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Cell division protein FtsZ can form single-stranded filaments
with a cooperative behavior by self-switching assembly. Subse-
quent condensation and bending of FtsZ filaments are impor-
tant for the formation and constriction of the cytokinetic ring.
PC190723 is an effective bactericidal cell division inhibitor that
targets FtsZ in the pathogen Staphylococcus aureus and Bacillus
subtilis and does not affect Escherichia coli cells, which appar-
ently binds to a zone equivalent to the binding site of the anti-
tumor drug taxol in tubulin (Haydon, D.J., Stokes, N. R, Ure, R.,
Galbraith, G., Bennett, J. M., Brown, D. R, Baker, P. J., Barynin,
V.V, Rice, D. W., Sedelnikova, S. E., Heal, J. R., Sheridan, J. M.,
Aiwale, S. T., Chauhan, P. K., Srivastava, A., Taneja, A., Collins,
L., Errington, J., and Czaplewski, L. G. (2008) Science 312, 1673—
1675). We have found that the benzamide derivative PC190723
is an FtsZ polymer-stabilizing agent. PC190723 induced nucle-
ated assembly of Bs-FtsZ into single-stranded coiled protofila-
ments and polymorphic condensates, including bundles, coils,
and toroids, whose formation could be modulated with different
solution conditions. Under conditions for reversible assembly of
Bs-FtsZ, PC190723 binding reduced the GTPase activity and
induced the formation of straight bundles and ribbons, which
was also observed with Sa-FtsZ but not with nonsusceptible
Ec-FtsZ. The fragment 2,6-difluoro-3-methoxybenzamide
also induced Bs-FtsZ bundling. We propose that polymer sta-
bilization by PC190723 suppresses in vivo FtsZ polymer
dynamics and bacterial division. The biochemical action of
PC190723 on FtsZ parallels that of the microtubule-stabiliz-
ing agent taxol on the eukaryotic structural homologue tubu-
lin. Both taxol and PC190723 stabilize polymers against dis-
assembly by preferential binding to each assembled protein.
It is yet to be investigated whether both ligands target struc-
turally related assembly switches.
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Essential cell division protein FtsZ assembles into filaments
that form the cytokinetic ring at the division site (1) and recruits
the accessory proteins of the bacterial divisome (2—4). FtsZ,
with an added membrane anchor, can form constricting rings
in liposomes (5). FtsZ is a member of the tubulin family of
cytoskeletal GTPases, also including af-tubulin, y-tubulin,
bacterial tubulin BtubA/B (3, 6), and divergent TubZs (7). FtsZ
and tubulin use the same structural fold and similar head-to-tail
protofilaments with GTP bound at the intersubunit association
interface (8), yet they have evolved to form different assemblies
with specialized functions. Their GTPase sites are completed
upon contact of the apical GTP-binding domain of one subunit
with the basal GTPase activation domain of the next subunit.
GTP hydrolysis renders the polymers metastable and ready for
disassembly. There is evidence that unassembled tubulin,
unlike other GTPases, is predominantly in an inactive (curved)
conformation regardless of which nucleotide is bound and
switches into the active (straight) conformation mainly through
the assembly contacts and that GTP binding lowers the free
energy barrier between both conformations (6, 9—11). Binding
of the successful antitumor drug taxol overrides the GTP/GDP
regulation, inducing microtubule assembly even with GDP (12,
13). Tubulin promiscuously interacts with small molecules of
natural origin that induce or inhibit its assembly. However,
there are fewer functional inhibitors for FtsZ.

FtsZ is a relatively simple assembly machine capable of
nucleated linear polymerization. Such cooperative behavior of
alinear polymer was anticipated by the self-switching assembly
concept (14) and suggested to be possible for FtsZ if dimeriza-
tion caused a conformational change that increases the affinity of
the next monomer to bind (3, 15). Cryoelectron microscopy of
unsupported samples has shown that FtsZ from Escherichia coli
can form semiflexible single-stranded filaments (16). Their coop-
erative behavior is explained by an unfavorable monomer isomer-
ization (activation switch) between an inactive, assembly incom-
petent, and active conformation, which is coupled to assembly,
creating a nucleation barrier (16—19). On the other hand, FtsZ
from Methanococcus jannaschii forms characteristic double-
stranded filaments (20, 21). A number of crystal structures of FtsZ
did not reveal a nucleotide-induced activation switch (22). The
structural flexibility changes coupled to assembly are unknown,
requiring determination of an FtsZ filament structure.

A cryoelectron tomography study of the Caulobacter cres-
centus cytoskeleton revealed a putative FtsZ ring, consisting of
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FtsZ Assembly Induced by Small Antibacterial Molecule

a few short (100 nm) apparently single-stranded FtsZ filaments
(5-nm wide) below the plasma membrane near the division site,
and suggested that these FtsZ polymers generate the force that
constricts the membrane for division through iterative cycles of
GTP hydrolysis, depolymerization, and repolymerization (23).
Lateral FtsZ filament association is also important for Z-ring
formation and constriction. Several proteins are known to bun-
dle FtsZ filaments, including ZipA, ZapA, and SepF (4). Helical
FtsZ structures remodel by lateral association into the Z-ring in
Bacillus subtilis (24), and artificial FtsZ rings coalesce into
brighter rings (5). Several theoretical models for the Z-ring have
proposed different roles for FtsZ filament condensation and
bending (reviewed in Ref. 25).

FtsZ filaments are dynamic, with a subunit half-life of ~10s,
depending on the GTPase rate (26). Although FtsZ polymers
can exchange nucleotides, GDP dissociation may be slow
enough for polymer disassembly to take place first, resulting in
the subunits of FtsZ polymers recycling with GTP hydrolysis
(27, 28). The length dynamics of the small individual FtsZ fila-
ments have not been determined.

Impairing FtsZ filament dynamics should block bacterial
division. FtsZ has been recognized as an attractive target for
new antibiotics (29) for emerging resistant pathogens. Expres-
sion of ftsZ is more stringently required for bacterial growth
than the established antibacterial targets murA and fabl (30).
Potentially druggable cavities in FtsZ structures (22) are the
apical nucleotide-binding site and a lateral channel between the
N- and C-terminal domains. The latter overlaps the binding site
of the microtubule-stabilizing antitumor drug taxol in eukary-
otic tubulin. Several GTP analogues substituted at C-8 selec-
tively inhibit FtsZ polymerization but support tubulin assembly
into microtubules (31), indicating differences in nucleotide
binding by each protein that may be exploited to selectively
inhibit bacterial FtsZ without poisoning eukaryotic tubulin.
FtsZ recently has been validated as the target of an effective
antibacterial compound developed as a cell division inhibitor in
B. subtilis and the pathogen Staphylococcus aureus, PC190723.
Its putative binding site, mapped with resistance mutations,
corresponds to the taxol-binding site in tubulin (32).

We aimed to determine the mechanism of functional inhibi-
tion of FtsZ by the small antibacterial molecule PC190723,
3-[(6-chloro[1,3]thiazolo[5,4-b]pyridin-2-yl)methoxy]-2,6-dif-
luorobenzamide (abbreviated here as PC).? We have found that
PC enhances the cooperative assembly of Bs-FtsZ into fila-
ments, bundles, and other condensates. PC also is a Sa-FtsZ
polymer stabilizer. Stabilizing FtsZ polymers should reduce
their dynamics, which explains why PC blocks cell division in
bacteria analogously to the action of taxol on tubulin.

3 The abbreviations used are: PC, 3-[(6-chloro[1,3]thiazolo[5,4-b]pyridin-2-yl)-
methoxy]-2,6-difluorobenzamide; Mes, 4-morpholineethanesulfonic acid;
DFMBA, 2,6-difluoro-3-methoxybenzamide; CTPM, (6-chloro[1,3]thia-
zolo[5.4-b] prydin-2-yl)methanol; Bs-FtsZ, FtsZ from B. subtilis; Sa-FtsZ, FtsZ
from S. aureus; Ec-FtsZ, FtsZ from Escherichia coli; Cr, critical protein con-
centration for polymerization; HPLC, high pressure liquid chromatogra-
phy; GMPCPP, guanosine-5'-[(2,8)-methylene]triphosphate.
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EXPERIMENTAL PROCEDURES

Methods for Bs-FtsZ, Ec-FtsZ, Sa-FtsZ, and tubulin purifica-
tion, monitoring assembly with light scattering, electron
microscopy, polymer pelleting, binding measurements,
GTPase, and a screen of solution conditions for assembly are
described under the supplemental “Experimental Procedures.”
PC190723 was provided by Prolysis (32). Stock solutions (1 mm)
in deuterated dimethyl sulfoxide (Merck Uvasol) were kept fro-
zen and dry. They were diluted directly into the experimental
samples. Residual dimethyl sulfoxide was 2% (v/v) unless indi-
cated. DEMBA, 2,6-difluoro-3-hydroxybenzamide, and CTPM
were synthesized in this work (supplemental data). Buffers
employed were as follows: Hepes50 (50 mm Hepes/KOH, 50
mM KCl, 1 mm EDTA, pH 6.8), Hepes250 (50 mm Hepes/KOH,
250 mm KCl, 1 mM EDTA, pH 6.8) (where indicated, these buff-
ers were made at pH 7.5), and Mes50 (50 mm Mes/KOH, 50 mm
KCL, 1 mm EDTA, pH 6.5).

RESULTS

PC190723 induced Bs-FtsZ assembly into bundles and iso-
lated filaments. These processes could be dissected and ana-
lyzed, employing different solution conditions, as described
below.

PC Induces Bundles of B. subtilis FtsZ Filaments—To charac-
terize the effects of PC on FtsZ assembly, full-length, untagged
FtsZ from B. subtilis was first expressed and purified, and its
reversible assembly was induced by 10 mm MgCl, and 2 mm
GTP in Hepes50, 25 °C (see “Experimental Procedures”) with-
out other additives, which were chosen for convenience as ref-
erence conditions. Addition of PC induced a dramatic increase
in FtsZ light scattering and stabilized polymers against disas-
sembly induced by GDP (Fig. 14). Many large PC-induced bun-
dles and ribbons, in addition to FtsZ filaments, were observed
by negative stain electron microscopy (Fig. 1B). These bundles
and ribbons were several microns long, had a variable ~30 to
~60 nm width, and were apparently made of associated FtsZ
filaments. Computed diffraction patterns indicated an axial
spacing of 4.5 * 0.5 nm between subunits (Fig. 1, C and D),
which is compatible with the 4.3-nm spacing of FtsZ monomers
associated head-to-tail in tubulin-like protofilaments (20, 21),
and a shorter lateral spacing of 3.8 = 0.3 nm, suggesting a lateral
association of Bs-FtsZ molecules (Protein Data Bank code
2VXY; 32) in contact along their shortest dimension (that is,
rotated ~90° on the longitudinal axis with respect to tubulin
protofilaments in a microtubule) (33). PC-induced bundles and
ribbons also formed with the slowly hydrolyzable GTP ana-
logue GMPCPP (0.1 mMm). Most FtsZ above a small ~0.3 um
critical concentration (Cr) pelleted upon 20 min of centrifuga-
tion at 386,000 X g (Fig. 1E). In the absence of PC, relatively
short, ~4-nm wide filaments were observed (Fig. 1F), which
sedimented above a larger Cr ~5 uM FtsZ. These results indi-
cated that the small molecule PC stabilized Bs-FtsZ filament
bundles but did not distinguish whether PC primarily enhances
filament formation or bundling.

Effects of Solution Conditions, Mg®" and Nucleotide—To elu-
cidate the mechanism of PC-induced assembly and to charac-
terize the effects of PC under more physiological conditions,
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FIGURE 1. Assembly of bundles of Bs-FtsZ (10 um) induced by PC (20 um). A, light scattering time courses with and without PC in Hepes50 assembly buffer,
10 mm MgCl,, pH 6.8, 25 °C. GTP (2 mm) was added at time 0 and 2 mm GDP as indicated by the arrows. B, electron micrograph of Bs-FtsZ with PC. Bar, 200 nm.
G, an enlarged bundle. D, its computed diffractogram. The corresponding spacing of the main equatorial spot and the first layer line are indicated in nm.
E, Bs-FtsZ polymer pelleting assays at varying pH and ionic strength. F, Bs-FtsZ without PC, magnified as in B.

pH was increased to 7.5, or ionic strength increased to 250 mm
KCl, which reduced the extent of spontaneous Bs-FtsZ assem-
bly with nucleotide and Mg>*. Assembly was efficiently
induced by PC in these cases (Fig. 1E), although bundle forma-
tion was reduced. Assembly was markedly sensitive to the
buffer anion (supplemental “Experimental Procedures”). Disas-
sembly could be monitored by light scattering following assem-
bly of 10 um Bs-FtsZ with 25 um GMPCPP (expected to stabi-
lize polymers) and 10 mm MgCIl, in 250 mm KCI (scattering
with GTP was very small). This was attributed to GMPCPP
hydrolysis and was not observed in the presence of PC. GTP or
GMPCPP was required for PC-enhanced assembly. Mg>" with-
out nucleotide was ineffective. Interestingly, GTP or GMPCPP
without Mg®" induced assembly of Bs-FtsZ filaments, which
were not formed with GDP or GMPCP. Mg>" plus GDP or
GMPCP and PC gave a weak polymer formation. These results
confirmed that PC stabilizes Bs-FtsZ polymers and showed the
requirement of the nucleotide y-phosphate.

It was possible to separate PC-induced filament assembly
from bundle formation by using 250 mm KCl and GMPCPP.
Bs-FtsZ assembly was only incipient without Mg>™" (Fig. 24).
Adding only PC induced characteristic filament coils (Fig. 2B),
whereas Mg?" alone induced the formation of filaments (Fig.
2C). Both were inhibited with GMPCP. PC and Mg>" together
induced the formation of filaments and bundles (Fig. 2D). Sim-
ilar results were obtained with GTP, but with PC and Mg>",
dense coils and no bundles were observed (supplemental
Fig. S1).

PC Induces Bs-FtsZ Single-stranded Filament Assembly—
Mg>*-less Hepes250 buffer permitted PC-induced nucleated
assembly of single-stranded Bs-FtsZ filaments. Our divalent
cation-free solutions typically contain ~1 um residual Mg>"
(34) that with 1 mm EDTA in buffer results in ~4 nm free Mg>*.
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MAY 7,2010+VOLUME 285-NUMBER 19

&

FIGURE 2. PC and magnesium-induced Bs-FtsZ assemblies. Electron micro-
graph of negatively stained polymers formed by Bs-FtsZ (10 um) in Hepes250
assembly buffer with 0.1 mm GMPCPP (A), 0.1 mm GMPCPP and 20 um PC (B),
0.1 mm GMPCPP and 10 mm MgCl, (C), and 0.1 mm GMPCPP and 10 mm MgCl,
and 20 um PC (D). The bar indicates 200 nm.

Incipient assembly of Bs-FtsZ was observed with nucleotide in
the absence of PC (no nucleotide-induced light scattering
increase or pelleting). However, addition of PC under these
conditions resulted in Bs-FtsZ polymerization. There was a
small light scattering increase with PC and GMPCPP (Fig. 34).
These PC-induced FtsZ filaments sedimented in 80 min at
386,000 X g, which allowed their quantification. Practically all
Bs-FtsZ was pelleted with PC and GTP or GMPCPP above a Cr
~1 pM (Fig. 3B; GTP, 0.8 £ 0.1 um; GMPCPP, 1.3 + 0.3 um).
Insignificant GTP hydrolysis was detected under these condi-
tions. These results indicated a nucleated polymerization
mechanism for the PC-induced assembly of Bs-FtsZ filaments,
with an apparent free energy change for polymer elongation
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FIGURE 3. Bs-FtsZ filament assembly induced by PC. A, solid line, light scattering changes induced on Bs-FtsZ
(10 um) with PC (20 um) by additions of GMPCPP (25 um) and MgCl, (10 mwm) (arrows) in Hepes250, pH 6.8, 25 °C.
Dashed line, same without PC. B, example of sedimentation of Bs-FtsZ polymers formed without Mg " (top) and
pellet quantification (bottom). Filled circles, PC and GMPCPP (0.1 mwm); filled squares, PC and GTP (2 mm); open
symbols, without PC; triangle, PC and GDP; inverted triangle, PC and GMPCP. C, cryoelectron micrograph of
Bs-FtsZ filaments assembled with PC and GTP under the same conditions without Mg?™. Inset, negatively
stained filaments. Bar, 200 nm. D, cryoelectron microscopy filament width distribution, indicating that the

filaments are one Bs-FtsZ molecule-wide.
AG],, = RTInCr = —82 kcal mol " (16). With GTP or
GMPCPP and no PC, a background similar to that of PC and
GDP or GMPCP was observed (Fig. 3B). Cr decreased to insig-
nificant values in experiments made in parallel with 10 mm
MgCl, (supplemental Fig. S2), indicating a larger effective elon-
gation affinity, although the system was not at chemical equi-
librium due to nucleotide hydrolysis. Interestingly, the PC-in-
duced Bs-FtsZ filaments without Mg>* typically had an
~100-nm curvature radius and appeared single-stranded. To
confirm that these filaments are single-stranded, we performed
cryoelectron microscopy under these conditions, using holey
carbon film. The sample trapped within the small holes was
quickly vitrified and kept under liquid nitrogen temperatures to
rule out any effect of the staining agent or the adsorption to a
support film (Fig. 3C). Filament width measurements from the
cryomicrographs had a distribution with an average 3.5 = 0.7
nm (Fig. 3D), indicating that these filaments are one Bs-FtsZ
molecule wide.

Binding of PC and Its Fragment DFMBA to Bs-FtsZ Polymers—
Titrations of Bs-FtsZ polymer formation with PC showed an
increasing fraction of sedimented FtsZ, which saturated
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Filament width (nm)

results is one PC binding site per
polymer FtsZ molecule with an
apparent affinity ~10° M~ ",

Interestingly, the PC fragment
DFMBA (1-4 mu; Fig. 5, A and C),
2,6-difluoro-3-hydroxybenzamide
(1-4 mm) and to a lesser extent
3-methoxybenzamide (20 mwm),
were found to induce large Bs-FtsZ
bundles similar to those obtained
with PC (20 um), thus following their relative antibacterial
activities (35). The other fragment of the PC molecule, CTPM
(1 mm) did not induce Bs-FtsZ bundling (Fig. 5, Band C). These
results suggested specific but weak binding of DFMBA to Bs-
FtsZ polymers, which could not be accurately measured by pel-
leting HPLC. DFMBA has an ~10-fold higher effective con-
centration than PC, suggesting a two order of magnitude lower
affinity. Note that if PC were a nonself-associating ideal bifunc-
tional ligand (36), the rest of the molecule, if isolated, would be
expected to bind more weakly than DFMBA and be inactive
below ~0.5 M.

Modulation of the GTPase Activity of Bs-FtsZ by PC—The
effects of PC on the GTPase activity of polymerizing Bs-FtsZ
solutions was examined with 10 mm MgCl, in three buffers that
give quite different degrees of PC-induced bundling (see
above). Control GTPase without PC was dependent on the KCl
concentration: 0.61 = 0.09 min~ ' in Hepes250, 0.22 * 0.02
min~ ' in Hepes50, 0.15 * 0.08 min~ ' in Mes50. A partial inhi-
bition of the GTPase rate was observed with PC, to a similar
extent (Fig. 6) irrespective of the buffer. The inhibition between
~1 and ~10 uM PC roughly paralleled the formation of pellet-
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FIGURE 4. Binding of PC to Bs-FtsZ polymers. A, Bs-FtsZ (10 um) sedimenta-
tion assays in Hepes250, pH 6.8, 25 °C, and quantification of polymer with
increasing concentrations of PC. Open circles, with 2 mm GTP; filled circles, with
2 mm GTP and Mg?*; void squares, with 0.1 mm GMPCPP. Triangles, corre-
sponding data with GDP, GDP, and Mg?" or GMPCP. B, HPLC analysis of PC (10
uM total) co-sedimentation with Bs-FtsZ polymers. Solid lines and arrow, with
GTPand Mg?*; dashed gray lines and arrow, control with GDP and Mg?". Taxol
is aninternal standard here. In this experiment, the pelleted PC and FtsZ were
4.8 and 10 um, respectively. mAU, milliabsorbance units.

able polymer (Fig. 4A). Low PC concentrations variably
enhanced the relative GTPase activity in Hepes250. This may
be a simple consequence of a large increase in FtsZ GTPase
upon polymerization relative to the weakly polymerizing con-
trol without PC (Fig. 1E) (since the rate measured is per total
FtsZ, not per assembled FtsZ). Control measurements showed
that *H[GTP] binding to Bs-FtsZ and to Ec-FtsZ was not mod-
ified by PC (supplemental Fig. S3).
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FIGURE 5. Bs-FtsZ polymers induced by PC fragments in Mes50 assembly
buffer with 10 mm MgCl, and 2 mm GTP. A, 1 mm fragment of DFMBA. B, 1
mm fragment of analogue CTPM (similar to control without fragment, as in
Fig. 1F). Bar, 200 nm. C, chemical structure of PC and low speed FtsZ polymers
pelleting (15,000 X g, 20 min) under the same conditions (PC, 20 um). DFMBA
also induced a FtsZ light scattering increase that was not observed with
CTPM. The Cr for assembly in Hepes50 was reduced from ~5 um to ~1 um
FtsZ with DFMBA (4 mwm).
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FIGURE 6. Effects of PC on the GTPase activity of FtsZ (10 um), with 1 mm
GTP and 10 mm MgCl,, pH 6.8 at 25 °C. Bs-FtsZ: solid circles, Hepes50; trian-
gles, Hepes250; squares, Mes50. Ec-FtsZ: open circles, Hepes50 (average of
three different protein preparations). The lines are drawn solely to show the
trend of the data. The increase in GTPase activity of Ec-FtsZ was confirmed by
measurements at varying protein concentrations with excess 15 um PC (not
shown).

Formation of Polymorphic Bs-FtsZ Filament Condensates
with Different Curvatures—Bs-FtsZ filaments frequently
adopted bow shapes and easily coalesced into coils or associ-
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FIGURE 7. Polymorphic assemblies of Bs-FtsZ, in addition to bundles and
ribbons (see Fig. 1B). A, filaments observed in Hepes50, pH 6.8, with GTP and
PC. B, toroids in another field of the same sample. C, helical bundles in
Hepes50 at pH 7.5 with GTP, 10 mm MgCl,, and PC. D, coiled filaments and
toroids formed without PC or dimethyl sulfoxide in Mes50 with MgCl, and
GMPCPP. Similar polymers were observed in Hepes50, pH 6.8, or with GTP.
Bar, 200 nm.

ated into straight bundles (see above). Other Bs-FtsZ filament
condensates also observed include toroids and helical bundles
(see supplemental Table S1 for a list of polymorphs and condi-
tions). Briefly, along with filaments formed with GTP and PC
(Fig. 7A) and filament coils (similar to Fig. 2B), toroids ~300
nm in diameter were observed on the same grids (Fig. 7B). Large
helical bundles were observed at pH 7.5 with PC, GTP, and
Mg>* (Fig. 7C). Interestingly, Bs-FtsZ condensates could also
form in the absence of PC with GMPCPP and Mg>" as coils,
and smaller toroids ~150 nm in diameter were observed
(Fig. 7D).

Specificity of FtsZ-PC Interactions—We next compared the
effects of PC on the assembly of FtsZ from susceptible (B. sub-
tilis and S. aureus) and nonsusceptible (E. coli) bacteria in
Hepes50 (Fig. 84). The weak formation of pelletable polymer by
Sa-FtsZ was markedly enhanced by PC, at concentrations
higher than with Bs-FtsZ. A large PC-induced increase in Sa-
FtsZ light scattering was observed with nucleotide and Mg>™"
(supplemental Fig. S4). Electron micrographs showed a trans-
formation of Sa-FtsZ oligomers (Fig. 8B) into coils, toroids, and
straight bundles with PC (Fig. 8, C and D). DFMBA had similar
effects at higher concentrations. On the other hand, PC
induced bundling was not observed with Ec-FtsZ. Filament
morphology was not modified (Fig. 8E), and changes in poly-
merization were insignificant when employing a GTP-regener-
ating system (Fig. 8A4). Unexpectedly, PC induced a faster dis-
assembly without a GTP regenerating system (supplemental
Fig. S4C) and a 2-fold enhancement of Ec-FtsZ GTPase (Fig. 6).
HPLC measurements (with 10 uM Ec-FtsZ and 20 uMm PC) indi-
cated binding of 0.4 PC per polymerized Ec-FtsZ, although it
did not induce bundling. Finally, PC (20 um) or DEMBA (4 mm)
did not affect the assembly of the more distant eukaryotic
homologue aB-tubulin (15 wm) in light scattering tests, or the
gross morphology (in electron microscopy) of the microtubular
polymers formed (not shown).
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FIGURE 8. Effects of PC on the polymerization of FtsZ (10 um) from sus-
ceptible (B. subtilis and S. aureus) and resistant (E. coli) bacteria. A, FtsZ
polymer versus PC concentration. Circles, Bs-FtsZ; squares, Sa-FtsZ; triangles,
Ec-FtsZ. The gray symbols are corresponding controls without magnesium.
The conditions were Hepes50 buffer with 10 mm MgCl, and 1 mm GTP, pH 6.8,
25 °C. A GTP regenerating system (1 unit/ml acetate kinase and 15 mm acetyl
phosphate) was added for the measurements in A. This was required to repro-
ducibly pellet the Ec-FtsZ polymers in the experiment time and did not mod-
ify the pelleting of Bs-FtsZ and Sa-FtsZ. B-D, electron micrographs of Sa-FtsZ
with GTP (B), with GTP and 20 um PC in two fields from the same sample (C)
and with 0.1 mm GMPCPP and 20 um PC (D, upper panel displayed with
reduced contrast). £, Ec-FtsZ filaments with GTP and 20 um PC. Controls with-
out PC gave similar images. Bar, 200 nm.

2L e 3

DISCUSSION
We have shown in this study that binding of the small anti-

bacterial molecule PC190723 enhances the assembly of purified
cell division protein Bs-FtsZ into filaments and bundles. Pre-
venting disassembly of FtsZ polymers should inhibit their func-
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tional dynamics in vivo, which we propose explains cytokinesis
inhibition. This is supported by the observation of FtsZ foci
along PC-treated bacilli instead of Z-rings (32).

Our results also give insight into the mechanisms of FtsZ
assembly and facilitate the use of PC as a tool to investigate the
biological role of FtsZ. PC binding induces Bs-FtsZ filament
formation under incipient assembly conditions (250 mm KCl,
no Mg®"). These filaments are single stranded, yet they assem-
ble with a cooperative critical concentration behavior, typical of
multi-stranded polymers. This may be explained by Bs-FtsZ
switching between inactive and active states similarly to Ec-
FtsZ (16), indicating that PC induces the polymer Bs-FtsZ con-
formation, possibly by drugging its assembly switch. However,
it cannot be ruled out that the cooperative behavior of Bs-FtsZ
with PC might be caused by some filament cyclization in the
coils observed or by filament network formation. Direct mea-
surements of PC binding to FtsZ polymers suggest partial sat-
uration of one PC binding site in FtsZ, limited by the solubility
of the ligand. PC-induced Bs-FtsZ filament assembly in the
absence of magnesium proceeds without GTP hydrolysis, con-
stituting an equilibrium model system of ligand-induced nucle-
ated assembly, analogous to the taxol-induced assembly of
GDP-tubulin (12). It would be worth studying in more detail the
linkage of PC binding to FtsZ filament assembly.

The FtsZ GTPase site is at the axial interface between con-
secutive FtsZ molecules in a protofilament (8, 37), so that GTP
hydrolysis takes place upon FtsZ assembly. PC modulates the
GTPase activity of steady-state polymerizing Bs-FtsZ solutions.
The GTPase activation at early stages of assembly remains to be
studied. Focusing on the effects of the higher PC concentra-
tions, the partial inhibition of Bs-FtsZ GTPase and the lack of
PC effect of GTP binding argue against binding to the same site.
This GTPase inhibition is difficult to explain by a bundling
effect, due to the coincident extent of inhibition under different
bundling conditions (Fig. 6). Mechanistically, PC binding at a
site different from the GTP site may either decrease the FtsZ
subunit turnover in stabilized filaments and therefore the GTP
hydrolysis turnover (27) or allosterically modulate (32) the GTP
hydrolysis and exchange in FtsZ filaments.

Depending on the solution conditions, the assembly of
Bs-FtsZ varies and so does the effect of PC, with a similar
global assembly enhancement. PC binding under Bs-FtsZ
filament assembly conditions (50 mm KCl, Mg>™) results in
the formation of large condensates of Bs-FtsZ filaments.
This may be a consequence of filament accumulation, or PC
might induce the condensation of existing filaments, by
binding more to condensed than to isolated FtsZ filaments.
PC induces, in addition to characteristically curved Bs-FtsZ
filaments and straight bundles (Fig. 1), toroids at pH 6.8 and
helical bundles at pH 7.5 (Fig. 7), underscoring the flexibility
of FtsZ filaments. The observation of Bs-FtsZ coils and
toroids formed with nucleotide and Mg>" in the absence of
PC (Fig. 7) indicate that the ability to form curved conden-
sates is an intrinsic property of Bs-FtsZ filaments, which is
important for the formation of the Z-ring (24), and is
enhanced by PC binding. Curved FtsZ filaments coalescing
into the Z-ring have recently been proposed to generate the
constriction force (38).

MAY 7,2010-VOLUME 285+-NUMBER 19

We have employed Bs-FtsZ as a model and confirmed that
PC also induces bundling of Sa-FtsZ, but does not induce
assembly or condensation of Ec-FtsZ filaments. This is in
agreement with the antibacterial spectrum of PC, which has
been related to the presence of Val307 in FtsZ from suscep-
tible organisms (32). Mutations conferring resistance to PC
cluster at the long channel between the two domains of the
FtsZ molecule where PC has been docked (32). This zone is
different from the GTP binding site and it overlaps the taxol
binding site in B-tubulin. In agreement with the large
sequence divergence between both proteins no marked cross
reactions have been observed (32; Results). In order to sta-
bilize susceptible FtsZ polymers PC should bind more to
them than to monomers. It could be thought that PC does
not bind to FtsZ monomers, nor fits well into the binding site
of non-susceptible FtsZ (32). However, the GTPase enhance-
ment and HPLC measurements indicate PC binding to Ec-
FtsZ. Given that PC did not modify steady-state polymeriza-
tion, it should bind similarly to the monomers and polymers
of this non-susceptible FtsZ. This binding could occur in a
different manner (ineffectively or at another site) than in
susceptible Bs-FtsZ and Sa-FtsZ polymers. The as yet unre-
solved atomic structure of an FtsZ-PC complex could give
insight into the detailed structural mechanism of PC action,
possibly the FtsZ activation switch, and would facilitate the
optimization of PC-derived drugs targeting FtsZ in bacterial
pathogens. The major determinant of PC binding to FtsZ
(Results) and antibacterial activity (35) appears to be its
DFMBA moiety.

An increasing number of proteins are known to modulate
FtsZ assembly (4), inhibiting or enhancing FtsZ polymeriza-
tion and bundling. Small molecules reported to stabilize FtsZ
polymers include zantrins 3 and 5 (39), ruthenium red (40)
and DAPI (41), and very recently FtsZ bundling by the ben-
zoic acid derivative OTBA (42) has been proposed as a strat-
egy to inhibit bacterial division. It would be of interest to
know whether these molecules share the PC site or bind
elsewhere in FtsZ. It is known that Ca*>" ions induce FtsZ
filament bundling (43, 44) and that FtsZ condensates can
form in a nonspecific manner by macromolecular crowding
(45) or by interactions with polar molecules at relatively high
concentrations (46). Volume exclusion in the bacterial
cytosol should favor the formation of FtsZ condensates. An
important question is whether there are endogenous regula-
tors sharing the PC binding site of FtsZ.

The biochemical action of PC on FtsZ polymers parallels
that of taxol on tubulin (12), since each drug stabilizes its
respective protein polymers against disassembly, by binding
more to polymers than to monomers. Taxol was the first (47)
among antitumor Microtubule Stabilizing Agents, which
impair cellular microtubule dynamics and mitosis, trigger-
ing cell death (48). Microtubule Stabilizing Agents work by
preferential binding to assembled tubulin (49). The struc-
tural mechanism coupling taxol binding and microtubule
assembly is currently under investigation (50). In the case of
the PC-induced FtsZ filaments the problem may be simpler
due to the lack of lateral interactions. At a cellular level,
multiple microtubule asters form in tumor cells treated with
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high taxol concentrations, instead of normal spindles (Fig.
S5; 51). Multiple mislocalized FtsZ foci, instead of a func-
tional Z-ring, form along PC-treated bacteria, which appear
to cause the inhibition of cytokinesis leading to bacterial
lysis by PC (32). We speculate that PC is the first of a new
class of synthetic antibacterials, the FtsZ Polymer Stabilizing
Agents. Our findings raise the question of whether taxol and
PC have totally different structural mechanisms of action or,
by binding to equivalent sites, to what extent each of them
acts on a conserved assembly switch in the tubulin-FtsZ
superfamily of proteins.
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Supplemental Data
EXPERIMENTAL PROCEDURES

Proteins expression and purification. Untagged, full-length ftsZ from B. subtilis (ATCC
23857D) cloned into pHis17 (1) was sequenced. The deduced protein sequence was identical
to the Uniprot B. subtilis FtsZ sequence P17865 (16 June 2009). The construction was
transformed into E. coli C41(DE3) cells, grown in 2xYT medium (1L) with 100ug/mL
ampicillin and expression induced with 1 mM IPTG (at Absgoonm = 0.5, 3h at 37 °C). The cell
pellet was resuspended in 20 ml of TKM buffer (50 mM Tris-HCI, 50 mM KCIl, 1 mM
EDTA, 5 mM MgCl,, 10% glycerol, pH 8.0). Bs-FtsZ was purified as described (1) with
modifications. PMSF (200 pg/mL) and leupeptin (2 pg/mL) were added to the cells in TKM
buffer. Cells were disrupted by sonication and centrifuged at 100,000 x g for one hour. The
protein in the supernatant was precipitated with 40% ammonium sulphate, resuspended in 50
mM Mes—KOH, 5 mM MgCl,, 10% glycerol, pH 6.5, and loaded into a 5 mL anion-exchange
chromatography HiTrap Q HP column (GE Healthcare). FtsZ was eluted using a 40 minute
long 0-1M KCI gradient at 1ml/min. FtsZ was concentrated and subjected to a hydrophobic
chromatography with a 1 ml Phenyl HP column (Amersham) in 50mM KH,PO4/K,;HPO4-
KOH, 1mM EDTA, 0.8M (NH4)2SO4, pH 7.5, eluted by depletion of (NH4),SO4 in a 100-0%
gradient for 20 minutes at Iml/min. Finally the protein was subjected to gel-filtration
chromatography (Sephacryl S300 26/60 column, GE Healthcare) in 50 mM Tris—HCI, 50mM
KCl, 1 mM EDTA, 10% glycerol, pH 7.5, concentrated to < 0.5 mL (about 1mM Bs-FtsZ)
and stored at -80°C. Bs-FtsZ preparations contained ~0.1 guanine nucleotide bound per FtsZ,
determined by perchloric acid extraction (2). The molecular mass of full length Bs-FtsZ was
confirmed by MALDI-TOF mass spectrometry. The Bs-FtsZ concentration was determined
spectrophotometrically, after subtracting the nucleotide contribution (2), employing an
extinction coefficient 2560 M cm™ at 280 nm (2 Tyr, 0 Trp residues).

The complete S. aureus (MuS0/ATCC 700699) ftsZ ORF was amplified with flanking oligos
carrying targets for Ndel and BamHI enzymes, digested, cloned into pET29 and sequenced.
The construction was transformed into E. coli BL21(DE3)pLys cells, grown in LB medium
(1L) with 50ug/mL kanamycin and chloramphenicol and expression induced with 1 mM
IPTG (3h at 37 °C). Sa-FtsZ was purified and its molecular mass confirmed as for Bs-FtsZ. It
contained ~0.05 guanine nucleotide per FtsZ. The Sa-FtsZ concentration was determined
spectrophotometrically, after subtracting the nucleotide contribution (2), employing and
extinction coefficient 1960 M cm™ at 260 nm (14 Phe, 0 Tyr, 0 Trp residues).

FtsZ from E. coli was overproduced in transformed E. coli BL21(DE3) cells and purified with
the Ca*"-precipitation and anion-exchange method as described (2), yielding preparations with
~0.8 guanine nucleotide per FtsZ. The concentrations of Ec-FtsZ, Bs-FtsZ and Sa-FtsZ stocks
were compared by quantifying their Coomassie stained bands in the same SDS-PAGE gels.
Purities of the three different FtsZ are shown by Fig. S6.

Tubulin was purified from bovine brain and microtubules assembled in glycerol containing
buffer with 1 mM GTP, pH 6.7, 37 °C, as described (3), employing the scattering and electron
microscopy methods described below.

Synthetic compounds. PC190723 (4) was > 99% pure in HPLC analysis. The absorption
spectrum of PC in methanol has maxima at 200, 220 and 296 nm and a shoulder at 304 nm.
The extinction coefficient at 296 nm is 7300 + 300 M cm™ (7085 + 200 M cm™ in DMSO).

1



DFMBA and DFHMBA were synthesized following described procedures (5). DFMBA: 'H
RMN (300 MHz, acetone-d®): 3.89 (s, 3H); 6.98 (td, J =9.0, 2.0 Hz, 1H); 7.14-7.22 (m, 2H);
7.42 (s, 1H). mp = 169.5-170.6 °C. DFMBA was > 99% pure in HPLC-MS analysis. HPLC
conditions: MeOH/H,;0-0.1% HCOOH-0.1% NH4OH, 0-100% for 45 min, 0.5 mL/min,
detection at 210/230/254/280 nm for 60 min, tg: 18.5. m/z 188 [ M+H]".

DFHBA: 'H RMN (300 MHz, acetone-d®): 6.87 (td, J = 8.8, 1.8 Hz, 1H); 6.99-7.07 (m, 1H);
7.26 (s, 1H); 7.48 (s, 1H); 8.85 (s, 1H). mp = 127.0-128.2 °C. DFHBA was > 99% pure in
HPLC-MS analysis. HPLC conditions: MeOH/H,0-0.1 % HCOOH-0.1% NH4OH, 0-100%
for 45 min, 0.5 mL/min, detection at 210/230/254/280 nm for 60 min, tg: 12.4. m/z 172 [ M-
HJ.

CTPM was synthesized as follows. To a solution of 2-(benzyloxymethyl)-6-
chlorothiazolo[5,4-b]pyridine (5) (1 g, 3.74 mmol) in distilled CH,Cl, (2 mL), a solution of
BBr; in DCM (19 mL, 1M) was added dropwise. The mixture was stirred at room temperature
for 2 h. After the completion of the reaction, NaHCO; (18 mL, sat. solution) was added at 0
°C and the mixture extracted with DCM (3x 40 mL). The organic layers were dried (Na,SO4)
and evaporated. The resultant solid was purified by column chromatography on silica
(Hexane/EtOAc 8:2 to EtOAc) to afford the desired compound in 83% yield. '"H RMN (300
MHz, CDCls): 5.09 (s); 8.21 (d, J = 2.2 Hz, 1H); 8.55 (d, J = 2.2 Hz). °C RMN (75 MHz,
CDCls): 63.6 (CH»); 129.8 (CH); 130.3 (C); 146.4 (CH); 146.9 (C), 156.3 (C); 176.2 (C). mp
= 194.3-195.5 °C. CTPM was > 99% pure in HPLC-MS analysis. HPLC conditions:
MeOH/H,0-0.1 % HCOOH-0.1% NH4;OH, 0-100% for 45 min, 0.5 mL/min, detection at
210/230/254/280 nm for 60 min, tg: 123.0. m/z 201.0 [ M-H]"

MBA was from Aldrich.

Monitoring FtsZ assembly with light scattering. FtsZ (10uM in 0.5 mL filtered buffer, to
which ligands were added) was placed in a 10 x 2 mm (excitation path) cell in a photon-
counting Horiba-Jovin-Yvon FluoroMax-4 spectrofluorometer thermostated at 25°C. The 350
nm light scattered at 90° (with 0.5 nm excitation and emission band pass), was normalized by
the internal reference beam and was recorded in 1 second time frames. The reaction was
started by consecutive additions of 10 mM MgCl, and guanine nucleotide. The arbitrary
scattering units employed through this work are 10° x counts per second (sample) /
microAmps (reference).

Electron Microscopy. For negative staining, samples (10-20ul) were adsorbed to carbon-
coated copper electron microscopy grids and stained with 2% uranyl acetate. For cryo-
electron microscopy (cryo-EM), samples were applied to grids with holey carbon film
(Quantifoil) after glow-discharge and immediately blotted and vitrified using the automatic
GATAN cryo-plunge. Micrographs were taken at x40000 magnification in a Jeol 1230
electron microscope operated at 100 kV and equipped with a GATAN liquid nitrogen
specimen holder for cryo-EM. Cryo-electron micrographs were taken from the hole areas,
where the ice lacks any supporting film underneath, under low dose conditions and different
defocus. Micrographs were digitized with a Minolta Dimage Scan Multi Pro scanner at 2400
dpi, corresponding to 0.265 nm per pixel. To measure the thickness of the FtsZ filaments, the
images were saved as .PNG files and measured with Image-J. Measurements obtained in
pixels were multiplied by 0.265 nm per pixel (6). Cryo-EM images were subsequently low-
pass filtered to remove the noise present at high frequencies using EMAN.



FtsZ polymers pelleting. Samples (0.1 mL) were prepared in polycarbonate ultracentrifuge
tubes in a thermostat at 25°C. Control samples included one where GTP was substituted with
GDP and another lacking MgCl,. Polymerization was initiated by the addition of nucleotide
or of 10uM FtsZ and typically allowed to proceed for 15 minutes before centrifugation at
386,000 x g (100,000 rpm) for 20 or 80 minutes at 25°C in a TLA-100 rotor with an Optima
TLX ultracentrifuge (Beckman). To pellet FtsZ bundles with reduced filament sedimentation,
samples were centrifuged at 15,000 x g (20,000 rpm). Supernatants were removed and added
one equivalent volume of SDS-PAGE sample buffer. Pellets were carefully resuspended in
one volume of sample buffer and one volume buffer added. Pellet and supernatant aliquots
from each sample were loaded with a 15 minute eletrophoretic shift between them into the
same lanes of SDS-12% polyacrylamide gels. Gels were stained with Coomassie blue,
scanned and the protein bands quantified using Quantity One software (BioRad).

Screen of solution conditions. The effects of the solution variables on the spontaneous and
PC-enhanced assembly of FtsZ (10 uM) were screened with series of small volume
sedimentation and electron microscopy tests, complemented with light scattering. Substitution
of K by Na reduced polymerization. Bs-FtsZ polymerization was sensitive to the buffer anion.
The order of effectiveness was Mes > Hepes > Pipes > Mops ~Bis-Tris (50 mM, pH 6.6). For
example, Bs-FtsZ barely assembled in Pipes with GTP (in contrast with Ec-FtsZ), but formed
filaments with GMPCPP or bundles upon PC addition.

Binding of PC to FtsZ polymers. Samples (0.2 mL) containing 10 uM FtsZ and different
concentrations of PC in Hepes assembly buffer pH 6.8 with 2 mM GTP were centrifuged for
20 min as above. The supernatants were collected and the pellets were resuspended in the
same buffer. To measure the concentration of pelleted FtsZ and FtsZ in the supernatant, 5 pl
of the samples were separated and applied to a SDS-PAGE gel. Ten micromolar taxol was
added as the internal standard to each sample. Both the pellets and the supernatants were then
extracted three times with an excess volume of dichloromethane, dried in vacuum, and
dissolved in 35 pl of a methanol/water (v/v: 80/20) mixture. PC bound to pelleted polymers
and free in the supernatant were determined by HPLC analysis with a C-18 column (Eclipse
XDB-C18, 4.6 x 150 mm, 5 um bead size) eluted with a gradient of 5 mM ammonium acetate
to acetonitrile (10% to 90%) in 30 minutes and at a flow rate of 0.5 ml/min.

GTPase. GTP hydrolysis in FtsZ solutions at 25°C was measured from the released inorganic
phosphate employing the malachite green method (7). GTPase units are defined as mol of
phosphate per mol protein per minute.

Binding of *H-GTP to FtsZ. Samples (0.2 mL) containing 1 uM FtsZ and 1 pM *H-GTP
(Amersham; diluted into cold GTP to give about 50000 cpm per sample) were prepared in
polycarbonate ultracentrifuge tubes at 25°C. Control samples contained and excess of GDP
(100uM). Samples were centrifuged at 386000 x g for 1.5 hours in a TLA100 rotor at 25
25°C. Samples were carefully divided into a top and a bottom half, an equivalent volume of
buffer (100ul) was added and the free GTP concentration was determined in the protein-
depleted top half of tubes, after dilution in 3.8 ml of Beckman ReadySafe solution, employing
a LKB Wallac 1219 Rackbeta liquid scintillation counter (PerkinElmer Life Sciences). Bound
GTP was determined by difference to the total GTP concentration. In each assay, controls
without FtsZ were included, and concentrations were corrected for the small amount of H-
GTP sedimented in the absence of protein.
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TABLE S1. Bs-FtsZ polymorphic assemblies observed under various solution conditions and
with PC190723 at 25 °C

NUCLEOTIDE, CATION | BUFFER

POLYMER TYPE (spontaneous)

short filament (few)

GTP/GMPCPP

Hepes 250 mM KCI pH 6.8

Filaments

GTP/GMPCPP, Mg**

Hepes 50 mM KCl pH 6.8 or pH 7.5
Hepes 250 mM KCI pH 6.8

curved filaments

GMPCPP, Mg~

Hepes 50 mM KCI pH 6.8

coils ~200 nm @

GMPCPP, Mg~

Hepes 50 mM KCI pH 6.8
Mes 50 mM KCI pH 6.8

toroids ~150 nm @

GMPCPP/GTP, Mg™*

Hepes 50 mM KCI pH 6.8
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Mes 50 mM KCI pH 6.8

POLYMER TYPE (with PC190723)

toroids ~300 nm O GTP Hepes 50 mM KCI pH 6.8
curved filaments GTP/GMPCPP Hepes 250 mM KCI pH 6.8
coils ~200 nm @ GTP/GMPCPP Hepes 250 mM KCI pH 6.8
ribbon and bundle GTP/GMPCPP, Mg Mes 50 mM KCI, Hepes 50 mM KCl
pH 6.8, eventually Hepes 250 mM KCl
helical bundle GTP, Mg™" Hepes 50 mM KCl pH 7.5
FIGURE LEGEND

Fig. S1. Polymers formed by Bs-FtsZ (10 uM) in Hepes250 assembly buffer with 2 mM GTP
(A), 2 mM GTP plus 20 uM PC (B), 2 mM GTP plus 10 uM MgCl, (C), and 2 mM GTP plus
10 mM MgCl, and 20 uM PC (D). The bar indicates 200 nm

Fig S2. PC-induced Bs-FtsZ polymers sedimentation in Hepes250 assembly buffer with 10
mM MgCl, and GMPCPP (0.1 mM, upper panel) or GTP (2 mM, lower panel). The solid
circles are with 20 uM PC, void circles without PC, solid triangles with GMPCP or GDP,
void triangles without MgCl, The X-axis intercept values were: GTP, 0.0 £ 0.1 uM;
GMPCPP, 0.1 £ 0.4 uM.

Fig. S3. Effects of PC on the binding of ‘H-GTP (1 uM) to Bs-FtsZ (1 uM) (circles) and Ec-
FtsZ (squares) in Hepes50 assembly buffer with 10 mM MgCl,. The effects of controls with
100 uM GDP added are indicated (triangles).

Fig. S4. A comparison of the effects of PC (20 uM, solid red lines) on the polymerization of
FtsZ from susceptible (Bs, Sa) and resistant bacteria (Ec) (dashed lines are without PC). A,
Bs-FtsZ. B, Sa-FtsZ. C, Ec-FtsZ. D, Ec-FtsZ with GTP regenerating system (1 unit/mL
acetate kinase and 15 mM acetyl phosphate) monitored by light scattering. Conditions:
Hepes50 buffer with 10 mM MgCl, and 1 mM GTP, 10 uM FtsZ, 25 °C.

Fig. S5. Spindle pole delocalizing effects of taxol on mitotic of A549 human lung carcinoma
cells. A and B, no taxol. C and D, 300 nM taxol (24 hour). This figure is only intended to
illustrate the analogy, saving systems differences, with the delocalizing effects of PC on the
FtsZ ring of B. subtilis cells (see Fig. 2B in ref. 4). The bar indicates 10 um. The microtubules
were stained with a monoclonal antibody to alpha-tubulin and a secondary fluoresceinated
antibody (green) and DNA with Hoescht 33342. Figure courtesy of 1. Barasoain, Centro de
Investigaciones Biologicas (see ref. 8 for related results).

Fig. S6. SDS-PAGE of FtsZ preparations. Purities were: Bs-FtsZ 98%, Sa-FtsZ 93% and Ec-
FtsZ > 98%, estimated by scanning and quantifying Coomassie blue stained gels. The
mobilities of apparent molecular weight markers (KDa) are indicated on the left. Trace
contaminants identified by tryptic peptide MALDI-MS/MS fingerprinting in Bs-FtsZ
preparations were beta-galactosidase (LacZ) and DnaK from the Ec expression system.
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