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ABSTRACT A universally conserved event in cell division
is the formation of a cytokinetic ring at the future site of
division. In the bacterium Escherichia coli, this ring is formed
by the essential cell division protein FtsZ. We have used
immunofluorescence microscopy to show that FtsZ assembles
early in the division cycle, suggesting that constriction of the
FtsZ ring is regulated and supporting the view that FtsZ
serves as a bacterial cytoskeleton. Assembly of FtsZ rings was
heterogeneously affected in an ftsI temperature-sensitive mu-
tant grown at the nonpermissive temperature, some filaments
displaying a striking defect in FtsZ assembly and others
displaying little or no defect. By using low concentrations of
the b-lactams cephalexin and piperacillin to specifically in-
hibit FtsI (PBP3), an enzyme that synthesizes peptidoglycan
at the division septum, we show that FtsZ ring constriction
requires the transpeptidase activity of FtsI. Unconstricted
FtsZ rings are stably trapped at the midpoint of the cell for
several generations after inactivation of FtsI, whereas par-
tially constricted FtsZ rings are less effectively trapped. In
addition, FtsZ rings are able to assemble in newborn cells in
the presence of cephalexin, suggesting that newborn cells
contain a site at which FtsZ can assemble (the nascent
division site) and that the transpeptidase activity of FtsI is not
required for assembly of FtsZ at these sites. However, aside
from this first round of FtsZ ring assembly, very few addi-
tional FtsZ rings assemble in the presence of cephalexin, even
after several generations of growth. One interpretation of
these results is that the transpeptidase activity of FtsI is
required, directly or indirectly, for the assembly of nascent
division sites and thereby for future assembly of FtsZ rings.

During the division cycle of Escherichia coli, a cytokinetic ring
is formed at the future site of division by the essential cell
division protein FtsZ (1). FtsZ is highly conserved among the
Eubacteria (1) and Archaea (2, 3) and has also been found in
plant chloroplasts (4). Like tubulin, a distant homologue of
FtsZ, FtsZ self-assembles into protofilaments in vitro and has
an essential GTPase activity (5–11). FtsZ forms a ring struc-
ture at the future division site that remains at the leading edge
of the invaginating septum (12). The FtsZ ring may serve as a
contractile scaffold for assembly of other Fts proteins or may
play a more active role in providing the force necessary for
contraction, perhaps using energy from GTP hydrolysis. FtsZ
ring assembly is likely to be highly regulated: assembly of the
FtsZ ring is inhibited by SulA under conditions of DNA
damage (13, 14), and the site of division, and thus the site of
FtsZ assembly, is at least partly controlled by proteins encoded

by the minCDE locus (15–17). However, very little is known
about the structure of the FtsZ ring, the signals that initiate
septum formation, or the relationship between FtsZ assembly
and the other known cell division proteins (FtsA, FtsI, FtsQ,
FtsL, FtsN, FtsK, and FtsW) (15, 18–23).
At the time of septation, cells must activate peptidoglycan

synthesis at the division septum coordinately with constriction of
the FtsZ ring and the rest of the cell envelope. Constriction of the
cell envelope requires FtsI, also known as PBP3, a transpeptidase
that catalyzes formation of peptide crosslinks between pepti-
doglycan strands in the division septum (18, 24, 25). The peni-
cillins cephalexin and piperacillin irreversibly and specifically
inactivate the transpeptidase active site of FtsI (24, 26, 27). FtsI
can also be inactivated by temperature-sensitive (Ts)mutations in
the ftsI gene (28). Cells without functional FtsI continue to
elongate and replicate their chromosomes but fail to divide,
formingmultinucleate filaments. FtsI is amembrane protein with
a small cytoplasmic domain, a single membrane-spanning seg-
ment, and a periplasmic domain that encodes the transpeptidase
activity. FtsI is widely believed to function after FtsZ (18). For
example, electron microscopy studies have shown that filaments
formed by ftsI mutants have blunt constrictions, indicating that
constriction is initiated but not completed. Filaments from ftsZ
mutants, on the other hand, are ‘‘smooth’’ and lack partially
constricted septa (18, 29). These results have been interpreted to
mean that FtsZ is needed to initiate constriction, whereas FtsI is
only needed after initiation. Furthermore, results using a radio-
active peptidoglycan precursor,meso-[3H]diaminopimelic acid, to
examine the topography of peptidoglycan synthesis when FtsZ or
FtsI are inactivated support these conclusions (30). Finally,
genetic studies using cell shape mutants have also suggested that
FtsI acts after FtsZ (31).
FtsZ has been localized by immunofluorescence microscopy

(IFM) in Bacillus subtilis where, during sporulation, its local-
ization changes from the midpoint to the cell poles, coincident
with a switch from medial to polar septation (32). This altered
localization requires the SpoOA transcription factor and,
presumably, proteins whose synthesis requires SpoOA. FtsZ
has also been localized by IFM in ftsmutants ofE. coli, in which
it was concluded that the ftsA, ftsQ, and ftsI gene products play
no role in the assembly of the FtsZ ring (33). In this study, we
have characterized the localization of FtsZ by using IFM in
wild-type E. coli cells and in cells in which FtsI has been
inactivated by either a Ts mutation or by the FtsI-specific
b-lactams cephalexin and piperacillin.We show that FtsZ rings
form soon after the birth of the cell and that the ftsI mutation
had a highly variable effect on FtsZ ring formation in different
filaments from the same culture. FtsZ ring formation in
newborn cells was not inhibited by cephalexin, but filaments
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formed by cephalexin treatment had fewer than the expected
number of FtsZ rings. These results indicate that while FtsI is
not required for assembly of FtsZ in newborn cells, it may be
required for the subsequent assembly of additional FtsZ rings.

MATERIALS AND METHODS
Immunolocalization of FtsZ. Bacterial cultures were grown in

Luria–Bertani (LB) broth at 378C for the wild-type strains
MG1655 andMC4100 (Fig. 1 A–D and K–R), and at 308C for the
Ts strains MM62 (ftsZ84) and LMG64 (ftsI23). The Ts strains
were shifted to the nonpermissive temperature (428C) for three
generations prior to fixation. The transpeptidase activity of FtsI
was inhibited by the addition of cephalexin (10 mgyml, final
concentration) or piperacillin (2 mgyml, final concentration) to
their minimal inhibitory concentrations. Both drugs had identical
effects on cell division and FtsZ localization. The drugs were
added to cultures at an OD600 of about 0.1, and the cultures were
allowed to undergo one, two, or three doublings.All cultureswere
fixed directly in growth medium in a final concentration of 2.6%
paraformaldehyde, 0.006% glutaraldehyde, and 40 mM sodium
phosphate (pH 7.5). Samples were processed for immunofluo-
rescence microscopy as described (34), except that due to the
increased sensitivity of E. coli cells to lysozyme as compared with
B. subtilis, a much lower concentration of lysozyme was used
(1:1000 dilution) and to optimize the results it was necessary to
titrate the lysozyme concentration in each experiment. The fixed
cells were treated for 5 min at room temperature with lysozyme
at 0.5, 1.0, and 2.0mgyml (final concentrations). The sampleswere
incubated at 48C overnight with a 1:5000 dilution of FtsZ-specific
antisera (a gift of Joe Lutkenhaus, University of Kansas Medical
Center). Fluorescein-conjugated anti-rabbit secondary antibod-
ies (Jackson ImmunoResearch) were used at a 1:100 dilution, and
the nucleoids were stained with propidium iodide (Molecular
Probes) at 0.1 mgyml. The images were recorded on Ektachrome
400 film, and the resulting slides were scanned using a Nikon
CoolScan and processed using Adobe PHOTOSHOP.
Calculation of Age of Appearance of FtsZ Rings. Individual

cells (389 cells) from several fields were measured and scored
for the presence or absence of an FtsZ ring. The numbers of
cells with or without FtsZ rings is plotted versus cell length.
Cell length increases exponentially during the division cycle
and was used to estimate cell age, which is described as percent
progression through the division cycle (35). The shortest cells
(newborns) consistently (99%) lacked a visible FtsZ ring. By
20% of the way through the division cycle, a significant fraction
(40%) of the cells contained a detectable FtsZ ring; presum-
ably, FtsZ ring formation begins even earlier. Approximately
90% of the cells estimated to be midway through the division
cycle contained an FtsZ ring. Rarely (,1%), cells appeared
with a small dot of fluorescence at their midpoints. While these
fluorescent spots could represent FtsZ assembly intermedi-
ates, such cells were scored as lacking an FtsZ ring. The
relationship between length and age is not perfect; there is a
20% coefficient of variation in both the size at which division
occurs and the size of newborn cells (35). Therefore, we also
estimated the age at which FtsZ rings form by a method that
does not rely on cell length measurements but instead assumes
that the culture was in balanced growth and that all cell
interdivision times were equal. The age structure of such an
idealized population can be described by the equation F(x) 5
(ln 2)(2)(12x) (36). F(x) is the relative frequency of cells of any
given age x, ranging from 0 for newborns to 1.0 for nearly
divided cells. Since FtsZ rings appeared at a certain age, x, and
persisted until age 1.0, the integral *F(x)dx evaluated between
the limits x and 1.0 is equal to the fraction of cells containing
an FtsZ ring. Integrating by substitution gives *F(x)dx 5
22(12x)ux1.0. We observed that 238 out of 389 cells, or 61%, had
an FtsZ ring (Fig. 2). The value (age) x that satisfies 0.61 5
22(12x)ux1.0 is 0.3, indicating that FtsZ rings formed about

one-third of the way through the division cycle. Early assembly
was not observed by immunoelectron microscopy, probably
because immunoelectron microscopy is much less sensitive
than IFM (34). Our analysis is based on strain MG1655
growing in LB broth at 378C with a doubling time of 22 min.
Similar results were obtained with another commonly used
wild-type strain, MC4100, although it is possible that the
timing of FtsZ ring formation will vary between strains or
growth conditions.
Immunoprecipitation of FtsZ. Cephalexin (10 mgyml) was

added to one of two parallel cultures of MC4100 growing
exponentially in minimal medium supplemented with 18
amino acids at 378C at an OD600 of '0.05. After two gener-
ations of growth with (see Fig. 5a, lanes 3 and 4) or without
(see Fig. 5a, lanes 1 and 2) cephalexin (10 mgyml), cultures
were pulse-labeled with [35S]methionine for 20 sec and then
chased with excess unlabeledmethionine for 1 min (lanes 1 and
3) or 15 min (lanes 2 and 4). Samples were taken and incubated
in ice-cold 10% trichloroacetic acid for 30 min, centifuged for
20 min at 48C, and resuspended in 110 mM Tris (pH 8.8). FtsZ
and OmpA were then immunoprecipitated and separated by
SDSyPAGE in 10% gels as described (37). The counts in the
FtsZ and OmpA bands were quantitated using a Molecular
Dynamics PhosphorImager, and FtsZ counts were normalized
to OmpA counts. In all experiments using cephalexin or
piperacillin, cultures were examined by light microscopy to
confirm the effects on cell division. Cells began to lyse after
three generations of growth in the presence of these drugs,
interefering with the examination of the effect of these drugs
on FtsZ ring assembly after prolonged treatment.
Western Blot Analysis of FtsI.A culture of MC4100 growing

exponentially in LB medium at 378C was split into three flasks
containing either no drugs, cephalexin (10 mgyml), or piper-
acillin (2 mgyml). After two (data not shown) or three gener-
ations of growth, samples were taken, pelleted by centrifuga-
tion, and resuspended in SDS sample buffer, and boiled for 5
min. Equivalent cell masses (0.05 OD600 unit) were loaded
onto a 10% polyacrylamideySDS gel and proteins were sepa-
rated by electrophoresis prior to transfer to nitrocellulose.
Immunodetection of FtsI was performed with the ECL West-
ern blotting system (Amersham) and a rabbit polyclonal serum
(a gift of Luz-Maria Guzman, Harvard Medical School) raised
against a synthetic FtsI peptide. For quantitation, film was
scanned with a computing densitometer (Molecular Dynam-
ics) and counts in the FtsI band were normalized to an internal
control band (data not shown) to correct for any sampling
variation.

RESULTS AND DISCUSSION
Division Cycle Assembly of FtsZ in Wild-Type Cells. Expo-

nentially growing cells of E. coli were rapidly fixed (34) and
incubated with primary antibodies specific for FtsZ followed by
fluorescein-conjugated secondary antibodies (green) and with
propidium iodide to stain nucleoids (red). We could readily
detect FtsZ rings, which appeared as green bands, at the mid-
points of most cells (Fig. 1 a–c). In some cells, the FtsZ ring was
constricting (green dot), while other cells had only a diffuse
nonlocalized pattern of FtsZ immunostaining. Occasionally cells
were oriented such that the ring structure of FtsZ could be seen
(data not shown). To confirm that the pattern of localized
staining was due to the FtsZ protein, we localized FtsZ in an
ftsZ84 Ts mutant. When grown at the nonpermissive tempera-
ture, Fts mutants fail to divide and produce long multinucleate
filaments. As expected, noFtsZ rings were detectable in filaments
formed by the ftsZ84 mutant (Fig. 1 e–g).
A series of cells that represent a progression through the

division cycle is shown in Fig. 1d. Two statistical methods were
used to estimate when in the division cycle FtsZ assembles
(Fig. 2 andMaterials andMethods); both indicate that FtsZ ring
formation occurs about one-third of the way through the
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division cycle. Cells inferred to be newborns, based on their
length, rarely contained detectable FtsZ rings. Early in the
division cycle, FtsZ rings appeared and remained assembled

until the onset of septation. These results confirm that FtsZ
undergoes a cycle of assembly and disassembly during the
division cycle and that the FtsZ ring is assembled early in the

FIG. 1. Subcellular localization of FtsZ in wild-type, ftsZ84, ftsI23, and cephalexin-treated E. coli. (a–c) Localization of FtsZ (green) in
exponentially growing wild-type E. coli. (a) FtsZ immunostaining (green) alone. (b) Doubly exposed micrograph of the same field showing both
FtsZ (green) and the propidium iodide-stained nucleoids (red). (c) The propidium iodide-stained nucleoids alone. (d) A series of cells depicting
FtsZ assembly states during the E. coli division cycle, starting from a newborn cell lacking an FtsZ ring (top) and ending with a fully constricted
but as yet unseparated pair of newborn cells. The left column of cells show both FtsZ protein (green) and the nucleoids (red), while the right column
of cells show the nucleoids only (red). (e–g) Localization of FtsZ in an ftsZ84 mutant at the nonpermissive temperature. (e) FtsZ staining (green)
alone. (f) A double exposure of the same field of cells showing FtsZ (green) and the nucleoids (red). (g) Propidium iodine-stained nucleoids. (h–j)
Localization of FtsZ in the ftsI23 mutant at the nonpermissive temperature. (h) FtsZ alone (green). (i) FtsZ (green) and the nucleoids (red). (j)
Nucleoids alone (red). (k–m) Localization of FtsZ in cells treated with cephalexin for two generatations. (k) FtsZ staining (green) alone. (l) FtsZ
(green) and the nucleoids (red). (m) Nucleoids alone (red). (n) Diagram of the cells in k–m, showing the inferred outlines of the cells (black), and
the positions of the nucleoids (red), and the FtsZ rings (green). (o–q) A different field of cells from the same experiment as in k–m, showing
additional patterns of FtsZ localization in filaments after two generations of growth in the presence of cephalexin. (o) FtsZ (green) alone. (p) A
double exposure showing both FtsZ (green) and the nucleoids (red). (q) Nucleoids alone (red). (r) A diagram of the cells in o–q, showing the inferred
outlines of the cells (black), and the positions of the nucleoids (red) and the FtsZ rings (green). (Bar 5 5 mm.)
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division cycle. A similar result was obtained in E. coli and B.
subtilis, in which FtsZ rings were observed in most cells (32,
33). The early assembly of the FtsZ ring in both E. coli and B.
subtilis implies that its constriction is regulated subsequent to
its assembly and that this regulation is conserved among the
eubacteria. Further evidence for the regulation of constriction
was found in B. subtilis sporulation, in which two apparently
identical FtsZ rings are formed but only one constricts during
normal development (32).
From our characterization of FtsZ localization in wild-type

cells, we could not determine when the assembly of FtsZ rings
begins. We note that assembled FtsZ rings were not detected in
nascent daughter cells and were rarely detected in newborn cells.
This suggests that the FtsZ ring does not fully assemble before cell
separation. However, partially assembled rings containing only a
few hundred molecules of FtsZ may not be detectable above the
background of unassembled FtsZ protein. Therefore, the begin-
ning of the assembly process may occur at any time prior to when
fully assembled FtsZ rings appear.
FtsZ Ring Formation in ftsIMutants. To gain further insight

into how and when FtsZ rings assemble, we investigated the
effect of inactivating FtsI on FtsZ ring assembly dynamics.
First, we localized FtsZ in the ftsI23Tsmutant strain in parallel
to its isogenic control after growth at either the permissive
temperature or after three mass doublings at the nonpermis-
sive temperature (Fig. 1 h–j). Unlike the ftsZ84 Ts mutant, ftsI
mutants displayed a heterogeneous population of filaments.
Some filaments had only one or two FtsZ rings despite having
16 nucleoids, while other filaments of similar length contained
many more (four to eight) FtsZ rings (Fig. 1 h–j and data not
shown). Clearly, FtsZ rings form at only a fraction of the
potential division sites in many of the filaments formed by the
Ts mutant at 428C, raising the possibility that FtsI is involved
in FtsZ ring assembly. These results are similar to those
recently reported, in which 10% of the filaments contained no
FtsZ rings, while another 10% of the filaments contained six
FtsZ rings (33).
Establishing the role that FtsI plays in FtsZ ring dynamics

was not possible with the ftsImutant, due to the heterogeneity
of the filaments. Furthermore, the pattern of FtsZ rings in
these filaments appeared to be random, making it difficult to
distinguish new FtsZ rings from old FtsZ rings. One possible
interpretation of these results is that inactivation of FtsI
prevents FtsZ rings from forming and that residual FtsI activity

allows some FtsZ rings to assemble. An alternative interpre-
tation is that FtsI plays no role in FtsZ ring assembly, as
suggested by the filaments with multiple FtsZ rings assembled.
However, this interpretation fails to explain why 10% of the
filaments have no FtsZ ring and another 10% have only one
FtsZ ring. Although FtsZ rings could assemble normally and
then be unstable, this possibility cannot be distinguished from
a defect in new ring assembly due to the random placement of
FtsZ rings in the Ts mutant and the consequent inability to
distinguish new FtsZ rings from old FtsZ rings.
A further difficulty is that the effect of the ftsI mutation on

FtsI protein is unknown. Some Ts mutants cause the inactivity
or instability of the mutant protein at the nonpermissive
temperature, thereby causing the rapid inactivation of the
mutant protein. Others cause a Ts defect in folding of the
mutant protein and require several generations at the non-
permissive temperature before the protein is completely in-
activated, as the functional protein synthesized at the permis-
sive temperature must be replaced by nonfunctional protein.
With either kind of mutation, if the protein is only partially
inactivated by the mutation, if very little functional protein is
required, or if the mutation affects only one of several func-
tions of the protein, then studies to determine the precise
function of the protein will be difficult to interpret. In our
analysis, these effects could cause the variable numbers of FtsZ
rings in ftsI Ts mutant filaments. An additional class of
conditional mutations does not conditionally affect the protein
whose function they impair but rather affect a protein whose
activity is more essential at the nonpermissive temperature.
Such mutants include the htr genes of E. coli, whose function
is only required at high temperature (38, 39); the secG, secD,
and secF genes (40–42), whose products are essential for
viability only at low temperatures; and the dds gene of B.
subtilis, whose product is required for cell division only at high
temperatures (43). A functional analysis of suchmutations may
reveal the nature of the conditional inhibition of the pathway
in which they function but may not reveal the precise bio-
chemical functions of the mutant proteins (40).
Inactivation of the Transpeptidase Activity of FtsI Inhibits

FtsZ Ring Constriction and FtsZ Ring Formation in Fila-
ments. To better understand the role that FtsI plays in FtsZ
ring dynamics, we used the FtsI-specific b-lactam antibiotics
cephalexin and piperacillin to inhibit the transpeptidase ac-
tivity of FtsI. We localized FtsZ in filaments formed by
growing wild-type cultures for one, two, or three generations
in the presence of cephalexin. Cephalexin treatment had
several effects on FtsZ localization (Fig. 1 k–r). One striking
class of filaments had a single centrally positioned FtsZ ring
(Fig. 1 k–m). Such filaments were the shortest filaments in the
population, suggesting that they were derived from newborn
cells. Since newborn cells in the untreated culture lack an FtsZ
ring, this suggests that the FtsZ ring assembled after inacti-
vation of the transpeptidase activity of FtsI. This agrees with
previous conclusions that FtsI activity is not necessary for
assembly of FtsZ rings at future division sites. This centrally
located FtsZ ring persisted in such filaments for up to three
generations in the presence of cephalexin or piperacillin,
demonstrating that old and unconstricted FtsZ rings are not
inherently unstable in the absence of FtsI activity. The per-
sistence of these rings also directly demonstrated that cepha-
lexin inhibits FtsZ ring constriction and thereby that FtsI is
required for constriction. Occasionally, cephalexin-treated
filaments with partially constricted FtsZ rings were seen,
although they appeared much less frequently than in untreated
cultures. This suggests that the constricting FtsZ ring may be
unstable in the presence of cephalexin or that at some stages
of septation FtsI is either less sensitive to cephalexin or, as
seems less likely, less essential for continued constriction. The
results obtained with cephalexin indicate that the transpepti-

FIG. 2. Cell size distribution of FtsZ rings. Individual wild-type
(MG1655) cells (389) from several fields weremeasured and scored for
the presence or absence of an FtsZ ring. The numbers of cells with
(solid bars) or without (hatched bars) FtsZ rings is plotted versus cell
length. Cell length was used to estimate cell age, which is described as
percent progression through the division cycle (35). The fraction of
cells in each length class containing an FtsZ ring ranged from 1% for
the shortest cells (newborns) to 100% for the longer cells.
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dase activity of FtsI is required after the assembly of the FtsZ
ring in newborn cells.
The total number of FtsZ rings present in filaments formed

by inactivation of FtsI with cephalexin or piperacillin was
surprisingly low. If an FtsZ ring formed between each nucle-
oid, then filaments growing for two or three generations would
be expected to have between three and seven FtsZ rings.
However, filaments with only one or two FtsZ rings made up
a substantial fraction of the cephalexin-treated populations in
each experiment (Fig. 3a). The deficit in FtsZ ring formation
is also clearly evident when the number of FtsZ rings in each
filament is normalized to cell length (Fig. 3b). More than 60%
of all filaments have more micrometers per FtsZ ring than the
maximum observed for untreated wild-type cells. Thus, al-

though FtsI is not needed for assembly of FtsZ in newborn
cells, FtsZ assembly at additional sites appears to be signifi-
cantly delayed in filaments treated with cephalexin. The effect
of cephalexin on FtsZ ring formation is summarized in a model
in Fig. 4. The delay does not appear to be due to an effect of
cephalexin on the FtsZ or FtsI protein levels, as cephalexin did
not affect the rates of synthesis or stability of FtsZ (Fig. 5a) or
the steady-state levels of FtsI (Fig. 5b).
Several different models, each of which is consistent with

some of our observations, can be proposed to account for our
results. One model suggests that the concentration of FtsZ is
too low to support formation of more FtsZ rings in filaments.
At issue in this model is the pool of free FtsZ. The total FtsZ
in the filaments is essentially normal (Fig. 5a), but some of this
is assembled into rings and, therefore, not available for future
ring assembly. Consistent with this model, ftsA and ftsQ
mutants behave similarly to ftsI mutants (33), as might be
expected if the effect on FtsZ is a secondary consequence of
filamentation. However, it is unlikely that the drop in FtsZ
concentration would be very large (more than 50%), and there
is conflict in the literature as to whether a 50% decrease in
FtsZ concentration severely compromises division in E. coli
(44, 45). Interestingly, during sporulation in B. subtilis, two
FtsZ rings assemble in one cell in wild-type cells and also in
spoOH mutant cells, which probably have only about 25% of
the normal levels of FtsZ (32, 46).
A second model suggests that additional FtsZ rings do not

assemble unless the current one constricts. For example, a
checkpoint could exist in which regulatory proteins monitor
the constriction of FtsZ rings and prevent assembly of addi-
tional rings until septation is complete. Alternatively, a factor
that stimulates assembly of FtsZ at the next division site could
be sequestered in the inactive FtsZ complex and may be
released when constriction commences to allow assembly of
the future division sites. These two models would be consistent
with the ftsmutants forming multiple rings if one assumes that
some of the apparently unconstricted rings contain enough
residual Fts activity to progress past the checkpoint step. These
models are also consistent with the apparently identical effects
of different ftsmutants on FtsZ ring formation, since all of the

FIG. 3. Decreased occurrence of FtsZ rings in filaments produced
by cephalexin treatment. FtsZ was localized in wild-type MC4100 cells
(solid squares) or in filaments after growth in the presence of
cephalexin for one, two, or three generations of growth at 378C (open
symbols). The length of each filament was measured, the numbers of
FtsZ rings in each filament were counted, and the data are presented
in two different ways. (a) Number of cells of a given length with one,
two, three, or four FtsZ rings per cell. (b) The number of FtsZ rings
in each cell or filament was normalized to its length and expressed as
microns per FtsZ ring. Four filaments longer than 10 mm (13, 14, 17,
and 19 mm) with a single FtsZ ring are not shown. Filaments generally
contained from one to four FtsZ rings, although one filament with five
rings (13 mm long, 2.6 mm per ring), one filament with six rings (18 mm
long, 3 mm per ring), and one filament with seven rings (17 mm long,
2.4 mm per ring) were observed (data not shown). Similar results were
obtained with MG1655, except for the difference in cell lengths
observed for the two wild-type strains.

FIG. 4. Assembly cycle of FtsZ in wild-type and cephalexin-treated
cells. (Left) Model of the assembly cycle of FtsZ during one generation
of growth. (Right) Effect on FtsZ assembly of inactivating FtsI with
cephalexin for two generations. The newborn cell lacks a detectable
FtsZ ring, which assembles soon after birth. The FtsZ ring disassem-
bles after constriction but before cell separation. While wild-type
newborn cells lack FtsZ rings (see Figs. 1 a–d and 2), even the shortest
filaments (which have four nucleoids) in the cephalexin-treated pop-
ulation contain FtsZ rings (see Fig. 1 k–n). This suggests that newborn
cells, although they generally lack detectable FtsZ assembly interme-
diates, are capable of nucleating FtsZ assembly in the presence of
cephalexin. Assembly of additional FtsZ rings in these filaments
appears to be inhibited. For example, after cephalexin treatment,
many filaments contain only a single FtsZ ring, despite having eight
well-separated nucleoids, while cells that are nearly constricted pro-
duce filaments with eight nucleoids and with FtsZ rings at the
midpoints of the nascent daughter cells (see Fig. 1 o–r). These
filaments suggest that the FtsI transpeptidase activity may be required
prior to the completion of septation for assembly of FtsZ at the future
sites of cell division within each daughter cell.
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Fts proteins are likely to be required for constriction and
progression past a possible checkpoint. Precedent for the
regulation of FtsZ ring assembly by SulA or MinCD is well
established, as are the checkpoints that monitor the eukaryotic
division cycle. More recently, two component regulatory pro-
teins have been implicated in regulating cell division in Cau-
lobacter crescentus (47–49).
A third possibility is that synthesis of the future site of FtsZ

assembly requires FtsI activity at this site (rather than at the
cell midpoint as in the preceding model). For example, FtsI
could form a complex with other Fts proteins that assembles
either before or simultaneously with a few molecules of FtsZ.
The fact that ftsA, ftsQ, and ftsI mutations all have a similar
effect on FtsZ ring formation may indicate that all of these Fts
proteins are necessary for FtsZ to assemble. Initiation of
assembly of this complex would have to begin well before birth
of the cell, possibly before or coincident with the onset of
constriction of the existing FtsZ ring. Heterogeneity in FtsZ
ring formation in the ftsI mutants would reflect the leakiness
of ftsI inactivation. This model suggests that at sometime prior
to the separation of daughter cells, the future site of septation
is formed in nascent daughter cells in a reaction requiring FtsI.
This raises the possibility that in a cell near the completion of
septation, two additional cell division complexes are at work to
create the new sites in the nascent daughter cells. In the
undivided cell, these putative nascent sites would be localized
to the future midpoints of the nascent daughter cells and may
serve as sites of assembly for FtsZ in minicell mutants.
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FIG. 5. Cephalexin does not affect FtsZ or FtsI protein levels. (a)
Pulse–chase immunoprecipitation analysis of FtsZ in cultures grown
in the absence of b-lactam antibiotics (lanes 1 and 2) or grown for two
generations in the presence of cephalexin (lanes 3 and 4). Radiola-
beled FtsZ and OmpA, an internal control protein, were immunopre-
cipitated after a 1-min chase (lanes 1 and 3) and a 15-min chase (lanes
2 and 4). After quantitation of the counts in each band, the normalized
value for each FtsZ band was 1.4, 1.3, 1.8, and 1.7 (arbitrary units) for
lanes 1–4, respectively, indicating that cephalexin does not affect the
rates of synthesis of FtsZ (lanes 1 and 3) or its stability (lanes 2 and
4). (b) Immunoblot analysis of FtsI after three generations of growth
in the presence of cephalexin (lane 2) or piperacillin (lane 3) or
without drugs (lane 1). The normalized values for the FtsI band were
0.69, 0.84, and 0.78 (arbitrary units) for lanes 1–3, respectively,
indicating that cephalexin and piperacillin did not affect FtsI protein
levels in cells grown in their presence for two (data not shown) or three
(shown) generations.
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