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ABSTRACT The FtsZ protein is a GTPase that is essential
for cell division in Escherichia coli. During cytokinesis, FtsZ
loclizes to a ring at the leading edge of septum synthesis. We
report the GTP-dependent polymerization of purified FtsZ
measured by sedimentation and light scattering. Electron
microscopy of polymerized FtsZ revealed structures inluding
tubules 14-20 nm in diameter with longitudinal arrays of
protofilaments. FtsZ depolymerized upon removal ofGTP and
repolymerized after subsequent GTP addition. Mutant FtsZ84
protein polymerized inefficiently, suggeg that polymeriza-
tion is important for the cellular role of FtsZ In division. The
possibblity that tubules of FtsZ protein form a cytoskeleton
involved in septum synthesis is consistent with our data.

Cell division in rod-shaped bacteria is accomplished by
synthesis of a septum across the middle of the cell (1, 2).
Genetic studies have identified numerous genes required for
septum synthesis (cytokinesis) in Escherichia coli (3). The
protein encoded byftsZ is essential for cell division (4-6) and
is one of the earliest acting septum synthesis factors (7, 8).
The FtsZ protein is highly conserved among diverse eubac-
teria (9-12). It appears to be the target of several cellular
division inhibitors, including the SOS-induced SulA protein
(13, 14) and MinC-MinD proteins involved in selection of the
division site (15-17).
Immediately before cytokinesis begins, FtsZ relocalizes

from the cytoplasm to a ring at the inner membrane at the
midpoint of the cell. As the cell invaginates, FtsZ remains in
a diminishing ring at the leading edge of septum synthesis
until division is completed, whereupon it redistributes to the
cytoplasm (18). The FtsZ protein has been purified and
shown to be a GTPase, an activity essential for its function
(19-21). Sequence alignments indicate limited homology with
tubulins (19, 20), tempting speculation that FtsZ may be a
structural protein. However, alternative explanations are
also consistent with the cellular localization and GTPase of
FtsZ. FtsZ might serve as a multimeric guanine nucleotide
binding protein switch to trigger assembly of the septum
synthesis machinery (21) or as a motor protein to provide the
force for invagination of the cell wall and membrane. To
distinguish between these models, the properties of purified
FtsZ were further characterized.
We report here biochemical and electron microscopic

evidence demonstrating the GTP-dependent polymerization
of wild-type FtsZ protein and that a mutant FtsZ protein
polymerizes inefficiently. Our data support the notion that
FtsZ may be a major component of a bacterial cytoskeleton
involved in septum synthesis.

MATERIALS AND METHODS
Reagents. Chemicals were purchased from Sigma unless

stated otherwise. Nucleotides were obtained from Boeh-

ringer Mannheim. Restriction enzymes and T4 DNA ligase
were purchased from New England Biolabs. Carbon-coated
copper grids and reagents for electron microscopy were from
Ted Pella (Redding, CA).

Plasmid Conrctions. The wild-typeftsZ coding sequence
was amplified by polymerase chain reaction methodology
and cloned between the Nde I and BamHI sites of the vector
pETlia (Novagen) to give plasmid pET11-FtsZ. Site-
directed mutagenesis of the gene was used to derive the
ftsZ84 mutant plasmid pET11-FtsZ84. The sequence of each
allele was confirmed (Julia Hsu, C.M.T., and D.B., unpub-
lished data).

Purification of FtsZ Proteins. E. coli BL21 (DE3)/pLysS
transformed with the appropriate plasmid was used to over-
express each FtsZ protein. Wild-type FtsZ and FtsZ84 pro-
teins were purified essentially as described (21).

Polymerization Assays. Standard reaction mixtures (200 1d)
contained 1 mg of FtsZ per ml in POL buffer [40 mM
Tris'HCl, pH 7.5/5 mM magnesium acetate/40 mM potas-
sium glutamate/8% (vol/vol) glycerol/0.08% Triton X-100].
Where indicated, nucleotide was added to 5 mM. After
incubation at 370C for 30 min, centrifugation was at 100,000
rpm in a Beckman TLA100.1 rotor at 37C for 30 min.
Supernatants were decanted and pellets were resuspended in
a starting volume (200 yd) of POL buffer lacking magnesium.
Protein was determined with Bio-Rad protein assay reagent.
Actin was cycle purified from rabbit muscle acetone powder
(22).

RESULTS
The dynamic distribution ofFtsZ protein during the cell cycle
(18) and the similarities with tubulins in sequence and in GTP
binding (19-21) point to a possible structural role. We tested
whether, like tubulin, FtsZ might polymerize in the presence
of GTP (23). Indeed, purified FtsZ supplemented with mag-
nesium became gel-like and opalescent within 10 sec ofGTP
addition, suggesting that polymerization had occurred. Sev-
eral independent methods were used to confirm this initial
observation.
GTP-Dependent Sedimentation. Polymerized tubulin and

actin sediment rapidly during ultracentrifugation (22, 24). In
the presence of GTP, almost all of the FtsZ protein was
recovered in the pellet (Fig. 1). An internal control, bovine
serum albumin, remained in the supernatant. Little FtsZ
protein sedimented withoutGTP or when ATP replaced GTP.
Over 65% of total FtsZ was sedimented by 2 min of centrif-
ugation, compared with 40% of a polymerized actin control,
indicating that FtsZ forms massive multimers in the presence
of GTP.
GTP-Dependent Light Scattering. A second assay, based on

light scattering by large molecular assemblies (25), was used.
Without GTP, FtsZ protein scattered little light at 340 nm.
After GTP addition, a 27-fold increase in scattering was
observed. Light scattered by FtsZ polymers was essentially
unchanged in wavelength and polarization. Since scattering
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FIG. 1. Analysis on SDS/polyacrylamide gel of FtsZ complexes
sedimented in the presence of various nucleotides. Reaction mix-
tures contained 1 mg FtsZ 25 per ml and 1 mg of bovine serum
albumin (BSA) per ml (as an internal control) in 200 jJ ofPOL buffer
plus 5 mM nucleotide, as indicated. After ultracentrifugation, super-
natants were decanted and pellets were redissolved in 200 p1.

Aliquots ofeach sample in gel loading buffer were run on a SDS/12%
polyacrylamide gel and stained with Coomassie blue. S, supernatant;
P, pellet; MW, molecular weight standards; Tot, starting sample.

reduces the transmitted light, optical density at 340 nm could
be measured more conveniently and quantitatively. The
requirements for light scattering (A3o) and for sedimentation

were identical (Table 1). Neither dGTP nor ATP could
substitute for GTP. Magnesium was required. Similar spec-
ificity is reported for FtsZ GTPase (19-21). FtsZ can bind
GDP and GTP[yS] (19-21); therefore, the inability of these
nucleotides to promote polymerization suggests a require-
ment for GTP hydrolysis at some step in FtsZ assembly.
Rate of Polymerization. To confirm the rapid kinetics

indicated by the initial observations of the changes in tur-
bidity and viscosity, stopped-flow measurements were made.
FtsZ exhibited a burst in polymerization followed by a
second, slower phase (Fig. 2). The magnitude ofthe burst was
proportional to the initial concentration, and the transition to
slower kinetics occurred at -0.5 sec, independent of con-
centration. These observations could be explained by two
populations of FtsZ in the initial solution, one of which is
ready to polymerize rapidly and a second that polymerizes
more slowly.
There is no evidence for a lag due to nucleation of FtsZ

under these conditions. The rate-limiting step in FtsZ poly-
merization appears to be different from that for tubulin
polymerization (25). The initial rate is also much more rapid
for FtsZ than is reported for tubulin (25).

Table 1. Correlation of light scattering and sedimentation
FtsZ pelleted,

Addition(s) A3%0 of total

Mg 0.000 4
GTP 0.020 8
GTP + Mg 0.620 86
GDP + Mg 0.010 5
GTP[yS] + Mg 0.005 6
dGTP + Mg 0.000 7
ATP + Mg 0.025 5

FtsZ protein at 1 mg/ml was incubated in POL buffer with the
indicated additions (final concentration, 5 mM). After 30 min, A3o
was measured and the fraction of FtsZ sedimented by ultracentrif-
ugation was determined.

FIG. 2. Time course of FtsZ polymerization. Equal volumes of
FtsZ in POL buffer and 10 mM GTP in POL buffer were mixed in an
Applied Photo physics model DX.17MV sequential stopped-flow
spectrophotometer to give the indicated final concentrations of FtsZ.
Amo was recorded every 0.005 sec after mixing.

Polymerization was slower and less efficient at lower
temperatures. However, polymers formed at 370C sedi-
mented with indistinguishable efficiency at 4°C and at 37°C.
FtsZ Forms Tubules. Direct observations of polymerized

FtsZ suggest that it forms tubules. Samples of FtsZ were
polymerized, adsorbed to carbon-coated grids, stained, and
examined in the electron microscope (Fig. 3). The most
abundant structures were tubule-like in appearance, although
some variation in form was apparent. Tubules were up to 20
,um long, several times the length of a dividing cell. In 10
fields ofFtsZ polymerized with GTP, >680 individual tubules
could be counted. Control experiments lacking GTP showed
no tubule structures in 10 equivalent fields, only a very few
globular forms.
At high magnification, individual tubules of -15 nm diam-

eter were seen with uranyl acetate and with phosphotungstic
acid stains. Samples stained with uranyl acetate showed
parallel striations along the tubule axis. In this regard, the
FtsZ tubules resembled microtubules, which are typically
composed of 13 tubulin protofilaments arranged superheli-
cally (26-28). Several such protofilaments were visible in a
tubule, spaced =3.5 nm apart in the structures in Fig. 3A.
Individual FtsZ protofilaments seemed to have a beaded
structure, with beads spaced approximately every 3.5 nm.
Assuming that both tubulin and FtsZ molecules are approx-
imately spherical, then a sphere of 3.5 nm forthe 38-kDa FtsZ
monomer would have a density virtually identical to a 4-nm
sphere occupied by a 55-kDa tubulin monomer within a
microtubule protofilament.

Sectioning was used to determine whether FtsZ forms
hollow tubules. After polymerization, FtsZ was sedimented
and the pelleted protein was fixed, embedded, sectioned, and
stained. Oblique sections of parallel structures were abun-
dant in the pellet (Fig. 3C). Interspersed among the regions
of oblique and longitudinal sections, areas of transverse
sections could also be seen. The transverse sections included
structures that stained only around an outer ring and not in
their center, appearing hollow. Like the longitudinal sec-
tions, the width of the staining was 4-5 nm. Fifty of the
hollow sections were measured from the negatives. Their
outer diameters varied from 14 to 20 nm, with a mean value
of 16.8 nm, consistent with the size ofthe objects seen in Fig.
3 A and B. Similar, apparently hollow structures were seen in
sections of FtsZ using other stains, including tannic acid, but
no staining revealed the precise subunit architecture of the
tubules. These observations suggest that a significant pro-
portion of the polymer was in the form ofhollow tubules with
walls 4-5 nm thick. While this is close to what is expected for
a tubule formed of a single layer of 3.5-nm-diameter proto-
filaments, no detail of subunit arrangements in these struc-

0.2

0.1a
0
0

0
1.5 2

Proc. Natl. Acad. Sci. USA 91 (1994)



Proc. Natl. Acad. Sci. USA 91 (1994) 5815

+GTP no nuc +GTP
+Mg no Mg +Mg

P S2

MW Tot S1 P1 S2 P2 S3 P3 MW

_p _

-,

" f p o -FtsZ

V-

50 nm

C.

250 nm

FIG. 3. Electron micrographs ofpolymerized FtsZ. (A) FtsZ at 20
mg/ml was polymerized in POL buffer plus 6 mM GTP for 15 min,
spotted onto a carbon-coated grid for 30 sec, and then stained with
2% uranyl acetate for 45 sec. (B) As in A but stained with 1%
phosphotungstate. (C) Thin section of sedimented FtsZ polymers.
FtsZ at 1 mg/ml was polymerized in POL buffer with 6mM GTP and
sedimented. The pellet was fixed with 3% glutaraldehyde in 6 mM
GTP-containing POL buffer at 40C overnight, embedded in Epon,
and sectioned before staining with 2% uranyl acetate for 10 min.
Grids were examined with a Philips 300 electron microscope at 70
kV.

tures was visible with either uranyl acetate or phosphotung-
stic acid staining. Further studies will be required to define
the exact subunit composition of the FtsZ tubules.

In addition to the tubules, other structures were visible.
They were irregular in shape and size and might correspond
to tubules broken during sedimentation, to incompletely
formed tubules, or to an alternative form of FtsZ polymer,
such as ribbons or sheets. These structures also had '-4-nm-
wide staining, suggesting a unit layer of FtsZ.

Polymerization Is Reversible. A common property of dy-
namic cytoskeletal proteins is that their polymerization is
reversible (29). Tubulin and actin can be purified by cycles of
polymerization-depolymerization (22, 24) (Fig. 4). Sedi-
mented FtsZ depolymerized within 15 min when suspended

FIG. 4. SDS/polyacrylamide gel of the FtsZ protein after cycles
of polymerization-depolymerization. FtsZ protein (200 pig in 200 p1)
was polymerized with 6mM GTP in POL buffer and sedimented; the
pellet (P1) was redissolved in 200 p1 of POL buffer lacking magne-
sium and GTP. The redissolved FtsZ was centrifuged again at
100,000 rpm, to give the supernatant (S2) and pellet (P2). To S2 was
added 5 mM magnesium and 6 mM GTP before the sample was again
centrifuged at 100,000 rpm, and the pellet (P3) was redissolved in 200
A of POL buffer. Aliquots (2.5 p1) of each supernatant (S1-S3) and
redissolved pellet (P1-P3) were analyzed on a SDS/12% polyacryl-
amide gel stained with Coomassie blue. The yield of FtsZ in the final
pellet was 170 Ag, representing 85% recovery of the starting sample
(Tot). MW, molecular weight standards.

in buffer lacking both GTP and magnesium. This depolymer-
ized FtsZ protein remained in the supernatant during subse-
quent centrifugation but was again sedimented when GTP
and magnesium were added (Fig. 4). This cycling process
removed trace contaminating proteins, strengthening the
evidence that polymerization is intrinsic to FtsZ. Any puta-
tive auxiliary factor for polymerization of FtsZ represents
<1% of cycle purified FtsZ (based on densitometry ofa 10-ug
sample of FtsZ run on SDS/polyacrylamide gel). For com-
parison, microtubule-associated proteins constitute up to
20% of tubulin purified by cycles of polymerization-
depolymerization (30, 31).
While FtsZ remained polymerized when GTP was present,

it depolymerized in the presence of GDP with similar effi-
ciency as in the absence of nucleotide. This is consistent with
the inability of GDP to support polymerization.

FtsZ84 Mutant Polymerizes Inefficiently. If the polymeriza-
tion of FtsZ is involved in its normal function, then a loss of
function mutant FtsZ protein might fail to polymerize. Cells
bearing the mutant allele ftsZ84 form long filaments at the
restrictive temperature (32). It is likely that the defect in
ftsZ84 is only partial, since a modest increase in expression
of the mutant protein can restore normal division activity
(33). Using the plasmid pET11-FtsZ84 to direct high-level
expression, the FtsZ84 mutant protein was purified to near
homogeneity by the same procedure as for the wild-type
protein.

Polymerization of FtsZ84 was only one-third that of wild
type (Fig. 5). The defect in the mutant FtsZ84 protein was
similar at 300C and at 400C both for polymerization and for
GTPase activity (unpublished data). The reduced polymer-
ization of purified FtsZ84 is unlikely to be due to contami-
nation with an inhibitor, since wild-type protein polymerizes
equally efficiently from the crude ammonium sulfate fraction
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FIG. 5. Polymerization of wild-type and mutant FtsZ84 proteins.
Wild-type FtsZ (m) or FtsZ84 mutant protein (e) was incubated at the
indicated concentration in POL buffer plus 6mM GTP at 37C for 30
min and assayed for polymerization by sedimentation.

as from column purified fractions. Absence of an activator
from the purified FtsZ84 fraction also seems an unlikely
explanation, since near homogeneous wild-type FtsZ protein
can polymerize very efficiently (see Fig. 4).

It should be noted that the critical concentration for both
wild-type and mutant proteins appeared to be significantly
below 0.1 mg/ml based on the near linear titrations observed.

DISCUSSION
The ability of wild-type FtsZ protein to polymerize in a
GTP-dependent manner has been demonstrated by several
independent methods. After addition of GTP, FtsZ solutions
became gel-like, the FtsZ protein could be sedimented rap-
idly, and light scattering increased dramatically. Electron
micrographs suggest that hollow tubules were formed by
FtsZ, likely composed of parallel longitudinal arrays of FtsZ
subunits. Assembly of FtsZ was reversible, allowing purifi-
cation by cycles of polymerization-depolymerization. The
ability to measure polymerization of purified FtsZ protein
permits a molecular analysis of its role in cell division and its
regulation by SuLA (13, 14) and MinC-MinD proteins (15-17).

Significance of FtsZ Polymerization. Although tubules of
FtsZ have not been observed in a dividing bacterial cell, the
poor polymerization of FtsZ84 mutant protein argues for a
biological role for polymerized FtsZ. In vivo, a drop in FtsZ
concentration to half its wild-type level virtually abolishes
cell division (34). Thus, the residual polymerization ofFtsZ84
is likely below that required for septum formation. That the
FtsZ84 protein does retain a significant level ofactivity is also
consistent with the observation that ftsZ84 mutants can be
rescued by increasing expression ofthe mutant allele (33) and
also by a variety of suppressing mutations that likely alter
ftsZ expression (33, 35, 36).

The estimated cellular abundance ofFtsZ is near 0.8 mg/ml
(5, 18). This is far above its critical concentration and
sufficient to form at least one circumferential FtsZ tubule at
the division site, consistent with a cytoskeletal role. Disas-
sembly of FtsZ was rapid, consistent with its redistribution
from the septum to the cytoplasm during the cell cycle (18).

Further evidence supporting a structural role for FtsZ,
proposed by Bi and Lutkenhaus (18), is provided by the
similarities between tubules formed by FtsZ and microtu-
bules.

Lcalization of FtsZ. While polymerization of FtsZ oc-
curred throughout the solution in vitro, it is specifically
localized at the midcell membrane in vivo. Perhaps the
location of FtsZ is regulated by a membrane protein that
either nucleates polymerization or recruits the polymerized
FtsZ. The septum synthesis proteins FtsH, FtsI, FtsL, FtsN,

FtsQ, and FtsW all span the inner membrane (37-42). The
cytoplasmic domains of one or more of these proteins may
interact with FtsZ either directly or via FtsA (43, 44). The
signal the cell uses to activate FtsZ assembly and how it
establishes where the cell midpoint is located remain un-
known.

Role and Architecture of Ft8Z. At least two important
structural functions can be envisaged for FtsZ protein tu-
bules. First, FtsZ tubules at the cytoplasmic side ofthe inner
membrane might organize the ordered synthesis of the pep-
tidoglycan in the periplasm, as has been suggested (2), to
guide FtsI and the rest of the synthetic apparatus. Simple
tethering of the putative FtsI complex to FtsZ may be
sufficient, restricting peptidoglycan synthesis to the midcell.
Alternatively, protein motor may serve to translocate the
transmembrane complex along FtsZ tubules, supplying force
to overcome the resistance due to the viscosity of the inner
membrane. The protofilaments of the FtsZ tubule may pro-
vide a track along which motor proteins translocate.
Second, FtsZ could also be involved in generation or

transmission of the mechanical force required to overcome
the outward osmotic pressure on the cell membrane. If so,
FtsZ must be connected to the peptidoglycan by some
transmembrane factor. This could be a second role for the
FtsI complex discussed above or an additional transmem-
brane factor. Two mechanisms might be considered.
Boa Constrictor Model. A circumferential tubule of FtsZ

polymerizes with overlapping ends. Motor proteins slide the
tubule ends past each other, actively invaginating the cell
wall. Several shorter tubules might overlap and each use a
motor to slide along the overlapping tubule, resembling an
aperture more than a boa constrictor.

Sphir Treadmill Model. As a circumferential tubule ofFtsZ
is polymerized, the growing end of the tubule overlaps the
outer end and becomes precisely aligned in a spiral within the
outer end (Fig. 6), possibly requiring a guide factor. Subunits
of FtsZ depolymerize from the outer end of the tubule, while
new subunits of FtsZ are added to the growing end to form
a diminishing spiral. Each FtsI complex tracks toward the
growing end of the tubule (counterclockwise in Fig. 6),
following the same narrowing spiral as the septum is synthe-
sized.
A single tubule may be insufficient for the required force,

and the above models could easily describe the behavior of
individual tubules in an array. Completion of the septum
would require additional factors to cap the new cell pole,
filling in the gap left by the tightest possible spiral of FtsZ.
These speculations predict that FtsZ is connected to the
invaginating peptidoglycan layer in a number of places by at
least one type of transmembrane complex and that the
tubules that encircle the cell have overlapping ends rather
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PBP3 (Ftsl)
complex

translocates
towards

growing end peptidoglycan

Net transfer
of FtsZ to

growing end
/ of tubule

Guide
factor

Depolymerizing
end of
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FIG. 6. Spiral treadmill model for septum synthesis. See text for
details.
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than being ligated into a continuous ring. Also, tubules of
FtsZ should exhibit a polarity that can be recognized by at
least one type of motor protein required for cell division,
which translocates along FtsZ.
Comparison with Tubulin. Although homology is limited to

a sequence of 7 amino acids involved in GTP binding (19, 20),
like tubulin (26-28), FtsZ can polymerize to form tubules
with parallel arrays ofprotofilaments. While determination of
the exact number, arrangement, and size of FtsZ subunits in
the tubules will require more detailed studies, our data allow
some interesting estimates to be made. Assuming that one
class of tubule is formed by FtsZ, the best fit to our data is
a tubule of 417 nm (outer diameter) containing 12 or 13 FtsZ
protofilaments of =3.5 nm diameter. Alternatively, several
sizes of tubule may be formed, containing from 10 up to 15
FtsZ protofilaments. The FtsZ tubules are smaller than
typical 25-nm microtubules, consistent with the smaller size
of FtsZ (38 kDa) compared with tubulins (55 kDa) but closely
similar in the number of protofilaments. Microtubules usually
contain 13 protofilaments, although 12 and 14 protofilament
microtubules have been observed (45).
FtsZ exhibits a critical concentration far below its cellular

level, and considerably lower than that for purified tubulin.
The rate of FtsZ polymerization during the initial phase
exceeds that of tubulin by 100-fold or more (25). It seems
likely that factors that inhibit assembly of FtsZ play an
important role in regulating its cellular activity. MinCD and
SulA are candidates for such factors, but others may exert
cell cycle control.
The data for FtsZ polymerization also have interesting

implications for tubulin biology. How does the relatively slow
rate of tubulin polymerization and its high critical concen-
tration suit it for its cellular roles?
A Bacterial Cytoskeleton. A structural role for FtsZ

prompts the question of whether other bacterial cytoskeletal
proteins remain to be identified, including elements for
elongation and nucleoid segregation (46). However, none of
these proposed structures has yet been visualized clearly in
bacteria. In the absence of such evidence, a cytoskeletal role
for FtsZ can only be inferred.
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with stopped flow measurements, M. Tota for advice and help in
measuring light scattering, M. Meyenhofer for advice on preparing
electron microscope samples, and Dan Bollag and Mike Rozycki for
insightful discussions.
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