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FtsZ, the ancestral homologue of eukaryotic tubulins, assembles into the Z ring, which is required for
cytokinesis in prokaryotic cells. Both FtsZ and tubulin have a GTPase activity associated with polymerization.
Interestingly, the ftsZ2 mutant is viable, although the FtsZ2 mutant protein has dramatically reduced GTPase
activity due to a glycine-for-aspartic acid substitution within the synergy loop. In this study, we have examined
the properties of FtsZ2 and found that the reduced GTPase activity is not enhanced by DEAE-dextran-induced
assembly, indicating it has a defective catalytic site. In the absence of DEAE-dextran, FtsZ2 fails to assemble
unless supplemented with wild-type FtsZ. FtsZ has to be at or above the critical concentration for copolymer-
ization to occur, indicating that FtsZ is nucleating the copolymers. The copolymers formed are relatively stable
and appear to be stabilized by a GTP-cap. These results indicate that FtsZ2 cannot nucleate assembly in vitro,
although it must in vivo. Furthermore, the stability of FtsZ-FtsZ2 copolymers argues that FtsZ2 polymers
would be stable, suggesting that stable FtsZ polymers are able to support cell division.

FtsZ is essential for cell division in bacteria (18). During the
cell division cycle, it assembles into the Z ring, a cytoskeletal
element that is at the leading edge of the invaginating septum
(5). One role of the Z ring is to recruit additional division
proteins to the division site to form the septal ring that carries
out cell division in bacteria (18, 19, 30). An additional role for
the Z ring may be to provide the force for constriction of the
septum. Such a force could arise from depolymerization of
FtsZ filaments or from motor proteins acting upon FtsZ fila-
ments (6).

The remarkable functional and structural similarity between
FtsZ and tubulin suggests that FtsZ is the ancestral homologue
of tubulin, despite sharing only 10 to 18% amino acid identity
(10, 11, 17, 23). FtsZ assembles into protofilaments that are
structural analogues of the protofilaments present in the walls
of microtubules (12). It can also assemble into a variety of
additional structures, including sheets, tubes, and rings, de-
pending upon the in vitro conditions. Like tubulin, FtsZ dis-
plays a GTPase activity that is concentration dependent, sug-
gesting that the GTPase activity is stimulated during assembly
(8, 16, 33, 39).

Assembly of the Z ring is a critical step during cell division.
SulA, a division inhibitor produced following DNA damage,
blocks division by preventing Z ring formation (4). In vitro
SulA blocks both FtsZ’s GTPase activity and FtsZ’s assembly,
providing a mechanism for its ability to prevent formation of
the Z ring (21, 35).

Several ftsZ mutations have been isolated that confer resis-
tance to SulA (2). These mutations are dominant to the wild
type, so that merodiploids are resistant to SulA. Two of the
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mutant proteins have been studied in some detail. FtsZ114
supports viability and assembles into the Z ring in vivo even in
the presence of SulA (2). In vitro FtsZ114 has one-half the
wild-type GTPase activity and polymerizes efficiently (21).
Both of these activities are resistant to SulA. Consistent
with this, FtsZ114 does not bind SulA in yeast two-hybrid
studies (14). The other mutant, FtsZ2, has dramatically re-
duced GTPase activity, but still supports growth, provided the
ftsZ2 gene is present on a low-copy plasmid that supplies about
twice the level of the chromosomal locus (3, 7). In vitro FtsZ2
assembles in the presence of DEAE-dextran (23), and this
assembly is resistant to SulA (35).

The ftsZ2 mutation results in a glycine-for-aspartic acid sub-
stitution at residue 212 (2). This residue is part of the synergy
loop likely to be directly involved in the GTPase activity during
assembly of FtsZ (7, 11, 27, 38). Several additional mutations
that alter other conserved residues within this loop are lethal
and lead to loss of GTPase activity without loss of GTP binding
(7, 38). Based upon analogy with tubulin, during assembly, the
synergy loop on the incoming FtsZ is juxtaposed to the y-phos-
phate of GTP on the terminal subunit of the polymer, forming
a catalytic site at the interface of the two subunits.

In tubulin, the position corresponding to the altered residue
in FtsZ2 is thought to play a critical role in differentiating the
ability of a- and B-tubulin to induce GTPase activity (27).
B-Tubulin contains a lysine at this position and is unable to
stimulate hydrolysis of GTP bound to a-tubulin. As a result
there is a nonexchangeable GTP bound at the dimer interface.
In contrast, a-tubulin, which has a glutamate at this position,
induces hydrolysis of GTP bound to the B-tubulin subunit
during assembly into microtubules. It’s possible that a negative
charge at this position is necessary for the synergy loop to
induce GTP hydrolysis on a neighboring subunit during assem-
bly.

To more fully understand the mechanism of GTP hydrolysis
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and its role during assembly and cell division, we have further
characterized FtsZ2. We find that the weak GTPase activity of
FtsZ2 is not stimulated by increasing the concentration of
FtsZ2 or by forcing assembly, indicating that the catalytic site
is defective. Furthermore, FtsZ2 is unable to polymerize in
vitro, but copolymerizes efficiently with FtsZ, provided FtsZ is
present above the critical concentration for polymerization.
The copolymers are relatively stable, suggesting that FtsZ2
polymers would be stable. Furthermore, these copolymers are
stabilized by a GTP-cap. These results are discussed in terms of
assembly of FtsZ and the role of the Z ring during cell division.

MATERIALS AND METHODS

Overexpression and purification of proteins. The plasmids pKD126 and
pXYF222 were used for overexpression of FtsZ and FtsZ2, respectively. Their
construction has been described previously (7). These plasmids contain ftsZ and
ftsZ2 with their ribosome binding sites cloned downstream of the fac promoter in
the expression vector pJF118HE. For overexpression of FtsZ-GFP, the green
fluorescent protein (GFP) gene, gfp (mut2), was amplified with primers with
Xbal and HindlIII sites added to the 5" and 3’ primers, respectively. The GFP
fragment was cloned at the poly-linker site of pBAD18 (13). ftsZ was amplified
along with its ribosome binding site by using primers that had Sacl and Xbal sites
added to the 5" and 3’ primers, respectively. The fisZ fragment was then cloned
downstream of the ara promoter and was in frame with the 5" end of gfp. The
resulting plasmid was designated pJC104. pKD126 and pJC104 were transformed
into Escherichia coli W3110, and pXYF222 was transformed into E. coli JFL101
(7). Overnight cultures were diluted 100-fold into Luria-Bertani broth containing
ampicillin at 100 wg/ml and grown at 37°C until an optical density at 590 nm of
between 0.3 and 0.4 was reached. Cultures were then induced with 0.5 mM
isopropyl-B-p-thiogalactopyranoside (IPTG; 0.1% arabinose in the case of
pJC104) for 3 h, harvested, washed, and stored frozen as described previously
(24). All three proteins were purified as described previously (25). Protein
concentration was determined by using the Bio-Rad protein assay reagent with
bovine serum albumin as a standard.

FtsZ polymerization and GTPase assays. FtsZ polymerization assays by elec-
tron microscopy and centrifugation were performed as described previously (24).
The amounts of FtsZ-GFP and FtsZ2 in copolymers were determined by ana-
lyzing pellets obtained by centrifugation and sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). Following staining with Coomassie blue
digital images of the gels were captured with a charge-coupled device camera,
and bands were quantitated with Alpha Innotech software. Copolymerization
experiments were done with a fixed concentration of FtsZ-GFP and increasing
concentrations of FtsZ2. For each concentration of FtsZ2, control experiments
were done with FtsZ2 alone with GTP added. The amount in the pellet was
subtracted from the copolymerization experiments to obtain the amount of
FtsZ2 that had copolymerized with FtsZ-GFP. Static light scattering assays for
polymerization were done as described elsewhere (25), except that a slit width of
3 nm was used. GTPase assays have been described before (22).

Analytical ultracentrifugation. Sedimentation equilibrium experiments were
performed in a Beckman Optima XL-A at 20°C and different rotor speeds. Each
protein, in a total volume of 100 pl, was loaded at different concentrations into
six-channel 12-mm-path-length centerpieces, and the radial protein distribution
was determined by UV A,g, by consecutive automated scans acquired at each
0.001 cm of radial spacing. Data sets were collected after reaching thermody-
namic equilibrium, judged to be achieved when overlaid scans taken 24 h apart
were superimposable. Sedimentation data were analyzed by nonlinear least-
squares methods (15) with different models running under SigmaPlot software
(SPSS, Inc.). The second moment mass M,, (weight-average molecular weight)
was estimated by fitting the data to a single-solute model by using the following
equation:

¢, =coexp [o (r — r2)/2] + base (1)

where ¢, is the concentration of the solute at arbitrary radial position r, and ¢, at
the reference radial position, r,,, and base is an error term for the nonsedimenting
material. The parameter o is the reduced molecular weight, and is defined as
follows:

o =M1 — Vp)o*RT ()

where R is the universal gas constant, T is the kelvin temperature, and w is the
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rotor angular velocity, ¥ is the protein partial specific volume, and p is the
solvent density. The partial specific volume of FtsZ, I_/, and solvent density, p,
were calculated to be 0.7396 ml/g at 25°C and 1.006 at 20°C, respectively, by using
the program SEDNTERP, which is available from www.cauma.uthscsa.edu/soft-
ware/. Adjustments for temperature differences were calculated by using the
following equation (9):

V= Vs + 4.25 X 10 %(T-298.15) (3)

where 7 7 is the partial specific volume at temperature T (in kelvins) and ¥ ,s is
the partial specific volume at 25°C. To determine dissociation constants, the data
were analyzed with an indefinite self-association (isodesmic) model (1, 36), in
which the free energy change is the same for the addition of a monomer to any
oligomer. In this case, the total concentration, c,, of a reversibly self-associating
protein can be related to the monomer concentration by

c=c/(1—-Kc)? Ke <1 (4)

where the distribution of the monomer ¢, at any radial distance is given by
equation 1. In this relationship, 1/K is the isodesmic dissociation constant, K,
expressed in milligrams per milliliter. Thus, the radial distribution of the total
concentration can be obtained by substituting equation 1 into equation 4, and the
experimental data were fit with the expression

2
c,v=coexp[u-(r27r(2,/2)]/<17Kcoexp0'(r27r(2)/2)> + base (5)

RESULTS

FtsZ2 does not polymerize in the absence of DEAE-dextran.
We have previously shown that FtsZ2 binds GTP as well as
wild-type FtsZ and polymerizes in the presence of GTP and
DEAE-dextran (23). Furthermore, we have shown that FtsZ2
hydrolyzes GTP poorly, with less than 1% of the activity of
wild-type FtsZ (7). In those studies, however, FtsZ2 was puri-
fied by a procedure that rendered wild-type FtsZ polymeriza-
tion dependent upon DEAE-dextran. A modification of the
purification procedure yielded a purified FtsZ that contained
0.7 mol of GDP per mol of FtsZ. Polymerization of this FtsZ
required GTP but occurred independently of DEAE-dextran
(24). To further study FtsZ2 polymerization, FtsZ2 was puri-
fied by the latter purification procedure.

FtsZ2 purified by the latter method also contained 0.7 mol
of GDP bound per mol of FtsZ2 (data not shown). To deter-
mine if this preparation of FtsZ2 could polymerize in the
absence of DEAE-dextran, we used light scattering and elec-
tron microscopy. FtsZ or FtsZ2 was incubated at 500 pg/ml
(12.5 pM) in polymerization buffer for 8 min, and polymeriza-
tion was initiated by addition of 0.1 mM GTP (Fig. 1A). Im-
mediately upon addition of GTP, the net increase in light
scattering for FtsZ was about 400, while that for FtsZ2 was
about 20. The light scattering signal for FtsZ rapidly decreased,
reaching the baseline within 5 min. This decline is due to net
disassembly following GTP exhaustion (24). With FtsZ2, the
small increase in light scattering remained constant for at least
40 min. Samples for electron microscopy were examined for
FtsZ2 polymer formation 5 and 30 min after GTP addition. No
polymer formation was observed at either time point (Fig. 1C,
30-min time point). Even at 1 mg of FtsZ2 per ml, no polymers
were detected. In contrast, electron microscopy of the FtsZ
sample taken during the steady-state phase of polymerization
revealed abundant polymers with variable numbers of proto-
filaments as reported previously (Fig. 1B) (24). We conclude
that FtsZ2 is unable to polymerize under these conditions,
which promote rapid assembly of FtsZ.
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FIG. 1. Assay of FtsZ and FtsZ2 polymerization by 90° angle light
scattering. Reaction mixtures (300 wl) containing FtsZ (open circles)
or FtsZ2 (open squares) at a concentration of 500 pg/ml were incu-
bated in polymerization buffer at 30°C for 8 min, after which, 0.1 mM
GTP was added to initiate polymerization. (A) The net change in light
scattering following GTP addition was plotted against time. The reac-
tion mixtures for FtsZ (B) and FtsZ2 (C) were also examined by
electron microscopy at 1 min. The black bar in panel C represents 100 pm.

FtsZ2 cannot self-activate its GTPase activity. Studies with
FtsZ from several bacteria have revealed that it’s GTPase
activity is stimulated by increasing concentrations of FtsZ (16,
33, 39). This concentration-dependent stimulation of enzy-
matic activity is a typical feature of self-associating proteins.
Although FtsZ2 has low GTPase activity, we nonetheless
tested whether this low specific activity changes with FtsZ2
concentration. The GTPase activities of FtsZ and FtsZ2 were
measured over a concentration range of 1 to 6 pM, and the
specific activity at each concentration was plotted against the
concentration of the protein (Fig. 2). FtsZ’s GTPase displays
low specific activity at 0.5 wM; however, the specific activity
increases dramatically between 0.5 and 3 uM and remains high
thereafter. These results are similar to other reports on FtsZ
from various bacteria (16, 33, 39). On the other hand, the
specific activity of FtsZ2, which is comparable to the specific
activity of FtsZ at 0.5 wM, did not manifest a significant change
over a similar range of concentrations. Thus, FtsZ2 does not
self-activate its basal GTPase activity, but this may be due to its
failure to assemble under these conditions.

To test whether the failure of FtsZ2 to self-activate its
GTPase activity is due to its inability to assemble under these
conditions, we assayed the GTPase activity in the presence of
DEAE-dextran, which promotes polymerization of FtsZ2. The
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FIG. 2. Assay of the GTPase activities of FtsZ and FtsZ2 at differ-
ent protein concentrations. The GTPase activities of FtsZ and FtsZ2
were measured at different protein concentrations in polymerization
buffer at 30°C with 0.2 mM [y->*P]GTP. The specific activity was
plotted against protein concentration.

GTPase activities of FtsZ and FtsZ2 were measured at 200
pg/ml (5 uM), with and without 50 wg of DEAE-dextran per
ml. As can be seen in Fig. 3B, this concentration of DEAE-
dextran promotes polymerization of FtsZ2 into tubular struc-
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FIG. 3. DEAE-dextran does not affect the GTPase activities of
FtsZ or FtsZ2. (A) The GTPase activities of FtsZ or FtsZ2 at a
concentration of 200 pg/ml were measured in polymerization buffer at
30°C with and without 50 wg of DEAE-dextran per ml with 1 mM
[y->*P]GTP. Open circles, FtsZ; solid circles, FtsZ plus DEAE-dex-
tran; open squares, FtsZ2; solid squares, FtsZ2 plus DEAE-dextran.
(B) Assay of FtsZ2 polymerization in the presence of DEAE-dextran
by electron microscopy. FtsZ2 at a concentration of 200 pg/ml was
incubated in polymerization buffer at 30°C with 1 mM GTP and 50 pg
of DEAE-dextran per ml. Samples were taken at 5 and 60 min for
electron microscopy. Both samples were similar, so only the 60-min
sample is shown. The black bar represents 100 pm.
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tures as reported previously (23, 35). However, this concentra-
tion of DEAE-dextran does not stimulate the GTPase activity
of FtsZ2 nor affect that of FtsZ (Fig. 3A). Thus, even though
DEAE-dextran promotes polymerization of FtsZ2, it does not
stimulate its GTPase activity. This result argues that FtsZ2 has
a defective catalytic site.

Sedimentation equilibrium studies with FtsZ and FtsZ2.
The observations presented above that FtsZ2 does not polymer-
ize in vitro (in the absence of DEAE-dextran) nor self-activate
its GTPase activity led us to analyze the self-association prop-
erties of FtsZ2 by sedimentation equilibrium. Single-compo-
nent sedimentation analyses were carried out in 20 mM
HEPES-NaOH-150 mM KCI (pH 7.2) over the concentration
range 0.25 to 12 pM in the absence of GTP. Diagnostics for
FtsZ and FtsZ2 complexity consisting of a plot of the state of
association (M,,/M, ) versus protein concentration are shown in
Fig. 4A. M /M, values (where M; = monomer mass and M, =
best fit mass of the predominant species) increase continuously
with protein concentration until 4 wM, at which the values
plateau at 4 for FtsZ and 2 for FtsZ2. The results of the
self-association analysis of FtsZ are similar to results reported
elsewhere, except that we see self-association at lower FtsZ
concentrations (33). Importantly, the average size of FtsZ2 is a
dimer under conditions in which the average size of FtsZ is a
tetramer, indicating that FtsZ2 has a reduced ability to self-
associate. This result indicates that FtsZ2 has a weaker longi-
tudinal bond than FtsZ.

In order to define the relative affinity for each complex,
different protein distributions with concentrations >10 pM
were analyzed by using a multicomponent isodesmic model.
The FtsZ tetramer was characterized by a dissociation constant
(K;) of 25 = 0.3 pM. The complex was abolished in the
presence of 4 M guanidinium hydrochloride, generating a 40-
kDa species expected for FtsZ monomers. This result indicates
that the oligomerized FtsZ is a noncovalent reversible mass-
action equilibrium association (Fig. 4B). Interestingly, FtsZ2
was found to have a lower affinity (K, of 5.7 = 0.8 pM) for the
formation of the dimeric complex.

Copolymerization of FtsZ2 and FtsZ. Although FtsZ2 does
not polymerize in vitro (unless DEAE-dextran is provided), in
vivo it is able to support growth and division because cells
containing only FtsZ2 are viable (3). Such cells have an in-
creased average cell length, suggesting FtsZ2 has impaired
function. Furthermore, a merodiploid strain is resistant to
SulA due to FtsZ2, and the aberrant morphology of an ftsZ2
mutant is largely corrected by the wild-type FtsZ, suggesting
FtsZ and FtsZ2 are codominant.

The inability of FtsZ2 to form larger oligomers (average size
of a dimer versus a tetramer for wild-type FtsZ) in sedimen-
tation studies indicated a deficiency in self-association that
might be a barrier for FtsZ2 polymerization. If so, then addi-
tion of FtsZ to FtsZ2 might promote copolymer formation by
nucleating assembly. We therefore tested if FtsZ2 would co-
polymerize with FtsZ by using a centrifugation assay. In order
to distinguish between FtsZ and FtsZ2 in the pellet, we used
FtsZ tagged at the C-terminal end with GFP (FtsZ-GFP, M, of
75 kDa). In reactions containing FtsZ-GFP at 200 pg/ml (2.75
wM), there was more FtsZ-GFP in the pellet with GTP than in
that with GDP (Fig. 5, lanes 1 and 2). FtsZ-GFP gives a higher
background with GDP than FtsZ; however, electron micros-
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FIG. 4. Sedimentation equilibrium centrifugation of FtsZ and
FtsZ2. (A) Concentration-dependent formation of FtsZ (open circles)
and FtsZ2 (open triangles) oligomers is presented as the association
state (M,/M,) against cell loading concentration. (B) Isodesmic fit
(solid lines) to the FtsZ distributions at an initial concentration of 10
wM (open circles) and in the presence of 4 M guanidinium hydrochlo-
ride (open triangles) are shown. The top panel shows the distribution
of the residuals from each curve fit. All samples were centrifuged at
10,000 rpm for 48 h.

copy results confirmed that only the reaction with GTP con-
tained polymers (data not shown). FtsZ2 at 200 g/ml (5 nM)
did not polymerize (Fig. 5, lanes 3 and 4), whereas incubation
of 200 pg of FtsZ2 per ml with 200 pg of FtsZ per ml allowed
polymerization, as demonstrated by the increase in FtsZ2 in
the pellet (Fig. 5, lanes 5 and 6). This result demonstrates that
FtsZ can induce copolymerization of FtsZ2 and suggests that
the barrier to FtsZ2 polymerization in this in vitro system is the
nucleation step.

To determine the efficiency of incorporation of FtsZ2 into
the copolymers, the concentration of FtsZ-GFP in the reaction
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FIG. 5. Copolymerization of FtsZ-GFP and FtsZ2 assayed by cen-
trifugation and SDS-PAGE. Reaction mixtures (100 pl) containing 200
wg of FtsZ-GFP (lanes 1 and 2), FtsZ2 (lanes 3 and 4), or FtsZ-GFP
plus FtsZ2 (lanes 5 and 6) per ml were incubated in polymerization
buffer containing 1 mM MgCl, and either 1 mM GDP (lanes 1, 3, and
5) or 1 mM GTP (lanes 2, 4, and 6). After incubation for 2 min at 30°C,
the samples were centrifuged at 80,000 rpm for 15 min. The pellets
were suspended in 100 pl of SDS sample buffer, and 20-ul aliquots
were run on SDS-PAGE gels. The relative spot density units were for
FtsZ-GFP, 19250 (lane 1) and 26100 (lane 2). The units for FtsZ2 were
8,470 (lane 3), 9,240 (lane 4), 10,010 (lane 5), and 23,100 (lane 6).
Only the latter represents a significant increase over that seen in
lanes 3 to 5.

mixtures was fixed, and FtsZ2 was varied. The amounts of FtsZ
and FtsZ?2 in the copolymers were assessed by SDS-PAGE and
densitometry. The FtsZ-GFP in the reaction was 150 pg/ml (2
wM), and the amount of FtsZ2 varied from 0 to 400 pg/ml (10
pwM). The data in Fig. 6 show that the amount of FtsZ-GFP in
the polymers was about constant, whereas the amount of FtsZ2
increased with increasing FtsZ2. At a molar ratio of FtsZ2 to
FtsZ-GFP of 3.75 (the highest concentration of FtsZ2 tested),
the molar ratio in the copolymer was approximately 1.25. This
indicates that FtsZ2 is less efficient at assembly than FtsZ-
GFP.
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FIG. 6. Efficiency of assembly of FtsZ2 into the copolymers. FtsZ2
was incubated at 30°C in polymerization buffer containing 1 mM
MgCl, andl mM GTP. After 3 min, 2 pM FtsZ-GFP (130 pg/ml) was
added to each of the reaction mixtures, and incubation continued for
5 min. The reaction mixtures were centrifuged at 80,000 rpm for 15
min, the pellets were suspended in 100 pl of SDS sample buffer, and 20
wl was analyzed by SDS-PAGE. The amounts of FtsZ-GFP and FtsZ2
in the copolymers were determined by densitometry.
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FIG. 7. FtsZ and FtsZ2 copolymers have increased stability. (A)
Various concentrations of FtsZ2 were incubated in polymerization
buffer with 0.1 mM GTP at 30°C for 5 min (300 wl), and polymerization
was initiated by adding FtsZ at 100 pwg/ml (2.5 uM). The net change in
light scattering was plotted against time. To one of the reaction mix-
tures was added 1 mM GDP, as indicated by the arrow. (B) Effect of
varying the FtsZ2 concentration on the GTPase activity of FtsZ. The
GTPase activity of FtsZ at a concentration of 100 pg/ml was measured
without and with various concentrations of FtsZ2 in polymerization
buffer at 30°C with 0.2 mM [y->*P]GTP.

FtsZ2 and FtsZ copolymers have increased stability. Since
FtsZ2 is deficient in GTPase activity, we suspected that the
copolymers might be more stable. The stability of the copoly-
mers was assessed by light scattering. In these experiments,
increasing concentrations of FtsZ2 were incubated with a con-
stant concentration of FtsZ. The FtsZ concentration was 100
pg/ml (2.5 wM), which is near the critical concentration for
polymerization (24, 26). At this concentration, the addition of
0.1 mM GTP causes only a slight increase in light scattering
(Fig. 7A). The addition of FtsZ (100 pg/ml) to reaction mix-
tures containing FtsZ2 preincubated with 0.1 mM GTP re-
sulted in significant increases in light scattering. The increase
in light scattering correlated with the amount of FtsZ2, indi-
cating that polymer mass was proportional to the amount of
FtsZ2 added. Significantly, the copolymers formed with in-
creasing concentrations of FtsZ2 become increasingly stable.
With 2 and 4 pM FtsZ2, the copolymers depolymerize in about



Vou. 183, 2001

20 and 40 min, respectively. At 6 and 8 uM FtsZ2, the change
in light scattering and the stability of the copolymers further
increased, and only a small decrease in light scattering is ob-
served over the length of the experiment. These results are in
contrast to polymers formed with FtsZ and 0.1 mM GTP,
which depolymerize within 5 min due to GTP exhaustion
(Fig. 1).

Copolymer stability correlates with decreased GTPase ac-
tivity. The stability of the copolymers indicates that they have
decreased GTPase activity resulting in the persistence of the
GTP in the polymer. This would be expected, since FtsZ2
molecules are unable to trigger GTP hydrolysis as they assem-
ble into the polymer. Also, the stabilized polymers would trap
FtsZ, not allowing it to rapidly cycle through rounds of poly-
merization. When the reactions were checked for GTPase ac-
tivity, we found decreasing activity with increasing FtsZ2 con-
centration (Fig. 7B). At molar ratios of FtsZ2 to FtsZ of 2.4:1
and 3.6:1, the levels of inhibition were 50 and 75%, respec-
tively.

We and others have observed that increased bundling of
FtsZ protofilaments correlates with a decrease in GTPase ac-
tivity (16, 26, 41). It may be that longer-lived polymers have
more time to associate laterally resulting in bundling. Since the
GTPase activity slowed down with increasing FtsZ2 concentra-
tions, we suspected that the copolymers are likely to be bun-
dled. Electron microscopic examination of copolymers present
at 40 min after GTP addition from the reaction mixture con-
taining 8 wM FtsZ2 showed more bundling than FtsZ alone
(data not shown). The formation of these large bundles is
presumably responsible for the slow increase in light scattering
observed after the rapid initial rise (Fig. 7A).

Copolymers are destabilized by GDP. Since FtsZ2 is defi-
cient in GTP hydrolysis, there would be an increasing number
of GTP-containing subunits in the copolymer as the ratio of
FtsZ2 to FtsZ increases. This would lead to more stable poly-
mers if GTP-containing subunits do not readily dissociate from
the polymer ends, functioning as a stabilizing GTP-cap as in
microtubules (20). We therefore tested the stability of copol-
ymers formed at an FtsZ2/FtsZ ratio of 3.6:1 in the presence of
GDP. As seen in Fig. 7A, addition of 1 mM GDP leads to rapid
depolymerization. This suggests that the GDP exchanges with
GTP bound to FtsZ at the growing end, leading to loss of that
subunit. Repetition of this process as nonhydrolyzed GTP is
exposed during subunit loss would lead to complete disassem-
bly. We infer that the copolymers are indeed stabilized by a
GTP-cap.

FtsZ needs to be above the critical concentration to stimu-
late copolymerization of FtsZ2. In the experiments we de-
scribed above, we observed that FtsZ induced efficient copo-
lymerization of FtsZ2 when FtsZ was added at 100 pg/ml. To
analyze the requirement for FtsZ in more detail, we tested the
concentration of FtsZ required to induce FtsZ2 assembly. Ad-
dition of FtsZ at or above the critical concentration to a reac-
tion mixture of FtsZ2 incubated with GTP led to assembly;
however, addition of FtsZ below this level did not stimulate
assembly. As shown in Fig. 8, addition of FtsZ at 40 wg/ml to
a reaction mixture containing 300 pg of FtsZ2 per ml did not
lead to an increase in the light scattering signal, whereas ad-
dition of FtsZ at 100 pg/ml led to copolymerization. This result
suggests that FtsZ has to be in a higher oligomeric form, which
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FIG. 8. Copolymerization of FtsZ and FtsZ2 requires FtsZ to be
above the critical concentration. FtsZ at 40 wg/ml (open circles) or 100
png/ml (open squares) was added to a reaction mixture containing 0.1
mM GTP and FtsZ2 at 300 pg/ml.

is present at 100 pg/ml and above, but not present at 40 pg/ml,
to stimulate FtsZ2 copolymerization.

DISCUSSION

FtsZ has a GTPase activity that is associated with assembly
and required for the dynamics of FtsZ polymers (24). In this
study, we have investigated the properties of FtsZ2 that can
support cell division despite having a dramatically reduced
GTPase activity. We found that FtsZ2 is unable to assemble in
vitro; however, it copolymerized upon addition of FtsZ, pro-
vided FtsZ is above the critical concentration. This supports a
model for cooperative assembly of FtsZ polymers. Signifi-
cantly, the stability of the copolymers increased with increasing
FtsZ2 incorporation, implying FtsZ2 polymers, if formed,
would be stable. Since FtsZ2 can support viability, our results
suggest that stable FtsZ filaments are able to function in cell
division. This result has important implications for the role of
the Z ring in cell division, because it argues that constriction of
the Z ring can occur through forces acting on FtsZ filaments.

FtsZ2 was isolated as an allele of ftsZ that was resistant to
the cell division inhibitor SulA (2). It was isolated in the pres-
ence of a second copy of ftsZ, but was subsequently found to
support cell division, provided the level is slightly elevated (3).
Cells containing only FtsZ2 produce minicells, because ftsZ2 is
resistant to inhibition by the min system, and have an altered
septal morphology. It was thus surprising that FtsZ2 had little
GTPase activity compared to wild-type FtsZ (7, 35). Although
FtsZ2 has a deficiency in self-association, which could account
for the failure of its GTPase to undergo a concentration-de-
pendent activation, we observed that the GTPase activity was
not stimulated even when assembly was forced by the addition
of DEAE-dextran. This result argues that FtsZ2 has a defec-
tive catalytic site and confirms that the synergy loop is impor-
tant for GTPase activity as previously suggested (11). This
deficiency in FtsZ2’s GTPase activity correlates with the dif-
ferential ability of a- and B-tubulin to promote GTP hydrolysis.
The similarity in the GTPase mechanism between FtsZ and
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tubulins further strengthens an ancestral relationship among
this family of proteins.

To try and examine directly the effect of the ftsZ2 mutation
on polymer dynamics, we attempted to assemble FtsZ2 in the
absence of DEAE-dextran. Purified FtsZ2, however, could not
assemble under our conditions, in which wild-type FtsZ readily
assembles. However, FtsZ2 readily copolymerized with FtsZ,
suggesting that FtsZ2 is primarily deficient in nucleation of
assembly in our in vitro conditions. This result suggests that
some factor in vivo, mimicked by DEAE-dextran in vitro, pro-
motes nucleation of FtsZ2 polymerization. Significantly, FtsZ
only stimulated FtsZ2 copolymer formation when present
above the critical concentration, suggesting that it was an oli-
gomeric species of FtsZ present at or above the critical con-
centration, which nucleates FtsZ2 assembly.

Analysis of the copolymers revealed that the FtsZ2/FtsZ
ratio approached 1.25:1 stoichiometry as the concentration of
FtsZ2 in the reaction approached 3.6 times the FtsZ concen-
tration. Although the nucleation deficiency of FtsZ2 is the
major barrier to polymerization in vitro, this result indicates
that addition of FtsZ2 to filament ends is less efficient than
addition of FtsZ.

The inability of FtsZ2 to nucleate assembly and add effi-
ciently to filament ends correlated with a deficiency in FtsZ2
self-association revealed in sedimentation and electron micros-
copy studies. The sedimentation studies revealed that FtsZ
assembled into larger oligomers than FtsZ2, suggesting that
FtsZ2 forms a weaker longitudinal bond. We speculate that the
weaker self-association under these conditions may reflect a
weaker association under polymerizing conditions, explaining
the inability of FtsZ2 to polymerize. Also, electron microscopy
of FtsZ2 failed to reveal any assembly of FtsZ2, whereas FtsZ
readily assembled into long polymers above the critical con-
centration and short polymers near the critical concentration
(24; data not shown).

Recently, there have been two reports analyzing FtsZ self-
association by sedimentation under nonpolymerizing condi-
tions (in the presence of GDP) (28, 33). Rivas et al. (28) failed
to observe self-association in the absence of Mg?™. In contrast,
our results obtained in the absence of Mg>* are similar to the
report of Sossong et al. (33), who observed a concentration-
dependent formation of short oligomers of FtsZ in the absence
of Mg?*. A difference between their results and ours is that we
see self-association at lower concentrations of FtsZ. We ob-
served self-association over a concentration range of 0.5 to 5
uM FtsZ and in the absence of Mg?™. Interestingly, this is the
same concentration range over which we (Fig. 2) and others
have observed the self-activation of FtsZ GTPase (16, 39).
Sossong et al. (33) observed GTPase activity only above 2 uM.

Nucleation of FtsZ polymers has not been studied in detail,
in part because the physiologically relevant polymer is un-
known and the assembly is quite rapid without a significant lag
phase. Nucleated assembly of rod structures can be thought of
as a combination of two linear assembly pathways (34). The
first is an assembly pathway to generate a nucleation species,
whereas the second pathway adds subunits to the nucleation
species. For microtubule assembly, the nucleation species is a
two-stranded sheet composed of seven o/B-tubulin dimers
(37). Recently cooperative assembly of FtsZ polymers was
questioned by Romberg et al. (29), who observed only short
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protofilaments under their assembly conditions. Instead, they
suggested that FtsZ assembly might be an isodesmic, nonnu-
cleated assembly process that does not display a critical con-
centration. However, under our assembly conditions (in the
absence of such bundling factors as DEAE-dextran), FtsZ al-
ways assembles into a mixture of single protofilaments, pairs of
protofilaments, and polymers containing more than two pro-
tofilaments that are of considerable length, indicating cooper-
ative assembly (Fig. 1B) (24). Furthermore, we found that the
assembly displays a critical concentration (24, 26), which was
also observed by Xu and Margolin (41) and by White et al. for
FtsZ from Mycobacterium tuberculosis (40). Presumably, the
conditions employed by Romberg et al. (29) prevent pairs of
protofilaments from forming. Thus, they are only observing the
first stage of assembly, the formation of protofilaments, which
would be an isodesmic assembly reaction and hence explains
their failure to observe a critical concentration. The copoly-
merization results with FtsZ2 further support cooperative as-
sembly, since FtsZ-aided assembly of FtsZ2 must involve at
least a pair of protofilaments. The lateral interactions among
subunits in such a structure would aide FtsZ2 assembly by
allowing the weaker longitudinal bond between between FtsZ2
subunits to be overcome. In contrast, an isodesmic assembly of
single protofilaments would not lead to coassembly.

The copolymers formed between FtsZ and FtsZ2 became
increasingly stable as the ratio of FtsZ2 to FtsZ increased. This
would be expected if incorporation of FtsZ2 into the copoly-
mer does not lead to GTP hydrolysis and GTP-containing
subunits do not readily dissociate from the ends of the poly-
mer. This result, suggesting that stability is regulated by a
mechanism similar to a GTP-cap is supported by our observa-
tion that the copolymers are rapidly and completely destabi-
lized by the addition of GDP. This result is expected if GTP
bound at the exposed end of the polymer is rapidly exchanged
with the excess GDP, resulting in loss of that subunit. Addi-
tional evidence for a GTP-cap comes from our previous ob-
servation that FtsZ polymers formed in the absence of Mg?*,
which blocks GTPase activity, results in stable polymers (26).
Also, GTPyS, which itself cannot promote polymer growth,
can stabilize preformed polymers as long as Ca®* is present
(32). Stabilization is not seen in the absence of Ca®*, suggest-
ing that bundling may be required.

Recently, Scheffers et al. (31) isolated three FtsZ mutants,
containing D212 substituted with either glutatmate, cystine, or
asparagine. The effects of these substitutions on viability were
not reported. The two mutant proteins that lacked a negative
charge at position 212 had bound GTP and underwent divalent
cation-induced polymerization. FtsZ2 also lacks the negative
charge at this position; however, it has bound GDP and clearly
does not undergo cation-induced polymerization. Thus, differ-
ent amino acid substitutions at this position lead to different
effects on polymerization.

An extrapolation of the relative stability of FtsZ-FtsZ2 co-
polymers is that FtsZ2 polymers would be stable. Although we
have been unable to get FtsZ2 to polymerize in our in vitro
system without DEAE-dextran, it must polymerize in vivo as it
localizes to the division site and functions in division (3). Con-
sistent with our expectations, cells containing only FtsZ2 form
Z rings; however, all cells contain FtsZ?2 at the poles suggesting
the Z ring does not disassemble in this mutant (data not
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shown). Such an in vivo result, along with our in vitro results
indicating that FtsZ2 lacks GTPase activity and leads to stable
polymers, suggests that a stable Z ring is able to participate in
division. However, the septa are often twisted, indicating some
effect on septation (3). It has been suggested that the energy
for invagination of the septum comes either from the depoly-
merization of FtsZ filaments or from a force generating a
protein acting on FtsZ filaments (6). Our results suggest that a
force acting on stable FtsZ polymers is able to drive invagina-
tion of the septum.
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