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ABSTRACT: We have measured three aspects of FtsZ filament dynamics at steady state: rates of GTP
hydrolysis, subunit exchange between protofilaments, and disassembly induced by dilution or excess GDP.
All three reactions were slowed with an increase in the potassium concentration from 100 to 500 mM, via
replacement of potassium with rubidium, or with an increase in the magnesium concentration from 5 to
20 mM. Electron microscopy showed that the polymers assembled under the conditions of fastest assembly
were predominantly short, one-stranded protofilaments, whereas under conditions of slower dynamics, the
protofilaments tended to associate into long, thin bundles. We suggest that exchange of subunits between
protofilaments at steady state involves two separate mechanisms: (1) fragmentation or dissociation of
subunits from protofilament ends following GTP hydrolysis and (2) reversible association and dissociation of
subunits from protofilament ends independent of hydrolysis. Exchange of nucleotides on these recycling
subunits could give the appearance of exchange directly into the polymer. Several of our observations suggest
that exchange of nucleotide can take place on these recycling subunits, but not directly into the FtsZ polymer.
Annealing of protofilaments was demonstrated for the L68W mutant in EDTA buffer but not in Mg
buffer, where rapid cycling of subunits may obscure the effect of annealing. We also reinvestigated
the nucleotide composition of FtsZ polymers at steady state. We found that the GDP:GTP ratio was
50:50 for concentrations of GTP >100 μM, significantly higher than the 20:80 ratio previously reported at
20 μM GTP.

FtsZ is a bacterial homologue of tubulin and the major
cytoskeletal protein in bacterial cytokinesis. In vitro, it assembles
into protofilaments that are one subunit thick and an average of
30 subunits long. In vivo, these protofilaments are further
assembled into the cytokinetic ring, called the Z ring. It was
recently shown that FtsZ can assemble Z rings in liposomes
without any other division proteins, and these Z rings can
generate a constriction force on the liposome wall (1). The FtsZ
ring serves as a site for docking of a dozen other cell division
proteins, which are mostly involved in remodeling the peptido-
glycan wall. For reviews of FtsZ and the Z ring, see refs (2-5).

We have previously developed two fluorescence assays to
study assembly and dynamics of FtsZ. One used an L68W
mutant, in which the introduced tryptophan showed a 2.5-fold
increase in fluorescence emission upon assembly (6). The other
used an F268C mutant in which the introduced Cys could be
labeled with fluorophores. By labeling separate pools of subunits
with fluorescein and rhodamine, we could use fluorescence
resonance energy transfer (FRET)1 as a reporter of assembly (7).
TheFRETassay also provided ameans of determining the rate of

subunit exchange in protofilaments at steady state. Turnover was
found to be rapid, resulting in a completemixing of subunits with
a half-time of 7 s. This exchange of subunits in vitro is similar to
the rapid turnover in the Z ring in Escherichia coli and Bacillus
subtilis (8).

The relationship between GTP hydrolysis and FtsZ filament
dynamics is still controversial. Our previous studies of the
dynamic properties of FtsZ from E. coli and Mycobacterium
tuberculosis suggested that the dynamics of FtsZ filaments were
determined primarily by GTP hydrolysis and that nucleotide
exchange took place only on recycling subunits (6, 9). However,
Tadros et al. (10) suggested a decoupling of assembly dynamics
and hydrolysis and direct exchange of nucleotide into protofila-
ments.

In this study, we have addressed the question of nucleotide
exchange by investigating the broader question of exchange of
FtsZ subunits. We used our FRET assay to assess subunit
exchange at steady state, and we determined the rates of
disassembly induced by excess GDP and by dilution. Our new
data suggest that the rates of reversible dissociation and reasso-
ciation of subunits from protofilament ends, without GTP
hydrolysis, are equivalent in magnitude to the rate of exchange
generated by GTP hydrolysis. This mechanism is emphasized
here for the first time and may explain the appearance of
nucleotide exchange directly into the polymer.

†Supported by National Institutes of Health Grant GM66014.
*To whom correspondence should be addressed. E-mail: h.erickson@

cellbio.duke.edu. Telephone: (919) 684-6385. Fax: (919) 684-8090.
1Abbreviations: FRET, fluorescence resonance energy transfer; EM,

electron microscopy.
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EXPERIMENTAL PROCEDURES

Protein Purification and Labeling. E. coli FtsZ and the
point mutants FtsZ-F268C and FtsZ-L68W were purified as
described previously (7). Briefly, the bacterially expressed protein
was purified by a 20% ammonium sulfate cut (pellet discarded)
followed by 30%ammonium sulfate precipitation and chromato-
graphy on a sourceQ10/10 column (GEHealthcare) with a linear
gradient from 50 to 500 mMKCl in 50 mM Tris (pH 7.9), 1 mM
EDTA, and 10% glycerol. Peak fractions were identified by
SDS-PAGE and stored at -80 �C.

Protein FtsZ-F268C was labeled with fluorescein 5-maleimide
or tetramethylrhodamine 5-maleimide (Molecular Probes) as
described previously (7). The labeling efficiency was >90% for
each fluorophore. Labeled protein was also stored at -80 �C.
GTPase Assay. GTPase activity was measured using a

continuous, regenerative coupled GTPase assay modified from
the protocol described previously (11, 12). In this assay, the GTP
concentration remains constant and all free GDP is rapidly
regenerated into GTP. Each GTP molecule that is regenerated
consumes oneNADH, and the hydrolysis rate is measured by the
decrease in absorption of NADH, using an extinction coefficient
of 0.00622 μM-1 cm-1 at 340 nm, measured in a Shimadzu UV-
2401PC spectrophotometer. Our assay mixture included 1 mM
phosphoenolpyruvate, 0.7 mM NADH, 20 units/mL pyruvate
kinase and 20 units/mL lactate dehydrogenase (Sigma-Aldrich),
and 0.2 mM GTP. A 3 mm path cuvette was used for measure-
ment. Hydrolysis was plotted as a function of FtsZ concen-
tration, and the slope of the line above the critical concentration
(∼1 μMfor all buffer conditions)was taken as the hydrolysis rate.
Measurements were taken in a thermostatically controlled cell at
25 �C.
Assaying the Fraction of GTP and GDP in the FtsZ

Polymer.We assayed the nucleotide content of assembled wild-
type FtsZ using the procedure ofRomberg andMitchison (13). A
GTP regeneration system was used to convert GDP free in
solution to GTP; the only GDP should be that bound to FtsZ
subunits. The 10 μL reaction volume contained 20 μM FtsZ,
2 mM phosphoenolpyruvate, and 80 units/mL pyruvate kinase.
Before the assay, the FtsZ was assembled in calcium, pelleted,
and resuspended in the appropriate buffer. The pellet volumewas
<1/20 of the resuspended volume, so residual calcium should be
<0.5 μM, which has a minimal effect on GTPase activity (14).
We assume the pellet carried with it 20 μMGDP,which would be
converted to GTP by the regenerating system. Additional GTP
containing 5% [R-32P]GTP was added to give total GTP con-
centrations of 40, 60, 80, and 120 μM.The reactionmixtures were
incubated for 100 s to reach steady state, and the samples were
denatured with 30 μL of 1M perchloric acid and 10 mMEDTA.
The mixture was neutralized with 20 μL of 1 M Na2CO3 and
centrifuged at 10000 rpm for 5min to remove the precipitate. The
nucleotides in the sample were analyzed on poly(ethyleneimine)
cellulose thin-layer chromatography plates. Plates were prerun in
water and dried for 4 h in an oven at 80 �C (this was essential in
the humidity of summer). A 5 μL sample was spotted, and the
plates were run in 1 M LiCl. The dried plates were exposed to a
Fujix bas 1000 phosphorimager plate, which was read in a
Typhoon 9400 Variable Mode imager and analyzed with Im-
age-Quant. The amount of GDP as a fraction of total nucleotide
was determined.
Electron Microscopy. FtsZ filaments were visualized by

negative stain electron microscopy (EM). Approximately 10 μL

of the sample in the appropriate buffer was incubated with GTP
for 1-2min and applied to a carbon-coated copper grid. Samples
then were negatively stained with 2% uranyl acetate and photo-
graphed using a Philips 301 electron microscope at 50000�
magnification.
Fluorescence Measurement. Fluorescence measurements

were taken with a Shimadzu RF-5301 PC spectrofluorometer.
A FRET signal was generated from fluorescein-labeled FtsZ-
F268C as the donor and tetramethylrhodamine-labeled FtsZ-
F268C as the acceptor. FtsZ assembly or disassembly was
tracked using the decrease or increase, respectively, in donor
fluorescence at 515 nm, with excitation at 470 nm as described
previously (7). For experiments using the tryptophan mutant
FtsZ-L68W, assembly was monitored by measuring the trypto-
phan emission at 350 nm, with excitation at 290 nm (6).

For measurements of kinetics of disassembly and of subunit
exchange, samples were first assembled to steady state. In all
cases, the samples were incubated for a time equal to at least 4
times 1/GTPase, typically 1-3 min, before the measurement.

The kinetics of disassemblyweremeasured by adding an excess
of GDP or by dilution. In the first case, a mixture of 5 μMdonor
and 5 μMacceptor FtsZ was assembled with 100 μMGTP. After
incubation for 1-3min, GDPwas added to a final concentration
of 2 mM (from a 200 mM stock, resulting in minimal dilution of
FtsZ), and the increase in donor fluorescence was tracked
following a 1-2 s dead time for mixing. For dilution-induced
disassembly, 5 μL of amixture of 5 μMdonor and 5 μMacceptor
was assembled in the cuvette with 500 μMGTP.Disassemblywas
initiated by adding 70 μL of buffer.

Tomeasure the rate of filament turnover at steady state, 10μM
donor FtsZ and 10 μM acceptor FtsZ were preassembled
separately with 1 mM GTP. After incubation for 2 or 3 min,
equal volumes of donor and acceptor filaments were quickly
mixed by pipetting up and down in the cuvette. This mixing left a
dead time of 1-2 s before the fluorescence measurement began,
but this did not significantly affect the fitting of the exponential.
FtsZ filament turnover was tracked by measuring the decrease in
donor fluorescence as mixed protofilaments were formed. The
subunit exchange and disassembly data were fit to either a single-
exponential decay [F(t)=Fo þ Re-t/τ] or a double-exponential
decay [F(t)= Fo þ R1e

-t/τ1 þ R2e
-t/τ2], where Fo is the initial

fluorescence before disassembly, τ is the decay time in seconds,
and R values are constants.

All fluorescence measurements were taken at room tempera-
ture (∼23 �C). However, we found that the temperature in the cell
holder of the fluorometer was elevated 2-3 �C, so most
fluorescence measurements were taken at 25-26 �C. Impor-
tantly, where values are directly compared, e.g., GDP- versus
dilution-induced disassembly, or dynamics in different buffers,

Table 1: Comparing the GTPase Activity of Wild-Type FtsZ and Un-

labeled and Labeled FtsZ-F268C in Different Buffersa

GTPase activity (GTP min-1 FtsZ-1)

buffer WT FtsZ FtsZ-F268C FtsZ-F268C, labeled

100 mM KAc 6.1 4.7 4.5

500 mM KAc 4.1 3.2 0.6

100 mM RbCl 3.3 3.4 1.8

500 mM RbCl 2.1 2.4 0.6

aAll buffers contained 5 mM MgAc and are at pH 7.7. Measurements
were taken in a thermostatically controlled cell at 25 �C.
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