THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 38, pp. 27358-27365, September 20, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Control by Potassium of the Size Distribution of Escherichia
coli FtsZ Polymers Is Independent of GTPase Activity”
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with potential biological implications.
\_

(Bacl(ground: GTP-linked FtsZ assembly/disassembly is central for bacterial division.
Results: The size of the narrowly distributed GTP-FtsZ polymers decreases upon lowering potassium and is independent of

Conclusion: Potassium oppositely controls the size distribution of GTP-FtsZ polymers and the abundance of GDP oligomers.
Significance: The narrow size distribution is a particularity of FtsZ polymers maintained under a variety of solutions conditions,

~N

J

The influence of potassium content (at neutral pH and milli-
molar Mg>*) on the size distribution of FtsZ polymers formed in
the presence of constantly replenished GTP under steady-state
conditions was studied by a combination of biophysical meth-
ods. The size of the GTP-FtsZ polymers decreased with lower
potassium concentration, in contrast with the increase in the
mass of the GDP-FtsZ oligomers, whereas no effect was
observed on FtsZ GTPase activity and critical concentration of
polymerization. Remarkably, the concerted formation of a nar-
row size distribution of GTP-FtsZ polymers previously observed
at high salt concentration was maintained in all KCI concentra-
tions tested. Polymers induced with guanosine 5'-(a, 3-methyl-
ene)triphosphate, a slowly hydrolyzable analog of GTP, became
larger and polydisperse as the potassium concentration was
decreased. Our results suggest that the potassium dependence
of the GTP-FtsZ polymer size may be related to changes in the
subunit turnover rate that are independent of the GTP hydro-
lysis rate. The formation of a narrow size distribution of FtsZ
polymers under very different solution conditions indicates that
it is an inherent feature of FtsZ, not observed in other filament-
forming proteins, with potential implications in the structural
organization of the functional Z-ring.

FtsZ is a key component of the bacterial cell division machin-
ery (1) that is able to form polymers whose GTP-dependent
assembly/disassembly is crucial for the formation of the
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dynamic division ring (1, 2). Escherichia coli FtsZ has been
shown to polymerize in dilute physiological buffers at neutral
pH and millimolar magnesium concentration into one-sub-
unit-thick protofilaments (1). In addition to pH (3, 4), nucleo-
tides and secondary (5, 6) and primary (7) cations have also
been shown to determine FtsZ polymerization. Monovalent
cations have been found to be responsible for the dynamic
behavior of the polymers (7), and it has been proposed that K™
concentration affects both the GTPase activity and morphology
of GTP-FtsZ polymers (8). K" binding is indispensable for
polymerization of E. coli FtsZ at physiological pH, and although
assembly can also be triggered by other monovalent cations, it is
unlikely that they play a physiological role given their low affin-
ity for FtsZ (7).

Our laboratory has studied the assembly of FtsZ in the pres-
ence of GTP and guanosine 5’-(a,-methylene)triphosphate
(GMPCPP)* (5, 9), a slowly hydrolyzable analog of GTP, at 500
mM KCI and neutral pH. The protofilaments formed in the
presence of GTP are very dynamic, rapidly disassembling with
nucleotide depletion due to hydrolysis. By adding an enzymatic
GTP regeneration system (10), the polymers are maintained at
steady state for the time period required to be analyzed by bio-
physical methods (5, 9). In contrast, GMPCPP triggers self-
assembly of FtsZ into polymers that are stable for longer times
(2), allowing the study of the influence of the polymer cofactors
under slow hydrolysis conditions and, therefore, the influence
of hydrolysis in polymer remodeling. We found that, in the
presence of either of these nucleotides, as the concentration of
protein increases, FtsZ undergoes a concerted transition
between a paucidisperse distribution of low molecular weight
species and a narrow size distribution of high molecular weight
species containing on the order of 100 (GTP-FtsZ) or ~160
(GMPCPP-FtsZ) monomers (5), in good agreement with inde-
pendent atomic force microscopy data (11). The peak size of

“The abbreviations used are: GMPCPP, guanosine 5’-(a,8-methylene)-
triphosphate; SV, sedimentation velocity; FCS, fluorescence correlation
spectroscopy; DLS, dynamic light scattering.
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this distribution varies with nucleotide type and, in the case of
GTP-FtsZ polymers, also with the concentration of Mg>", but
the concerted nature of the transition does not. A further
increase in protein concentration increases the population of
high molecular weight species but not the mean size or disper-
sity, suggesting a second-order phase transition. Since our ini-
tially published results (9), we have accumulated additional
data by a variety of techniques that not only corroborate and
strengthen our initial observations but provide further addi-
tional information regarding the dependence of FtsZ polymer-
ization on its cofactors.

Here, we present a comprehensive study of the KCl depen-
dence of the size and homogeneity of GTP-FtsZ polymers using
a combination of biophysical methodologies. We also studied
the effect on GMPCPP-FtsZ polymers, and the differences
between both types of polymers are emphasized. We compared
the behavior of GTP-FtsZ polymers regarding their modulation
by KCl with that previously reported for GDP-FtsZ (12), and
additional new data are discussed. The results presented here
may also help to clarify some of the discrepant conclusions
regarding FtsZ polymerization drawn by several laboratories on
the basis of experiments conducted under different solution
conditions.

EXPERIMENTAL PROCEDURES

Protein Purification, Labeling, and GTPase Activity—FtsZ
was purified and labeled with Alexa Fluor 488 as described (12,
13). Experiments were performed in working buffer (50 mm
Tris-HCI (pH 7.5) and 5 mM Mg”" unless stated otherwise)
supplemented with the specified concentrations of KCl. GTP-
FtsZ polymers were stabilized by an enzymatic GTP regenera-
tion system (15 mm acetyl phosphate and 2 units/ml acetate
kinase) (14), except for anisotropy measurements. GTPase
activity was measured by the Malachite green method as
described (15). Briefly, 10 uM FtsZ in working buffer supple-
mented with the required KCl concentration was incubated at
22 °C with 1 mm GTP or GMPCPP. Samples were collected at
different times and diluted in buffer containing 65 mm EDTA to
stop the reaction. Malachite green-molybdate reagent was
added, and absorbance was measured at 620 nm. Phosphate
concentrations were calculated from a Na,HPO, standard
curve, and the velocity values of the GTPase activity (V) were
determined in nmol of phosphorus/nmol of FtsZ/min from the
slope of the linear part of the phosphate accumulation curves.
The data presented correspond to the mean * S.D. of at least
three experiments.

Sedimentation Velocity (SV)—Experiments were conducted
in a Beckman Optima XL-I ultracentrifuge (Beckman Coulter)
as described (5). Sedimentation coefficient distributions were
calculated with SEDFIT (16). Sedimentation values were cor-
rected to standard conditions (water, 20 °C, and infinite dilu-
tion) to obtain s,,,, using SEDNTERP (17). The continuous
molar mass distributions (c(M)) were calculated as described
(16). Frictional ratios (f/f,) were independently determined
from the sedimentation and diffusion coefficients as described
(5).

Composition Gradient Static Light Scattering—Monitoring
the concentration dependence of FtsZ scattering at 90° in a
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modified miniDAWN light scattering photometer (Wyatt
Technology Corp., Santa Barbara, CA) and data analysis were
conducted as described (18). Because of the angular depen-
dence of the scattering of FtsZ polymers (5), the scaled Rayleigh
ratio (R/K,) is not a direct measurement of the molar mass but
is proportional, and it is here shown for comparison of the
properties of different species depending on the solution
composition.

Fluorescence Correlation Spectroscopy (FCS)—FCS measure-
ments were carried out on a MicroTime 200 instrument (Pico-
Quant GmbH) with two-photon excitation as described (5, 13).
Data analysis was conducted by fitting a three-component
model involving a fast species corresponding to free dye and
two other species corresponding to unassembled and assem-
bled FtsZ. The contribution of the free dye (10-20%) and its
diffusion were independently measured and fixed in the analy-
sis. The translational diffusion of unassembled FtsZ was like-
wise independently measured and fixed in the analysis of GTP-
or GMPCPP-FtsZ, keeping its contribution together with the
parameters defining the polymer as adjustable values, as
described in detail elsewhere (5).

Steady-state Fluorescence Anisotropy—Anisotropy measure-
ments to determine the FtsZ critical concentration of polymer-
ization at 100 mm KCI were performed using a PC1 photon
counting steady-state spectrofluorometer (ISS) and analyzed as
described previously (13). Measurements were conducted at
20 °C with excitation and emission wavelengths of 481 and 520
nm, respectively, and with 0.15 um Alexa Fluor 488-labeled
FtsZ.

Dynamic Light Scattering (DLS)—DLS experiments were
conducted in a Protein Solutions DynaPro MS/X instrument as
described (5). Data were collected and exported with Dynamics
V6 software and analyzed using user-written scripts and func-
tions in MATLAB (Version 7.10, MathWorks, Natick, MA).
The obtained autocorrelation functions were analyzed as
described (5) to get the apparent diffusion coefficient.

Estimate of Molar Mass from Hydrodynamic Measurements—
The apparent molar mass of FtsZ polymers was calculated via
the Svedberg equation (19) using the average s, ,, obtained
from analysis of independent SV profiles and the average of the
standard D values obtained by DLS and FCS as described (5, 20).

Electron Microscopy—EM samples and imaging were done as
described (8). Briefly, FtsZ was incubated with the nucleotide
for 1 min, added to a carbon-coated glow-discharged copper
grid, stained with uranyl acetate, and visualized under a JEOL
JEM-1230 microscope at 100 kV.

RESULTS

Lowering the KCI Concentration Reduces the Size of GTP-
FtsZ Polymers—SV experiments on FtsZ polymers showed that,
at 500 mm KCIl, a 13-14 S species was the main sedimenting
material (Fig. 1), in agreement with our previous results (5, 9).
Upon lowering the KCI concentration, the sedimentation coef-
ficient distributions were still well described by a major peak of
fast sedimenting species, but s values changed at 300 and 100
mM KCl. The profiles in Fig. 1 are shown as representative of
typical data. Interestingly, the KCl-driven variation in the s
value proved to be reversible, as the sedimentation profile of
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FIGURE 1. Effect of KCl on GTP-FtsZ sedimentation. Shown are typical sed-
imentation coefficient distributions of FtsZ (12 um) with 1 mm GTP and an
enzymatic GTP regeneration system in working buffer with the specified KCI
concentrations. The lower panel shows FtsZ polymerized in 100 mm KCl and,
aftera 5-minincubation, supplemented with concentrated KCl to reach afinal
concentration of 500 mm (dotted line). Sedimentation profiles of FtsZ poly-
merized in 500 mm KClI (black line) or 100 mm KCl (gray line) are included as
reference.

GTP-FtsZ polymers formed in 100 mm KCl and subsequently
supplemented to 500 mMm was practically the same as that of
polymers formed at the higher salt concentration (Fig. 1). Inde-
pendent composition gradient static light scattering and trans-
lational diffusion measurements (see below) allowed us to con-
clude that the observed decrease in the s value was in fact due to
areduction in the size of FtsZ polymers.

The intensity of the 90° scattering of FtsZ polymers
decreased, within the same protein concentration range, as the
KCl concentration was lowered (Fig. 24), indicating a reduction
in the polymer size. It is noteworthy that parallel experiments
on FtsZ-GDP at equivalent protein concentrations showed the
opposite trend, i.e. the size of the FtsZ oligomers increased
upon lowering the salt content (Fig. 24), in good agreement
with previously published analytical ultracentrifugation results
(12). Time-dependent scattering measurements allowed us to
discard depletion of nucleotide due to inefficient GTP regener-
ation at KCl concentrations below 500 mm as a factor determin-
ing the smaller size of the polymers, as at both extremes of the
KCl concentration range tested, they were stable throughout
the time course of all the experiments conducted (Fig. 2B).
Composition gradient static light scattering experiments ruled
out a major effect of KCl concentration on the critical concen-
tration of polymerization of FtsZ, as further confirmed by fluo-
rescence anisotropy measurements (Fig. 2C), rendering values
of 1.04 * 0.07 um (0.042 = 0.003 g/liter) at 100 mm KCl, only
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FIGURE 2. Effect of KCl on GTP-FtsZ assembly. A, concentration depend-
ence of 90° scattering of FtsZ at 500 KCl (gray symbols) and 100 mm KCl (black
symbols) with GTP (circles) and GDP (triangles). B, time-dependent scattering
of GTP-FtsZ polymers in working buffer supplemented with 500 mm KCl (black
line) or 100 mm KCl (gray line). LS, light scattering. C, dependence of fluores-
cence anisotropy of Alexa Fluor 488-labeled FtsZ with total FtsZ concentra-
tion in working buffer with 100 mm KCl. The concentration of Alexa Fluor
488-labeled FtsZ was 0.15 um, and additional unlabeled FtsZ was added up to
the final concentration. The solid line is the best fit of the model described in
Ref. 13.Theisotherm is the mean = S.D. of three independent experiments. D,
dependence of D,,,, of GTP-FtsZ (white symbols) and GMPCPP-FtsZ (black
symbols) on KCl concentration as determined by FCS (circles) and DLS
(squares). Data are the mean =+ S.D. of at least three independent experi-
ments. the FtsZ concentration was 12 um.

slightly smaller than that at 500 mm KCI, ~1.24 um (~0.05
g/liter) (9, 13).

The decrease in mass of the FtsZ filaments at lower KCl con-
centrations was further confirmed by their faster diffusion (Fig.
2D and Table 1) as measured by FCS and DLS, which, together
with the slower sedimentation, constitute a clear indication of
mass decrease. Although the error intervals may overlap in
some cases when average data arising from different experi-
ments were compared (Table 1), it is worth mentioning that,
within a single experiment performed at different KCI concen-
trations on the same day and with the same samples, the same
trend was always observed, higher s and lower D values with
increasing KCI concentration. Estimated interval values of
monomers per polymer for a given salt concentration in Table 1
were calculated considering the variability found in the s values
within protein preparations, reduced with 500 mm KCIL The
apparent mass for GTP-FtsZ in 100 mm KCl calculated via the
Svedberg equation corresponds to protofilaments of ~40-70
monomers, in reasonable agreement with EM determinations
under similar experimental conditions (8). This value is lower
than the Svedberg estimation for FtsZ protofilaments at 500
mM KCI (Table 1). EM images of GTP-FtsZ polymers under our
experimental conditions also show a decrease in the average
size of the fibrils at 100 mm KCl (Fig. 34) compared with those
at 500 mm KCl (see supplemental Fig. S2 in Ref. 21).

The apparent mass of the polymers was also estimated from
c(M) analysis of SV profiles at each salt concentration. The
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TABLE 1

Dependence of biophysical properties of GTP- and GMPCPP-FtsZ
polymers on KCI content

Measurements were performed using 12 um FtsZ in working buffer.

D,
[KCI] Saom” DLS FCS n® fifoe n
N wm?/s wm?/s
GTP
500mMm 151 *17 43*04 41*03 70-100 51 70-90
300mM 139 *20 44*03 47*03 60-80 50 60-80
200 mMm 50=*0.3
100mM 11.9*25 48*04 51=*03 40-70 50 40-70
GMPCPP
500mM 199 *0.1 34*02 31*04 140-180 59 140-170
300mMm 296 *+0.1 27*03 29*04 220-310 6.0 170-300
200 mMm 24*02
100 mMm  >38

“ Major species when several are present.

® Monomers per polymer, calculated from apparent molar mass via the Svedberg
equation from the sedimentation coefficient interval and the average D values
by DLS and ECS.

¢ Frictional ratio, calculated from the s, , interval and the average of D, ,, by
DLS and FCS.

4 Monomers per polymer, calculated from c(s) distributions and f/f;,.

FIGURE 3. Electron microscopy of FtsZ polymers. Shown is FtsZ (6 um) in
working buffer with 100 mm KCl. Polymerization was triggered by adding
either 1 mm GTP (A) or 0.4 mm GMPCPP (B). Arrowheads in B indicate the
presence of some of the double filaments. Scale bar = 90 nm.

masses obtained were equivalent within error to those esti-
mated from sedimentation and diffusion coefficients via the
Svedberg equation (Table 1). The width of the c(M) analysis
represents the broadest possible M distribution, as the quality
of the fit was comparable to the c(s) analysis. As expected, the
flfs values obtained for the FtsZ polymers (Table 1) were much
larger than those corresponding to compact spheres of identi-
cal masses (17).

Static light scattering profiles of GTP-FtsZ polymers with
decreasing potassium acetate concentrations showed essentially
the same decrease in intensity as with KCl buffers (Fig. 4). SV dis-
tributions, more complex than in KCl, showed the same trend
(data not shown). This is in agreement with a previous study in
which the equivalence of KCl and potassium acetate was deter-
mined through GTPase and kinetics measurements (8). Potassium
acetate in magnesium-free buffers containing EDTA at neutral pH
provokes the aggregation of GTP-FtsZ (data not shown), which
otherwise exists as an unassembled species in KCI (5).

The Concerted Nature of the Transition between FtsZ Oligomers
and Polymers Is Maintained at Lower K™ Concentration—
SV measurements previously conducted on FtsZ polymers at
500 mm KCl indicated the cooperative appearance of a narrow
size distribution of finite oligomers with increasing concentra-
tions of FtsZ (9) and magnesium (5). At 10-100 um magne-
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FIGURE 4. Effect of potassium acetate on FtsZ assembly. Shown is the concen-
tration dependence of FtsZ scattering at 90° in the presence of GTP at 100 (trian-
gles), 300 (squares), and 500 (circles) mm potassium acetate and 5 mm Mg? ™.

sium, an intermediate metastable species appears that rapidly
evolves toward the high molecular weight species upon a slight
increase in the cation content (5). Analysis of the concentration
dependence of light scattering and diffusion coefficients further
confirmed the cooperative appearance of a narrow distribution
of high molecular weight species and allowed the mass of the
polymers to be determined (5). To verify whether this con-
certed transition still described FtsZ polymerization at lower
KCl concentration or if the polymerization process at different
salt concentrations involved additional species other than a sin-
gle assembled and unassembled FtsZ species, we conducted SV
experiments at 100 mm KCl, varying the magnesium concen-
tration within the 0 —5 mMm range. In the presence of EDTA, the
sedimentation profile corresponded to that for monomers of
FtsZ, as observed previously at 500 mMm KCI (9). Sedimentation
profiles at and below 100 uM magnesium showed a main slow
sedimenting species accompanied by a minor fast species, the
proportion of which increased at magnesium concentrations of
300 um and above (Fig. 5). Profiles obtained at submillimolar
and millimolar magnesium concentrations at this KCI concen-
tration showed a content of assembled and unassembled pro-
teins similar to those determined at 500 mm KCl. Fig. 54 depicts
the fractional distribution of the slow (representing an ensem-
ble of all unassembled material) and fast (representing, in turn,
an ensemble of all assembled material) sedimenting species at
100 mm KCl with the magnesium content, calculated from
these sedimentation profiles. Fractional distributions at 500
mMm KClJ, calculated from the SV data reported previously (5),
are shown for comparison. The variation of slow and fast spe-
cies with protein concentration at 100 mm KCI shows a very
similar behavior to that at 500 mm KCl (Fig. 5B), calculated
from the SV data reported previously (9). On the other hand,
FCS experiments performed at 200 mm KCI showed that, as in
500 mm KCl (5), the diffusivity of assembled FtsZ remained
independent of FtsZ concentration in the 10 -37 um range (Fig.
5D). Taken together, the SV and FCS data at variable Mg>* and
FtsZ concentrations, respectively, support the cooperative for-
mation of a narrow distribution of preferred fibrils at KCl con-
centrations below 500 mM in the presence of GTP.
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FIGURE 5. FtsZ assembly at variable Mg?* and protein concentrations. A and B, fractional distributions of slow (2-5 S; gray circles) and fast (above 8.5 S; gray
squares) sedimenting species depending upon the magnesium (12 um FtsZ) and protein (5 mm magnesium) concentration, respectively, calculated from
sedimentation profiles with 1 mm GTP in 100 mm KCI. White symbols correspond to the fractional distribution of the same species with 500 mm KCl, calculated
from the sedimentation profiles reported previously (5, 9). Lines are meant only to guide the eye. For clarity, the metastable intermediate species found at 500
mm KCl with 10-100 um magnesium (5) is not shown. G, representative sedimentation profiles of GTP-FtsZ in 100 mm KCl, from which the fractions in Aand B
were calculated, at the magnesium and protein concentrations specified. The dashed line (0.7 um FtsZ and 5 mm Mg?™") refers to the y axis on the left. The grey
line (12 um FtsZ and 10 um Mg?*) and the black line (12 um FtsZ and 1 mm Mg?™") refer to the y axis on the right. D, normalized FCS autocorrelation curves of 12
M FtsZ (white triangles) and 37 um FtsZ (black triangles) with 1 mm GTP at 200 mm KCl. The contribution of unassembled FtsZ was 15%. The concentration of
Alexa Fluor 488-labeled FtsZ was 0.15 um, and additional unlabeled FtsZ was added up to the final concentration.

s | s00mm ka1 terized the sedimentation of these polymers in 500 mm KCI

(this work and Ref. 5).
The larger size and increasingly heterogeneous nature of
GMPCPP-FtsZ polymers upon lowering the KCl concentration

A A was further evidenced by their translational diffusive behavior
% 6 I 300 mM K;:[ ' l determined by DLS and FCS (Fig. 2D). The faster sedimenta-
‘é’o 4l tion and slower diffusion observed is compatible with an
E increase in the average mass of the polymers (Table 1). Calcu-
=20 /\ ] lations of the mass of the GMPCPP-FtsZ polymers via the Sved-
L N t } t berg Equation were in very good agreement with c(M) distribu-

6 T 100 mM KCI tions (Table 1). The level of heterogeneity of the GMPCPP-
FtsZ solutions at and below 200 mm KCl precluded accurate
mass calculations and analysis of the FCS and DLS data, and
the quality of the fits of the model involving a single polymer
to the autocorrelation functions was much lower than at

higher salt concentration. EM images obtained under equiv-

0 10 20 30 40

Sedimentation coefficient (S)

FIGURE 6. Effect of KCl on GMPCPP-FtsZ sedimentation. Shown are typical
sedimentation coefficient distributions of FtsZ (25 um) with 1 mm GMPCPP in
working buffer with the specified KCI concentrations.

GMPCPP-FtsZ Polymers Become Apparently Larger and More
Heterogeneous upon Lowering the KCl Concentration—The
effect of KCl on GMPCPP-FtsZ polymer size was found to be,
apparently, the opposite of that observed in the presence of
GTP (Fig. 6). In contrast with the homogeneous distribution of
GTP-FtsZ polymers within the whole KCl range, GMPCPP-
FtsZ polymer solutions at 100 mm KCl were highly polydisperse
and quantitatively described by main species with s values
larger than 30 S, significantly higher than the 19 S that charac-
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alent experimental conditions revealed the presence of mix-
tures of long single-stranded filaments and double filaments
at 100 mm KCl (Fig. 3), whereas mainly single-stranded fila-
ments were observed at 500 mm KCl (see supplemental Fig.
S2 in Ref. 21).

The GTPase Activity of FtsZ Polymers Is Not Affected by
KCI Concentration—GTPase activity was tested in GTP- and
GMPCPP-FtsZ polymers at the 20 —500 mm KCl range (Fig. 7).
The hydrolytic activity of GTP-FtsZ polymers progressively
increased when the salt concentration was raised from 20 to 100
mM, the concentration above which it remained, within error,
constant. As expected, the overall GTPase activity of FtsZ poly-
mers in which assembly was triggered by GMPCPP, the slowly
hydrolyzable analog of GTP (22), was significantly lower at the
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FIGURE 7. Variation of the GTPase activity of GTP- and GMPCPP-FtsZ
polymers with KCl content. Shown are phosphate accumulation curves pro-
duced by GTP-FtsZ (black circles) and GMPCPP-FtsZ (white circles) polymers
determined by the Malachite green method. The FtsZ concentration was 10

M.

whole KCI range, whereas the change with salt concentration
was negligible.

DISCUSSION

Using a variety of hydrodynamic and thermodynamic tech-
niques, we have measured the effect of KCl on the size distribu-
tion and homogeneity of FtsZ species in the presence of GTP
under steady-state conditions. Remarkably, the combined
results presented here indicate that even when the final size of
the GTP polymers becomes notably smaller upon lowering the
KCl concentration, from ~85 (500 mMm) to ~55 monomers (100
mM), several important features of the polymerization are
maintained. The particular polymerization behavior consis-
tently observed at high KCI leading to a narrow distribution of
polymeric species (5, 9) is kept over the whole KCl range tested.
Thus, with increasing protein and magnesium concentration,
FtsZ undergoes a transition between a narrow distribution of
low molecular weight species and a narrow size distribution
of high molecular weight species. The insensitivity of the size of
the fibrils to FtsZ concentration in the 10-37 uMm range
reported at 500 mMm KCl is also a characteristic of FtsZ poly-
merization at 100 mm KCl, and variation of KCI concentration
within this range has negligible influence on the critical con-
centration of assembly. Our results show the parallelism in the
formation of those distributions of species at both salt
extremes. The dependence of the fractions of species on
increasing FtsZ concentration indicates a somehow softer tran-
sition until reaching the FtsZ concentration required for the
formation of the polymer of definite size, in accordance with
the polydispersity below 10 um in the SV (9) and DLS (5) pro-
files. That transition is, however, sharper with increasing mag-
nesium concentrations, as the polymeric species is already
formed with micromolar cation content (5). Therefore, at neu-
tral pH, this concerted transition is, in principle, generally
applicable to GTP-induced FtsZ polymerization.

The observed reduction in size of GTP-FtsZ polymers at
lower salt concentration is opposite the behavior of GDP-FtsZ
oligomers, for which lowering the KCl concentration enhances
Mg>"-linked protein self-association (Fig. 24) (12). Although
the possible functional consequences of these findings are not
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yet known, they point toward different assembly pathways,
which are mutually linked, for the formation of FtsZ oligomers
(in the presence of GDP) and polymers (GTP-driven). Although
the situation in the cell would be far more complex (as besides
the presence of other cofactors and regulatory proteins affect-
ing the filament, crowding and confinement could promote
structures with different properties), fluctuations in salt con-
tent might favor a certain oligomer that could, in turn, favor a
certain final polymeric species.

The similar behavior previously determined for GTP- and
GMPCPP-FtsZ polymers with 500 mm KCl in terms of self-
association, even rendering different final sizes of the polymers,
was interpreted as a manifestation of a common association
scheme (5, 21). The concentration dependence of scattering
of FtsZ in GTP and GMPCPP was semiquantitatively well
described by an equilibrium model assuming the self-assembly
of FtsZ into linear fibrils that, above a certain size and because
of the natural flexibility of FtsZ, tend to form cyclic structures
involving the formation of side-to-side contacts between FtsZ
monomers within the same filament (see Fig. 3 in Ref. 9). Our
hydrodynamic measurements prove that this similarity is not
maintained at lower salt concentrations, regrettably precluding
a thorough parallel study to determine the possible effect of
GTP hydrolysis and exchange under these lower salt condi-
tions. The results obtained at the potassium range tested here in
the presence of GTP clearly indicate that there must be an
upper limit to steady-state fiber length for FtsZ assembly in
GTP. Moreover, it has been recently shown that the inhibitory
action of MinC, a regulator of FtsZ, also generates fibers with a
narrow distribution of lengths (23). EM studies showed FtsZ
polymers as mostly straight, mixed with curved filaments, what
could be due to a smaller flexibility of the shorter filaments
under these lower salt conditions (24, 25). It should be noted,
however, that not only the size but also the composition might
determine the flexibility of the fiber, as data of polymers in 100
M magnesium and high salt, with sizes similar to those in
lower salt, can be adequately described by the association
scheme described above (21). The behavior of FtsZ in the pres-
ence of GMPCPP at low salt suggests that non-equilibrium
reactions, such as GTP hydrolysis, GTP/GDP exchange, and
fibril lateral interactions, may need to be taken into account to
elaborate a more general description of FtsZ assembly. As
explained in detail elsewhere (21), in the modeling exercise
used to analyze FtsZ assembly at 500 mM potassium, non-equi-
librium reactions were not taken into account, as they were not
needed to get the simplest description that explains the com-
bined experimental data.

The sizes of the polymers in 500 mm KCl reported here and
previously by static light scattering (5) are in excellent agree-
ment with those determined by atomic force microscopy,
103 = 26 and 137 = 32 subunits for GTP-FtsZ and GMPCPP-
FtsZ polymers (11). The wide range of lengths reported in dif-
ferent EM studies reflects the sensitivity of the polymer size to
solution conditions. At 50-100 mu salt, polymer size ranges
between 50 (~196 nm) (25, 26) and 60 (~250 nm) (26) subunits
in KCl and between 20 (~92 nm) (27, 28) and 40 (8, 28) subunits
in acetate, falling in the range of ~55 units estimated here with
100 mm KCI. This distribution of sizes seems to be maintained
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when using cryo-EM (see supplemental Table S1 in Ref. 26),
which minimizes both the perturbations associated with sam-
ple preparation and the interactions with the underlying sub-
strate. In agreement, our data suggest that KCl and KAc are
exchangeable, as replacement of chloride by acetate has little
effect on the assembly behavior of FtsZ in the presence of
Mg”, as stated previously (2, 8, 14). Our estimates of sizes from
solution measurements are then in good agreement with
reported data from EM or atomic force microscopy under
equivalent conditions and somehow reflect the variability in the
features of the polymers within the intracellular K concentra-
tion range (~0.1-1 m) (29). It is important to mention that,
despite differences in the final polymer size depending on solu-
tion conditions, the narrow distribution of size is always main-
tained, as stated by biophysical methods and by EM (this work
and Refs. 5,9, 26, and 28). We may speculate that this particular
feature of FtsZ, rendering species of uniform size, could deter-
mine important aspects of Z-ring assembly, as the frequency
and distribution of interactions between filaments that could,
in turn, be related to its functionality.

The KCl-dependent shift in polymer size observed here
points toward an influence of K™ concentration on the subunit
turnover rate, considered to be the major determinant of FtsZ
protofilament length (2, 8). GTPase activity is one of the main
factors thought to determine the rate at which subunit
exchange within the polymer takes place (30). However, our
measurements indicate that the GTPase activity of FtsZ is sat-
urated at 100 mm KCl and does not substantially vary within the
KCl concentration range explored. Therefore, our observation
that the filament size is smaller at lower salt concentration can-
not be attributed to a change in the GTPase activity. This sup-
ports previous results showing a rather loose coupling between
FtsZ polymerization and GTP hydrolysis (3). Hence, other fac-
tors would need to be invoked to explain the change in the
subunit turnover rate. One possibility is related to a previously
proposed dual-turnover mechanism based on the faster subunit
exchange regarding GTP hydrolysis, where overall FtsZ turn-
over would result from that coupled to GTP hydrolysis and
from the exchange of FtsZ-GTP subunits at the ends of the
polymers (i.e. without nucleotide hydrolysis) (2, 8). In the
absence of evidence pointing toward a hydrolysis localized at
specific sites along the polymers, the fact that their narrow size
distribution is maintained within the salt concentrations tested
points toward K affecting the second turnover mechanism.
Another possibility is that the modulation of the size of FtsZ
polymers may be related to binding of K™ to very low affinity
sites (7) different from the protein active center, which is
already saturated at 100 mm KCl, favoring the elongation of the
filaments.

Our results can help clarify how FtsZ fibers might be
arranged to form the Z-ring, as its precise structure has not yet
been solved, and the structural organization of FtsZ in the ring
has therefore not been established. It has been proposed that
this filament is composed of short subunits that somehow
assemble to encircle the diameter of the bacteria (2). High res-
olution imaging has recently described the ring as a not uniform
entity (31), which would fit with the expected plasticity of FtsZ
fibers whose size and geometry can be modulated by slight
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changes in the microenvironment. Our data point in this direc-
tion, as we consistently found a narrow distribution of short
filaments in the KCl physiological range, which, furthermore,
was maintained under different experimental conditions and
even in the presence of regulatory proteins (23, 32).

To conclude, we have shown here that the condensation-like
behavior of FtsZ polymerization is a central feature of FtsZ
assembly. The results presented here reinforce the idea that
FtsZ assembles by forming a narrow size distribution of fila-
ments with a turnover rate uncoupled from or loosely coupled
to the GTP hydrolysis rate. These properties must be consid-
ered in more elaborated mechanistic models of protein assem-
bly, as they are involved in the regulation of the biochemical
activities leading to the formation of the FtsZ complexes active
in bacterial division.
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