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FtsZ is an ancestral homologue of tubulin that polymerizes in a GTP-dependent manner. In this study, we
used 90° angle light scattering to investigate FtsZ polymerization. The critical concentration for polymerization
obtained by this method is similar to that obtained by centrifugation, confirming that the light scattering is
proportional to polymer mass. Furthermore, the dynamics of FtsZ polymerization could be readily monitored
by light scattering. Polymerization was very rapid, reaching steady state within 30 s. The length of the
steady-state phase was proportional to the GTP concentration and was followed by a rapid decrease in light
scattering. This decrease indicated net depolymerization that always occurred as the GTP in the reaction was
consumed. FtsZ polymerization was observed over the pH range 6.5 to 7.9. Importantly, Mg>* was not required
for polymerization although it was required for the dynamic behavior of the polymers. It was reported that 7
to 25 mM Ca>* mediated dynamic assembly of FtsZ (X.-C. Yu and W. Margolin, EMBO J. 16:5455-5463, 1997).
However, we found that Ca** was not required for FtsZ assembly and that this concentration of Ca>* reduced

the dynamic behavior of FtsZ assembly.

FtsZ is a highly conserved protein that appears to be present
in all prokaryotes, where it has an essential role in cell division
(16). It assembles at midcell into a cytoskeletal structure des-
ignated the FtsZ ring (Z ring) that directs the process of
septation (2, 3). It was suggested that the Z ring formed
through the polymerization of FtsZ, and all subsequent work
supports this hypothesis (15). One activity of this ring is to
recruit other division proteins to the division site, where they
participate in formation of the septum (16).

FtsZ has limited sequence identity to eukaryotic tubulins,
suggesting that it is an ancestral homologue (19). The recent
solution of the structures of FtsZ and tubulin support this
conclusion, as the structures are remarkably similar (13, 22). In
addition to these sequence and structural similarities there is
functional similarity, as both tubulin and FtsZ are GTPases
that can polymerize into higher-order structures. Like tubulin’s
GTPase, FtsZ’s GTPase activity increases dramatically with
the protein concentration (5, 14, 28, 29). Both have a low basal
rate at protein concentrations too low to support polymeriza-
tion and a significantly increased rate at concentrations above
the critical concentration needed for assembly. Tubulin assem-
bles into microtubules that are composed of protofilaments,
head-to-tail polymers of the a3 dimer (7). FtsZ also assembles
into protofilaments (8, 19), although it is not known how these
protofilaments are arranged in the Z ring.

FtsZ readily polymerizes in the presence of DEAE-dextran,
a polycation that also promotes tubulin polymerization (8, 19).
In the presence of DEAE-dextran, the FtsZ protofilaments
tend to bundle or form sheets. Assembly of FtsZ into bundles
of protofilaments at neutral pH was also observed by Bramhill
and Thompson (4) but was later reported to be due to an
inadvertent drop in the pH below 6 (9). More recently, assem-
bly of FtsZ into bundles of protofilaments was observed in the
presence of 7 to 25 mM Ca®*, a concentration 1,000-fold
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higher than the physiological concentration (30). Although
these various conditions have been used to promote FtsZ as-
sembly, FtsZ can readily assemble in their absence (20). Under
such conditions, FtsZ assembles into a mixture of single pro-
tofilaments and polymers that contain two to three protofila-
ments. Importantly, under these more physiological conditions
the FtsZ polymers, like microtubules, are dynamic, depolymer-
izing as the GTP is exhausted (20). Thus, GTP hydrolysis plays
arole in regulating FtsZ polymer dynamics similar to its role in
dictating microtubule dynamics.

In our previous study, we used electron microscopy and
centrifugation to characterize FtsZ polymerization (20). Here
we report that FtsZ polymerization can be monitored by 90°
angle light scattering, a technique that we used to examine
FtsZ assembly under a variety of conditions, including expo-
sure to various divalent cations.

MATERIALS AND METHODS

Purification and polymerization of FtsZ. Escherichia coli FtsZ was purified as
described earlier (20). However, in that description the ultracentrifugation step
was inadvertently omitted. High-speed centrifugation of the 10,000 rpm super-
natant was done at 38,000 rpm for 1 h in a Beckman 50.2 Ti rotor to remove the
membrane fraction. The supernatant was subjected to 30% ammonium sulfate
fractionation. All steps before and after this step in the purification procedure
are the same as described previously (20, 21).

For the standard polymerization assay, FtsZ was incubated at 30°C in 50 mM
morpholine ethanesulfonic acid (MES)-NaOH (pH 6.5)-10 mM MgCl,-50 mM
KCl (polymerization buffer) for various time periods. Polymerization was initi-
ated by adding 1 mM GTP to the prewarmed reaction mixture. In some exper-
iments the pH, the concentration of GTP, or some other component of the
polymerization reaction was altered; such changes are indicated where relevant.
Piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES)-NaOH (50 mM) was used
for polymerization at pH 6.9, and HEPES-NaOH (50 mM) was used for poly-
merization at pH 7.5 and 7.9. For electron microscopic analysis, 1 mM GTP was
added to FtsZ at 200 pwg/ml (5 uM) in the appropriate buffer and incubated for
10 min at 30°C. Samples were then prepared for visualization as described
previously (20). For assay by centrifugation, polymerization of FtsZ (200 wg/ml)
was initiated in the appropriate buffer by adding 1 mM GTP, and the reaction
was immediately centrifuged at 25°C in a Beckman TLA 100.2 rotor at 80,000
rpm for 15 min. Processing the pellet for protein estimation and sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was done as described
earlier (17, 20).

Light scattering assay of FtsZ polymerization. FtsZ polymerization was mea-
sured by 90° angle light scattering in a Hitachi fluorometer (model F-3010) with
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FIG. 1. Assay of GTP-dependent polymerization of FtsZ by 90° angle light scattering, centrifugation, and electron microscopy. (A) Polymerization of FtsZ was
assayed by 90° angle light scattering in a fluorometer. FtsZ at a concentration of 500 pg/ml (12.5 pM) in 294 pl of polymerization buffer (50 mM MES-NaOH [pH 6.5],
10 mM MgCl,, 50 mM KClI) in a fluorometer cuvette was incubated at 30°C for 8 min to establish a baseline. The reaction was initiated with the addition of nucleotide
to 1 mM as indicated, and light scattering was monitored. The net change in light scattering (A light scattering) following nucleotide addition was plotted against time.
(B) For the assay of FtsZ polymerization by centrifugation, 1 mM GDP or GTP was added to FtsZ (200 pg/ml [5 uM]) in 100 pl of polymerization buffer. The reaction
mixtures were centrifuged for 15 min, and the FtsZ pellets obtained were analyzed by SDS-PAGE and Coomassie blue staining. (C and D) For analysis of FtsZ
polymerization by electron microscopy, 1 mM GDP (C) or GTP (D) was added to FtsZ (200 wg/ml) in polymerization buffer at 30°C and incubated for 10 min. Samples

were then prepared for visualization by electron microscopy.

both the excitation and emission wavelengths set at 350 nm and a slit width of 1.5
nm. FtsZ was added to a final concentration of 500 pg/ml (12.5 wM) or as
specified in the appropriate buffer to a fluorometer cuvette with a 1-cm path
length. The cuvette was then placed in a cuvette chamber that was maintained at
30°C by a circulating water bath, and data were collected for 8 min to establish
a baseline. Then the cuvette was removed, and 1 mM GTP or any other nucle-
otide was added to achieve a final reaction volume of 300 wl. The reaction
mixture was gently stirred with a pipette tip, and the cuvette was returned to the
cuvette chamber for data collection for a specified period of time. The reading at
time zero is the first reading taken after the cuvette was returned to the chamber
following nucleotide addition. The elapsed time for the nucleotide addition step
was 20 to 30 s. The net change in light scattering following nucleotide addition
was plotted as a function of time. Although data were collected every 2 s, for
purposes of plotting we used only data obtained every 30 s or 1 min and in some
instances 2 min.

FtsZ GTPase activity. FtsZ was incubated in reaction mixtures with a final
volume of 50 ul at 30°C. The components of the reaction mixtures are described
where appropriate in the text. The reaction was initiated by adding 1 mM
[v-**P]GTP (250 to 400 cpm/pmol). At indicated times, 5-p.l aliquots were with-
drawn and assayed for the liberation of 3P exactly as described previously (18,
20).

RESULTS

FtsZ polymers can be measured by 90° angle light scatter-
ing. We have recently shown that GTP-dependent polymeriza-
tion of FtsZ can be assayed by electron microscopy and cen-
trifugation (20). The FtsZ polymers that are formed are 7 to 20
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FIG. 2. Light scattering is proportional to FtsZ concentration. Light scatter-
ing measurements were done as described in Materials and Methods and in the
legend to Fig. 1. (A) FtsZ at different concentrations, as indicated, was incubated
in polymerization buffer for 8 min at 30°C, and polymerization initiated by the
addition of 1 mM GTP. (B) To obtain the critical concentration for FtsZ poly-
merization, the average values of the net change in light scattering (A light
scattering) during the steady state were plotted against FtsZ concentration. The
intercept on the x axis is the critical concentration.

nm wide, depending on whether they exist as a single proto-
filament or a bundle of two to three protofilaments. Actin
filaments and microtubules are 6 and 25 nm wide, respectively,
and their assembly can be assayed by electron microscopy or
centrifugation as well as by a more convenient light scattering
assay offering real-time kinetics (11, 12). We therefore ex-
plored whether FtsZ polymerization could be assayed by light
scattering since development of such an assay would be useful
to further characterize FtsZ polymerization.

To assess FtsZ polymerization by light scattering, we used
conditions where FtsZ forms dynamic polymers that hydrolyze
GTP and undergo net disassembly upon exhaustion of GTP
(20). No significant light scattering was detected by a spectro-
photometer with a wavelength setting of 350 nm even at FtsZ
concentrations of up to 1 mg/ml. We therefore monitored
polymerization by 90° angle light scattering in a fluorometer
since this is a more sensitive method than measuring turbidity
in a spectrophotometer (25). As described in Materials and
Methods, FtsZ at 500 wg/ml (12.5 wM) was incubated in po-
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lymerization buffer (50 mM MES-NaOH [pH 6.5], 10 mM
MgCl,, 50 mM KCl) for 8 min to establish the baseline light
scattering signal, and then 1 mM GTP was added to initiate
polymerization. As seen in Fig. 1A, at time zero, which is the
time of the first reading obtained after nucleotide addition, the
increase in light scattering was about 60 U, a level which
remained constant for about 15 min. Thereafter the light scat-
tering signal started to decrease rapidly and nearly reached 0
by 25 min. In contrast, there was no change in the light scat-
tering when FtsZ was incubated with either 1 mM GDP or
ATP (Fig. 1A). The change in light scattering was observed
specifically with GTP and not with other nucleotides, which
indicated that we were detecting FtsZ polymer formation and
subsequent disassembly.

In this and subsequent experiments, we observed that max-
imum light scattering was reached by the time the first reading
was taken. This rapid increase in light scattering (occurring
within the 20 to 30 s required for GTP addition and mixing)
was also observed when the experiment was done at 15°C,
although the net increase in light scattering was slightly re-
duced (data not shown). This result indicates that FtsZ under-
goes rapid polymerization under these conditions and reaches
a steady state where polymer mass is constant, as indicated by
the plateau in the light scattering signal. During the steady-
state phase the polymers are presumably dynamic, undergoing
rapid assembly and disassembly. The rapid decline in light
scattering that follows the steady state coincides with the time
of GTP exhaustion due to hydrolysis (see below). Thus, the
rapid decline in the light scattering indicates the end of the
steady-state phase when polymerization is prevented by the
absence of GTP and only depolymerization is occurring. This
issue is examined in more detail later.

To support our conclusions that the increase in light scat-
tering was due to formation of FtsZ polymers, we also moni-
tored polymerization by electron microscopy and centrifuga-
tion. FtsZ at 200 pg/ml (5 pM) was incubated in
polymerization buffer, and the reaction was initiated with the
addition of either 1 mM GDP or GTP. For centrifugation
analysis, the reaction mixture was immediately centrifuged for
15 min, and the pellets were analyzed by SDS-PAGE and
quantitated by protein determination. For electron microscopy
analysis, samples were processed after incubation for 10 min at
30°C. Figure 1B shows the amount of FtsZ in the pellet. Quan-
titation revealed that 50% of the FtsZ was in the pellet fol-
lowing GTP addition but less than 5% was in the pellet fol-
lowing GDP addition. These values are similar to those
reported previously (20). Electron microscopy revealed (Fig.
1C and D) no polymer formation with the addition of GDP,
whereas there was a network of FtsZ polymers, 7 to 20 nm
wide, following GTP addition. These results confirm that FtsZ
polymers are present under the conditions of the light scatter-
ing assay, and we therefore conclude that the GTP-dependent
increase in light scattering is due to the formation of FtsZ
polymers.

The change in light scattering due to the formation of FtsZ
polymers might correlate with the mass of the polymers formed
since the polymers are quite long. It is known that light scat-
tering is proportional to polymer mass and is not affected by
the length of polymers as long as L/N > 3.5, where L is the
length of the polymer and A is the wavelength of the incident
light (11). We tested this by varying the FtsZ concentration
from 300 to 600 wg/ml in the polymerization assay (Fig. 2A).
The increase in light scattering, averaged over the steady-state
phase, was 27 U with FtsZ at 300 wg/ml; this level increased
with increasing concentrations of FtsZ to 80 U at 600 pg/ml.
Plotting the increase in light scattering against the FtsZ con-
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FIG. 3. Assessment of the dynamic nature of FtsZ polymers by light scatter-
ing. Light scattering measurements were done as described in Materials and
Methods and in the legend to Fig. 1. (A) FtsZ at a concentration of 500 pg/ml
(12.5 pM) was incubated in polymerization buffer for 8 min at 30°C, and poly-

J. BACTERIOL.

centration allowed the critical concentration for polymeriza-
tion to be determined. The intercept on the x axis for such a
plot yields a critical concentration of 100 pg/ml (2.5 uM) (Fig.
2B), close to the critical concentration (1.5 pM) determined by
centrifugation (20). We therefore conclude that the change in
light scattering is a measure of polymer mass.

We previously demonstrated by electron microscopy that
FtsZ polymers persist as long as GTP is present and disappears
when GTP is exhausted by hydrolysis (20). As seen in Fig. 2A,
the length of the steady-state period, where the polymer mass
remains constant, varied inversely with the FtsZ concentration.
The length of the period correlates with the expected persis-
tence of GTP at these different FtsZ concentrations (20). At all
concentrations of FtsZ, this plateau is followed by a decrease
in the light scattering, finally reaching values manifested by
unpolymerized FtsZ. This finding was further examined in the
assays described below.

The dynamic nature of FtsZ polymers can be monitored by
90° angle light scattering. To verify the above interpretation of
the light scattering data, we manipulated reaction conditions to
vary the length of time for which GTP would persist in the
polymerization reaction. First, we varied the GTP concentra-
tion. Polymerization was initiated by adding GTP at different
concentrations to reactions containing FtsZ at 500 wg/ml (12.5
M) in polymerization buffer (Fig. 3A). The initial change in
light scattering was not noticeably affected by GTP concentra-
tion, but it was apparent, that with increasing concentrations of
GTP, the steady state persisted longer. With 0.1 mM GTP
there was a decline in light scattering within 1 min, reaching
zero in 3 min, whereas with 1 mM GTP the light scattering was
constant for about 20 min before it started to decline, reaching
zero in 35 min. This result demonstrates that the length of the
steady state is proportional to the GTP concentration and is
consistent with the interpretation of the above results for as-
says in which the FtsZ concentration was varied.

In another approach, the KCI concentration in the polymer-
ization buffer was varied since it is known that the rate of GTP
hydrolysis by FtsZ is affected by the KCI concentration (18).
Previous results have shown that in 50 mM MES-NaOH (pH
6.5) and 10 mM MgCl,, the rate of GTP hydrolysis increases
with increasing amounts of KCI between 0 and 200 mM. The
rate is 3.5 times faster with 200 mM than with 50 mM KCI and
nearly 8.5 times faster than in the absence of KCl (20). Poly-
merization was initiated by adding 1 mM GTP to FtsZ (500
pg/ml) in polymerization reaction mixtures containing 0, 50,
and 200 mM KCl, and the light scattering was monitored. As
seen in Fig. 3B, in the absence of KCl when the GTPase
activity is low, the change in light scattering is constant for over
30 min. In contrast, with 50 and 200 mM KCl, the light scat-
tering starts to decline after 15 and 7.5 min and reaches zero
after about 15 and 25 min, respectively. This experiment there-
fore demonstrates that changing the KCI concentration, which
affects the rate of FtsZ’s GTPase activity, results in predictable
changes in the length of the steady state. Therefore, by varying
FtsZ, GTP, and KCI concentrations (Fig. 2A, 3A, and 3B),
conditions which affect how long GTP will persist in the poly-

merization was initiated by adding GTP to various final concentrations as indi-
cated. (B) FtsZ at a concentration of 500 pg/ml (12.5 wM) was incubated for 8
min at 30°C in polymerization buffer containing different concentrations of KCl
as indicated, and polymerization was initiated by adding 1 mM GTP. (C) FtsZ at
a concentration of 500 wg/ml (12.5 wM) in polymerization buffer was incubated
for 8 min at 30°C, and polymerization was initiated by adding 0.25 mM GTP.
After depolymerization, additional rounds of FtsZ polymerization were induced
by the addition of GTP as indicated.
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FIG. 4. Effect of pH on FtsZ polymer formation. For polymerization at pH 6.9, 50 mM PIPES-NaOH was used; for pH 7.5 and 7.9, 50 mM HEPES-NaOH was
used. The MgCl, and KCI concentrations in these buffers were 10 and 50 mM, respectively. The standard polymerization buffer was used for the assay at pH 6.5. (A)
Light scattering measurements were done as described in Materials and Methods and in the legend to Fig. 1. FtsZ at a concentration of 500 pg/ml (12.5 uM) was
incubated at 30°C for 8 min in buffers at different pH values, and polymerization was initiated by adding 1 mM GTP. (B to D) For electron microscopy analyses of FtsZ
polymers formed at different pHs, polymerization was initiated by adding 1 mM GTP to FtsZ at 200 pg/ml (5 pM) in buffers at pH 6.5 (B), pH 6.9 (C), and 7.5 (D).
The reaction mixtures were incubated at 30°C for 10 min, and then samples were prepared for visualization by electron microscopy.

merization reaction, we see that the persistence of the poly-
mers (the steady-state period) correlates with the persistence
of the GTP.

We then tested whether FtsZ would recycle if additional
GTP was added. As seen in Fig. 3C, a cycle of polymerization
was initiated with 0.25 mM GTP, and by about 8 min the FtsZ
was depolymerized. When 0.25 mM GTP was again added,
there was again an increase in the light scattering, indicative of
polymerization followed shortly by depolymerization. Another

cycle of polymerization was initiated with the addition of 1 mM
GTP, which due to the higher GTP concentration resulted in a
more prolonged response. The recycling of FtsZ polymers as
monitored by light scattering is similar to that observed by
electron microscopy (20), confirming that light scattering can
indeed be an alternative assay for FtsZ polymerization.

FtsZ polymerizes over a broad pH range. Our previous stud-
ies on FtsZ polymerization (20) and the experiments described
here were done mostly at pH 6.5. We did report previously that
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TABLE 1. Effects of pH and Mg>* on the recovery
of FtsZ in the pellet

Variable % FtsZ in pellet”

“ Percentage of the total amount of FtsZ (200 wg/ml) in the reaction mixture.

polymer formation as assayed by electron microscopy occurred
at pH 7.2 but did not appear as abundant as that at pH 6.5 (20).
We therefore examined the effect of pH on FtsZ polymeriza-
tion more thoroughly by light scattering, centrifugation, and
electron microscopy. As seen in Fig. 4A, GTP-dependent po-
lymerization was examined at pH 6.5, 6.9, 7.5, and 7.9. At each
pH an increase in light scattering occurred, indicating poly-
mers were formed. However, the steady-state period was
shorter at the higher pHs than at pH 6.5. Upon measuring the
GTPase activity at the higher pHs, we found that in each case
the rate was 25% higher than at pH 6.5 (data not shown). This
difference contributes to the decreased length of the steady
state at these higher pHs, as the GTP would be consumed
earlier. Also at pH 6.5, the initial change in light scattering was
consistently 20 to 30% greater than at other pH values.

Quantitative determination of FtsZ polymerization by cen-
trifugation in various buffers (all containing 10 mM MgCl, and
50 mM KClI) with different pHs revealed that the amounts of
FtsZ recovered in the pellets were 50% at pH 6.5, 35% at pH
6.9 and 7.5 and 25% at pH 7.9 (Table 1). The presence of
polymers was also verified by electron microscopy (Fig. 4B to
D). At pH 6.5, the polymers are long, form a dense network,
and vary from 7 to 20 nm in width (Fig. 4B). At pH 6.9, the
polymers are similar to those formed at pH 6.5 except that
shorter polymers are more noticeable (Fig. 4C). At pH 7.5, the
polymers are less bundled and so the 7-nm-wide polymers are
more prevalent (Fig. 4D). Shorter polymers are also present.
At pH 7.9, the polymers formed are similar to those formed at
pH 7.5 (data not shown). The lower amounts of FtsZ pelleted
at higher pHs may be due to less polymer formation; also, the
shorter polymers may not sediment as well. Nonetheless, it is
amply clear that FtsZ can polymerize over a broad range of pH
values.

Effect of Mg>* on polymer formation. FtsZ requires Mg>"
for GTP hydrolysis (6, 18, 26) but not for GTP binding (18, 26).
In the absence of Mg**, FtsZ forms polymers as seen by
electron microscopy and as assayed by centrifugation (20). The
concentration of Mg>" that we used for polymerization was 10
mM, and therefore it was relevant to carefully examine the
effects of the Mg®* concentration on polymerization. At all
concentrations of Mg?* examined, as well as in the absence of
Mg?", a significant increase in light scattering was detected
(Fig. 5A). The initial change in light scattering was directly
correlated with the Mg?" concentration, indicating that poly-
mer mass decreased with decreasing Mg?" concentration. The
initial increases in light scattering with 0, 2.5, and 5 mM Mg>"
were 36, 46, and 76% of the increase observed with 10 mM
Mg?" (Table 1). Importantly, in the absence of Mg?* the
change in light scattering remained constant for as long as 45
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min, suggesting that polymers formed but did not turn over. A
similar observation was made when polymer formation was
assayed by centrifugation (20).

The inclusion of 2.5 to 10 mM Mg>" in the reaction resulted
in dynamic behavior of the polymers, as indicated by the rapid
decrease in the light scattering occurring at 10 to 30 min after
the reaction was initiated. There was, however, a noticeable
difference in the response among the different Mg®* concen-
trations examined. The steady state was shorter at lower Mg>*
concentrations than at 10 mM Mg>". One possible explanation
is that the rate of GTP hydrolysis increases at lower Mg*"
concentrations, leading to faster consumption of GTP. We
therefore examined the GTPase activity of FtsZ at various
Mg?" concentrations (Fig. 5B). Indeed, with 1 (data not
shown) and 2.5 mM Mg>", the rate of GTP hydrolysis is about
twice as fast as at 10 mM Mg>", and with 5 mM it is about 1.5
times as fast. Thus, at these lower concentrations of Mg?™, the
polymers are more dynamic than at 10 mM Mg>*.

When the FtsZ polymers formed in the presence of 0, 2.5,
and 5.0 mM Mg”" were measured by centrifugation, the
amounts pelleted were 64, 54, and 86%, respectively of that
pelleted with 10 mM Mg*" (Table 1). These values are in
accord with what we observed by light scattering except that we
have consistently seen slightly more FtsZ in the pellet without
Mg** than with 2.5 mM Mg>*. We also examined the mor-
phology of the polymers at these various Mg®" concentrations
by electron microscopy. At 10 mM Mg?", the polymers are 7 to
20 nm wide, as reported previously (20), but at lower (5 and 2.5
mM) Mg?* concentrations and especially in the absence of
Mg*", there is a predominance of polymers that are 7 nm wide
(Fig. 5C to E). Thus, it appears that Mg>* promotes the lateral
association of FtsZ polymers. We also observed that shorter
polymers were more visible at lower Mg>* concentrations,
especially 1 mM (data not shown). This finding argues that
Mg?" also affects the stability of protofilaments, presumably
affecting the rate of disassembly.

FtsZ polymerization does not require Ca**. In our previous
polymerization studies (20) and in all experiments described
here, Ca?* was not added to the buffers because it was con-
sidered not required for polymerization of FtsZ. However, Yu
and Margolin (30) reported that a relatively high concentration
of Ca** (>7 mM) was required for polymerization. Therefore,
we examined the effect of Ca** on polymerization by light
scattering and electron microscopy. To rule out the possibility
that low levels of Ca?* contaminating our buffers influenced
polymerization, we examined the effect of EGTA on the poly-
merization reaction. With 1 mM EGTA, the kinetics and quan-
tity of polymer formation were virtually identical to those for
the control without EGTA (Fig. 6A). Essentially the same
results were obtained with 5 mM EGTA, although the initial
change in light scattering was slightly less (data not shown).
The polymers formed in the presence of EGTA (Fig. 6B)
appear similar to those for the control (Fig. 5C). Thus, Ca®" is
not required for polymerization of FtsZ.

Although Ca®" is not required for polymerization of FtsZ,
we examined the effects of the high concentrations of Ca**
used by Yu and Margolin (30). Monitoring polymerization of
FtsZ by light scattering indicated that polymerization occurred
in the presence of 10 mM Ca*"; however, there were several
differences (Fig. 6C). First, the amount of light scattering was
markedly enhanced by Ca®". Electron microscopic examina-
tion of polymers formed in the presence of 10 mM Ca**
revealed dramatic bundling (Fig. 6D), presumably responsible
for the increased light scattering. Second, the polymers were
much less dynamic, as the length of the steady-state phase was
markedly increased (Fig. 6C). This result suggested that milli-
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FIG. 5. Effect of Mg>* on FtsZ polymerization and GTPase activity. Light scattering measurements were done as described in Materials and Methods and in the
legend to Fig. 1. (A) FtsZ at a concentration of 500 pg/ml (12.5 pM) was incubated at 30°C for 8 min in polymerization buffer with different MgCl, concentrations
as indicated. Polymerization was initiated by adding 1 mM GTP. (B) The FtsZ GTPase reaction was initiated by adding 1 mM [y->*P]GTP to a reaction mixture at 30°C
containing FtsZ at a concentration of 500 wg/ml in polymerization buffer with different MgCl, concentrations as indicated. At indicated times, samples were assayed
for 3P formation from [y->’P]GTP as described earlier (18). For electron microscopy analyses of FtsZ polymers formed with different concentrations of MgCl,,
polymerization was initiated by adding 1 mM GTP to FtsZ at 200 pg/ml (5 pM) in polymerization buffer containing 10 mM (C), 5 mM (D), 2.5 mM (E), and 0 mM
MgCl, (F). The reaction mixtures were incubated at 30°C for 10 min, and then samples were prepared for visualization by electron microscopy.

molar concentrations of Ca®>* reduced the dynamic aspect of
FtsZ polymers. To examine this possibility further, we mea-
sured the effect of 10 mM Ca?" on the GTPase activity of FtsZ.
We found that the GTPase activity was inhibited fourfold by 10
mM Ca** (Fig. 6E), similar to the result reported by Yu and
Margolin (30). Little effect was observed at 2.5 mM. Thus, it
appears that the major effects of 10 mM Ca®* are to induce
bundling of the protofilaments and inhibit the GTPase activity,
which reduces the dynamic behavior of FtsZ polymers.

DISCUSSION

In this study we have shown that 90° angle light scattering
can be used to investigate FtsZ polymerization. We found that
Mg** is not required for assembly but is required for the
dynamic behavior of the polymers. We found that Ca*" is not
required for FtsZ polymerization and observed that at high
concentrations, it induced bundling of protofilaments and re-
duced the dynamic aspect of FtsZ assembly. We also found
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FIG. 6. Effect of Ca®>* on FtsZ polymerization and FtsZ’s GTPase activity. (A and C) FtsZ at 500 p.g/ml (12.5 uM) was incubated at 30°C for 8 min in polymerization
buffer with or without 1 mM EGTA (A) or with 10 mM Ca?* (C). Polymerization was initiated with the addition of 1 mM GTP, and light scattering measurements
were done as described in Materials and Methods and in the legend to Fig. 1. (B and D) For electron microscopic analyses of FtsZ polymers, polymerization was
initiated by adding 1 mM GTP to FtsZ at 200 pg/ml (5 pM) in polymerization buffer containing 1 mM EGTA (B) or 10 mM CaCl, (D). The reaction mixtures were
incubated at 30°C for 10 min, and then samples were prepared for visualization by electron microscopy. (E) The FtsZ GTPase reaction was initiated by adding 1 mM
[vy->*P]GTP to a reaction mixture at 30°C containing FtsZ at a concentration of 500 p.g/ml in polymerization buffer with different concentrations of CaCl, as indicated.
At indicated times, samples were assayed for 3*P formation as described earlier (18, 20).

that FtsZ assembly occurred throughout the pH range from 6.5
to 7.9.

Since light scattering had not been previously applied to
FtsZ polymerization, we felt it necessary to analyze this in
some detail. The theoretical analysis of light scattering by very
long rod particles indicates that the amount of scattered light
is dependent only on the total weight concentration of the rods
provided that the length of rods is much greater than the
wavelength of the incident light (11). That this is indeed the
case for FtsZ polymers was confirmed by using the data ob-
tained by light scattering to estimate the critical concentration.
The value of 2.5 wM that was obtained is similar to that ob-
tained previously by centrifugation (20).

The light scattering assay confirmed the dynamic nature of
the FtsZ polymers. Under the conditions that we used assem-

bly occurred quickly, reaching a steady state by the time we
began measurements. However, we could readily observe the
disappearance of polymers which occurred as the GTP was
consumed. This correlation between disappearance of the
polymers and exhaustion of GTP occurred under a variety of
conditions. By altering the GTP, FtsZ, Mg>*, Ca*, or KCI
concentration we could manipulate the time at which GTP was
consumed, and this always coincided with the time at which the
polymers disappeared. In addition, conditions that inhibited
GTPase activity but not assembly, e.g., the removal of Mg>* or
the addition of 10 mM Ca?™, inhibited or reduced the dynamic
nature of FtsZ polymers.

Our study revealed that FtsZ polymers form in the absence
of Mg?™", indicating that GTP hydrolysis is not required for
assembly. Such polymers were very stable, however, indicating
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that GTP hydrolysis is required for the polymers to depoly-
merize. Furthermore, in examining the effect of the Mg*"
concentration on FtsZ assembly, we found that the steady state
persisted longer at 10 mM Mg*" than at lower concentrations
of Mg?*. This difference could be explained by the effect of
Mg>* on the GTPase activity. The activity was enhanced at
lower Mg®" concentrations (1 to 5 mM), resulting in a more
rapid consumption of GTP and the more rapid disappearance
of the polymers. At lower Mg>* concentrations the protofila-
ments were also shorter, indicating that disassembly was more
rapid.

Under our experimental conditions, the basic unit of FtsZ
assembly is a protofilament. At higher Mg®>" concentrations,
there is a tendency for the protofilaments to align along the
long axis to give polymers with two to three protofilaments. It
is likely that at 10 mM Mg?", where this bundling is more
noticeable, the increased bundling results in a slower turnover
of FtsZ polymers that also reduces the rate of GTP hydrolysis.
Since this bundling appears to be induced by the elevated
Mg?" concentration, the physiological significance is unclear.
This bundling is also affected by pH. Our study revealed that
FtsZ polymerization occurs over a considerable pH range (6.5
to 7.9), although within this pH range assembly is most efficient
at pH 6.5, similar to results with tubulin (23). However, the
protofilaments also displayed increased bundling at acidic pH,
where the GTP hydrolysis is reduced. Again, these results are
consistent with the increased bundling reducing the rate of
GTP hydrolysis. Lu et al. (14) also suggested that increased
bundling was associated with decreased GTPase activity.

We also examined the role of Ca*>* since Yu and Margolin
(30) reported that 7 to 25 mM Ca** induced dynamic assembly
of FtsZ. In our initial studies we did not add Ca**, assuming it
was not required for assembly or the dynamic behavior of FtsZ
polymers. The possibility of contaminating Ca®" influencing
the polymerization was ruled out by demonstrating that EGTA
had no effect on assembly. Addition of Ca?* in the millimolar
range reduced the dynamic aspect of FtsZ assembly and inhib-
ited the GTPase activity. Interestingly, millimolar concentra-
tions of Ca®" do not affect the critical concentration, as Yu and
Margolin (30) estimated a critical concentration in the range of
2.5 to 3 pM, similar to the critical concentration that we found
in the absence of Ca®*. The high concentration of Ca** nota-
bly increased the amount of light scattered. Inspection of the
polymers formed in the presence of 10 mM Ca*" revealed that
Ca””" dramatically increased bundling of protofilaments, lead-
ing to very large bundles. At these high concentrations Ca*"
must promote lateral associations between protofilaments,
causing bundling much like DEAE-dextran-induced assembly
of FtsZ (19). The bundling of FtsZ protofilaments by polyca-
tions is just one example of the bundling of charged biopoly-
mers by polycations (27).

We suspect that the effects of Ca®" are unlikely to be phys-
iologically relevant because of the high concentration (>2.5
mM) required for Ca®" to effect FtsZ polymerization com-
pared to the estimated free Ca®>" concentration of 0.1 to 1.0
uM in vivo (10). Therefore, in vivo Ca®* is unlikely to influ-
ence FtsZ assembly directly, although we cannot rule out some
indirect role, for example, through an effect on another protein
that regulates FtsZ assembly. The failure of Yu and Margolin
(30) to observe polymerization in vitro with less than 7 mM
Ca”" is likely due to the assay that they employed; the fluo-
rescence microscopic assay using FtsZ-GFP probably requires
large structures that are relatively stable for visualization. As
we have shown here, this is precisely the effects on FtsZ poly-
merization caused by 10 mM Ca?*.

The very dynamic nature of FtsZ polymers observed in vitro
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raises questions about how they are stabilized in vivo. For
example, Z rings once formed exist for some time before they
are used in division (1). Also, Z rings appear to persist in cell
division mutants that are blocked after Z-ring assembly (1) or
in cells treated with an inhibitor of septal peptidoglycan bio-
synthesis (24), suggesting that the polymers that make up the
ring are stable under these conditions. As we have shown here,
the assembly of protofilaments into bundles, however they are
induced, decreases the dynamics of FtsZ polymers. Thus, any
mechanism that causes association of protofilaments in vivo
would contribute to their stability. In analogy with other poly-
merizing systems, FtsZ polymers likely have stabilizing factors
such as cross-linking, nucleating, and capping factors.
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