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Experimental conditions that simulate the crowded
bacterial cytoplasmic environment have been used to
study the assembly of the essential cell division protein
FtsZ from Escherichia coli. In solutions containing a
suitable concentration of physiological osmolytes, mac-
romolecular crowding promotes the GTP-dependent as-
sembly of FtsZ into dynamic two-dimensional polymers
that disassemble upon GTP depletion. Atomic force mi-
croscopy reveals that these FtsZ polymers adopt the
shape of ribbons that are one subunit thick. When com-
pared with the FtsZ filaments observed in vitro in the
absence of crowding, the ribbons show a lag in the
GTPase activity and a decrease in the GTPase rate and
in the rate of GTP exchange within the polymer. We
propose that, in the crowded bacterial cytoplasm under
assembly-promoting conditions, the FtsZ filaments tend
to align forming dynamic ribbon polymers. In vivo these
ribbons would fit into the Z-ring even in the absence of
other interactions. Therefore, the presence of mecha-
nisms to prevent the spontaneous assembly of the Z-ring
in non-dividing cells must be invoked.

The FtsZ protein is conserved in most of the prokaryotic
organisms and several organelles and plays a central role in
microbial and organelle division forming a ring at the division
site (1, 2). It is structurally related to the eukaryotic cytoskel-
etal tubulin (3, 4), binds guanine nucleotides, and has GTPase
activity (5-7). In the presence of GDP, the FtsZ monomers
undergo a reversible non-cooperative magnesium-linked asso-
ciation to form linear oligomers (8, 9), whereas in the presence
of GTP, a variety of polymers are formed in vitro (10-16; for a
recent review see Ref. 17).

It is assumed that FtsZ association and assembly reactions
studied in vitro should play an important role in bacterial cell
division in vivo, but the correlation between these in vivo and
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in vitro processes is not known. Moreover the assay conditions
used in vitro differ substantially from the bacterial cytoplasm
where FtsZ is located and functions. Most of the experimental
work performed in vitro is done under solution conditions in
which the total concentration of macromolecules is low (1 or
less), whereas the estimated concentration of proteins and nu-
cleic acids in the highly volume-occupied (“crowded”) bacterial
interior is on the order of 300—400 g/liter (18, 19). Excluded
volume effects in macromolecular crowded environments have
significant consequences on the energetics and dynamics of
functional assembly processes (20, 21). Macromolecular crowd-
ing has been described to favor several assembly processes of
actin and tubulin, such as the rate and extent of polymerization
and their organization into more complex structures (22-24).
In the case of FtsZ, it has been previously shown that crowding
facilitates the formation of magnesium-dependent GDP-FtsZ
oligomers (25).

We have investigated the effects of macromolecular crowding
upon the more complex and physiologically relevant FtsZ as-
sembly processes taking place in the presence of GTP, which is
the most abundant form of the nucleotide in the cell. By means
of analytical centrifugation, light scattering, optical, electron,
and atomic force microscopy and assays of biochemical activity
performed in solutions containing a suitable content of the
main physiological osmolytes (see “Materials and Methods”
(18)), we have found that high concentrations of unrelated
macromolecules, resembling the crowded Escherichia coli cyto-
plasm, favor the formation of two-dimensional FtsZ polymer
arrays (ribbons). This self-organization process, which is GTP-
dependent, retards significantly the FtsZ GTPase activity, the
polymer assembly/disassembly dynamics, and the nucleotide
exchange within the polymer, when compared with the same
parameters measured in the FtsZ filaments formed in dilute
solutions. We conclude that in the bacterial interior FtsZ may
tend to spontaneously arrange into one-subunit-thick ribbons
and suggest, that in the non-dividing cell, their formation must
be modulated by other mechanisms that regulate Z-ring
assembly.

MATERIALS AND METHODS

Reagents—Guanine nucleotides, GDP and GTP, were from Sigma
and Roche Molecular Biochemicals, respectively. The nucleotide analog
GMPCPP,! which hydrolyzes more slowly than GTP, was purchased
from Jena Bioscience. Fluorescein 5'-isothiocyanate (FITC) was from
Molecular Probes Inc. Other analytical grade chemicals were from

! The abbreviations used are: GMPCPP, guanosine-5’-[(a,8)-methyl-
eno]triphosphate; AFM, atomic force microscopy; FITC, fluorescein iso-
thiocyanate; GFP, green fluorescent protein.

This paper is available on line at http://www.jbc.org
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Fic. 1. Self-association of E. coli GDP-FtsZ in physiological
buffer measured by analytical ultracentrifugation. The protein
FtsZ from E. coli was equilibrated in KGA buffer with 50 um GDP, and
its state of association was analyzed by means of analytical centrifuga-
tion (sedimentation equilibrium and velocity) as described under “Ma-
terials and Methods.” The closed circles show the sedimentation equi-
librium data obtained at 15,000 rpm and 20 °C. The dashed line shows
the corresponding best fit to the Mg?*-linked indefinite self-association
model described in Ref. 8 in Tris-KCl, pH 7.4, buffer with 5 mm Mg?"
(K = 10° m™1). The dotted line shows the best fit for an isodesmic
self-association from FtsZ monomers (K = 6 X 10° M 1). The inset shows
the sedimentation coefficient distribution for 1.0 g/liter FtsZ after sed-
imentation velocity at 60,000 rpm and 20 °C.

Merck or Sigma. Macromolecular crowders (dextran T70 and Ficoll 70,
both with average molar weights of 70,000) were obtained commercially
from Amersham Biosciences. They were used without further purifica-
tion after extensive dialysis against the corresponding working buffer.
The final concentration of the equilibrated stock solutions of crowder
was determined refractometrically using 0.134 and 0.140 ml g~ * as the
specific refractive index increments at 620 nm of Ficoll and dextran,
respectively (26).

Protein Purification—E. coli FtsZ was purified by the calcium-in-
duced precipitation method following the procedure described previ-
ously (8). The protein concentration was measured using the BCA assay
(Pierce), with spectrophotometrically calibrated FtsZ standards (see
Ref. 8) and bovine serum albumin as secondary standard, which gave a
0.80 = 0.03 color ratio of FtsZ/albumin (in agreement with Ref. 27).

Physiological Buffer and Enzymatic GTP-regenerating System—
Most of the in vitro studies of FtsZ (reviewed in Refs. 17 and 28; see also
Refs. 12-14) have been carried out in chloride-containing buffers at
potassium concentrations that are at the lower end or below the phys-
iological range of this cation. Moreover, many of these studies have been
done at slightly acidic pH (6.5). These buffers do not mimic the main
intracellular ionic environment of the bacterial interior. For example,
chloride is present only at very low concentration in the cytoplasm of
E. coli. At moderate to high external osmolarities, potassium (ranging
from 0.2 to 0.9 M) and glutamate (from 0.03 to 0.2 M) ions are concen-
trated in the cytoplasm of E. coli to prevent dehydration and maintain
turgor pressure (18). It has been reported that several of these physio-
logical osmolytes (i.e. glutamate) are modulators of non-covalent DNA-
protein interactions in vitro (18, 29).

Therefore, most of the experiments described in this work were done
in KGA buffer (25 mm Hepes/acetate, pH 7.4, plus 100 mM potassium
glutamate, 300 mM potassium acetate, and 5 mM magnesium acetate),
which contains the major osmolyte species present in bacterial cyto-
plasm, supplemented with guanine nucleotides as noted. This buffer
with a high potassium content, which increases the intrinsic GTPase
activity of E. coli FtsZ and therefore the rate of disassembly of FtsZ
filaments (for a recent review see Ref. 28), makes it difficult to get stable
FtsZ polymers during the time-scale (>10 min) of most of the experi-
ments performed in this work (mainly those done in the absence of
crowding agents, see below). In these experiments the GTP was regen-
erated by adding to the solution an enzymatic regeneration system (1
unit/ml acetate kinase plus 15 mm acetyl phosphate, both from Sigma),
as adapted from tubulin/microtubules studies (30). Under these condi-
tions FtsZ polymers were stable in solution during at least 1 h at 30 °C
(at 1 g/liter FtsZ). Higher acetyl phosphate concentrations (>50 mm)
interfered with FtsZ filament formation (three-dimensional polymer
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FiG. 2. FtsZ assembly in physiological buffer analyzed by scat-
tering and sedimentation assays. A, FtsZ (0.5 g/liter) was incubated
at 30 °C in KGA buffer without regeneration system (curve 1) or with a
GTP-regenerating system, as described in the text (curve 3). GTP was
added to a concentration of 2 mMm (corresponding to the increase in the
scattering signal), and the polymerization was followed by 90° light
scattering as described under “Materials and Methods.” The corre-
sponding scattering profile upon addition of GDP instead of GTP is
shown in curve 2. B and C, Determination of the apparent critical
concentration for FtsZ filament formation (Cg)). B, high speed centrif-
ugation assay. The assembly of FtsZ was triggered upon addition of 2
mM GTP to FtsZ in KGA buffer with the GTP-regenerating system. The
soluble (open circles) and polymerized (closed circles) FtsZ were sepa-
rated by sedimentation in a tabletop ultracentrifuge as described in the
text. Both protein species were measured with a colorimetric assay. The
solid lines represent the best fit to a first-order transition model (Cg, =
0.05 g/liter). C, dependence of the 90° light scattering increment upon
FtsZ concentration after the addition of GTP, without (open squares) or
with (closed squares) a GTP-regenerating system, or GMPCPP (closed
triangles).

1N

(arbitrary units)

A 90° light scattering/10°

bundles are favored; see AFM results) and with negative staining
electron microscopy. Alternatively, in some experiments GTP was re-
placed by GMPCPP, a GTP analog more slowly hydrolyzable (15).
FITC Labeling of FtsZ—The labeling of FtsZ with the fluorescent dye
fluorescein isothiocyanate (FITC) was carried out as follows. FtsZ (4—6
g/liter) was dialyzed against 20 mM Hepes/HCI, pH 8.0, buffer with 50
mM KCl, 5 mm MgCl,, and 1 mm EDTA. To minimize perturbations on
FtsZ association/assembly properties due to the labeling, the protein
was previously polymerized at 30 °C upon addition of 20 mM calcium
and 2 mM GTP (8). To this preparation a 40-fold excess of FITC was
added, and the mixture was incubated for 15 min at 30 °C. The precip-
itate was resuspended in cold in 50 mMm Tris/HCI, pH 7.4, buffer with
100 mMm KCI, and the free FITC was removed by gel filtration. The
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Fic. 3. Electron microscopy analy-
sis of FtsZ assembly in the absence
and in the presence of macromolecu-
lar crowders. Top row, left-hand side:
electron micrograph of negative stained
FtsZ (1.0 g/liter) samples in 50 mM Tris-
HCI1, 100 mm NaCl, pH 7.4, buffer (which
does not contain potassium and does not
promote FtsZ assembly, see Ref. 13) plus
1 mM GTP and 200 g/liter Ficoll 70. The
other electron micrographs correspond to
negatively stained FtsZ samples in KGA
buffer. Top row, center: FtsZ (0.5 g/liter)
plus 1 mm GTP. Top row, right-hand side:
FtsZ (0.2 g/liter) plus 2 mm GTP and 220
g/liter Ficoll 70. Bottom row, left-hand
side: FtsZ (0.1 g/liter) plus 2 mm GTP and
200 g/liter dextran T70. Bottom row, cen-
ter: FtsZ (0.5 g/liter) plus 0.5 mM GTP and
200 g/liter Ficoll 70 after 1-h incubation
at 30 °C. Bottom row, right-hand side:
FtsZ (0.5 g/liter) plus 0.1 mm GMPCPP
and 200 g/liter Ficoll 70. In all cases, the
bar scale is 100 nm.

precipitation of FtsZ was reversible, and the degree of labeling was
0.9 = 0.2 mol of FITC per mol of FtsZ.

Analytical Centrifugation—The sedimentation equilibrium and sed-
imentation velocity experiments in the presence of low concentrations
of nucleotide (<0.1 mMm) were performed in a Beckman XL-A (Beckman-
Coulter) essentially as described in a previous study (8). The sedimen-
tation coefficient distributions were calculated by least-squares bound-
ary modeling of sedimentation velocity data using the ls-g*(s) method
(31) as implemented in the SEDFIT program.

FtsZ Assembly in the Absence of Macromolecular Crowders: 90° Scat-
tering and High Speed Centrifugation Assays—The formation of FtsZ
polymers in the absence of crowding agents was followed by light
scattering at 90° (14) using a Jobin Yvon Fluorolog-3 spectrofluorom-
eter. Excitation and emission wavelengths were set to 350 nm, with slit
widths of 0.5 nm (excitation) and 1 nm (emission). All reactions were
performed at 30 °C. FtsZ (0.1-1.0 g/liter) was incubated in KGA buffer
(with or without an enzymatic GTP-regenerating system) in a fluorom-
eter cuvette. After 5 min of equilibration, 1 mm GTP (or 0.1 mMm
GMPCPP) was added, and the reactions were monitored. The formation
of FtsZ filaments was also followed by high speed centrifugation during
15 min at 240,000 X g and 30 °C using the TLA100 rotor in an Optima
MAX tabletop ultracentrifuge (Beckman-Coulter Inc.).

FtsZ Assembly in the Presence of Macromolecular Crowders: Low
Speed Centrifugation, 90° Scattering, and Turbidity Assays—The rela-
tively low viscosity and density of Ficoll 70 (32), which reduces the
apparent sedimentation coefficients of FtsZ species by a factor of five in
200 g/liter Ficoll 70 solutions, permits the use of a low speed sedimen-
tation method to assay the formation of FtsZ ribbon polymers in the
presence of this crowder agent. 100 ul of a given concentration of FtsZ
were centrifuged at low speed (25,000 X g for 10 min at 30 °C) using the
TLA100 rotor in an Optima MAX ultracentrifuge (Beckman-Coulter
Inc.). The entire supernatant and the pellet were carefully removed,
and the protein content was measured in both fractions as well as in the
original samples (controls). The supernatant fraction only contains
soluble protein and filaments but no ribbons as judged by electron
microscopy; the pellet contained mainly the FtsZ ribbons. Control as-
sembly experiments in the absence of crowders showed that under these
sedimentation conditions >95% of FtsZ filaments were recovered in the
soluble fraction. Therefore this assay discriminates between filaments
and ribbons in a quantitative manner.

The crowding-induced FtsZ ribbons were also monitored by two scat-
tering assays: 90° light scattering (as described above), which detected
both the FtsZ filaments and ribbon polymers, and turbidity (33) in an
Ultrospec 3000pro UV-visible spectrophotometer (Amersham Bio-
sciences). The latter is also a specific method for monitoring FtsZ
ribbons (because of their size) in the presence of macromolecular
crowders, but it does not detect the assembly/disassembly of FtsZ
filaments (8).

Electron Microscopy—The FtsZ polymers (protein concentration
ranging from 0.05 to 1 g/liter), in the absence or in the presence of high

Crowding-induced FtsZ Assembly

concentrations of macromolecular crowders (dextran T70 or Ficoll 70),
were visualized by electron microscopy after negative staining with 2%
uranyl acetate, using either a JEOL-1200 or a LEO 910 electron
microscope.

Atomic Force Microscopy—AFM images were taken with an Atomic
Force Microscope (Nonatec Electrénica, Madrid, Spain) operated in the
jump mode (34). The scanning piezo measurement was calibrated using
silicon calibrating gratings. Silicon nitride tips (DI instruments) with
constant force of 0.2 N7M were used. A drop of the solution with the
FtsZ polymers (formed upon addition of 0.1 mm GMPCPP to the protein
in KGA buffer with 100—-200 g/liter Ficoll) was incubated over freshly
cleaved circular pieces of mica glued onto a Teflon surface, and, after a
few minutes, the samples were extensively washed with working buffer
and allowed to dry for 15 min under a stream of air.

Optical Microscopy—The FtsZ samples labeled with the fluorescent
dye FITC were placed directly onto a glass slide, and the polymers were
visualized using a Zeiss Axioscope epifluorescence microscope equipped
with the FITC filter set and 40X/63X/100X oil immersion objectives.
Images were captured with a Photometrics charge-coupled device
camera.

Other Analytical Procedures—The total nucleotide content of the
protein preparations was measured spectrophotometrically after pro-
tein extraction with perchloric acid (8, 35). Specific nucleotides were
measured by means of ionic-pair high-performance liquid chromatog-
raphy (35). The GTPase turnover rate was determined by measuring
released inorganic phosphate using the malachite green-molybdate re-
agent (36, 37). The incorporation of GTP into FtsZ polymers was meas-
ured by a nitrocellulose filter-binding assay using [y-**P]GTP, as de-
scribed in a previous study (13).

RESULTS

FtsZ in Its GDP-bound State in Physiological Buffer Has a
Weak Tendency to Oligomerize—We have studied the influence
of physiological concentrations of osmolytes present in the
E. coli cytoplasm (KGA buffer; see “Materials and Methods”) on
the magnesium-induced oligomerization of E. coli GDP-FtsZ.
In a previous study, the behavior of GDP-FtsZ in a Tris, pH 7.4,
50 mm KCI buffer was best described by a Mg?*-linked indefi-
nite self-association of FtsZ monomers, with a weakening of the
monomer-monomer interaction upon increasing ionic strength
(8). Analytical ultracentrifugation experiments (sedimentation
equilibrium and velocity) were carried out in the presence of
GDP. Fig. 1 shows the dependence of the state of association of
FtsZ in KGA buffer upon protein concentration. The results
indicate that the predominant species over the concentration
range studied (0.1-2.5 g/liter) has an average size correspond-
ing to an FtsZ dimer, with a trend to form monomer and higher
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Fic. 4. Atomic force microscopy
analysis of crowding-induced FtsZ
assembly. A, AFM images of FtsZ poly-
mers induced upon addition of 0.1 mMm
GMPCPP in KGA buffer with 200 g/liter
Ficoll. The height scale was 6 nm. The
white bar represents 100 nm. B, distance
profile of a selected region (black bar) of
the image shown in A. The vertical axis
corresponds to the thickness of the struc-
tures observed in A, whereas the horizon-
tal axis indicates the distance (related
with the polymer width) over the selected
segment.

oligomers at, respectively, decreasing or increasing protein con-
centrations. In the inset of Fig. 1 the sedimentation velocity
Is-g*(s) distribution of FtsZ (1 g/liter) in KGA buffer is plotted.
This sedimentation coefficient distribution corresponds to a
symmetrical peak with an average sedimentation coefficient of
5.2 S, which is compatible with an average FtsZ dimer (8).
These data are in agreement with a previous report showing
that, over a broad range of protein concentrations, increasing
the ionic strength from 50 to 500 mm KCl lowers the average
molar mass and sedimentation coefficient of GDP-FtsZ (8). The
weak dependence upon protein concentration of the FtsZ self-
association in KGA buffer precludes a complete quantitative
analysis. The isodesmic association that previously best de-
scribed the formation of FtsZ oligomers from monomers
(dashed line in Fig. 1; see Ref. 8) may also apply in the present
work (performed in KGA buffer) but with a much weaker as-
sociation constant (dotted line in Fig. 1). We conclude that in
solutions that reproduce the main intracellular osmolarity,
FtsZ in its GDP-bound state has a weak tendency to form high
order oligomers.

FtsZ in the Presence of GTP in Physiological Buffer Assem-
bles into Dynamic Filaments—At 30 °C in KGA buffer FtsZ
polymers formed quickly upon addition of 1 mm GTP as moni-
tored by 90° light scattering (Fig. 2A4). Under the same condi-
tions addition of GDP failed to induce polymerization (Fig. 24).
Given the high concentration of potassium ions in the buffer
the GTPase activity of FtsZ is activated, causing the FtsZ
polymers to rapidly disassemble following GTP consumption,
as reported in other publications (8, 14, 38). To overcome the
polymer instability, when needed, an enzymatic GTP-regener-
ating system was added to the preparations (see “Materials and
Methods”). Under these conditions, the polymers at 1 g/liter
protein were stable for 1 h (Fig. 24) and could be visualized in
electron micrographs of negatively stained preparations as fil-
aments of variable length and curvature with a thickness of
5-6 nm (Fig. 3, top row, center). FtsZ filaments with a thick-
ness of 6—8 nm were also found upon incubation of the protein
with GMPCPP, an analog of GTP that is hydrolyzed by FtsZ
much more slowly than GTP (not shown).

The soluble and polymerized fractions of FtsZ formed in the
presence of the GTP-regenerating system were separated by
high speed centrifugation and quantitated (see “Materials and
Methods”). Filament formation depended on the concentration
of FtsZ showing an apparent critical concentration for filament
formation (Cg,;) of 0.05 = 0.01 g/liter (1.25 pM, Fig. 2B). Similar
samples were analyzed by 90° light scattering resulting in a
very similar value for Cy; (0.04 = 0.01 g/liter; Fig. 2C, closed
squares). Light scattering analysis were also performed in the
absence of the GTP-regenerating system, and the Cy, value
determined using the initial scattering increments was practi-
cally identical to that obtained in the presence of the GTP-
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FiG. 5. Crowding-induced formation of FtsZ polymers as mon-
itored by optical microscopy. A mixture of labeled (0.05 g/liter) and
unlabeled (0.5 g/liter) FtsZ in KGA buffer was incubated with 2 mm
GTP, in the presence of 150 g/liter of Ficoll (X40).
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Fic. 6. Determination of the apparent critical concentration
for the formation of FtsZ ribbons (C,,;,,.)- Dependence on protein
concentration of the turbidity signal due to the formation of FtsZ rib-
bons upon addition of GTP to FtsZ in KGA buffer with GTP-regenera-
tion system and 100 g/liter (closed circles) or 200 g/liter (open circles) of
Ficoll 70. The ¢riangles show the corresponding 90° light scattering
profiles with (closed symbols; signal is related to ribbon formation) or
without (open symbols; filament formation) 200 g/liter Ficoll 70. Inset,
dependence of the fractional abundance of FtsZ ribbons upon Ficoll
concentration, as measured by low speed centrifugation (total protein
concentration was 1 g/liter).

regenerating system (Fig. 2C, open squares). The experimental
value found for Cg, when GTP was replaced by GMPCPP was
slightly lower (0.03 + 0.01 g/liter; Fig. 2C, closed triangles).
These results indicate that FtsZ filament formation occurs in a
cooperative fashion (33). The functioning of a cooperative mech-
anism of FtsZ polymerization has been proposed as well by
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others (14, 38—40).2 In contrast, in the presence of GDP most of
the FtsZ protein (over 98%) was recovered in the soluble frac-
tion as would be expected if the dimer were the most abundant
form of the GDP-bound FtsZ in solution (see above, Fig. 1).

Macromolecular Crowding Favors the GTP-dependent For-
mation of Dynamic FtsZ Polymers—The bacterial cytoplasm is
a highly crowded environment, a condition that has not been
analyzed when studying the formation of FtsZ filaments. To
approximate the intracellular conditions we have studied the
polymerization of FtsZ in the presence of high concentrations of
inert macromolecular crowders (Ficoll or dextran, both with an
average molar weight of 70,000, see “Materials and Methods”),
as has been used for the study of other systems (20, 21).

We analyzed first the effect of crowding agents in the ab-
sence of potassium ions, a condition under which FtsZ has been
found to bind GTP but does not polymerize (13). FtsZ polymers
were not observed by negative staining electron microscopy
even in the presence of high concentrations (100-200 g/liter) of
macromolecular crowders (Fig. 3, top row, left-hand side). This
result was also confirmed by low speed centrifugation and
turbidity assays (not shown).

As described above in the presence of potassium ions (KGA
buffer) FtsZ predominantly formed filaments upon addition of
GTP or GMPCPP (Fig. 3, top row, center). The appearance of
the FtsZ polymers, observed in electron micrographs after neg-
ative staining, was drastically modified in the presence of high
concentrations of dextran or Ficoll. Addition of 200 g/liter of
Ficoll 70 resulted in the formation of polymers, some of them
interconnected, with a width of 40-100 nm (Fig. 3, top row,
right-hand side). Considering that the dimensions of the FtsZ
monomer are 4—5 nm (3), these polymers would correspond to
a width of 8—25 single protofilaments. Similar results were
obtained when 200 g/liter dextran was used to simulate crowd-
ing (Fig. 3, bottom row, left-hand side). These polymers were
also observed when the incubation in KGA buffer was done in
the presence of 0.1 mm GMPCPP instead of GTP (Fig. 3, bottom
row, right-hand side). However, they disappeared, unless GTP
was regenerated by a GTP-regenerating system, when the in-
cubation time exceeded 1 h, suggesting that they are dynamic
structures (Fig. 3, bottom row, center). Similarly, although the
self-association of GDP-FtsZ into short oligomers is enhanced
by macromolecular crowders at lower ionic strengths (8, 25),
the addition of GDP failed to promote the formation of FtsZ
polymers both at lower ionic strengths and in KGA buffer (not
shown).

The FtsZ Polymers Formed in the Presence of Crowding
Agents Are One Subunit-thick Ribbons—Atomic force micros-
copy (AFM) images show that the width of the FtsZ polymers
induced by crowding agents is 40—100 nm, corresponding to the
lateral association of 8—25 single protofilaments, and their
thickness is 3-4 nm (Fig. 4). This size is compatible with
two-dimensional structures with a thickness of one protofila-
ment. We propose therefore that the FtsZ polymers induced by
crowding agents are ribbons. Their observed width is similar to
the width of the negatively stained polymers observed by elec-
tron microscopy (Fig. 3, bottom row, right-hand side). More-
over, the interconnection between filaments found in the elec-
tron micrographs was also observed in the AFM preparations.

The FtsZ ribbons induced by crowding agents were large
enough to be observed under the optical microscope when fluo-
rescently (FITC)-labeled FtsZ was used (Fig. 5). In the absence
of crowders, fluorescently labeled FtsZ did not form any struc-
ture that could be visualized under the optical microscope (not
shown).

2S. Huecas and J. M. Andreu, submitted manuscript.
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Fic. 7. Effect of crowding on the assembly/disassembly dy-
namics, GTPase turnover, and nucleotide exchange of FtsZ
polymers. A, the open circles show the 90° light scattering profile of
FtsZ polymers (2.0 g/liter) upon addition of 2 mm GTP in KGA buffer at
30 °C without adding a macromolecular crowder. Turbidity profiles of
FtsZ in KGA buffer with 200 g/liter Ficoll 70, upon addition of either 2
mM GTP (solid circles: 2.0 g/liter FtsZ; closed triangles: 0.2 g/liter; signal
is X 10 for comparison purposes) or GDP (dotted line, 2 g/liter FtsZ). B,
time dependence of the GTPase activity of FtsZ (2.0 g/liter). Open
symbols correspond to 2 g/liter (circles) and 0.2 g/liter (¢triangles) FtsZ in
the absence of macromolecular crowders. Closed symbols correspond to
FtsZ samples in the presence of 200 g/liter Ficoll 70. C, nucleotide
exchange of FtsZ polymers in the absence (open squares) and in the
presence (closed squares) of 150 g/liter Ficoll. The polymerization was
triggered by adding 0.1 mm [y-*2P]GTP to FtsZ (0.5 g/liter) in KGA
buffer. After 1 min at 30 °C, unlabeled GTP was added to the reaction
mixtures (1 mM nucleotide final concentration), and the amount of
radioactive nucleotide bound to the protein was measured using a
nitrocellulose filter binding assay. Closed inverted triangles represent
control experiments without adding unlabeled GTP. The solid lines
represent the best-fit first-order decay functions.

Crowding Promotes the Formation of FtsZ Ribbons from Pre-
formed FtsZ Filaments—Formation of FtsZ filaments does not
produce significant increases in turbidity (8). Turbidity meas-
urement was used, therefore, to monitor the formation of the
FtsZ ribbons as a function of protein concentration in the
presence of Ficoll 70 (Fig. 6). In the presence of a GTP-regen-
erating system or GMPCPP at crowder concentrations ranging
between 100 and 200 g/liter, the turbidity increase caused by
the formation of FtsZ ribbons was found to be directly propor-
tional but to remain stable for times inversely related to the
concentration of FtsZ (30 min at 2 g/liter and over 1 h at 0.2
g/liter) (Fig. 6). From the x-axis intercept of this plot the ap-
parent critical concentration for FtsZ ribbon formation (C,;p0n)

in the presence of Ficoll was determined. The value of C,;pp0n
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FiG. 8. Model for the assembly of FtsZ under conditions resembling the crowded bacterial interior. This schematic summarizes the
FtsZ assembly reactions taking place in the presence of GTP, both in the absence and in the presence of macromolecular crowders, characterized
in this work: the nucleotide exchange in soluble FtsZ (reaction 1), the cooperative formation of FtsZ filaments (reaction 2), and the assembly into
ribbons (reaction 3). For simplicity the soluble FtsZ species are represented as single beads, although in KGA buffer they are more likely to be
dimers. Reaction 4 shows the magnesium-linked oligomerization of FtsZ in its GDP state at low ionic strength as previously studied (8, 25) (see
Fig. 1). Macromolecular crowding plays a more prominent role in enhancing the assembly reaction in which the volume occupied by the final FtsZ
product is lower, and therefore the decrease in the amount of excluded volume is larger (reaction 3). Our results suggest that the main FtsZ species
present in the crowded bacterial interior are soluble GTP-FtsZ and ribbons. In vivo the Z-ring may assemble from the FtsZ ribbons requiring no
additional interactions, whereas, on the other hand, the existence of mechanisms to prevent the spontaneous Z-ring assembly in non-dividing cells

has to be invoked.

was 0.05 = 0.01 g/liter, both at 200 and 100 g/liter Ficoll (circles
in Fig. 6). Low speed sedimentation assay and 90° light scat-
tering (see “Materials and Methods”) also yield a similar value
of 0.06 * 0.02 g/liter at 200 g/liter Ficoll (Fig. 6). These values
of Cippon Were almost identical to the values of Cg; determined
in the absence of macromolecular crowders (see above and
Fig. 2B).

Using several independent assays (Figs. 2 and 6) we have
determined that the apparent critical concentration for the
formation of FtsZ ribbons (C,;p.n) in the presence of macromo-
lecular crowders is similar to the value of Cg (the correspond-
ing critical concentration for filament formation) measured in
the absence of crowders. These observations indicate that,
within the E. coli physiological FtsZ concentration range (0.1-
1.0 g/liter (12, 41)), macromolecular crowding, rather than fa-
voring the assembly of FtsZ into filaments (see reaction 2 in
Fig. 8 below), promotes the alignment of FtsZ filaments into
ribbons (reaction 3 in Fig. 8). As has been described for tubulin
and actin polymerization (22, 24)), and accordingly to excluded
volume theory (42—44), cooperative FtsZ filament formation
must also be enhanced in a crowded media due to the increase
in the local FtsZ concentration in the non-excluded volume
(chemical activity). The possible enhancing effect of crowding
on filament formation remains nevertheless hidden, first be-
cause even in the absence of crowders they should already be
present, as is indicated by the rather low value of Cg, measured
under these conditions (Fig. 2), and, moreover, because the
simultaneous effect of excluded volume on ribbon formation is
larger.

From the results obtained in both the absence of potassium
ions and presence of crowders shown in Fig. 3 (top row, left-
hand side), we conclude that, under these conditions, in which
filaments cannot be formed, there is no further assembly of
FtsZ into higher order structures. When filaments can be
formed, assembly into ribbons follows sharply upon the addi-
tion of sufficient concentrations of crowder. This is derived
from observations (inset of Fig. 6) indicating that the formation
of FtsZ ribbons at a fixed protein concentration (1 g/liter), well
above the critical concentration for filament formation (0.05
g/liter), undergoes a sharp transition as evidenced by low speed
sedimentation assays at concentrations of Ficoll near 100 g/li-
ter. Although FtsZ remains as filaments and does not form
ribbons below this concentration of crowder, nearly 95% of FtsZ
is found as ribbons when the crowder concentration is higher.

Macromolecular Crowding Retards the Dynamics of the FtsZ
Polymer, the GTP Hydrolysis, and the Rate of Nucleotide Ex-
change—In the presence of high concentrations of macromolec-
ular crowders the FtsZ ribbons, although more stable than the
FtsZ filaments, were also found to be dynamic (Fig. 3). It has
been previously reported that high concentrations of calcium
(in the millimolar range) favor the formation of dynamic FtsZ
polymer networks (16). This assembly reaction is GTP-depend-
ent and alters considerably the polymer dynamics. We wanted
to investigate the dynamics of the crowding-induced ribbons
under conditions more similar to the bacterial cytoplasm. To
characterize further the dynamic behavior of FtsZ ribbons, an
experiment to measure the effect of the crowder on the disas-
sembly of FtsZ ribbons in the presence of GTP was done. As
shown by the turbidity measurements in Fig. 7A (closed cir-
cles), macromolecular crowding stabilized the FtsZ ribbons. On
the other hand, the FtsZ filaments, as monitored by 90° light
scattering, rapidly disassembled in the absence of crowding
(open circles). The ribbon was even more stable at low FtsZ
concentrations (0.2 g/liter) (Fig. 7A, closed triangles).

The FtsZ GTPase activity of ribbons induced by either Ficoll
(Fig. 7B, closed circles) or dextran (not shown), when compared
with FtsZ filaments (open circles), was substantially retarded,
resulting in a decreased GTPase turnover. As expected from
the observed influence of crowding on the polymer dynamics,
these effects were higher at lower protein concentrations (Fig.
TA, closed triangles). The turnover rate of GTP exchange in the
crowding-induced FtsZ ribbons was measured by a pulse-chase
experiment with radioactive nucleotide. The results show that
the turnover rate in the ribbon (14 s) is slower than in the
filaments (=3 s) (Fig. 7C). Surprisingly, GTP exchange already
occurred in the ribbon even during the period in which no
significant GTPase activity was observed (Fig. 7). This result
would be compatible with the exchange of the nucleotide taking
place by dissociation of the non-hydrolyzed GTP throughout
the polymer.

DISCUSSION

We have established a set of experimental conditions that
simulate the physiological bacterial intracellular environment
more closely than commonly used standard in vitro conditions.
This is a novel approach to study bacterial cell division at the
molecular level. Atomic force microscopy shows that under
these in vitro conditions that mimic the crowded environment
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of the cell cytoplasm, FtsZ assembles into one subunit thick
ribbons. This process is energy-dependent, because it needs the
presence of GTP. Our observations indicate that above certain
values of volume occupancy (i.e. above a critical concentration
of Ficoll or dextran) the formation of FtsZ ribbons is favored
throughout the assembly process and that filaments are not the
predominant species. Although the Z ring structure has been
visualized in the cell either by GFP tagging or by immunoflu-
orescence, attempts to reveal such a structure in thin sections
under the electron microscope have not succeeded.> However, a
two-dimensional polymer, one subunit thick, as the structures
observed in Fig. 4, would be very difficult to discriminate in
transversal sections observed by electron microscopy when
bound to the inner membrane of a bacterial cell.

The alignment of FtsZ filaments to form higher order struc-
tures could have been predicted on theoretical grounds (45), but
the arrangement in two-dimensional ribbons was unexpected
and has several important consequences. If all the subunits
within a ribbon were in the same orientation, all of them might
be able to establish identical interactions and, therefore, to
participate simultaneously in constriction. Moreover, all would
have identical surfaces exposed to the medium and, therefore,
would be equally able to contact the membrane surface or the
cytoplasmic domains of the membrane proteins involved in cell
division. Finally, all the subunits in these ribbons would be
equally accessible to regulatory factors. This means that the
dynamics and the stability of the ring might be controlled at
many points (as many as FtsZ subunits) besides the polymer
ends. In a three-dimensional polymer, on the contrary, the
accessibility of the internal subunits would be severely re-
stricted, and only the subunits in one face of the structure
would be able to contact the membrane surface.

A question that is crucial to evaluate the biological relevance
of our results is whether there are enough FtsZ molecules in a
bacterial cell to fully decorate the transversal perimeter of the
inner face of the cytoplasmic membrane and assemble as a
ribbon into a Z ring. The mean number of FtsZ molecules per
E. coli cell has been reported to range from 4,000 (41) to 15,000
(12) in different strains. Let us consider the less favorable
assumption. Because the intracellular concentration of FtsZ
does not change during the E. coli cell cycle (41) the lower
number of FtsZ molecules in dividing cells is around 6,000.
Because FtsZ polymerization follows a cooperative mechanism
(Fig. 2), the FtsZ population in the cell would be distributed
into two classes, i.e. soluble and polymeric forms (Fig. 8). From
the value of Cy, (the critical FtsZ concentration for assembly
into filaments) measured in this work (1.25 um) and the lower
measurement reported for the intracellular contents of FtsZ
(3.5 uM (41)) we can calculate that approximately one-third of
the FtsZ protein within a cell should be in the soluble form,
whereas the remaining two-thirds might form part of the poly-
mers. Considering an axial spacing between FtsZ monomers of
4.3 nm (see also Ref. 10),* and a cell perimeter of ~3 um, if we
assume an average of around 4000 FtsZ monomers in the
polymeric form (two-thirds of the total found in dividing cells),
this would be enough to encircle the cell around six times,
which would be compatible with the structure adopting the
form of a ribbon even when considering the less favorable set of
assumptions. Using a GFP-FtsZ fusion, Stricker et al. (46)
calculated that only 30% of GFP-FtsZ is found in the ring. This
would be incompatible with a continuous ribbon wider than two
monomers encircling the cell. However, there is no evidence to

3 J. Mingorance and M. Vicente, unpublished observations.

4 Qliva, M. A., Huecas, S., Palacios, J. M., Martin-Benito, J., Val-
puesta, J. M., and Andreu, J. M. (2003) J. Biol. Chem. 278,
33562-33570.

Crowding-induced FtsZ Assembly

support that the behavior of both GFP-FtsZ and native FtsZ is
identical.

Our studies favor that, in the crowded bacterial interior, the
two main states of FtsZ tend to be soluble FtsZ and ribbons (see
Fig. 8). Within E. coli, FtsZ in its GDP-bound state, if present,
would have a weak tendency to associate into high order oli-
gomers and a much more reduced tendency to form polymers.
However, because the GTP/GDP ratio is high under physiolog-
ical conditions (47), FtsZ is likely to be found as the GTP-bound
form, mainly as FtsZ polymers. This in turn would trigger the
assembly into ribbons under crowded conditions. Paradoxically
no Z rings are observed in the early stages of the cell cycle (41)
implying that prior to Z ring formation the GTP-FtsZ species
have to remain soluble in the cytoplasm. Formation of the
ribbon in vitro can be prevented at any of the stages; for
example, reaction 2 in Fig. 8 does not proceed in the absence of
potassium ions (see above; Fig. 3A). In vivo several mecha-
nisms have been proposed that prevent Z ring formation,
among them a mechanism that would avoid assembly in the
early stages of the Bacillus subtilis cell cycle is the FtsZ se-
questering protein EzrA (48, 49), which preferentially binds to
FtsZ protomers. EzrA would play a similar role as the assembly
inhibitors described for tubulin (i.e. stathmin (50)) and for actin
(i.e. ADF/cofilin (51)) in eukaryotic cells. In E. coli there are two
specific mechanisms that determine the spatial localization of
FtsZ rings and may function by preventing the spontaneous
assembly of FtsZ into ribbons: nucleoid occlusion and the min
system (reviewed in Refs. 52 and 53). Both involve negative
regulation and might work by locally inhibiting FtsZ polymer-
ization and ribbon assembly.
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