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Summary

In response to a cell cycle signal, the cytoskeletal
protein FtsZ assembles into a ring structure that
establishes the location of the division site and
serves as a framework for assembly of the division
machinery. A battery of factors control FtsZ assem-
bly to ensure that the ring forms in the correct posi-
tion and at the precise time. EzrA, a negative
regulator of FtsZ ring formation, is important for
ensuring that the ring forms only once per cell cycle
and that cytokinesis is restricted to mid-cell. EzrA is
distributed throughout the plasma membrane and
localizes to the ring in an FtsZ-dependent manner,
suggesting that it interacts directly with FtsZ to mod-
ulate assembly. We have performed a series of exper-
iments examining the interaction between EzrA and
FtsZ. As little as twofold overexpression of EzrA
blocks FtsZ ring formation in a sensitized genetic
background, consistent with its predicted function. A
purified EzrA fusion protein interacts directly with
FtsZ to block assembly in vitro. Although EzrA is
able to inhibit FtsZ assembly, it is unable to disas-
semble preformed polymers. These data support a
model in which EzrA interacts directly with FtsZ at
the plasma membrane to prevent polymerization and
aberrant FtsZ ring formation.

Introduction

The ability of cells to respond to both internal and external
signals depends in part on the intrinsically dynamic nature
of their cytoskeleton. In eukaryotes, microtubule dynamics
change dramatically between interphase and mitosis
when chromatin-dependent stabilization of microtubules
leads to the formation of the mitotic spindle (Desai and
Mitchison, 1997). Moreover, despite their seemingly static
appearance, spindle microtubules are highly dynamic
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structures. Lowering microtubule subunit turnover through
the addition of the drug paclataxel leads to hyperstabili-
zation of microtubules and a block in mitosis and cell cycle
progression (Downing, 2000). Similarly, in bacteria, the
spatial and temporal regulation of cytokinesis is depen-
dent on the precisely balanced assembly dynamics of the
essential cell division protein FtsZ (Romberg and Levin,
20083).

In response to an unidentified cell cycle signal, FtsZ, a
tubulin-like GTPase, assembles into a ring structure (the
Z ring) at mid-cell (Romberg and Levin, 2003). Z-ring
formation is the earliest event identified to date in bacterial
cytokinesis. The Z ring establishes the location of the
division site and is responsible for recruiting cell division
proteins to the nascent septum (Daniel et al., 1998; Roth-
field et al., 1999; Weiss et al., 1999). As with tubulin, GTP
binding enhances FtsZ assembly (Mukherjee and Lutken-
haus, 1994). Dimerization of two FtsZ monomers leads to
the formation of a GTPase active site (Léwe and Amos,
1999; Scheffers et al., 2002). It is not known whether the
Z ring consists of FtsZ bound to GDP or GTP; however,
in vitro, GTP hydrolysis leads to a conformational change
in polymer structure and rapid disassembly (Mukherjee
and Lutkenhaus, 1998a; Romberg et al., 2001). Although
the ring appears to be a static structure by immuno-
fluorescence microscopy, fluorescence recovery after
photobleaching (FRAP) experiments suggest that the half-
time for subunit replacement in the Escherichia coli Z ring
is between 8 and 30 s (H. P. Erickson, personal commu-
nication; Stricker et al,, 2002). Despite an intracellular
concentration of FtsZ approximately an order of magni-
tude greater than the critical concentration required for
assembly in vitro (Lu et al., 1998), only =30% of FtsZ in
the cell is in the ring at a given time (Stricker et al., 2002).
Factors that inhibit FtsZ polymerization are therefore crit-
ical for maintaining the pool of unassembled FtsZ and
preventing aberrant Z-ring formation.

Shifting the balance in FtsZ assembly dynamics can
have dramatic and, in some cases, catastrophic conse-
quences in growing cells. Stabilizing FtsZ polymers by
increasing the intracellular concentration of FtsZ two- to
fivefold leads to the formation of rings at cell poles and
non-productive polar septation (Ward and Lutkenhaus,
1985; Weart and Levin, 2003). Overexpressing FtsZ to
higher levels disrupts Z-ring formation entirely, resulting in
lethal filamentation (Ward and Lutkenhaus, 1985; R. B.
Weart, unpublished data).
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A number of proteins have been identified that act to
modulate FtsZ assembly in vivo (Romberg and Levin,
2003). ZipA (Hale and Boer, 1997; RayChaudhuri,
1999) and FtsA (Beall and Lutkenhaus, 1989; 1992;
Din et al, 1998) are essential proteins that work syner-
gistically in E. coli to promote Z-ring formation (Pichoff
and Lutkenhaus, 2002; Geissler et al., 2003). The stabi-
lizing factor ZapA is important for maintaining the deli-
cate balance between polymer and monomer, although
it is dispensable for growth in Bacillus subtilis under
normal laboratory conditions (Gueiros-Filho and Losick,
2002). Several inhibitors of FtsZ assembly have also
been identified. The best characterized of these, MinC
and MinD, function as a complex to prevent Z-ring for-
mation and subsequent septation at cell poles (Roth-
field etal., 1999). FtsA, ZapA, MinC and MinD are
more widely conserved (Rothfield et al., 1999; Gueiros-
Filho and Losick, 2002). ZipA is found only in the
y-proteobacteria.

We previously identified EzrA, a transmembrane pro-
tein involved in the spatial regulation of FtsZ in B. sub-
tilis (Levin etal, 1999). EzrA is found throughout the
low-GC Gram-positive bacteria. Null mutations in ezrA
lower the critical concentration of FtsZ required for
assembly and lead to the formation of polar Z rings
and septa (Levin etal, 1999). Polar Z rings in ezrA
mutants are most probably caused by hyperstabilized
FtsZ polymers overcoming the activity of MinCD at the
cell poles. Loss-of-function mutations in ezrA compen-
sate for the destabilizing effect of 15-fold MinCD over-
expression on Z-ring formation (Levin etal, 2001).
EzrA is uniformly distributed throughout the plasma
membrane in non-dividing cells. In dividing cells, EzrA
remains distributed throughout the plasma membrane,
but also concentrates at the cytokinetic ring in an FtsZ-
dependent manner (Levin et al., 1999). This localization
pattern suggests that EzrA is able to prevent FtsZ
assembly anywhere along the inner surface of the
membrane. However, upon the initiation of cell division,
a positive acting factor(s) presumably overcomes EzrA
activity in a position-specific manner, permitting the for-
mation of a medial Z ring.

EzrA’s ability to co-localize with FtsZ to the cytokinetic
ring suggests that it may inhibit Z-ring formation through
direct interactions. In confirmation of EzrA’s function as
an inhibitor of FtsZ assembly, we have determined that
twofold overexpression of EzrA is sufficient to block Z-
ring formation and cell division in a sensitized genetic
background. In addition, we have conducted a series of
in vitro experiments exploring the mechanism by which
EzrA destabilizes FtsZ polymers. Our data indicate that
EzrA interacts directly with FtsZ at the plasma mem-
brane to prevent polymerization and aberrant Z-ring
formation.

Results
Overexpression of EzrA inhibits FtsZ assembly in vivo

Previous work suggests that EzrA prevents aberrant Z-
ring formation by inhibiting FtsZ assembly (Levin et al.,
1999). This model predicts that EzrA overexpression
should inhibit Z-ring formation in vivo. To test this, we put
a second copy of ezrA under the control of a strong IPTG-
inducible, Lac I-repressible promoter (Pspcr,) (Quisel
et al., 2001) at the amylase locus (see Experimental pro-
cedures) Three hours after the addition of 1 mM IPTG to
cells encoding amyE:: Pspach,-€2rA (PL1031), EzrA levels
were approximately twofold greater than wild type as
detected by quantitative immunoblot (data not shown).
This modest increase in EzrA levels did not appear to alter
the phenotype or viability of otherwise wild-type cells.
There was no significant change in either the frequency
or the position of Z-ring formation as detected by immun-
ofluorescence microscopy (data not shown).

Although it did not cause a detectable difference in
wild-type cells, twofold overexpression of EzrA was suffi-
cient to impair division severely in cells encoding ftsZts, a
heat-sensitive allele of ftsZ consisting of wild-type FtsZ
fused to a green fluorescent protein (GFP) moiety (Levin
etal., 1999), at permissive temperatures. At 37°C, ftsZts
cells are near wild type for growth, although they are
slightly longer and exhibit rings at quarter positions, pre-
sumably because of a delay in division at mid-cell. How-
ever, the GFP fusion renders FtsZ unable to form rings at
the restrictive temperature of 45°C leading to extensive
filamentation and cell death. A loss-of-function mutation
in ezrA was previously shown to suppress the heat sen-
sitivity of this conditional allele at 45°C (Levin etal,
1999). Taking advantage of the GFP tag on the C-
terminus of FtsZts to visualize Z rings in live cells, we
determined that MO54 (amyE::Pgyacn-ezrA ftsZts) cells
were near normal for division and had a high frequency
of Z rings after growth in the absence of IPTG at the
permissive temperature of 37°C (Fig. 1A and C). In con-
trast, 3 h after the addition of IPTG, exponentially grow-
ing amyE::Pgpacn,-€2rA fisZts cells within the field of view
were on average four to five times longer than those
grown in the absence of inducer. This is probably an
underestimate as many filaments extended well beyond
the field of view making them difficult to measure
(Fig. 1B). Although there were a few Z rings in the fila-
ments, they were irregularly spaced, and the distance
between any two rings was significantly greater than the
length of a typical wild-type cell (Fig. 1D). Consistent with
the absence of Z rings and extensive filamentation, the
viability of amyE:: Pyy.cn-€2rA ftsZts cells decreased 100-
to 1000-fold after induction of EzrA, as determined by
plating efficiency in the presence and absence of IPTG.
These data support our model in which EzrA prevents

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 801—-814
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Fig. 1. The effect of EzrA overexpression on cell division and Z-ring formation in ftsZts mutant cells.
A and B. Cells were stained with the vital membrane stain FM4-64 to visualize septa.

C and D. FtsZts-GFP.

A and C. MO54 (amyE:: Pqp.qn,-e2rA::ftsZts) cells grown in the absence of inducer.
B and D. MO54 cells 3 h after the addition of IPTG. EzrA levels are twofold above wild type. Arrows point to FtsZ rings. Scale bar =5 um.

aberrant Z-ring formation by altering FtsZ assembly
dynamics in the cell.

EzrA inhibits sedimentation of purified FtsZ assembled in
the presence of GTP and DEAE-dextran

Genetic and cell biological data (Levin et al., 1999; 2001)
suggest that EzrA prevents aberrant Z-ring formation by
modulating FtsZ assembly dynamics. To test EzrA’s ability
to inhibit FtsZ assembly in vitro, we added increasing
concentrations of EzrA to B. subtilis FisZ assembly reac-
tions and assayed its effect on FtsZ polymerization by
two different methods: sedimentation and 90° angle light
scattering.

For these experiments, we used an EzrA fusion protein
in which we have replaced EzrA’s 26-residue membrane-
spanning domain with E. coli thioredoxin to enhance sol-
ubility. We have also added a 6xHis tag to the C-terminus
of EzrA in this construct to facilitate purification. The 26-
residue membrane-spanning domain is not required for
EzrA localization to the cytokinetic ring (Fig. 2). However,
both an EzrA protein missing only the membrane anchor
and the Thio—EzrA fusion protein fail to complement an
ezrA null mutation for the defect in FtsZ localization (data

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 801—-814

not shown). This lack of complementation is presumably
due to a role for the transmembrane anchor in concentrat-
ing EzrA at the plasma membrane. To demonstrate that
any effect on FitsZ assembly resulted from EzrA itself,
thioredoxin-6xHis was used as a control. B. subtilis FtsZ
was purified using a modified version of the strategy
described by Wang and Lutkenhaus (1993) (see Experi-
mental procedures).

In the sedimentation assay, we relied on the ability of
large bundles of FtsZ polymers to pellet efficiently at
250 000 g. FtsZ assembled in the presence of GTP forms
single-stranded polymers (protofilaments), paired protofil-
aments and, occasionally, small hoop-shaped bundles of
polymers (Fig. 3A-C). Efficient sedimentation of polymer-
ized FtsZ requires the addition of bundling agents such
as divalent cations or DEAE-dextran to encourage the
formation of high-molecular-weight polymer bundles (Yu
and Margolin, 1997; Mukherjee and Lutkenhaus, 1998b;
Trusca et al., 1998). B. subtilis FtsZ assembly reactions
conducted in the presence of DEAE-dextran and GTP
indicate that the majority of protein is in large macromo-
lecular bundles, each consisting of tens of single-stranded
polymers in parallel arrays (Fig.3D). Although DEAE-
dextran-induced assembly does not require GTP (Trusca



804 D. P Haeusser et al.

ezrAwt

ezrAATM thio-ezrA-6Xhis

FtsZ + GTP

FtsZ + GTP

e = g o S

+ DEAE-dextran

VNd 75 viz3

uooued

Fig. 2. The transmembrane anchor is dispens-
able for EzrA localization. Cells were grown to
mid-exponential phase (ODgy = = 0.5) in the
presence of IPTG and fixed and stained for
immunofluorescence microscopy using antise-
rum against FtsZ (Levin and Losick, 1996) or
EzrA (this work). A single field of view is shown
in each column. From top to bottom: EzrA, FtsZ,
DNA and a schematic showing cell boundaries
and the position of the EzrA/FtsZ rings.

A. ezrA::Pspacn-ezrA (PL923).

B. ezrA:: Pspacny-€2ZrAATM (PL925). The high
background in the anti-EzrA panels in (B)
results from cytoplasmic staining of EzrA in the
absence of the transmembrane domain. Scale
bar =5 puM.

Fig. 3. Electron micrographs (EMs) of B. subti-
lis FtsZ assembled under different conditions.
A. ‘Deep-etch’ EM of FtsZ polymers assembled
in the presence of GTP. Micrograph kindly pro-
vided by Dr John Heuser.

B-D. Negative stain EM of (B) and (C) FtsZ
assembled in the presence of GTP and (D)
FtsZ assembled in the presence of GTP and
0.1 mg mI”" DEAE-dextran. Note the single-
stranded polymers, paired protofilaments and
small bundles of FtsZ in (B), hoop-shaped bun-
dle in (C) and large bundles of filaments in (D).
FtsZ was at 5 uM for both the ‘deep etch’ and
the negative stain EM. GTP was at 1 mM for all
experiments. The scale bar is 50 nm in (A) and
20 nm in (B) to (D).

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 801—-814
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Fig. 4. EzrA inhibits sedimentation of FtsZ
assembled in vitro. FtsZ is 5 uM in all reactions.
The samples were spun at 250 000 g to sepa-
rate unassembled protein from protofilament
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et al.,, 1998), we found that B. subtilis FtsZ sedimentation
was reduced up to =40% when GDP was used in place
of GTP in the reaction, although this was somewhat vari-
able (data not shown). DEAE-dextran-induced sedimen-
tation of FtsZ has been used previously to measure the
effect of the division inhibitor SulA on the in vitro assembly
of E. coli FtsZ (Trusca et al., 1998).

EzrA efficiently inhibits FtsZ sedimentation when it is
added to the assembly reaction before GTP but before
the addition of DEAE-dextran. We began to see some
inhibition of FtsZ assembly at a 1:5 molar ratio of EzrA to
FtsZ and to get near maximal inhibition at a 1:1 ratio of
EzrA to FtsZ (Fig. 4A and C). The addition of the thiore-
doxin control protein did not significantly affect FtsZ
assembly at any of the concentrations tested (Fig.4A
and C). We estimate that there are between 10 000 and
20 000 EzrA molecules per cell during exponential
growth in Luria broth (Fig. 5). Previous estimates place
the intracellular concentration of B. subtilis FtsZ at =5000
molecules per cell (Feucht etal, 2001). The ratio at
which the EzrA fusion protein maximally inhibits FtsZ
assembly in vitro is approximately equivalent to the in
vivo ratio of EzrA to FtsZ.

—

{
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_ FtsZ + GTP ->

SDS-PAGE.

A. EzrA and thioredoxin were added to final
concentrations of 1, 2.5 uM, 5 uM and 10 uM
before the addition of GTP and DEAE-dextran.
Left. Increasing concentration of FtsZ in the
supernatants and decreasing concentration of
FtsZ in the pellets result from the inhibition of
FtsZ assembly by purified EzrA. Right. The
thioredoxin control protein does not significantly
inhibit FtsZ assembly. The ratio of EzrA or
thioredoxin to FtsZ is shown under each lane.
B. Order of addition. EzrA and thioredoxin were
added to the reaction 1 min after the addition
of GTP. Ratios of EzrA and thioredoxin to FtsZ
are shown below each lane.

C. Plot of percentage of total FtsZ in the pellet.
EzrA, squares; thioredoxin, triangles. Closed
symbols represent data from the experiment
shown in (A). Open symbols represent data
from the experiment shown in (B). Differences
in the sedimentation efficiency of FtsZ in the
absence of EzrA or thioredoxin between the
experiments shown in (A) and (B) reflect normal
variations between protein preparations.

1:1 2:1

FtsZ + EzrA ->
GTP -> Dextran

FtsZ + Thio ->
GTP -> Dextran

EzrA -> Dextran

_ FtsZ + GTP >

Thio -> Dextran

The order of addition appears to be critical to the ability
of EzrA to block FtsZ assembly. We achieved the greatest
inhibition of FtsZ sedimentation when FtsZ was preincu-
bated with EzrA before GTP was added to the reaction.
In contrast, when EzrA was added after FtsZ polymeriza-

]

2 1.56 3.13 6.25 12.5ng
- -.q

Fig. 5. Quantification of EzrA protein in B. subtilis. Wild-type cells
(JH642) grown to mid-exponential phase (ODgg, = 0.5) in Luria broth
(LB) were sampled for colony-forming units and lysed as described
in Experimental procedures. Different amounts of lysate (6.29 x 10°
cfu pl™") were loaded in lane 1 (5 pl) and lane 2 (10 pl). EzrA was
detected by immunoblotting with whole sera. EzrA was quantified by
comparing the intensity of the bands in lanes 1 and 2 with that of a
twofold serial dilution of purified EzrA fusion protein (four right hand
lanes) taking into account the number of colony-forming units. Based
on these data, we estimate that there are 10 000-20 000 copies of
EzrA per cell during exponential growth in LB.
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tion was stimulated by the addition of 1 mM GTP, the
degree to which EzrA inhibited FtsZ assembly was signif-
icantly reduced (Fig. 4B and C). Based on data from 90°
angle light scattering experiments detailed below, we pre-
sume that the small amount of inhibition we observed
resulted from EzrA’s effect on the unassembled FtsZ still
extant 1 min after the addition of GTP. If EzrA was added
after DEAE-dextran, we saw little if any change in FtsZ
assembly (data not shown). These data suggest that EzrA
normally acts to prevent the formation of new polymers
but is unable to disassemble preformed polymers or
protofilament bundles.

EzrA inhibits FtsZ polymerization in a 90° angle light
scattering assay

The requirement for the bundling agent DEAE-dextran
may affect the results of the sedimentation assay
described above. For example, the bundling agent can
stabilize otherwise unstable polymers and can also induce
significant sedimentation in the presence of GDP as well
as in the absence of nucleotide (Trusca et al., 1998). To
address these issues and to distinguish between a model
in which EzrA inhibits FtsZ polymerization and one in
which EzrA prevents the DEAE-dextran-facilitated forma-
tion of large macromolecular bundles of FtsZ polymers,
we tested EzrA’s effect on FtsZ assembly in a 90° angle
light scattering assay.

An alternative method for quantifying FtsZ assembly,
90° angle light scattering provides a means of measuring
relative amounts of FtsZ polymerization in real time in the
absence of a bundling agent (Mukherjee and Lutkenhaus,
1999). Light scattering relies on the fact that single-
stranded FtsZ polymers and small polymer bundles dif-
fract light better than FtsZ monomers. The addition of GTP
to an FtsZ assembly reaction results in the formation of
single-stranded polymers and small polymer bundles
(Fig. 3B and C) and thus leads to a rapid increase in the
degree of light scattering at 310 nm. In contrast to DEAE-
dextran-stimulated sedimentation, light scattering is
GTP-dependent rendering it more representative of
physiological conditions.

The addition of 1 mM GTP to a reaction containing
2.5 uM FtsZ and 5 uM thioredoxin control protein led to a
rapid increase in light scattering (Fig. 6A). In contrast,
when the same reaction was conducted in the presence
of a 2:1 molar ratio of EzrA to FtsZ, the increase in light
scattering was approximately one-tenth that observed
with thioredoxin (Fig. 6A and B). GDP does not stimulate
FtsZ assembly under these conditions (Fig. 6A and B). A
titration of EzrA indicated that, as in the sedimentation
assay, maximal inhibition occurred at a 2:1 molar ratio of
EzrA to FtsZ (Fig. 6B). These data corroborate the results
of the sedimentation assay (Fig. 4) and suggest that EzrA
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Fig. 6. EzrA inhibits FtsZ polymerization as measured by 90° angle
light scattering. Light scattering is in arbitrary units (AU). FtsZ is at
2.5 uM in all reactions.

A. EzrA or thioredoxin was added to the reaction before the addition
of GTP to a final concentration of 5 uM. Arrow indicates the time of
addition of 1 mM GTP or 1 mM GDP. The addition of GDP reduces
FtsZ light scattering below baseline, presumably because it inhibits
GTP-independent association of FtsZ monomers.

B. Concentration-dependent inhibition of FtsZ assembly by EzrA. The
ratio of EzrA to FtsZ is shown underneath each bar. The ratio of
thioredoxin to FtsZ is 2:1. Margins of error were calculated using data
from three independent experiments.

C. EzrA or GDP were added to an FtsZ assembly reaction 1 min after
the addition of GTP. The first arrow indicates the addition of GTP and
the second the addition of EzrA or GDP. EzrA was at a final concen-
tration of 5 uM in this experiment. GDP was used at a final concen-
tration of 1 mM.

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 801-814



is able to inhibit the formation of single-stranded FtsZ
polymers and/or protofilament bundles.

As with the sedimentation experiments, the order of
addition was critical to the ability of EzrA to inhibit FtsZ
assembly in the light scattering assay. We detected effi-
cient inhibition of FtsZ assembly only when the EzrA
fusion protein and FtsZ were combined before the addition
of GTP. If EzrA was added to the reaction 1 min subse-
quent to FtsZ and GTP, after the initiation of FtsZ assem-
bly, we did not see a reduction in light scattering, although
we did observe an inhibition of further assembly (Fig. 6C).
The addition of 1 mM GDP resulted in a decrease in
assembly, indicating that the polymers were dynamic
under these experimental conditions. This observation
reinforces the idea that EzrA normally functions to prevent
FtsZ assembly but is unable to disassemble preformed
polymers at the ratios that we tested in vitro.

Interestingly, in both the sedimentation and the light
scattering assays, we did not see complete inhibition of
FtsZ assembly at approximately physiological ratios of
EzrA to FtsZ. We have confirmed this incomplete inhibition
by electron microscopy of negatively stained FtsZ assem-
bly reactions conducted in the presence and absence of
EzrA (data not shown). We believe that the contrast
between the incomplete inhibition of FtsZ assembly that
we observed in vitro and EzrA’s ability to prevent aberrant
Z-ring formation in vivo results from two key differences.
First, as discussed in detail below, in vivo, the effective
ratio of EzrA to FitsZ at the plasma membrane is likely to
be an order of magnitude higher than we can assay the
activity of our soluble EzrA fusion protein in vitro. Sec-
ondly, EzrA does not act alone inside the cell. Experi-
ments demonstrating that a loss-of-function mutation in
ezrA overcomes the block in Z-ring formation associated
with 15-fold overexpression of MinCD (Levin et al., 2001)
suggest that EzrA acts in concert with the Min proteins
and potentially other as yet unidentified inhibitors of FtsZ
assembly. Finally, preventing FtsZ-ring formation in vivo
may not require complete inhibition of FtsZ assembly.
Simply reducing either polymer length or stability may
render FtsZ unable to support the assembly of the division
apparatus.

EZzrA interacts directly with FtsZ

EzrA localizes to the cytokinetic ring in an FtsZ-dependent
manner (Levin etal., 1999). This observation, coupled
with the ability of a purified EzrA fusion protein to inhibit
FtsZ assembly in both the sedimentation and 90° angle
light scattering assays (Figs 4 and 6), suggests that EzrA
modulates FtsZ assembly dynamics through direct inter-
actions. To investigate this possibility, we examined the
capacity of EzrA to interact directly with FtsZ using a
cross-linking agent in conjunction with affinity purification.

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 801—-814
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When the EzrA fusion protein and native FtsZ were
combined in an equimolar ratio in the presence of the
cross-linker DSP (linker arm = 12 A), we observed the
formation of a high-molecular-weight complex that pre-
sumably contains both FtsZ and EzrA (Fig. 7A, lane 3).
We did not see this high-molecular-weight FtsZ complex
in reactions containing FtsZ alone or in the presence of
thioredoxin or a His-tagged version of Spo0J, a 32 kDa
cytoplasmic protein involved in chromosome segregation
in B. subtilis (Lin et al., 1997) (Fig. 7A, lanes 1, 4 and 5).
Notably, EzrA forms high-molecular-weight complexes
regardless of the presence of FtsZ, suggesting that it is
able to interact with itself to some degree (Fig. 7B, lanes
2 and 3).

To confirm that the high-molecular-weight FtsZ com-
plexes were the product of an EzrA—FtsZ interaction, we
took advantage of metal affinity resin charged with Co*
to purify His-tagged products of the cross-linking reac-
tions. FtsZ co-purified with His-tagged EzrA (Fig. 7C, lane
1), but not with either thioredoxin or the Spo0J-6xHis
control protein (Fig. 7C, lanes 2 and 3). To simplify anal-
ysis, the cross-link was broken before SDS-PAGE in
Fig. 7C and D (see Experimental procedures).

These experiments indicate that the interaction
between EzrA and FtsZ was specific. Based on quantita-
tive analysis using IMAGEGAUGE software (Fuji), we esti-
mate that =19% of the total FtsZ is bound to EzrA after
cross-linking. We were unable consistently to co-purify
FtsZ with the EzrA fusion protein in the absence of cross-
linker, suggesting that their interaction is probably tran-
sient. The addition of GTP or GDP had no effect on the
ability of EzrA to bind FtsZ in these assays, indicating that
EzrA is capable of interacting with a range of multimeric
forms of FtsZ (data not shown).

The effect of EzrA on FtsZ’s intrinsic GTPase activity

FtsZ’s ability to hydrolyse GTP is dependent on the dimer-
ization of two FtsZ monomers to form a GTPase active
site (Scheffers et al., 2002). To determine how EzrA mod-
ulates polymer dynamics upon binding to FtsZ, we
assessed the effect of EzrA on the intrinsic GTPase activ-
ity of FtsZ.

We measured FtsZ's GTP hydrolysis rate in the pres-
ence and absence of EzrA using a spectrophotometric
method for quantifying free phosphate (Molecular
Probes). At a concentration of 5 uM, B. subtilis FtsZ was
able to hydrolyse GTP at a rate of =0.65+0.07 GTP/
FtsZ min~'. The addition of either the EzrA fusion protein
or the thioredoxin control protein did not have a strong
effect on GTP hydrolysis. The average rate of GTP hydrol-
ysis by FtsZ in the presence of 10 uM EzrA, a 2:1 molar
ratio of EzrA to FtsZ, was 0.88+0.11 GTP/FtsZ min~".
Similar results were obtained at a 2:1 ratio of thioredoxin
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Fig. 7. EzrA binds to FtsZ.

A and B. Immunoblots of cross-linking reaction products.
A. Anti-FtsZ.

B. Anti-6xHis.
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Affinity Purified Material

FtsZ alone (lane 1); EzrA alone (lane 2); FtsZ plus EzrA-6xHis (lane 3); FtsZ plus Thio-6xHis (lane 4); FtsZ plus Spo0J-6xHis (lane 5).

C and D. Co* affinity purification of 6xHis-tagged cross-linked products. Eluants were separated by SDS—PAGE and subjected to immunoblotting
with antisera against FtsZ (C) or 6xHis (D). FtsZ plus EzrA-6xHis (lane 1); Thio-6xHis (lane 2); or Spo0J-6xHis (lane 3). Breakdown products of
EzrA-6xHis can be seen in (D), lane 1. Molecular weight markers in kDa are shown to the right of blots (A) and (C). Variations in band intensity
reflect differences in transfer efficiency between high- and low-molecular-weight material.

to FtsZ (0.70 + 0.26 GTP/FtsZ min™"). Taking into account
the margin of error, these values are essentially equivalent
to the rate of GTP hydrolysis by FtsZ alone. The order of
addition did not have an appreciable effect on GTPase
activity in this assay (data not shown). The inability of EzrA
to alter significantly FtsZ's GTPase activity at a 2:1 molar
ratio suggests that EzrA does not substantially disrupt the
interaction between FtsZ monomers despite its ability to
inhibit FtsZ assembly at these concentrations in both the
sedimentation and the 90° angle light scattering assays
(Figs 4 and 6).

Discussion

Genetic and cell biological data suggest that EzrA inter-
acts directly with FtsZ to prevent the formation of aberrant
Z rings and polar septa (Levin et al., 1999; 2001) (Fig. 1).
The results presented here indicate that EzrA interacts
physically with FtsZ to inhibit the assembly of polymers
and/or small bundles of protofilaments. Moreover, we find
that, although EzrA prevents FtsZ assembly, it is not able
to disassemble preformed polymers nor does it have a
significant effect on FtsZ’s intrinsic GTPase activity. Taken

together, these data support a model in which EzrA con-
tributes to the spatial regulation of Z-ring formation in vivo
by blocking FtsZ assembly at aberrant locations along the
cell membrane (Fig. 8).

EzrA exhibits activity similar to the cell division inhibitor
MinC. In B. subtilis and E. coli, MinC acts in conjunction
with MinD to prevent polar Z-ring formation and polar
septation. MinD keeps MinC sequestered at the cell poles
where it appears to interact directly with FtsZ to inhibit
assembly. Twenty-five- to 50-fold overexpression of E. coli
MinC inhibits division in vivo (de Boer et al., 1992), and a
MalE-MinC fusion protein blocks sedimentation of FtsZ
polymers in vitro when both proteins are at approximately
equimolar ratios (Hu et al., 1999). Like EzrA, MinC does
not alter FtsZ's GTP hydrolysis activity even when MinC
is in molar excess (Hu et al., 1999).

In contrast to MinC, however, fluorescence microscopy
indicates that EzrA is distributed throughout the plasma
membrane and concentrates at mid-cell in an FtsZ-
dependent manner (Levin et al., 1999). This localization
pattern presents something of a conundrum; how can a
protein that co-localizes with FtsZ at mid-cell prevent polar
septation but not block medial ring formation? The order

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 801-814
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Fig. 8. Model for EzrA inhibition of FtsZ
assembly at the cell membrane. Left. EzrA
functions at the membrane to inhibit FtsZ
assembly and prevent aberrant Z-ring forma-
tion. At mid-cell, a positive acting factor
(arrows) promotes FtsZ assembly and over-
comes EzrA activity allowing for medial ring
formation. Right. In the absence of EzrA, FtsZ
is free to assemble anywhere along the inner
surface of the membrane leading to aberrant
#7 FtsZ assembly at cell poles. Despite the forma-
tion of polar Z rings, a positive acting factor
(arrows) still promotes FtsZ assembly at mid-
cell and leads to a situation in which this posi-
tion is favoured for cytokinesis.
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of addition experiments may provide a partial explanation.
Both sedimentation and 90° angle light scattering experi-
ments indicate that, although EzrA blocks polymerization
of FtsZ monomers, it is unable to disassemble preformed
polymers. This supports a situation in vivo in which EzrA
acts throughout the plasma membrane to prevent FtsZ
assembly at inappropriate locations. However, at mid-cell,
a temporally regulated positive acting factor, perhaps a
component of FtsZ’s putative nucleation site (Addinall and
Lutkenhaus, 1996), overcomes EzrA activity, allowing for
FtsZ polymerization and Z-ring formation. Once formed,
FtsZ polymers are resistant to EzrA; although EzrA still
interacts with FtsZ in the ring, it is unable to disassemble
the polymers that constitute the Z ring. The stability of
polymers in the medial Z ring is further enhanced through
the activity of stabilizing proteins such as FtsA and ZapA
(Gueiros-Filho and Losick, 2002; Pichoff and Lutkenhaus,
2002).

Localization to the plasma membrane appears to be
important for both EzrA and MinC activity. Deleting EzrA’s
membrane-spanning domain does not block localization
to the Z ring (Fig.2B), nor does it prevent EzrA from
inhibiting FtsZ assembly in vitro (Figs 4 and 6). The loss
of its membrane anchor, however, severely impairs EzrA’s
ability to inhibit FtsZ assembly at cell poles (data not
shown). Similarly, MinC requires interaction with the mem-
brane-associated protein MinD to prevent polar Z-ring for-
mation and septation (Rothfield etal, 1999). One
explanation for this phenomenon may be a simple differ-
ence in effective concentration. Localizing two proteins to
the surface of a membrane enhances their interaction by
several orders of magnitude (Gelb, 1997). Thus, in wild-
type cells, the effective ratio of EzrA or MinC to FtsZ at
the cell membrane is likely to be orders of magnitude
higher than if both proteins were cytoplasmic.

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 801—-814

The proteins that regulate tubulin and actin polymeriza-
tion provide a range of models for how EzrA might act to
inhibit FtsZ assembly. For example, EzrA could function
in a manner similar to the actin-associated protein thy-
mosin beta-4 by binding to monomers of FtsZ, restricting
the pool of free subunits available for polymerization
(Safer etal, 1997; Huff etal, 2001). EzrA might also
sever FtsZ polymers such as the microtubule-interacting
protein katanin (McNally et al., 1996). Alternatively, EzrA
could ‘cap’ polymerizing FtsZ, binding to one end of a
growing polymer and preventing the addition of new
subunits.

Our results argue against EzrA functioning as either a
monomer-binding protein or a severing factor. Nucleotide
hydrolysis requires the dimerization of two FtsZ mono-
mers (Scheffers et al., 2002). At sufficiently high concen-
trations, a protein that binds to and sequesters free FtsZ
monomers should significantly decrease GTP hydrolysis.
SulA, an SOS-inducible protein that inhibits cell division
in E. coli after DNA damage, blocks both FtsZ assembly
and GTP hydrolysis when both proteins are equimolar in
solution (Mukherjee et al., 1998; Trusca et al., 1998). The
recently solved crystal structure of SulA indicates that it
binds to FtsZ monomers, thereby preventing the formation
of the GTPase active site and polymerization (Cordell
etal., 2003). In contrast to SulA, EzrA does not signifi-
cantly alter FtsZ’s ability to hydrolyse GTP at a 2:1 ratio
of EzrA to FtsZ. This suggests that EzrA does not normally
disrupt the interaction between FtsZ monomers and thus
does not support a role for EzrA as a monomer-seques-
tering protein. Similarly, factors that sever FtsZ polymers
should disrupt assembly regardless of when they are
added to a polymerization reaction. Data from the sedi-
mentation and light scattering assays indicate that,
although EzrA prevents FtsZ polymerization, it is unable
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to disassemble preformed polymers (Figs 4B and C and
6C). Thus, it is unlikely that EzrA severs or otherwise
alters the stability of FtsZ polymers.

Although the methods used here do not allow us to
distinguish between models, our data are consistent with
EzrA acting by either preventing the formation of stabiliz-
ing lateral interactions between FtsZ protofilaments or
binding to the ends of growing polymers and preventing
the addition of new subunits, a function analogous to actin
modulatory proteins such as CapZ and capping protein
(Pollard et al., 2000). However, these are just two of many
possible models for EzrA activity. Extensive analysis will
be required to understand the precise mechanism by
which EzrA modulates FtsZ assembly in vivo.

In wild-type cells, FtsZ exists in a precise balance
between soluble monomers, small multimers and the
membrane-associated polymers that constitute the Z ring
(Justice et al., 2000). Maintaining this balance requires a
network of regulatory proteins to modulate FtsZ assembly.
At the cell poles, EzrA, MinC and, potentially, the bacterial
nucleoid (Margolin, 2001) act together to prevent aberrant
Z-ring formation. However, during cytokinesis at mid-cell,
instead of working in conjunction with MinC, EzrA has to
counteract the effects of positive regulators of FtsZ
assembly such as ZapA, FtsA and possibly components
of the putative FtsZ nucleation site (Addinall and Lutken-
haus, 1996; Regamey et al., 2000). The balance at mid-
cell is thus shifted in favour of FtsZ assembly leading to
medial Z-ring formation. FtsZ levels in E. coli and B. sub-
tilis are well above the critical concentration required for
polymerization (Lu et al., 1998; Feucht et al., 2001). FtsZ
assembly must therefore be tightly controlled both spa-
tially and temporally to ensure that the Z ring forms only
once per cell cycle and is appropriately positioned.
Regardless of the mechanism by which EzrA inhibits FtsZ
assembly, factors such as EzrA are essential for prevent-
ing ectopic FtsZ polymerization and maintaining the
dynamic nature of the Z ring. Our data highlight the impor-
tance of precisely balanced polymer stability in the spatial
and temporal regulation of Z-ring formation and reinforce
the need to identify other members of the regulatory net-
work responsible for modulating FtsZ assembly dynamics
during the cell cycle.

Experimental procedures
General methods

Cloning and genetic manipulation were performed using
standard techniques (Sambrook et al., 1989; Harwood and
Cutting, 1990). KlentagLA was used for polymerase chain
reactions (PCRs). Unless otherwise noted, all strains were
cultured at 37°C in Luria broth (LB). Chloramphenicol was
used at a final concentration of 5 pug ml™, spectinomycin at
100 ug mi~" and ampicillin at 100 ug ml~'. FtsZ and Spo0J

concentrations were determined using the bicinchoninic acid
(BCA) protein assay and the Coomassie plus assay respec-
tively (Pierce). EzrA and thioredoxin concentration were
determined using a combination of OD,g and the BCA
assay.

Bacterial strains

All B. subtilis strains are derivatives of the strain JH642
(Perego et al., 1988). PL1031 (amyE:: Pspacr,-€2rA) was engi-
neered to express ezrA from the strong IPTG-inducible pro-
moter P, (Quisel et al, 2001). ezrA was amplified from
chromosomal DNA and ligated into the amylase Pspacn, vec-
tor pPL82 (Levin etal, 2001). This vector integrates by
homologous recombination into the amylase locus. Primer
sequences are available on request. In the course of our
investigation, we determined that even limited EzrA expres-
sion is lethal to exponentially growing E. coli cells because
of a block in FtsZ assembly and division (P. A. Levin, unpub-
lished data). Although this observation supports our model
in which EzrA inhibits FtsZ assembly, it has made it difficult
to clone ezrA through E. coli, even under the control of a B.
subtilis inducible promoter, on account of unregulated ezrA
expression. To circumvent this issue, the ligation mix was
transformed directly into JH642 selecting for resistance to
chloramphenicol, and transformants were screened for loss
of amylase activity (Harwood and Cutting, 1990). MO54 is a
derivative of PL1031 that encodes both amyE::Pspach,-e2rA
and the heat-sensitive allele of ftsZ, ftsZts (Levin etal.,
1999).

The ezrA::Pgacn-ezrA construct was made by cloning a
170 bp fragment encoding ezrA’s native ribosome binding
site to basepair 37 of the ezrA open reading frame (ORF)
behind the IPTG-inducible Py, promoter (Quisel et al.,
2001) to create plasmid pPL78. ezrA::Pspach,-€ZrAATM was
made by cloning the ribosome binding site, start codon and
basepairs 73-233 of the ezrA ORF behind the Py, pro-
moter to create plasmid pPL79. Both plasmids were inte-
grated into the B. subtilis chromosome by single cross-over
selecting for chloramphenicol resistance. Cells were
screened by PCR and immunoblot to ensure that the integra-
tion resulted in an intact copy of ezrA or ezrAATM that was
expressed in response to IPTG. The addition of 1 mM IPTG
to these cells results in approximately wild-type levels of EzrA
expression.

The His-tagged EzrA fusion protein was cloned under the
control of the P,y promoter in E. coli Top10 cells (Invitrogen)
and then transferred to the slyD null strain BB101 [X90 = lac
pro, F’ (laclq) ara, lacpro, nalA argE,.] (Chivers and Sauer,
1999) for expression. P,y (Guzman et al., 1995) allows for
tightly regulated expression of ezrA in E. coli. B. subtilis FtsZ
was expressed in PL1184, a derivative of E. coli strain
ER2566 (F lambda™ fhuA2 [lon] ompT lacZ::T7 genel gal
sulA11 D(mcrC-mrr)114:1S10 R(mcr-73::miniTn10-TetS)2
R(zgb-210:.Tn10) (TetS) endA1 [dem]) (NEB) encoding the
plasmid pBS58. pBS58 overexpresses E. coli ftsQAZ and
allows for the cloning of B. subtilis ftsZ in E. coli (Wang and
Lutkenhaus, 1993). For expression in B. subtilis, the Thio-
EzrA-6xHis fusion protein was amplified from the pBAD
expression vector and placed behind the Pg..,, promoter at
the amylase locus for expression in B. subtilis.

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 801-814



Determination of EzrA concentration in cells

Quantitative immunoblotting was used to determine the
amount of EzrA in exponentially growing B. subtilis cells.
Wild-type cells (JH642) were grown to mid-exponential phase
(ODggo = 0.5) in Luria broth, sampled for colony-forming units
(cfu) and lysed with lysozyme and detergent. Colony-forming
units were determined in duplicate. Five and 10 ul of cell
lysate (6.29 x 10° cfu ul™') were separated by 12% SDS—
PAGE. Immunoblotting was performed using sera raised
against the EzrA fusion protein (above) and goat anti-rabbit
antibodies conjugated to horseradish peroxidase (Jackson
Immunoresearch) (Harlow and Lane, 1988). Blots also
included a twofold serial dilution of purified EzrA fusion pro-
tein from 12.5 ng to 1.56 ng. Immunoblots were developed
using the ChemiDetect kit (Bio-Rad) and visualized and
quantified with the luminescent image analyser LAS-
1000plus in conjunction with IMAGEGAUGE software, version
3.41 (Fuji Film).

Microscopy

Cells were prepared for fluorescence microscopy as
described previously (Levin et al., 2001). Images were cap-
tured using an Olympus BX51 microscope with an OrcaERG
camera (Hamamatsu) in conjunction with the OPENLABS, ver-
sion 3.0.9 software (Improvision). Images were processed
with Adobe PHOTOSHOP, version 6.0.1. ‘Deep-etch’ electron
microscopy of FtsZ (Fig.2A) protofilaments was done as
described previously (Heuser, 1983; 1989) and visualized
using a JEOL transmission electron microscope operating at
100 kV. Negative stain electron microscopy of FtsZ assem-
bled in the presence of GTP (Fig.2B and C) or GTP and
DEAE-dextran (Fig. 2D) was done according to the method
described by Romberg et al. (2001). Filaments were visual-
ized using a Hitachi transmission electron microscope.

Expression plasmids

Codons 26-562 of the ezrA ORF were amplified by PCR from
chromosomal DNA and cloned into the pBAD/Thio-TOPO
vector (Invitrogen). The resulting plasmid, pRS3, encodes a
79 kDa protein that consists of EzrA fused in frame to an N-
terminal thioredoxin moiety with a C-terminal 6xHis tag to
assist purification. Primer sequences are available on
request. The 6xHis-tagged thioredoxin fusion control protein
was expressed from the pBAD/Thio vector (Invitrogen). B.
subtilis FtsZ was expressed under the control of an IPTG-
inducible promoter from pCXZ (Wang and Lutkenhaus,
1993). Spo0J-6xHis was expressed from pDL3, a kind gift
from Dr Alan Grossman (Lin et al., 1997).

EzrA, thioredoxin and Spo0J protein purification

Overnight cultures of MB101 cells containing pRS3 or pBAD/
Thio were diluted 1:100 in LB medium containing 100 pg
ml~" ampicillin. At an ODgy, of =0.4, protein expression was
induced by the addition of 0.2% L-(+)-arabinose, and cells
were allowed to grow for 4 more hours. Cultures were cen-
trifuged at 2000 g for 10 min at 4°C, and the pellets were

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 801—-814
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washed once and resuspended in ice-cold buffer (50 mM
NaH,PO,, pH 8.0;, 300 mM NacCl) to a final volume of 10 ml.
Cell pellets were stored at —-80°C.

The EzrA and thioredoxin fusion proteins were both puri-
fied via the same protocol. Briefly, cells were thawed on ice,
and 4-(2-aminoethyl)benzenesulphonyl fluoride (AEBSF), a
protease inhibitor, and lysozyme were added to final concen-
trations of 1 mM and 0.4 mg mI™' respectively. Cells were
incubated for 30 min on ice and lysed by sonication. Lysates
were cleared by centrifugation at 120 000 g for 45 min at 4°C,
and imidazole was added to the resulting supernatant to a
final concentration of 5 mM. The supernatant was then sub-
jected to affinity chromatography using a Hi-Trap chelating
HP column (Amersham) charged with Co?* on an AKTAprime
low-pressure purification system (Amersham). The column
was washed extensively with a buffer containing 50 mM
Hepes, pH 7.5, 350 mM NaCl and 5 mM imidazole, and the
fusion proteins were eluted in a step gradient of imidazole
concentrations between 25 mM and 200 mM (25 mM,
75 mM, 100 mM, 150 mM and 200 mM). Both fusion proteins
eluted in high concentration at 150 mM imidazole. The frac-
tions containing the fusion protein were pooled, applied to
PD-10 columns (Amersham) to exchange them into buffer A
(50 mM Hepes, pH 7.5, 1775 mM NaCl) and concentrated
using Centricon filters (Millipore) with the appropriate molec-
ular weight cut-offs (YM-50 for the EzrA fusion protein and
YM-10 for the thioredoxin fusion proteins). Glycerol was
added to 10% final concentration, and the aliquots were
frozen in liquid nitrogen and stored at —80°C. Purified proteins
were estimated to be >95% pure by SDS—-PAGE. The purified
EzrA fusion protein described above was used to generate
antibodies against EzrA in rabbits (Covance). SpoOJ was
purified as described previously (Lin and Grossman, 1998);
however, PD-10 columns were used for buffer exchange in
place of dialysis.

FtsZ purification

Overnight cultures of PL1184 cells (ER2566 pCXZ pBS58)
were diluted 1:100 in LB medium containing 100 ug ml™
ampicillin. Cells were grown to ODgy, of =0.4 and induced
with 1 mM IPTG for 4 h at 37°C. Cultures were pelleted at
2000 g for 10 min at 4°C, washed once and resuspended in
ice-cold buffer (50 mM Tris, pH 8.8, 100 mM NaCl, 1 mM
EDTA), and stored at —80°C.

FtsZ was expressed and purified essentially as described
previously (Wang and Lutkenhaus, 1993) with the exception
that a 30—35% ammonium sulphate cut was used in place of
the 25—-35% cut. We determined that the gel filtration step did
not significantly enhance the purity or activity of the final
product (P. A. Levin, unpublished data). Precipitated proteins
from the 35% ammonium sulphate cut were washed and
resuspended in 5 ml of polymerization buffer (50 mM MES,
pH 6.5, 2.5 mM MgAc, 1 mM EGTA). Glycerol was added to
10% and GDP to 50 uM final concentration. Aliquots were
frozen in liquid nitrogen and stored at —80°C. Purified protein
was estimated to be >95% pure by SDS-PAGE.

Analysis of EzrA overexpression phenotype

To assess the effect of twofold EzrA overexpression on cell
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viability, we determined the plating efficiency of wild-type and
ftsZts mutant cells after induction of an IPTG-inducible allele
of ezrA. Briefly, overnight cultures of ftsZ* or ftsZts mutant
cells encoding amyE::Pspacn,-ezrA (PL1031 and MO54
respectively) were diluted twice into fresh media without
IPTG and cultured at 37°C to an ODg, of =0.600. Cells were
then serially diluted on LB plates in the presence and
absence of 1 mM IPTG. Plating efficiencies were calculated
based on the number of cfu per ml of culture.

For fluorescence microscopy and quantitative immunoblot-
ting, overnight cultures of PL1031 and MO54 were diluted
10-fold into fresh LB and cultured at 37°C to an ODgy, of
=~0.600. Cells were then diluted a second time in the pres-
ence and absence of 1 mM IPTG. Samples were removed
and prepared for fluorescence microscopy and/or quantitative
immunoblotting (Weart and Levin, 2003). Average cell
lengths were determined after 3 h of growth in the presence
and absence of IPTG. Samples were stained with the vital
membrane stain FM4-64 (Molecular Probes) (Pogliano et al.,
1999), and cell lengths were measured as the distance
between two septa. Immunofluorescence microscopy in con-
junction with affinity-purified antiserum against FtsZ (Levin
and Losick, 1996) was used to visualize FtsZ rings in
PL1031. A Chroma GFP filter set (no. 41012) was used to
visualize FtsZts—GFP rings in MO54. Quantitative immunob-
lotting to determine relative levels of EzrA was performed as
described previously (Weart and Levin, 2003) using poly-
clonal antiserum raised in rabbits against EzrA (this work).

Sedimentation assay

Sedimentation assays were similar to those described by
Trusca et al. (1998). Before sedimentation, purified FtsZ was
precleared by spinning at 250 000 g for 15 min at 4°C to
remove any aggregates or pre-existing polymers. FtsZ was
then diluted in polymerization buffer at room temperature to
5 uM final concentration. GTP was added to a final concen-
tration of 1 mM to stimulate polymerization, and bundle
formation was initiated by the addition of 0.1 mg mI™ diethy-
laminoethyl-dextran hydrochloride (DEAE-dextran). Depend-
ing on the order of addition, varying concentrations of EzrA
or the thioredoxin control protein in a constant volume of
buffer A were added to the reaction before or after GTP but
before the addition of DEAE-dextran. The final volume for all
reactions was 100 pl. Reactions were spun at 250 000 g for
10 min at 20°C. To avoid touching the pellet, only 80 ul of
supernatant was withdrawn for analysis. The remaining
supernatant was then removed, and the pellets were gently
resuspended in 100 pl (the same volume as the reaction) of
polymerization buffer. Samples from pellets and superna-
tants were subjected to 12% SDS-PAGE to determine rela-
tive FtsZ concentrations. Gels were stained with Coomassie
brilliant blue and documented and analysed using a Kodak
DC290 camera in conjunction with Kodak ID 3.5.3 software.

90° angle light scattering assay

Light scattering assays were conducted essentially as
described in by Romberg et al. (2001). Precleared FtsZ was
diluted to a final concentration of 2.5 uM in polymerization

buffer and placed in a quartz cuvette (Starna Cells) in a
FluoroMax-2 fluorimeter. The excitation and emission wave-
lengths were set at 310 nm, and the slit width was 1 mm.
Readings were taken once per second at room temperature,
and a baseline was gathered for 1 min before the addition of
1 mM GTP or GDP to the cuvette. For the experiment shown
in Fig. 6A and B, EzrA or the thioredoxin control protein was
added before establishing a baseline and before the addition
of GTP. For the experiment in Fig. 6C, EzrA and GDP were
added 1 min after the addition of GTP. The final concentration
of EzrA in this experiment was 5 uM and of GDP was at 1 pM.
Data were normalized to the baseline reading in the presence
of EzrA or thioredoxin alone and plotted using Microsoft
EXCEL.

Co-affinity purification of EzrA and FtsZ

Purified proteins were diluted to 5 uM final concentrations in
buffer A and 5 uM BSA. The cross-linker dithiobis(succinim-
idylpropionate) (DSP; Pierce), which interacts with primary
amines, was added to the diluted proteins to a final concen-
tration of 250 uM, and the solution was incubated at room
temperature for 30 min. To quench the cross-linking reaction,
Tris (pH 7.4) was added to a final concentration of 20 mM at
room temperature for 15 min. This solution was bound to
Co*"-charged affinity resin (Clontech) overnight at 4°C, and
the resin was washed five times with 33 bed volumes of buffer
A. The fusion proteins and any cross-linked FtsZ were eluted
with buffer A plus 250 mM imidazole. The disulphide bond in
DSP was cleaved by heating eluants in SDS sample buffer
with B-mercaptoethanol at 100°C for 5 min before separation
by SDS-PAGE. Immunoblot analysis was performed as
described previously (Weart and Levin, 2003) using
antiéxHis sera (Santa Cruz Biotechnology) and affinity-
purified sera against FtsZ (Levin and Losick, 1996). Immu-
noblots were analysed using an LAS-1000plus luminescent
image analyser in conjunction with IMAGEGAUGE software,
version 3.41 (Fuji Film).

GTPase assay

The GTPase activity of FtsZ was measured using the
Enzcheck Free Phosphate assay kit (Molecular Probes). This
assay takes advantage of the spectrophotometric shift from
a maximum absorbance of 330 nm to 360 nm that occurs
when the substrate 2-amino-6-mercapto-7-methylpurine
riboside (MESG) is converted to ribose 1-phosphate and 2-
amino-6-mercapto-7-methylpurine through the purine nucle-
oside phosphorylase (PNP)-dependent addition of P; to
MESG. FtsZ was at 5 uM, and EzrA and thioredoxin were at
10 uM for these experiments. GTP (1 mM) was incubated in
the presence of kit reagents, the EzrA fusion protein or the
thioredoxin control and buffer (50 mM Hepes, pH 7.5,
175 mM NaCl, 2.5 mM MgCl,, 200 mM KCI) for 10 min at
room temperature to neutralize any free phosphate. FtsZ was
then added to a final concentration of 5 uM, and the optical
density at 360 nm was measured every 10 s in a SPECTRA-
max® spectrophotometer (Molecular Devices) using SOFT-
MAX® PRO, version 3.1.2 (Molecular Devices). The average
GTPase rate was calculated using a best fit function and P;
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standards. Intriguingly, we found that using 200 mM KAc in
place of KCI increased GTP hydrolysis five- to sixfold (data
not shown). This enhancement may be due to the tendency
of acetate to promote hydrophobic interactions (Arakawa and
Timasheff, 1984).
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