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ABSTRACT. The prokaryotic tubulin homologue FtsZ plays a key role in bacterial cell division. Selective
inhibitors of the GTP-dependent polymerization of FtsZ are expected to result in a new class of antibacterial
agents. One of the challenges is to identify compounds which do not affect the function of tubulin and
various other GTPases in eukaryotic cells. We have designed a novel inhibitor of FtsZ polymerization
based on the structure of the natural substrate GTP. The inhibitory activity of 8-bromoguanesine 5
triphosphate (BrGTP) was characterized by a coupled assay, which allows simultaneous detection of the
extent of polymerization (via light scattering) and GTPase activity (via release of inorganic phosphate).
We found that BrGTP acts as a competitive inhibitor of both FtsZ polymerization and GTPase activity
with aK; for GTPase activity of 31.& 4.1 uM. The observation that BrGTP seems not to inhibit tubulin
assembly suggests a structural difference of the GTP-binding pockets of FtsZ and tubulin.

The cytoskeleton plays a crucial role in the organization novel antibacterial agents and might also contribute to resolve
of both eukaryotic and prokaryotic cells. Microtubules and mechanistic questions of the FtsZ polymerization dynamics
actin filaments, the main cytoskeletal elements in eukaryotes,(18). Until now, identification of small-molecule inhibitors
are highly dynamic structures which are maintained by of FtsZ was mainly accomplished by screening large chemi-
continuous assembly and disassembly of tubulin and actin.cal libraries (8, 19) or numerous extracts of microbial
In bacteria, dynamic assembly of the prokaryotic tubulin fermentation broths and plant&(Qj.
homologue FtsZ into a macromolecular structure called the In an alternative approach, we designed a selective
Zring is a central event in cell division (for recent reviews, inhibitor of FtsZ based on the structure of its natural substrate
see refsl—3). Ring formation coincides with termination ~ GTP. Our search for a suitable lead compound was greatly
of DNA replication @, 5) and is followed by recruitment of  facilitated by making use of published data on the nucleoside
other cell division proteins (for a review, see ®f triphosphate specificity of tubulire@, 22) and FtsZ 8, 23,

Although FtsZ shows only weak sequence homology to 24). For both proteins, the 2-exocyclic amino group and the
the eukaryotic tubulins7), FtsZ and tubulin possess similar 6-0xo0 group are essential for base recognition. In contrast,
three-dimensional structures both as monom8r9) and a study on the effect of various GTP analogues on micro-
when modeled onto protofilament$Q 11). Like tubulin, tubule assembly demonstrates that GTP derivatives with a
FtsZ is a GTPase, and its amino acid sequence includes &romine or hydroxyl group at C8 still promote tubulin
seven-residue GTP-binding motif [EGGTGTG] which is polymerization 25 26). We deduced from the crystal
almost identical to the signature sequence involved in the structure of FtsZ that the C8 position of GTP might allow
binding of GTP by tubulinsX?2). In vitro FtsZ polymerization ~ Variation without obstructing the binding to an FtsZ mono-
dynamics have been well characteriz&l 13, 14). In the mer. In addition, we expected that binding of a C8-substituted
presence of GTP, FtsZ assembles into thin protofilaments, GTP to the top of a monomer will block its ability to
which depolymerize upon depletion of GTES. Hydrolysis associate with the bottom of another monomer and form a
of GTP is Mg*-dependent and requires oligomerization of filament.

FtsZ, indicating that the active site is formed by the  The absence of inhibitory activity of 8-bromoguanosine
association of monomerd§, 17). 5'-triphosphate (BrGTP,Figure 1) on tubulin assembly

Selective inhibitors of FtsZ polymerization, which do not Prompted us to investigate the effect of BrGTP on FtsZ

affect tubulin polymerization, are interesting candidates for Polymerization. Here, we report the synthesis of BrGTP
together with a thorough characterization of its inhibitory

properties on FtsZ function by both electron microscopy and
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Ficure 1: Structure of BrGTP and EM images of polymerized
FtsZ formed in the presence of GTP and BrGTP. FtsZ (&5
was incubated in MES buffer (pH 6.5) supplemented with 5 mM
MgCl, and 10 mM CaGlat 30°C, and polymerization was induced
by adding 10uM GTP (A), 8uM GTP/2uM BrGTP (B), or 6.6
uM GTP/3.3uM BrGTP (C). After 2 min, samples were processed
for electron microscopy. The bar is 100 nm.
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with an Adsorbosphere nucleotide/nucleosiden column

(1 x 25 cm; Alltech Associates, Inc.) equipped with the
corresponding guard column and a linear gradient of 0.1 M
triethylammonium acetate (eluant A) and acetonitrile (eluant
B) at a 4 mL/min flow rate. Gradient details:—® min, 0%

B; 5—25 min, 0%— 10% B; 25-30 min, 10% B; 36-33
min, 10% — 0% B; 33-40 min, 0% B. Detection: UV
absorption at 262 and 225 nm using a Pharmacia LKB
VWM2141 dual diode array variable-wavelength detector.
The retention time was 22.0 min and the puritp0%.

The compound was characterized ¥y and 3P nuclear
magnetic resonance spectroscopy on a Varian Inova-500
spectrometer'H chemical shifts are reported in parts per
million relative to the peak for sodium (3-trimethylsilyl)-
propionate (a water-soluble form of TMS) as an internal
standard®'P chemical shifts are in parts per million relative
to the peak for an external standard of 85%PB,, and
coupling constants are in hertz.'H NMR (DO, 499.9
MHz): ¢ 5.98 (d,%J = 6.3, 1H, H1), 5.38 (t,3J = 6.3, 1H,
H2), 4.68 (br s, integral cannot be determined due to
superposition with the water peak, H134.31 (br s, 3H, H4
H5"). 3P NMR (D;0, 202.4 MHz, pH 5.6):6 —9.75 (br s,

a coupled assay, which simultaneously monitors the degreepy), —10.31 (br s, B), —22.22 (br s, P. ¥*C NMR (D0,

of polymerization and the release of inorganic phosphate.

125.7 MHz, 5°C): 6 158.0 (C6), 153.5 (C2), 153.0 (C4),

Our results demonstrate that BrGTP is a competitive inhibitor 124 3 (C8), 116.7 (C5), 89.2 (Q183.7 (C4), 70.2 (C2),

of FtsZ polymerization and GTPase activity. The identifica-
tion of a GTP-derived selective inhibitor of FtsZ assembly

69.8 (C3), 64.9 (CH).
For the biological tests, we prepared a 10 mM stock

is another step toward a better understanding of the structurakoytion of BrGTP in buffer (50 mM HEPES/NaOH, pH 7.5,
differences between FtsZ and tubulin and the mechanismssg mm KCl) usinge = 15100 M ¢t (Amax = 262 nm,

governing the polymerization process.

EXPERIMENTAL PROCEDURES

Overproduction and Purification of FtsZFtsZ was
overproduced ifk. coliBL21(DE3) transformed with pPRRE6
and purified as described earli@7j. Protein concentration
and purity were determined by amino acid quantification
(Eurosequence, The Netherlands). FtsZ was 99.4% pure.

Synthesis and Characterization of BrGTBtGTP was

pH 7). GTP was purchased from Aldrich, and a 10 mM GTP
stock solution was prepared in the same way usigL3700
M=t cm™! (Amax = 253 nm, pH 7).

Electron MicroscopyFtsZ (2.5¢M) was polymerized with
10uM GTP (Figure 1A), 8«M GTP/2uM BrGTP (Figure
1B), or 6.6uM GTP/3.3uM BrGTP (Figure 1C) at 30C
in 100 uL of prewarmed buffer (50 mM MES/NaOH, pH
6.5, 50 mM KCI), supplemented with 5 mM MgCand 10
mM CaCl. After 2 min, 3uL of the polymerization reaction
was applied to a 400-mesh carbon-coated grid for 5 min,

synthesized starting from guanosine. 8-Bromoguanosine wasand the grid was blotted dry by placement of a filter paper

prepared by direct bromination of guanosine with bromine
in water 8) in 85% yield. The unprotected nucleoside was
then B-triphosphorylated by a one-pot procedure using
phosphorus oxychloride and tibutylammonium pyrophos-
phate in trimethyl phosphate according to a slightly modified
literature procedure2, 30). In short, a solution of 8-bromo-
guanosine (91 mg, 0.25 mmol) in dry trimethyl phosphate
(2 mL) was cooled to OC, and Proton Sponge (161 mg,
0.75 mmol, 3 equiv) was added. After the resulting solution
was stirred for 20 min at 0C, POC} (70 uL, 0.75 mmol, 3

to its side. The grid was subsequently negatively stained for
1 min with 3uL of 1% aqueous uranyl acetate and blotted
dry. Finally, the grids were dried fd. h at 30°C. The grids
were viewed in a Philips 400T transmission electron
microscope (a generous gift of A. Knoester, Shell Research
and Technology Centre, Amsterdam). Images were taken
with a cooled Princeton CCD camera using the program IP
Labspectrum 3.1 (Signal Analytics Corp.).

GTPase Actiity and Polymerization Studie®Ve simul-
taneously monitored the polymerization of FtsZ and its

equiv) was added dropwise. The reaction was allowed to GTPase activity by combining two assays described in the

stir for anothe 2 h at 0°C. Then a mixture of BgN (0.24
mL, 1.00 mmol, 4 equiv) ahl M (BusNH™),(H.P,0-2") in
DMF (1.5 mL, 1.50 mmol, 6 equiv) was added at once
followed by quenching with 15 mL of 0.2 M (ENH™)-
(HCO;7) after 1 min. The crude reaction mixture was
lyophilized, applied to a 3x 20 cm column of DEAE
Sephadex A-25 coupled to a UV monitor with recording at
260 nm, and eluted with a linear gradient of ©1.0 M

literature. Polymerization was observed by @hgle light
scattering 23), and the GTPase activity by a coupled assay
for phosphate releas&®). Briefly, the assay was performed

in a stirred quartz cuvette that was maintained atG7y

a circulating water bath using a PTI QuantaMaster 2000-4
fluorescence spectrophotometer (Photon Technology Inter-
national, New York), withi(excitation)= 295 nm,A(emis-
sion 1)= 299 nm, andi(emission 2= 390 nm. Excitation

NH4HCG:s. Fractions containing the triphosphate were pooled slit widths were 2 nm and emission slit widths 6 nm. The

and lyophilized overnight. Yield: 93 mg (0.14 mmol, 57%).
The product was further purified by semipreparative HPLC

cuvette contained 5 mM Mggl50 mM KCI, and 20QuM
7-methylguanosine, 0.3 unit/mL nucleoside phosphorylase,
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9 uM Ftsz, and 50 mM HEPES/NaOH, pH 7.5, in a total 60 | —— 120uM BrGTP (t=90sec)
volume of 1.3 mL. After a baseline was recorded for 60 s, BT R i sl
polymerization was induced by addition of GTP with final A —+— GOLMBIGTP
cuvette concentrations between 7.5 and 249. The B
measurement was paused during the addition process, which

generally took less than 5 s. Polymer formation of FtsZ was
measured by 90angle light scattering at 299 nm, and
phosphate release from GTP hydrolysis was determined by
means of a decrease in fluorescence at 390 nm. Standard
curves with known phosphate concentrations were used to
convert the decrease in fluorescence to phosphate production.
For the inhibition experiments, BrGTP was added &t 0,

and GTP was added after 60 s of baseline data collection.

Data analysis was performed by nonlinear regression using
SigmaPlot V8.02 equipped with Enzyme Kinetics Module _
V1.1 (SPSS Inc., Chicago, IL). cam [unc]

HPLC StudiesAfter 6 min, aliquots of the GTPase activity
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and polymerization assay mixtures were frozen in liquid B B el %“

nitrogen, and the nucleotide composition was determined by B 260

ion-exchange (reversed-phase) HPLC analysis. Samples (50 _. ,, | — soumBsrete

uL) were thawed and directly injected into the HPLC system "E E

equipped with a Macherey-Nagel CC 125/4 Nucleosil 100-5 & 3

C18 HD column (0.5« 10 cm) and the corresponding guard £

column and eluted with a linear gradient of buffer A(5mM %

NBuH.PQy, 25 mM HPQ/NH,OH in 95% water/5% £ 20

acetonitrile, pH 6.3) and buffer B (5 mM NBd,PO, in 10% %

water/90% acetonitrile) at a 0.4 mL/min flow rate. Gradient E

details: 0-5 min, 0% B; 5-20 min, 0— 35% B; 20-27 E)

min, 35% B; 2732 min, 35— 0% B; 32-35 min, 0% B. < 0

Detection: UV absorption at 262 and 253 nm using a : . - -
Pharmacia LKB VWM2141 dual diode array variable- o 20 100 120 o0
wavelength detector. Retention times for the different nucleo- time [sec]

tides were (BrGTP) 23.9 min, (BrGDP) 21.0 min, (GTP) Ficure 2: Effect of BrGTP on FtsZ polymerization measured by
22.7 min, and (GDP) 18.6 min. 90° angle light scattering. FtsZ (@M) was preincubated for 60 s

with different concentrations of BrGTP in HEPES buffer, pH 7.5,
at 37°C, and the assay was started by addition of (Au80GTP
RESULTS and (B) 30uM GTP. The IG, value for polymerization was
estimated from a semilog plot of the percentage control activity
; ; ; 0 ; versus BrGTP concentration (see the inset). The maximum change
.BrGTP (F.Igure 1) was syn.the.S|Z€d in 48% total yield by in light scattering upon GTP addition in the absence of BrGTP
direct bromination of guanosine in wat&gj followed by a

. . . was set to 100%.
one-pot triphosphorylation procedure as descrit23] 30).

The inhibitory activity of BrGTP was first demonstrated Michaelis—Menten analysis of the rates of GTP hydrolysis
by light scattering and electron microscopy. In contrast to at initial GTP concentrations ranging from 7.5 to 1281
the other experiments described below, electron microscopyyielded aK,, = 28.9+ 2.8 uM and aVma. = 4.81+ 0.14
was performed in the presence of?Cawhich stimulates  (mol of Pi/mol of FtsZ)/min. TheK,, value is comparable
polymer bundling 81). Figure 1 shows typical EM images  with published datal(g), and alsoVimaxis in agreement with
of FtsZ protofilament bundles obtained in the presence of those from previous publication81—33).
GTP and of different concentrations of BrGTP. Addition of Inhibition experiments with BrGTP were first focused on
GTP resulted in a large network of protofilament bundles establishing the mode of inhibition, i.e., reversible, semitight
with a mean diameter of 3% 7 nm (Figure 1A). When  pinding, tight binding, or irreversible. As expected, BrGTP
BrGTP/GTP was used in a ratio of 1/4, shorter and thinner jtself did not induce FtsZ polymerization, and no phosphate
bundles (mean diameter 1 3 nm) were formed (Figure  release was observed. Preincubation of FtsZ with BrGTP
1B). With a 1/2 ratio of BrGTP to GTP, polymerization was  followed by addition of GTP resulted in the same rate of
further reduced, giving rise to very thin, short filaments with  GTP hydrolysis as addition of the same amounts of BrGTP
a length of only a few hundreds of nanometers (Figure 1C). and GTP as a mixture. Identical results were also obtained
The inhibitory activity of BrGTP was further characterized when the degrees of polymerization with and without
using a combined assay for both FtsZ polymerization and preincubation in the 90angle light scattering assay were
GTPase activity. In this assay, FtsZ polymerization was compared. These findings clearly indicate the reversible
followed by 90 angle light scattering on the basis of nature of inhibition by BrGTP.
the method of Mukherjee and Lutkenhau&3)( and the In the “reverse” experiment, FtsZ (@M) was prepoly-
GTPase activity of FtsZ was monitored simultaneously by a merized with 60uM GTP and a 2-fold excess of BrGTP
real-time fluorescence assay for phosphate reledép ( was added at the maximal scattering signal. Within the time
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Ficure 3: Inhibition of FtsZ-catalyzed GTP hydrolysis by BrgTp. FIGURE4: Michaelis-Menten and LineweaverBurk plots (inset)
After the assays described in Figure 2A were performed, aliquots for FtsZ GTPase activity in the presence of different concentrations

of the assay mixtures were frozen in liquid nitrogen and the Of BIGTP.FtsZ (9uM) was preincubated for 60 s with BIGTP in

i iti d-oh HpLc. HEPES buffer, pH 7.5, at 37C, and the assay was started by
hucleotide composition was analyzed by reversed-phase addition of GTP. GTPase activity was measured by a real-time

. .. . fluorescence-based assay for phosphate release. BrGTP shows the
required for the addition of BrGTP<(5 s), GTPase activity  characteristic features of a competitive inhibitor. Nonlinear regres-
was inhibited and light scattering returned to baseline values, sion yieldedK; = 31.8+ 4.1uM, Ky, = 28.9+ 2.8 uM, and Viax

indicating complete depolymerization (Figure 2A, open = 4.81+ 0.14 (mol of Pi/mol of FtsZ)/min.
triangles). A control experiment with addition of the same

volume of buffer only showed that this result was not simply DISCUSSION
caused by the addition event itself. Our results demonstrate the reversible competitive inhibi-

The inhibitory activity of BrGTP for FtsZ GTPase activity ~tion of FtsZ by BrGTP. In the GTP concentration range

was determined from the rates of GTP hydrolysis observed studied, the |G values depend on the ratio of BrGTP to
with 604M GTP and serial dilutions of BrGTP ranging from  GTP, which is approximately a 1/1 for GTPase activity and
0 to 120uM. Nonlinear regression analysis yieldeds$G= 1/2 for assembly. On the first view, BrGTP seems to be more
60.2+ 8.8 M. Similar results were obtained for the effect Potent in inhibiting FtsZ assembly than its GTPase activity.
of BrGTP on FtsZ polymerization (Figure 2A). From a However, higher BrGTP concentrations result in a larger
semilog plot of the percentage of polymerization (relative fraction of shorter FtsZ filaments (see Figure 1). These
to the control without BrGTP) versus the above-mentioned filaments still possess full GTPase activity but give rise to a
BrGTP concentrations, we estimatedsd& 37 uM (Figure comparably low level of light scattering, since light scattering
2A, inset). HPLC analysis of the nucleotide composition of S Proportional to polymer mass only when the polymers are
the sample mixture after the inhibition experiments (Figure longer than the wavelength of the incident lighB( 34).
3) qualitatively confirmed the results obtained with the Consequently, the I value for assembly obtained by light
enzymatic assay for phosphate release. As expected, hyScattering appears to be lower than the corresponding value
drolysis of BrGTP was generally found to be less than 3%. for GTPase activity. o

The same type of inhibition experiments were also A very interesting observation is the complete (;jdepolyn":c-

. . izati inhibition of GTPase activit on addition o
performed with 30uM GTP and BrGTP concentrations erization and inhibiti Ity up ”

. ) . - f BrGTP at th imum of FtsZ polym-
between 0 and 60M (Figure 2B). In this case, we obtained a 2-fold excess of Br a the maxim poly

- o erization, which occurs in less thé s (the time required
ICso(GTPase)= 26.7 + 4.6 uM and |Cspolymerization) for the addition process). Qualitatively, similar results were

=14 ”M' Obviously, the extent of inhibition was not described in the literature for the addition of GDP at the
de’Fermmed by the absolut'e.z'amount OT BrGTP,' but by the maximum of FtsZ polymerization2{). However, BrGTP
ratio of BrGTP to GTP. Inhibition experiments with BrGTP proves significantly more active, since a 10-fold excess of

in the presence of 12@M GTP further supported this  Gpp |l did not lead to complete instantaneous disassembly.
conclusion (data not shown). Independent of the GTP |, conirast, identical experiments with the nonhydrolyzable
cor)cgntratlon in our experllments, the s§Cfor .GTPase GTP analogue guanosiné-6-(3-thiotriphosphate) (GTP-
activity corresponded approximately to a 1/1 ratio of BrGTP v-S) resulted in prolonged polymer persisten2@)(
to GTP,_ while it was roughly a 1/2 ratio with respect to Recently, Romberg and MitchisoB2) performed a series
polymerization. of ingenious experiments which clarified previously contra-
To establish the type of reversible inhibition by BrGTP, dictory results in the literature and finally suggested answers
rates of GTP hydrolysis in the presence of 30 andu60 to fundamental questions about nucleotide turnover in FtsZ
BrGTP were monitored with various initial GTP concentra- polymers. On the basis of their findings, they proposed a
tions. Analysis of experimental data shows that inhibition model for the FtsZ polymerization cycle. The main features
can be overcome by increasing the substrate concentrationpf this model are (1) GTP hydrolysis is the major rate-
which is indicative of a competitive type of inhibition (Figure limiting step in GTP turnoverkydrolysis ~ 8/min), (2) FtsZ
4). Michaelis-Menten analysis of competitive inhibition  polymers predominantly contain GTP, and only about 20%
yielded aK; = 31.8+ 4.1 uM. of polymer subunits contain GDP, and (3) phosphate release
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is not rate-limiting, but a step leading to GDP release from the presence of GTP or analogues because the polymerization
the polymer might be partially rate limiting. GDP release rates with the analogues studied so far are much faster than
may occur either by direct nucleotide exchange in the the crystal growth rates36). The fact that BrGTP does not
polymers as suggested by Mingorance et &b) (or via support FtsZ polymerization circumvents this problem, and
depolymerization and subsequent nucleotide exchange in theadds an extra aspect to the utility of this GTP analogue.
monomers. Recent publications provide further evidence for  Apart from the direct binding information, which could
nucleotide exchange in the polymers based on both bio-be provided by a crystal structure, further characterization
chemical data ¥4) and the crystal structure of aMl. of the FtsZ-nucleotide interaction can also be achieved by
jannaschiiFtsZ dimer 86). establishing a structureactivity relationship (SAR) with
Our results on the effect of BrGTP on FtsZ polymerization various other GTP analogues. We have recently prepared a
and GTPase activity can be rationalized in terms of Romberg series of C8-substituted GTP derivatives and are currently
and Mitchison’s model. Like GDP, BrGTP alone is not exploring their binding affinities and inhibitory activities for
capable to sustain FtsZ assembly under the conditionsboth FtsZ and tubulin.
employed. When FtsZ polymerization is investigated in the
presence of both BrGTP and GTP, reduced rates of assemblyREFERENCES
and GTPase aCtiVitY are observed. Presumab'Y_, BrGTP and 1 Romberg, L., and Levin, P. A. (2003) Assembly Dynamics of the
GTP compete for binding of soluble FtsZ. In this way, the Bacterial Cell Division Protein FtsZ: Poised at the Edge of
presence of BrGTP effectively decreases the concentration _ Stability, Annu. Re. Microbiol. 57, 125-154. _ _
of soluble FtsZ available for ponmerization. ThesiGor 2. Carballido-Lopez, R., and Errington, J. (2003) A dynamic bacterial

. . . cytoskeleton;Trends Cell Biol. 13577-583.
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