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FtsZ is an essential cell division protein that is localized to the leading edge of the bacterial septum in a
cytokinetic ring. It contains the tubulin signature motif and is a GTP binding protein with a GTPase activity.
Further comparison of FtsZ with eukaryotic tubulins revealed some additional sequence similarities, perhaps
indicating a similar GTP binding site. Examination of FtsZ incubated in vitro by electron microscopy revealed
a guanine nucleotide-dependent assembly into protein filaments, supporting the hypothesis that the FtsZ ring
is formed through self-assembly. FtsZ3, which is unable to bind GTP, does not polymerize, whereas FtsZ2,
which binds GTP but is deficient in GTP hydrolysis, is capable of polymerization.

FtsZ is an essential cell division protein in Escherichia coli
(11, 31, 37) and Bacillus subtilis (2) and is conserved in other
eubacteria (10). In both E. coli and B. subtilis FtsZ is localized
in a ring at the division site (5, 39). In E. coli, certain mutant
FtsZs lead to an altered ring geometry and abnormal polar
morphology, suggesting that FtsZ determines septal morpho-
genesis (6). The FtsZ ring is formed at midcell before there is
visible invagination, is located at the leading edge of the
septum throughout division, and is dispersed upon completion
of division. One possible explanation for the dynamic behavior
of FtsZ is that it undergoes a reversible polymerization reac-
tion (24). Interestingly, FtsZ contains a glycine-rich sequence
motif (GGGTGTG) that is important for GTP binding (13, 28,
32). A similar sequence, (A/G)GGTG(S/A)G, is present in
eukaryotic tubulins and has been designated the tubulin signa-
ture motif (42). In addition, FtsZ has a GTPase activity that
shows a dependence upon the protein concentration, suggest-
ing that the GTPase activity is dependent upon protein oli-
gomerization (13, 28, 39). Therefore, we have examined the
effect of GTP upon FtsZ oligomerization.

E. coli FtsZ isolated from an overproducing strain migrates
as a single species in sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) but yields multiple species
upon native gel electrophoresis (Fig. 1) (12). The median
molecular weight of these species obtained from size exclusion
chromatography is 500,000, equivalent to approximately 12
monomers (28). This result indicates that FtsZ self-associates,
which has also been inferred from the genetics of ftsZ (4, 40).

To determine if the oligomerization state of FtsZ is affected
by GTP, purified FtsZ was incubated with GTP at 37°C and
examined by freeze-etch electron microscopy (20). Examina-
tion of FtsZ incubated in the absence of GTP revealed the
presence of particles that were larger (diameters ranging from
5 to 15 nm; Fig. 2A) than expected for FtsZ monomers (4 to 6
nm, assuming a spherical shape) but consistent with the range
of sizes estimated from size exclusion chromatography. In
contrast, examination of FtsZ after incubation with GTP
revealed the presence of numerous fibers of variable length
with a calculated diameter of 7 nm (Fig. 2B). This same pattern
was observed with FtsZ incubated in the presence of GTPYS,
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indicating that hydrolysis of GTP was not required for the
assembly of FtsZ into filaments. The purified B. subtilis FtsZ
also produced protein filaments in the presence of GTP that
appeared identical to those produced by the E. coli FtsZ (data
not shown).

Initial attempts to examine filament formation by FtsZ with
negative staining were not readily reproducible. This failure
suggested that the negative staining disrupted the filaments or
that conditions utilized during freeze-etch electron microscopy
promoted polymerization. To determine what conditions
might favor polymerization, we examined the literature on the
in vitro assembly of tubulin into microtubules, which has been
well characterized (reviewed in reference 36). Polymerization
occurs readily in the presence of microtubule-associated pro-
teins, which lowers the concentration of tubulin dimer neces-
sary to initiate polymerization. In the absence of microtubule-
associated proteins polymerization of purified tubulin can be
observed in the presence of glycerol and a high Mg®* concen-
tration or with polycations such as DEAE dextran (16).
Recently, purified yeast tubulin was shown to assemble in the
presence of DEAE dextran (3). To determine if DEAE
dextran could promote FtsZ assembly, purified FtsZ was
incubated with DEAE dextran with and without GTP and then
observed by negative staining. When FtsZ was incubated in the
presence of GTP, protein filaments that were 18 nm in
diameter and of various lengths were observed (Fig. 3). These
filaments tended to bundle, forming aggregates. Occasionally
filaments with smaller diameters were observed, although the
18-nm-diameter filament was the predominant species. In the
absence of GTP no protein filaments were observed. If the
FtsZ was incubated at 4°C in the presence of DEAE dextran
and GTP, no filaments were observed, indicating that the
assembly was temperature dependent. Attempts to produce
assembly of FtsZ in the presence of glycerol and a high Mg>*
concentration were unsuccessful; however, a high Mg?* con-
centration (>15 mM) induced an amorphous aggregation,
which was enhanced in the presence of glycerol.

It was unlikely that GTP was hydrolyzed during FtsZ
assembly in the presence of DEAE dextran since the assembly
buffer lacked K*, previously shown to be required for GTP
hydrolysis (28). Monitoring of GTP hydrolysis confirmed that
GTP was not hydrolyzed during the standard 1-h incubation
(data not shown). To determine if filament formation by FtsZ
was specific for GTP, FtsZ was incubated with a variety of
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FIG. 1. Gel analysis of purified FtsZ. FtsZ was purified from
W3110 containing the expression vector pKD126 as described previ-
ously (12, 28). (A) SDS-PAGE of purified FtsZ (lane 2) and molecular
weight markers (from the top, phosphorylase b, 97.4K; bovine serum
albumin, 66K; ovalbumin 45K; carbonic anhydrase, 31K; trypsin
inhibitor, 21.5K; and lysozyme, 14.4K) (lane 1). (B) Native gel
electrophoresis of purified FtsZ. Electrophoresis was performed on a
Pharmacia Phast electrophoretic system using precast, continuous 8 to
25% gradient polyacrylamide Phast gels. The arrows indicate the
positions of the most prominent bands.

nucleotides and examined by negative staining. Filaments
identical to those seen in the presence of GTP were observed
following incubation with GDP but were not observed follow-
ing incubation with GMP or ATP (Table 1). Since FtsZ binds
both GTP and GDP, but not GMP or ATP (28), our results
suggest that it is the nucleotide-bound form of FtsZ that is a
substrate for polymerization. This conclusion is also supported
by analysis of two mutant FtsZ proteins, FtsZ2 and FtsZ3 (4).
FtsZ3 contains an amino acid change, T to A at position 108
(T108A), in the glycine-rich cluster and displays dramatically
reduced GTP binding and GTPase activity (12, 28). FtsZ2
contains an amino acid change (D212G) in another highly
conserved region of FtsZ and displays nearly normal GTP
binding but no GTPase activity (12). When examined by
negative staining following incubation with GTP and DEAE
dextran, FtsZ2 was observed to form typical filaments whereas
FtsZ3 did not produce filaments (Table 1).

The similarities between FtsZ and tubulins, the glycine-rich
cluster, GTPase activity, and the ability to assemble into
filaments in vitro, caused us to further compare the primary
sequences of the two proteins to see if additional similarities
existed. To compare FtsZ and tubulin, three members (yeast,
filamentous fungus, and human) of each of the three families
of eukaryotic tubulins («, B, and y) were compared with three
FtsZs. The alignment shown in Fig. 4 reveals a few additional
similarities beyond the glycine-rich cluster. The longest region
of extended similarity exists between residues 200 and 260 in
tubulin and residues 158 and 217 in FtsZ. Within this region 4
amino acids are invariant in these proteins, possibly defining
two additional motifs (A and B in Fig. 4) (25). The first motif
(designated A) contains two invariant residues and has the
following consensus sequence: DXXZZZXNXXZ (where Z is
a large hydrophobic amino acid [L, M, I, V, or F] and X is any
amino acid). The second motif (designated B) also contains
two invariant residues and has the consensus sequence
GXZNXDZXXZ (the N is an H in the Aspergillus nidulans
y-tubulin but is an N in all other sequenced tubulins). In
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FIG. 2. GTP-induced filament formation of FtsZ observed by
freeze-etch electron microscopy. Magnification is % 300,000. Purified
FtsZ (purified as described in reference 12) at 300 to 350 wg/ml was
incubated in assembly buffer (50 mM HEPES [N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid] [pH 7.2], 10 mM MgCl,) with
(B) or without (A) 1 mM GTP. After 1 h of incubation at 37°C the
sample was analyzed by freeze-etch electron microscopy as described
elsewhere (20). The incubated FtsZ was diluted 10-fold in buffer [70
mM KCl, 30 mM HEPES (pH 7.0), 5 mM MgCl,, 3 mM ethylene
glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA)]
and mixed with a slurry of finely ground mica flakes. The mica flakes
were washed with the same buffer and quick-frozen by impact against
a liquid helium-cooled copper block. The frozen slurry was then freeze
fractured and deep etched for 4 min at —100°C in a Balzer freeze-etch
unit. The sample was replicated with 2 nm of platinum rotary
deposited at 10° above the horizontal and backed with 10 nm of carbon
rotary deposited at 75°. The mica was removed by floating the sample
on hydrofluoric acid for 18 h at room temperature. The replica was
rinsed several times in distilled water and picked up on 400-mesh,
Formvar-coated grids. Replicas were examined with a JEOL 100 CM
transmission electron microscope.

addition, only large hydrophobic amino acids are found at five
positions between these two motifs. This conservation of large
hydrophobic amino acid residues throughout this region sug-
gests that the structures of FtsZ and tubulins in this region are
similar.

In addition to the glycine-rich cluster and the region iden-
tified above, other regions that contain both invariant and
conserved residues can be aligned. To align these regions, gaps
have to be introduced in the FtsZ sequences. Significantly, two
of these gaps occur where gaps exist among the three tubulin
families (positions 40 and 122 in a-tubulin from Saccharomyces
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FIG. 3. FtsZ filaments observed by negative staining in the pres-
ence of GTP and DEAE dextran. The final magnifications were
X 40,000 (A) and % 200,000 (B). FtsZ at 200 pg/ml was incubated in
assembly buffer (50 mM HEPES [pH 7.2], 10 mM MgCl,) containing
1 mM EGTA and DEAE dextran (20 pg/ml) and with 1 mM GTP.
After 1 h of incubation at 37°C, 5 pl of the sample was spotted directly
on a carbon grid, blotted dry, and immediately stained with 1% uranyl
acetate. The excess uranyl acetate solution was blotted, and the grids
were examined in a JEOL 100-CXII transmission electron microscope.

cerevisiae). Once these gaps are introduced, other invariant
and conserved residues, including a D at position 70 in
a-tubulin (designated motif D) and V(V/T)XP(Y/F) (motif C)
at positions 183 to 187 in a-tubulin, are indicated. The
alignment, however, reveals little similarity between FtsZ and
tubulins beyond residue 220 in FtsZ (260 in tubulin) and no
similarities beyond residue 315 in FtsZ (353 in tubulin). Even
among the FtsZs from these divergent bacteria, however, there
is very limited homology beyond residue 315 (1, 26). Signifi-
cantly, the most conserved regions of both the tubulin and
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TABLE 1. Filament formation by FtsZ observed by
negative staining

Protein Nucleotide Temp (°C) Filaments
FtsZ GTP 37 +
FtsZ GTP . 4 -
FtsZ GDP 37 +
FtsZ GMP 37 -
FtsZ ATP 37 -
FtsZ2 GTP 37 +
FtsZ3 GTP 37 -

FtsZ families are the amino-terminal two-thirds, and within
the tubulin superfamily the three most conserved peptides are
found in the first 200 amino acid residues (8).

The experimental results and above analysis of the primary
sequence alignments between FtsZs and tubulins may indicate
a similar GTP binding site. It is known that a- and B-tubulins
and FtsZ interact with guanine nucleotides but do not contain
the sequence elements conserved in the GTPase superfamily
(7). There is still uncertainty in the composition of the GTP
binding site in tubulin, as GTP has been photo-cross-linked to
a number of different peptides located in the amino-terminal
half of the protein (17, 19, 23, 34). One of these peptides
includes the invariant D at position 70 (within motif D) in the
yeast a-tubulin sequence (Fig. 4) (23). It is tempting to
speculate that the GTP binding sites in tubulin and FtsZ are
similar and consist of the glycine-rich cluster (G box), the long
homologous region identified above (residues 158 to 217 in E.
coli FtsZ), and possibly other invariant residues identified in
this comparison. Consistent with this suggestion, we have
observed that the amino-terminal half of FtsZ, which includes
the sequence similarities in Fig. 4, is sufficient for GTP binding
(38).

The GTPase activity of E. coli FtsZ displays a lag that is
dependent upon the protein concentration (13, 28), suggesting
that FtsZ must oligomerize to express the GTPase activity.
With B. subtilis FtsZ no lag is observed in the GTPase activity;
however, the spemﬁc activity is dependent upon the protein
concentratlon, again mdlcatmg that the FtsZ might oligomer-
ize to express the GTPase activity (39). It is possible, therefore,
that tubulin is a paradigm for the dynamic behavior of FtsZ, as
suggested previously (24). The dynamics of tubulin assembly
into microtubules have been intensely studied (reviewed in
reference 21). The assembly of the tubulin dimer into micro-
tubules requires bound GTP; however, GTP hydrolysis is not
required for the assembly but lags behind (9). With FtsZ we
have shown that FtsZ assembly into fibers does not require
GTP hydrolysis, since assembly occurs in the presence of a
nonhydrolyzable analog of GTP and under buffer conditions
(absence of K*) in which GTP hydrolysis does not occur (28).
In addition, we observed assembly in the presence of GDP.
Tubulin polymerization usually requires GTP; however, under
some conditions polymerization can be observed in the pres-
ence of GDP, for example, in the presence of taxol (14). It may
be that in the presence of DEAE dextran the equilibrium for
FtsZ assembly is shifted towards polymerization and that GDP
is sufficient but that other, more physiological conditions may
have a strict requirement for GTP.

In this study we have observed the guanine nucleotide-
dependent assembly of FtsZ into filaments with diameters of 7
and 18 nm. It is possible that these two different sizes of
filaments indicate polymorphism of assembly or that the thin
filaments are protofilaments that constitute the larger fila-
ments. The requirement of GTP or GDP for polymerization is
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— motif D—
S.c. alpha-1 V[I]s 1 N VIIQ A GNACWEJLYSLEHG[TIKPDGHLEDG PKGGEEGFSTFFHETGYGKFVPREJT]Y vVIL[E]P v Vv[T]o E[V]R 80
A.n. alpha-1 v|1|s L N VEHQ A ANSCWE[LYCLEHWG|IIQPDGYLTEE KEDPDHGFSTFFSETGQGKYVPR[TII|Y ARILIEIP N V|V|D EJVIR 79
H.s. alpha-1 c|1]s 1 n vEHQ A GNACWEILYCLEHKGIIIGPDGQMPSD IGGGDDSFNTFFSETGAGKHV PR[A|VIF VBRLIE|P T v|I|D EJVIR 79
S.c. beta I|IlHISsAQQY G AA[F]wlelT[Tlc GEHGJLlDFNGTYHGH DDIQKERLNVYFNEASSGKWYVPRIS|I|N VEJL|E|P w T]I|D AVIR 77
A.n. beta-1 I|viH L QTHEQC G AAlFiwlolTirljs GEHGJLlIDGSGVYNGT SDLQLERMNVYFNEASGNKYVPR L vEJLIElP G T|u|D AjV[R 77
H.s. beta-1 I|VlHI QAJHQC GAKFIIEVISDEHG DPTGTYHGD SDLQLDRISVYYNEATGGKYVPR L vEJL|elp G Tm|D s|v|r 77
S.p. gamma I|IITL QARNQC G s Q|F|wieJeftjc LEHGlIlGPDGTLESF ATEGVDRKDVFFYQSDDTRYIPR L IBIL|elP R v]vIn N]IjL 78
A.n. gama I|1/TIQAJEQC csqrul_o,qn.cu.snc SQDGNLEEF ATEGGDRKDVFFYQSDDTRYIPR L LEIL|E|P R V]L]N GI]Q 78
Hs. gamma I|IlTL QLEQC GFE|FfwKk QJU{c AE HGI|SPEATIVEEF ATEGTDRKDVFFYQADDEHYIPR L LPJL|elp R VLK S]IjL 78
E.c. Ftsz k|l cvGG G enuva[ﬂnrzcver ----------------------------------- NTRAlQIA L R K T AlYIG 57
B.s. Ftsz  K|viI 6 v GEHG G NRM[I[EMEIVIQ GV E Y|If-c = - - @ oo e e a e N TIBIA ALuSKAE 58
Rm. FtsZ TlVFeVGElG G vanjrracloevory--- - - oo i e e VANTEIALIA L TIMITKAE 61
NGPYKDL[FIH P[EJQ L[T]s 6 k - - € DJEWAIN[N]Y A RJIH - YTV GR -[E]1[CJc[BVLORIRK LA G[t]e c@L HS BL[C]s[CCIL[e L s 159
TGTYRSL|F[nPle|N L]X]T 6 x - - E ORMSIN|N|]Y ARIEIH - Y TV GK -|E[M[I[OQVLDKVRRMA Glt|Q gL HS AFlclal MRL5153
TGTYRQL|F{H PlE|jQ L|I|T Gk - - E DRYAININIY A RIIH - Y T L G K -|EfI|I|DLVLORIRKLA Rjt|Q GRAIL HS BF T s|uLLfmfelr L s 158
NSAIGNL|FJRP|O|N Y|TI}JF GQ - -5 SENGIN Vv waAKEEH - ¥ T[E]}6 A -|e|L|viD S VMDVIRREA s{t]Q s e Hs MG T|L L|F S kI K 156
AGPF GEL|FIR PlojN FIVIF 6 Q - - S[GIRRGININ]w A KBlIH - Y T|€|G A -|e|L|vjollvVvOVVRREA clife cEllQ HS Amlcl Tt L|1 sk IR 156
sGPFGQIIFIR P|o|n FIv]F 6 Q - - S|GIERG|N|N|w A xE&H - ¥ GA-|E|LlviD S VLDVVRKEA c|tle G RQ HS Ml6iTiL {1 S K I R 156
SDTYGS L|Y|NPIE|N I|L|TI T K N[G]G|GERG|N|N|W A NEHY S H RIFle|o|z|M[D|MI D - - -RE A S|L|E GERS Hs L|G}S|F L|L[E]R L N 158
sGPYKNI|YINPIEIN FIFIT 6 @ |6jI|GREYG|n|N{w ¢ ARFY A A vvqle|e|v]FlojMT D - - -REA sfi|e cliu Hs dL|cis|F LL]e]r u N 258
NSPYAKL N P|EIN I L S E H|G]G MGININ|W A SESF S Q| KIH pIIIFIRIII D - - -REA siLle cERY HS L sly L|L]ejR L N 158
&quxcsclvx LiGEYG|AIN|P E VERIR N AJA|O{E D R|O|AJLIR A -- - - - - - AL Miv]- - AG Balalelv vialejv a - 121
xnoxcﬁxl.rn LicRyc|a|nip E VK K A Es k|e|o|I]|E[E]-- - - - - - AL Miyj- - AG Balalelv I|ajQ]T A - 122
R IjQIm clyla v Telat slolp € VR A alalE)e ¢ 1lojeltdzlDl-- - - - - - WL MC - - AG Alajefr viafola A r 125
- motif . .
AEYGKKSKLEFAVYPAPQ-VSTSsHYEE STVLTTHTTLEHAR A[T]Y o[M}c k R N[T]O[T]P R P S[FJA[N]L[N]N[T
VDYGKKSKLEFCVYPAPQ-NATSHAVER -SILTTHTTLEHSE Alrfy ojr{c R R N|L|G|T|E R P S|Y[E|N|L|N|R]L
VDYGKKSKLEFSIYPAPQ-VSTARIVEE -SILTTIHTILEHWSE ajr]y ojrfc R R N|t|ofI]E R P TIY|T|N[L|N|R|L
EELPDRMMATFSVLPSPK-TSDTHIVEE -ATLS[VluQtlvens AlL{y o CQR‘I’LKLNPSYGDLNNL
EEFPDRMMATFSVVPSPK-VSDTHRVENR ~ATLS|V[HQIL[VEHSE AfL]y ofrjc W R T|t|k|Lisinip s|v]G|ojL|Nfu]t
EEYPDRIMNTFSVVPSPK-VSDIMYVEE -ATLS|VHQILlvENT Alc]y ofrjc F R Tft|RILIT I P T|Yic|ojL|NfuiL
DRYPKKIIQTYSVFPNSQSVSO[VIVQRIYN|--------- SLLAJUKR|LITLNA AfLja njz|a A D rjt|n T Q[N]P T|F|u{Q]a|nfQ|t
DRFPKKLIQTYSVFPDTQA-ADIVEAVNEIVN[--------- SLLAIMRR|LITQNA AfL]s r|1|v A D rfL|u[V]Q|E]P s|F|elQ]T|N|R|L
DRYPKKLVQTYSVFPNQDEMSDIVEV qJE -SLLUTILKR|LITQNA AfLin rR|T[A T O R|L|H|T|Q|N|P S|F|slal|njQ|L
------------- KDLGILTVAIVERT KE FAEQG|ITE|LISKHYV kulL k|vjL 6 R cliisfL|L|o]a -|F[G A A[N|D]V
------ KDLGALTVGIVETRE QAAGG|IS A[M|K E A VIE RII|L EJTI|VD K N T P|u[L A-FaElADuv
Noeommmeeeeeeaa keILTvGlVEET B TADQG|Is DfLjoKk sV NjL]F rR{T]A N 0 k T T|EfalD]A -lEJalnlAlDiQ
—— motif B e
A Q V[V]s A s[tIR F O[S TIN[E]F QTIn[Tlv e ¥ P[R]I H[F]P L pvisKls---xarnelns ITNACFEPGN VKCDPRDGK 313
A Q Vv|vls As|Lir F DS BLn]e|r |Tin]Live ¥ PIR|T HFlP L PVISAD---KASHEANS ITMSCFEPNN VKCDPRNGK 312
G QIlv|s As|Lir F DEEA tr Qlrin|tjve v PRI HiF|P L PVISAE---KAYHEQLS ITNACFEPAN VKCDPGHGK 312
s s vius T s|L|r Y[PRQ iR k[LJa v N ve £ PIRIL H M PLTA c---ﬂ,qssuéu‘ LTQQMFDAKN AAADPRNGR 310
S A ViMlS T clL|r FlPEQ BLIr k|L|a v |ujve F PlR|L W N PLTS[RIG - - -[AlysFrRAVS LTQQMFDPKN AA[SIo FRNGR 310
S G T|ME T c|L|r FlPESQ BL|R k|L|a v N[V P F PIR|L H [ Alp LTSIRIG---5SQQYRALT LTQQVFDAKNMMAATDPRHGR 310
S T v|M|s T TIL R Y|P Y|M WINE LIV S|I|T A sfL]iP s PlR|C H L PFTNQQVEE[AKAIRK[T|T VMRRLLLPKN VSVNPSKK[S] 316
ST V|Ms T T|L|R Y|P Y By 6lI|T A sjLjIp T PlR|S H L PFTGONTIDOQAIKTVRK|T|T VMRRLLQPKNRIMVS INPSKS 315
ST I|MS A T T|LR Y|P Y NEL T 1AsireTelRILK [l PLTTDQ--SVASVRKITIT VMRRLLQPKN vs[flcRDRQT 314
K G Alv|Q E L|I|T R|PREL VI FIA[O]V|R[T]vM|sE MG Y A - G SGEDRIAEE A :nuxsp DIDLSGARGY NI|TIAGFDLR 279
R Q 6|v|Q o Ljz|a TLERSL 4 FlA [3 IsukcélA- G TGE AAEAAIKKAT P A-AIDGAQGY NIITIGGTNL 280
Y s elyja ouiMlv k eRELLI NILIBREIALDIVIRISIV N RE M G[RIA -lMIMlG Als GeclrRlamaalale aAaTANYP ETSMKGAQGL SITGGRDL 283

FIG. 4. Alignment of eukaryotic tubulins to bacterial FtsZs and identification of invariant and conserved residues. Only the amino-terminal
portions (except for the extreme N termini) of the proteins (approximately 75%), which display homology, are shown. The primary sequences of
displayed proteins were aligned by using the Megalign program (DNAStar) with some adjustments made manually following inspection of the
initial alignment. For the alignment shown here three members of each tubulin family were chosen from yeasts, filamentous fungi, and humans.
They include a-tubulins from S. cerevisiae (S.c.) (33), A. nidulans (A.n.) (15), and humans (H.s.) (18); B-tubulins from S. cerevisiae (29), A. nidulans
(27), and humans (22); and ~y-tubulins from Schizosaccharomyces pombe (S.p.) (35), A. nidulans (30), and humans (42). The primary sequences of
the three bacterial FtsZs are from E. coli (E.c.) (41), B. subtilis (B.s.) (1), and Rhizobium meliloti (R.m.) (26). Invariant residues in all of the proteins
in this analysis are indicated by filled-in boxes, and conserved residues are indicated by open boxes. Additional instances of similar residues not
conserved in all proteins are boxed only if two of the three FtsZs or 10 of the 12 sequences contain conserved residues. Similar residues were as

follows: L, V, I, M, and F; Tand S; D, E, Q, and N; and Y and F.

supported by our study of two mutant proteins, FtsZ3 and
FtsZ2, for their ability to polymerize (Table 1). FtsZ3 is
encoded by a lethal allele (4), deficient in GTP binding (28),
and unable to form filaments. In contrast, FtsZ2, which is
capable of binding GTP but deficient in GTP hydrolysis (8), is
able to polymerize. Interestingly the ftsZ2 allele can support
cell growth but results in a complex phenotype including cell
filamentation, minicell formation, resistance to cell division
inhibitors minCD and sul4, and temperature-dependent cell
lysis (4). It will be of interest to determine to what extent these
phenotypes are due to a direct effect of the ftsZ2 mutation on
the dynamics of polymerization of FtsZ. Also, further work will
be required to determine the structure of the filaments that we
have observed and to determine if the FtsZ polymerization
that we have observed in vitro occurs in vivo. This possibility is
feasible, as the concentration at which we observed polymer-
ization of FtsZ in vitro (6 pM) is lower than the estimated in
vivo concentration of FtsZ (10 uM).

We thank John Heuser and Robyn Carmody for doing the freeze-
etch electron microscopy and B. R. Fegley for assistance with negative
staining.

This work was supported by NIH grant GM29764 and the Kansas
Health Foundation.
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