totarol concentrations. FtsZ (81) was polymerized in
using TNPGTP, a fluorescent analogue of GTP. The 25 mm HEPES buffer, pH 6.5, containing 100 mM KCI, 5 mM
fluorescence intensity of TNPGTP was found to increase by MgCl,, and 1 mM GTP at 37C in the absence and presence of

70% upon binding taVitbFtsZ. Preincubation olMtbFtsZ totarol (25 and 5&M) for 30 min. Shown are electron micrographs
with GTP strongly inhibited the development of TNPGTP of FtsZ polymers formed in the absence (A) and presence of 25

fluorescence, suggesting that TNPGTP bindMtoFtsz at M (B) and 50uM (C) totarol. The scale bar 500 nm.

the GTP site (Figure 5A).

Using two different assembly conditions, we examined
whether TNPGTP could induce the assemblyMibFtsZ.
In the first approachMtbFtsZwas polymerized in 25 mM
HEPES buffer containing 5 mM Mgghlnd 100 mM KCI
in the absence and presence of 1B@ TNPGTP. In the
presence of TNPGTP, 1% 0.5% of the total FtsZ formed
sedimentable polymers. However, only=31.8% of the total
Ftsz formed sedimentable polymers in the absence of
TNPGTP, indicating that TNPGTP could promote the -
assembly oMtbFtsZ. In the second approach, the effect of 0 10 20 30 40 50 60 70 80
TNPGTP on the glutamate-induced assembliyldfFtsZ was Totarol (uM)
analyzed. TNPGTP was found to promote the assembly of Ficure 4: Effect of totarol on the GTPase activity MtbFtsZ.
MtbFtsZ strongly in the presence of monosodium glutamate. FtsZ (6 M) was incubated in 25 mM HEPES buffer (pH 6.5)

e 0 0 containing 100 mM KCI and 5 mM Mgglin the absence and
Under the conditions used, 8 3% and 83+ 2% of the resence of totarol (575 uM) for 30 min on ice. Then, 1 mM

total FtsZ were sedimented as polymers in the absence anchP was added to the reaction mixtures and immediately transferred
presence of 15kM TNPGTP, respectively. The results to 37°C. Samples were taken out after 30 min, and the hydrolysis

together suggested that TNPGTP can be used as a probe teeaction was quenched by adding perchloric acid. The production
monitor the GTP binding site okltbFtsZ. Totarol did not of phosphate ions was determined by measuring the absorbance at
change the fluorescence intensity of FtsZ-bound TNPGTP 850 M- The data are an average of four experiments.
significantly, suggesting that totarol does not affect the Interaction of Totarol with MtbFtsZ. M#&tsZ does not
binding of GTP to FtsZ (Figure 5B). have a tryptophan residue. ANS, a hydrophobic probe, is
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10uM (A), 20uM (O), 40 uM (@), 80uM (<), and 10QuM (@)
totarol are shown in panel A. The double reciprocal plot of the
binding data is shown in panel B. The excitation and emission

40 uM TNPGTP was added to the reaction mixtures and incubated wavelengths were 360 and 475 nm, respectively. The experiment
for an addition&2 h onice. Fluorescence spectra of TNPGTP in was performed nine times.
the absencel() and presence dfitbFtsZ without @) or with 2 250

Ficure 5: Effect of totarol on the binding of TNPGTP MtbFtsZ.
MtbFtsZ (7uM) in 25 mM HEPES buffer containing 5 mM Mggl
was incubated without or with 2 mM GTP for 30 min on ice. Then,

mM GTP (A) are shown in panel A. Panel B represents the effect 2

of totarol on the fluorescence intensity of TNPGTP. FtsZ:.) 2

was incubated in the absence and presence of different concentra- £ 200

tions of totarol as described in Materials and Methods. Then, °

50uM TNPGTP was added to the reaction mixtures and incubated 2 150

for an additional 4 h. Fluorescence spectra were taken using §

410 nm as the excitation wavelength. The emission spectra of free o

TNPGTP in the absenc®] and presence of 10M (arrowhead), g 100+

25 uM (<), and 50uM (@) totarol and the emission spectra of i

MtbFtsZ-bound TNPGTP in the absencdd)(and presence of S s0-

10uM (@), 25uM (A), and 50uM ('¥) totarol are shown in panel s

B. The experiment was performed four times. & 0

routinely used to determine the binding of a ligand to a 360 380 400 420 440 460

protein B2, 33). It has been shown that ANS had no effect Wavelength (nm)

on the polymerization properties of Fts29). Therefore,  ggure 7: Effect of totarol on the fluorescence of PNHtbFtsZ.
ANS was used to determine the interaction betwe#-tsZ PM—MtbFtsZ (14M) was incubated in the absence and presence
and totarol. ANS was found to bind MtbFtsZ (Figure 6A). of differe_nt concentrations of tqtar_ol. Fluorescence spectra were
Totarol increased the fluorescence intensity offttbFtsZ— taken using 337 nm as the excitation wavelength. Shown are the

. . A fluorescence intensity of PMMtbFtsZ in the absence®) and
ANS complex in a concentration-dependent manner, indicat- , esance of 5mM (), 10 uM (a), 25 uM (A), and 50uM (#)

ing that it induced conformational change in the protein totarol. The experiment was repeated three times.

(Figure 6A). Using a double reciprocal plot of the fluores-

cence data, the dissociation constant for the binding of totarol positive pathogenic bacterium. We udgdsubtilis168 cells

to MtbFtsZ was calculated to be Ht 2.3 uM (Figure 6B). as a nonpathogenic Gram-positive model to probe whether
MtbFtsZ has a single cysteine residue at its 155th position. totarol can inhibit Z-ring formation in bacteria by inhibiting

The single Cys155 residue d¥ltbFtsZ was covalently  FtsZ assembly; moreove, subtilisFtsZ shares 58% amino

modified using PM, a sulfhydryl-specific reagent. Totarol acid identity with MtbFtsZ. Totarol inhibited the cell

reduced the fluorescence intensity of the PMtbFtsZ proliferation of B. subtilis168 and caused cell elongation.

complex in a concentration-dependent manner, indicating thatin liquid broth medium the growth was reduced by 47

it induced conformational change in the protein (Figure 7). 6%, 55+ 5%, and nearly 100% in the presence of 1, 1.5,
Inhibition of Cell Proliferation of B. subtilis and Induction  and 2uM totarol, respectively. The MIC value of totarol

of Filamentation by Totarol. M. tuberculosis a Gram- for B. subtiliswas found to be 2«tM calculated using the
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of 71% cells ranged from 12 to %m. The results indicated
that totarol inhibits bacterial proliferation by blocking
cytokinesis.

The effect of totarol on the membrane Bf subtilis168
cells was examined using a membrane-staining dye FM 4-64.
The fluorescence intensity of the dye across the membrane
of B. subtilis 168 was compared in the absence and in the
presence of 0.5, 1, and 1;/8M totarol. The fluorescence
intensities across the membrane were found to be H579
283 (au), 1657 421 (au), 1514+ 464 (au), and 148%

350 (au) in the absence and presence of 0.5, 1, andM.5
totarol, respectively. The observation suggested that totarol
did not affect the membrane integrity &. subtilis 168
detectably.

Totarol Inhibited Z-Ring Formation but Did Not Perturb
Nucleoid SegregationSince totarol appeared to inhibit
bacterial cytokinesis, the effects of totarol on the Z-ring
assembly were analyzed along with its effects on the nucleoid
segregationB. subtilis168 cells were grown in the absence
and presence of 1..M totarol for 2 h. Cells were
immunostained with anti-FtsZ antibody, and nucleoids were
stained with DAPI as described in Materials and Methods.
Most of the control cells were found to contain two nucleoids.
For example, 13%, 76%, and 11% of the control cells were
found to have one, two, and four nucleoids, while in the
presence of 1..xM totarol, cells with one nucleoid were
B control C not found and 38%, 32%, and 30% cells were found to
50+ [ 1.5uMTotarol contain two, four, and eight or more nucleoids, respectively.
Thus, in contrast to the control cells, a significant population
of the totarol-treated cells had four and eight or more
nucleoids. Further, in control cells 13% of the cells were
with one nucleoid with an average length of 2:70.2 um,
which reflects the population of newborn cells. Whereas in
the case of totarol-treated cells, no cell was found with one
nucleoid, suggesting that totarol inhibited cell division. The
frequency of nucleoigdm of cell length was found to be
0.48+ 0.01 and 0.45: 0.01 in the absence and presence of

1.5uM totarol, indicating that totarol had no detectable effect
J_\ on the nucleoid segregation of bacteria ((Figure 9 and

24 46 68 810 10-12 12-16 16-20 2030 3040 4070 Table 1). _ _
Cell Length (um) A majority (85%) of the control cells with two nucleoids

Ficure 8: Totarol-induced filament formation iB. subtilis168 had a prominent Z-ring at the mid-cell. In the absence of
B. subtilis168 cells were grown fo2 h in theabsence (A) and in totarol, 69% of the control cells had one Z-ring whereas in

the presence of 1,6M (B) totarol in LB media. The morphology ~ the presence of 1.6M totarol only 20% of the cells were
of cells was observed under differential interference contrast found to contain a Z-ring (Figure 9). Further, the Z-rings
microscopy. The scale bar is 1n. The effects of the totarol on  were found to be perturbed in the presence of totarol. The
the length ofB. subtilis168 cells are shown in panel C. The dark frequenCIeS of the Z-ringin of the bacterial cells in the
gray bar represents control cells, and the light gray bar represents,
cells treated with 1.5M totarol. absence and presence of totarol were determined to be 0.16
+ 0.009 and 0.03t 0.005, respectively (Table 1). Thus,
colony count method4Q, 41). MIC is calculated as the totarol strongly decreased the frequency of the Z-ring
lowest concentration of totarol that gave no visible colonies occurrence/m of the bacterial cell length and did not affect
when parallel control plates with no totarol gave 2620 the frequency of nucleoidi of cell length, suggesting that
colonies. Totarol also caused lengthening in cell siz8.of it inhibits bacterial cytokinesis by perturbing the formation
subtilis(Figure 8A,B). The incubation d8. subtilis168 cells and functioning of the Z-ring.
with 1.5uM totarol for 2 h increased the cell length by 5-fold Totarol Does Not Bind to Tubuliin contrast to the effects
from 3.9+ 1.0um to 22.44+ 1 4.8um, in the absence and of totarol on the intensity of the FtsZANS complex (Figure
presence of totarol, respectively (Figure 8C). In the absence6A), totarol (10 and 25M) did not detectably influence
of totarol, 55%, 44%, and 1% of the cells were found to be the fluorescence intensity of the tubuiANS complex (data
within 2—4, 4—6, and 6-8 um length, respectively. In the  not shown). Tubulin contains eight tryptophan residues.
presence of 1.aM totarol, 1% cells were found to be within ~ Therefore, the intrinsic tryptophan fluorescence of tubulin
2—4 um length, 12% and 16% cells were having cell length was used to determine the binding of totarol to tubulin.
between 48 and 8-12 um, respectively, while the length  Totarol had minimal effects on the intrinsic tryptophan

Percent of total cells
S8 8 8

=
(=]
1
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Ficure 9: Effects of totarol on the Z-ring and nucleoid segregation. Cells were immunostained with polyclonal anti-FtsZ rabbit antibody
followed by Cy3-conjugated goat anti-rabbit secondary antibody and visualized under a fluorescence microscope as described in Materials
and Methods. Nucleoids were visualized by treating the cells with DAPI. The Z-rings are shown in red, and the DAPI-stained nucleoids are
shown in blue. Shown are control cells (A and B) and overlay (C) and in the presence d¥l ¥@arol (D and E) and overlay (F). The

scale bar is Gim.

Table 1: Effects of Totarol on the Z-Ring and NucleoidsBof DISCUSSION
subtilis 168" In this study, totarol was found to exert differential
totarol inhibitory effects on the proliferation of mammalian and
description control (1.5uM) bacterial cells. Totarol bound to purifieMtbFtsZ and
% of cells with a Z-ring 69 20 inhibited the assembly and GTPase activity MtbFtsZ
frequltlallncy ?;Z-fingﬂm of the 0.16+0.009 0.03+ 0.005 protofilaments in vitro, suggesting that it can perturb the
celllen H i H
frequencygofnucleoidﬂ/m of the 0.48+0.01 0.45t0.01 asspmbly dynamlcs c.)f FtsZ in b."?‘Cte”a' F“”hef’ to.tarol
cell length inhibited the proliferation _oB. subtlllscells_at cytok|ne3|_s
% of cells containing two nucleoids ~ 75.7 38 and perturbed the formation and functioning of the Z-ring,
% of cells with two nucleoids having 85 21 indicating that it inhibits bacterial proliferation by inhibiting
az-ring the assembly dynamics of FtsZ protofilaments in the Z-ring.

frequency of Z-ringgm of the cells  0.23+ 0.005 0.05t 0.01

containing two nucleoids Recent studies indicated that several small organic mol-

ecules including viriditoxin, zantrins, SRI 3072, dichamane-
tin, and sanguinarine inhibit bacterial cell division by
perturbing FtsZ assembly propertied4{17, 42). For
_ example, dichamanetin, SRI 3072, and taxane derivatives
fluorescence of tubulin (data not shown). For example, 50 are found to inhibit proliferation dB. subtiliscells with MIC
uM totarol decreased the intrinsic tryptophan fluorescence y5|yes of 1.7~0.28, and 2.5M, respectively 17, 42, 43).
of tubulin by 9%, suggesting that totarol does not bind t0 Totarol was found to inhibiB. subtilisproliferation with a
tubulin effectively. MIC of 2 uM (present study), and it was shown to inhibit
Effect of Totarol on Mammalian Cell Proliferation and the proliferation of several pathogenic bacteria, suclsas
Cell Division. Totarol inhibited HeLa cell proliferation very  aureus P. acnesandStreptococcus mutansith MIC values
weakly. The half-maximal inhibition (16) was calculated  of 5.4, 2.7, and 1.4uM, respectively {9). Thus, the
to be 18+ 1 uM, which is 9 times higher than the MIC  antibacterial activity of totarol is comparable to that of other
calculated for theB. subtilis168 cell proliferation (2«M). known FtsZ inhibitors.
The effects of totarol on the microtubules and chromosomes Totarol increased the fluorescence intensity of the FtsZ
of the HelLa cells were analyzed by immunofluorescence ANS complex and decreased the fluorescence intensity of
microscopy using anti-tubulin antibodies and DAPI staining PM—FtsZ, indicating that the binding of totarol induced
of the chromosomes. Totarol (20 and/4@) did not produce conformational changes in FtsZ. Although totarol was found
any detectable effect on the microtubules and chromosomego bind to MtbFtsZ with a modest affinity Kg = 11 +
of the Hela cells. The organization of microtubules and 2.3 uM), high concentrations of totarol were required to
chromosomes of the totarol-treated cells was found to beinhibit the assembly oMtbFtsZ in vitro. For example, 75
similar to that of the control cells (data not shown). These uM totarol inhibited the assembly of purifiellitbFtsZ by
results show that totarol inhibited mammalian cell prolifera- 32%. One can estimate that under these conditio88%
tion weakly and did not cause any change in the microtubulesof the solubleMtbFtsZ should be complexed with totarol.
as well as the chromosome structure of the mammalian cells.Therefore, the binding of totarol tditbFtsZ does not

aA minimum of 150 cells were scored in the case of the control as
well as in the presence of 18V totarol.
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inactivate the protein by sequestering it. MtbFtsZ—totarol developing FtsZ-targeted antibacterial agents.
complex copolymerizes along with MtbFtsZ into the protofil- Tuberculosis is one of the most infectious deadly diseases
aments, and the incorporation of a significant number of across the world. Due to irregular or inadequate chemo-
MtbFtsZ—totarol complexes in the polymer inhibits the therapy, drug-resistant strains ofl. tuberculosis have
polymerization ofMtbFtsZ. The inhibition of the assembly emerged as an enormous danger for the survival of millions
of MtbFtsZ protofilaments by totarol was likely to be due to  of affected people. There is an urgent need to discover new
the conformational changes that occurred in the protein uponantitubercular drugs with a novel mechanism of action. Since
ligand binding. Alternatively, the presence of totarol, a bulky FtsZ plays an essential role in bacterial cell division and it
molecule, on the surface of FtsZ may prevent further addition is a highly conserved protein, FtsZ-targeted drugs may
of FtsZ molecules by steric hindrance. It is also possible that overcome the drug resistance problems of the traditionally
the presence of totarol on the FtsZ surface prevents theused antitubercular drugd). The evidence presented in
binding of FtsZ to an accessory protein that regulates FtsZ this study suggested that totarol inhibits bacterial proliferation
assembly dynamics in bacteria. by inhibiting the formation and functioning of the cytokinetic
The GTPase activity of purifiedMtbFtsZ was inhibited  Z-ring through its binding to FtsZ and that totarol can be
by 50% in the presence of 4M totarol while it inhibited used as a tool to elucidate the role of FtsZ assembly dynamics
the growth ofB. subtiliscells with a MIC of 2uM. Thus, in bacterial cytokinesis.
the concentration required to inhiliBt subtilisproliferation
by totarol was found to be considerably lower than the ACKNOWLEDGMENT
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