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The earliest stage in cell division in bacteria is the assembly of a Z ring at the division site at midcell. Other
division proteins are also recruited to this site to orchestrate the septation process. FtsA is a cytosolic division
protein that interacts directly with FtsZ. Its function remains unknown. It is generally believed that FtsA
localization to the division site occurs immediately after Z-ring formation or concomitantly with it and that
FtsA is responsible for recruiting the later-assembling membrane-bound division proteins to the division site.
Here, we report the development of an in vivo chemical cross-linking assay to examine the association between
FtsZ and FtsA in Bacillus subtilis cells. We subsequently use this assay in a synchronous cell cycle to show that
these two proteins can interact prior to Z-ring formation. We further show that in a B. subtilis strain containing
an fisA deletion, FtsZ localized at regular intervals along the filament but the majority of Z rings were
abnormal. FtsA in this organism is therefore critical for the efficient formation of functional Z rings. This is
the first report of abnormal Z-ring formation resulting from the loss of a single septation protein. These results
suggest that in this organism, and perhaps others, FtsA ensures recruitment of the membrane-bound division
proteins by ensuring correct formation of the Z ring.

In Bacillus subtilis, the division septum is formed at the cell
center during vegetative growth and involves the assembly of a
complex of several proteins at the midcell site. The first protein
known to assemble is FtsZ, which forms a ring structure (Z
ring), via GTP-dependent polymerization, on the inside of the
cytoplasmic membrane that subsequently contracts during sep-
tation (39). Z-ring assembly is essential for the localization of
all other division proteins to the division site and is therefore
a key step in the division process in bacteria (see Errington et
al. [16]).

FtsA is another division protein present in many eubacteria,
but its function remains elusive. It is a member of the actin
family of ATP-binding proteins (5, 57) and has been shown to
bind ATP (18, 34, 55, 57, 62), although ATPase activity has
been demonstrated only with purified protein from B. subtilis
(18). It is not known what function this ATP hydrolysis serves.
Although in Escherichia coli and B. subtilis, FtsA appears to
form dimers (18, 62), FtsA from Streptococcus pneumoniae has
recently been shown to form long helix-like polymers in vivo
(34). In E. coli, FtsA is essential for cell division. In contrast, a
viable B. subtilis ftsA-null strain has previously been con-
structed (3), although it grew slowly, was extremely filamen-
tous during vegetative growth, and had reduced sporulation
efficiency. More recently, a B. subtilis mutant of ftsA has been
isolated that shows normal vegetative division but is defective
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in sporulation septation, engulfment, and activation of the
forespore transcription factor o¥ (32).

In E. coli, the pattern and timing of FtsA localization to the
midcell division site is similar to that for FtsZ (11, 40, 54),
suggesting that both proteins localize to this site coincidently
or that FtsA is recruited immediately after FtsZ. Localization
of FtsA to the division site in both organisms requires local-
ization of FtsZ (18, 23). However, midcell Z-ring formation in
E. coli does not require localization of FtsA to the division site
(1, 23). More recently, it has been shown that in E. coli, in the
absence of both functional FtsA and ZipA (an essential mem-
brane-bound division protein) or in the absence of the ability
of FtsZ to interact with both of these proteins, new Z rings
were unable to form and preformed Z rings were destabilized
(48). In other words, either FtsA or ZipA is required for the
formation and stabilization of Z rings in E. coli. Interestingly,
a gain of function mutation in fts4 can bypass the requirement
for the essential ZipA in E. coli (19), indicating similar func-
tions for both FtsA and ZipA. In contrast to the situation in E.
coli, B. subtilis has no ZipA homolog and the requirement of
FtsA for Z-ring formation in this organism has not been tested.

FtsA is probably localized to the division site in bacteria via
a direct interaction with FtsZ, as this has been demonstrated in
several yeast two-hybrid studies (13, 24, 34, 41, 42, 58, 61).
Furthermore, the intracellular ratio of FtsZ to FtsA in both E.
coli and B. subtilis is 5:1 (18, 54). It has been demonstrated for
E. coli that this ratio must be maintained for correct division;
overexpression of either ftsZ or ftsA leads to a division block
that can be reversed by simultaneous overexpression of the
other gene (4, 9, 12, 40). The number of FtsA molecules per
cell in B. subtilis (and probably E. coli [54]) is sufficient to form
a complete circumferential ring at the division site (18). Al-
though it has been shown in E. coli that FtsA is not required for
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TABLE 1. Bacterial strains used in this study

Strain Relevant genotype Source or reference
168 (SUS) tpC2 E. Nester
BB11 trpC2 fisZ::pJSIZApble (Pspac-ftsZ ble) 3
804 trpC2 fisL::pSG441 (Pspac-pbpB aphA-3) $105J106 (Pxyl-ftsL cat) 10
SU434 thyA thyB trpC2 amyE::(Pxyl-ftsZ-yfp spc) 46
SU456 trpC2 ftsZ::pJSIZApble (Pspac-ftsZ ble) This study (strain 168 transformed with BB11 DNA)
SU457 trpC2 ftsZ::pJSIZApble (Pspac-fisZ ble) ftsA::cat This study (see Materials and Methods)

Z-ring formation at the division site, the demonstration that
these two proteins interact in a yeast two-hybrid system sug-
gests that this interaction can occur independently of Z-ring
formation and supports the idea that FtsZ and FtsA localize
coincidently to the division site (48, 54).

Recruitment of the various cell division proteins in E. coli
occurs largely through the sequential addition of individual
proteins to this site (see Weiss [59]). In this organism, local-
ization of FtsA to the division site is required for recruitment
of the later-assembling membrane-bound division proteins. In
contrast, the B. subtilis division proteins localize in a more
concerted manner (see Errington et al. [16]). In other words, if
one of the membrane-bound proteins (DivIB, DivIC, FtsL,
PBP 2B) is depleted or absent, none of the other three proteins
are recruited to the division site (see Errington et al. [16]). As
with E. coli, localization of FtsA to the division site in B. subtilis
does not appear to depend on localization of the membrane-
bound division proteins (18). But it is not known if FtsA is
required for the recruitment of the later-assembling mem-
brane-bound division proteins in B. subtilis.

FtsZ can polymerize in vitro into protofilaments and higher-
order structures (6, 15, 37, 47). However, how FtsZ polymer-
izes in vivo to form a Z ring is unknown. The ZipA (present
only in E. coli) and ZapA (present in both E. coli and B.
subtilis) proteins appear to have a role in stabilizing Z rings by
promoting the bundling of FtsZ protofilaments (20, 22, 36, 50).
Since ZipA and FtsA of E. coli seem to have overlapping roles
in forming and stabilizing the Z ring and both bind to a similar
interaction site at the extreme C terminus of FtsZ from this
organism (41), it is possible that FtsA is also involved in pro-
moting the bundling of FtsZ protofilaments.

In this study, we have used chemical cross-linking to inves-
tigate the interaction between FtsZ and FtsA in B. subtilis cells
and have consequently developed the first in vivo assay for
their association. We subsequently used this assay during the
first cell cycle following spore germination and outgrowth to
show that FtsZ and FtsA associate prior to Z-ring assembly at
the midcell site. This raised the possibility that in B. subtilis,
FtsA is actually required for Z-ring formation in vivo. Conse-
quently, we found that in the absence of FtsA, FtsZ localized
at regular intervals in these filaments, but in the majority of
cases, abnormal Z rings were observed. Therefore, unlike the
situation in E. coli, there is an absolute requirement for FtsA
in B. subtilis for efficient Z-ring assembly.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and spore preparation/germination. Bac-
terial strains used in this study are listed in Table 1. All B. subtilis strains were
grown on tryptose blood agar base plates supplemented with thymine (20 pg
ml ™) or in antibiotic medium 3 (Penassay broth [PAB]) at 37°C unless otherwise

stated. These media were supplemented with chloramphenicol (5 pg ml™),
phleomycin (2 pg ml™"), spectinomycin (80 pg ml™"), isopropyl-B-p-thiogalac-
topyranoside (IPTG; 1 mM), and xylose (0.2%, wt/vol) when required. B. subtilis-
competent cells were prepared according to the method of Anagnostopoulos and
Spizizen (2), including the modification suggested by Wilson and Bott (60). In
addition, the G-medium contained 1X trace metals (29).

Strain SU434 (ftsZ-yfp) spores were prepared by the method described by
McGinness and Wake (45), except 2% Difco potato dextrose agar supplemented
with an additional 1.25% Difco Bacto agar was used instead of Difco potato
extract. Germination (2 X 10® spores ml~ ') and outgrowth of spores was per-
formed at 34°C in GMD medium (26) supplemented with thymine (20 pg ml™!)
and xylose (0.2%, wt/vol).

Cross-linking and immunoprecipitation. Formaldehyde cross-linking was per-
formed as described by Skare et al. (56) with the following modifications. B.
subtilis cells were grown in PAB at 37°C to an optical density at 600 nm (ODy)
of 0.6 and pelleted by centrifugation. The cell pellet was washed in an equal
volume of 0.1 M NaPO, buffer, pH 6.8, and resuspended in the same buffer, and
formaldehyde was added to final concentrations of either 0.1 or 1% (wt/wt). Cells
were incubated at room temperature for various times, pelleted, and washed in
0.1 M NaPO, buffer, pH 6.8, and then solubilized in lysis buffer as for sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described
previously (27). By using 1% formaldehyde, the majority (60 to 75%) of out-
grown cells are dead within 30 s to 1 min, indicating rapid cell death under these
conditions. The washing and centrifugation step had no effect on the appearance
or frequency of Z rings. Cross-linked protein samples were heated either at 37°C
for 10 min to maintain the formaldehyde cross-links or at 95°C for 30 min to
break them prior to electrophoresis on 10% polyacrylamide gels.

Immunoprecipitation was performed using protein G-agarose beads (Roche).
Sixty microliters of cross-linked whole-cell extract (lysis buffer suspension) was
precleared with 50 pl of protein G-agarose bead suspension in 1 ml of wash
buffer 1 (50 mM Tris buffer, 500 mM NaCl, 1 mM EDTA, 1 mM phenylmeth-
ylsulfonyl fluoride, 1% Triton X-100) at 4°C for 4 h on a rotator. The agarose
beads were pelleted by centrifugation and the supernatant added to 15 pl of
polyclonal anti-FtsZ sheep serum and incubated at 4°C for 1 h on a rotator. 50
microliters of protein G-agarose bead suspension was added to the sample and
incubation continued overnight at 4°C. Antibody-protein complexes bound to the
agarose beads were pelleted by centrifugation and washed twice with 1 ml of
wash buffer 1, twice with wash buffer 2 (wash buffer 1 containing 0.1% Triton
X-100), and once with wash buffer 3 (wash buffer 2 containing 150 mM NaCl).
Forty microliters of SDS-PAGE sample loading buffer was added to the agarose
beads, and the immunoprecipitates were removed by heating at 100°C for 3 min.
The agarose beads were then pelleted and the supernatant used for SDS-PAGE
and Western blot analysis.

Affinity purification of anti-FtsA antibodies. Polyclonal anti-FtsA rabbit serum
was affinity purified by passaging 50 pl (5X) over Affigel-15 (Bio-Rad) MicroSpin
columns (Amersham Pharmacia Biotech) to which FtsA had been coupled as per
the manufacturer’s instructions. The column was washed with 5 column volumes
of 10 mM Tris-HCI, pH 7.5, and then 10 mM Tris-HCI-0.5 M NaCl, pH 7.5.
Anti-FtsA antibodies were eluted in 50 pl of 4.5 M MgCl,-Tris-HCI, pH 7.5. This
was added to an equal volume of a solution containing 2X phosphate-buffered
saline, 80% glycerol, 1% bovine serum albumin, and 0.04% sodium azide and
stored at 4°C.

SDS-PAGE and Western blotting. Solubilization of B. subtilis cells in lysis
buffer, SDS-PAGE and Western transfers were performed as described previ-
ously (27). Primary antibodies used were either affinity-purified rabbit anti-FtsA
antibodies at a 1:200 dilution or rabbit anti-FtsZ serum at a 1:10,000 dilution.
Detection of primary antibodies was performed using horseradish peroxidase-
conjugated goat anti-rabbit immunoglobulin G (Promega) at a 1:2,500 dilution
and the enhanced chemiluminescence Western blotting detection system (Am-
ersham Pharmacia Biotech). Protein levels were quantified using ImageJ soft-
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ware, version 1.32 (Wayne Rasband, National Institutes of Health, Bethesda,
Md.). For each sample, an appropriate dilution in the linear range for immuno-
blotting, with either FtsZ or FtsA antibodies, was chosen for densitometric
analysis.

Microscopy. Cells were ethanol-fixed as described by Hauser and Errington
(30). Detection of FtsZ-yellow fluorescent protein (YFP) in live cells of out-
grown SU434 spores incubated with thymine (20 pg ml~") and xylose (0.2%,
wt/vol) was performed using 2% agarose pads prepared with the same medium.
Immunofluorescence microscopy for the detection of FtsZ was performed as
described by Harry and Wake (28) with the following modifications. Lysozyme
(10 mg ml ') treatment was performed for 3 min after poly-L-lysine treatment of
microscope slides. Secondary antibody incubation was performed using fluores-
cein isothiocyanate (FITC)-conjugated goat anti-rabbit immunoglobulin G
(Jackson ImmunoResearch) at a 1:100 dilution and 4’,6'-diamidino-2-phenylin-
dole (DAPIL; 0.2 pg mi™1).

All phase contrast and fluorescence images were obtained using a Zeiss Ax-
ioplan 2 fluorescence microscope equipped with a 100X phase objective and an
AxioCam MRm cooled charge-coupled device camera controlled through Axio-
Vision software, version 4.2 (Carl Zeiss). YFP, FITC, and DAPI fluorescence
were visualized with filter sets 41029 (490- to 510-nm excitation filter, 515-nm
beamsplitter, 520-nm long-pass (LP) barrier filter; Chroma Technology), 09
(450- to 490-nm band-pass excitation filter, 510-nm beamsplitter, 515-nm LP
barrier filter; Zeiss), and 02 (365-nm excitation filter, 395-nm beamsplitter,
420-nm LP barrier filter; Zeiss), respectively. Image analysis and processing were
performed using AxioVision 4.2, and images were prepared for publication using
Adobe Photoshop 7.

Construction of the fts4-null strain. The ftsA gene was replaced with a drug
cassette based on the PCR joining method described by Fabret et al. (17). The
chloramphenicol resistance gene and DNA fragments flanking the fts4 gene
were amplified using Pfu DNA polymerase (Stratagene). The 1.4-kb upstream
fisA fragment was amplified using oligonucleotides ftsAp1 (5'-GGAATGACTG
AAAAAGCG-3') and ftsAp2 (5'-GGATTTGAGCGTAGCGAAAATCACTT
TGGTATTGGACG-3") and the 1.4-kb downstream fts4 fragment using oligo-
nucleotides ftsAp3 (5'-CCCGTTAGTTGAAGAAGGTTCCGAACATAATAA
ACAGAGC-3') and ftsAp4 (5'-TGTCCTTTACATTAGCCG-3'). The 800-bp
chloramphenicol resistance gene was amplified from the plasmid pPY18 (14)
using oligonucleotides cmlpl (5'-TTTTCGCTACGCTCAAATCC-3") and
cmlp2 (5'-AACCTTCTTCAACTAACGGG-3'). The 5" end of ftsAp2 contained
the reverse complement sequence of cmlpl (20 bp), and the 5" end of ftsAp3
contained the reverse complement of cmlp2 (20 bp). Equal amounts (1 pg) of the
fitsA and chloramphenicol fragments were mixed and subjected to a PCR joining
reaction (5 min at 94°C [10 s at 94°C, 10 s at 55°C, 10 min at 68°C] for 36 cycles;
10 min at 68°C) using Platinum Pfx DNA polymerase (Invitrogen). The joining
reaction mix was then used to directly transform strain SU456-competent cells
(Table 1). Transformants were selected on tryptose blood agar base plates
containing chloramphenicol (5 pg ml~"), phleomycin (2 ug ml™ 1), and IPTG (1
mM). DNA extracted from several transformants was checked for inactivation of
the ftsA gene by PCR using ftsAp1 and cmlp2. The integrated region upstream
of ftsA from one transformant was then sequenced to check that no base errors
had been incorporated. This transformant was subsequently chosen as the fts4-
null strain (SU457).

RESULTS

In vivo cross-linking of FtsZ and FtsA using formaldehyde.
Many of the known bacterial division proteins are either mem-
brane associated (FtsZ and FtsA [33, 49, 51, 55]) or membrane
bound, and little is known about the in vivo interactions which
comprise the division complex. As a means of studying these
interactions in B. subtilis, we used in vivo chemical cross-link-
ing. We chose formaldehyde as an in vivo cross-linker, as it is
a fairly nonspecific cross-linker and has previously been used to
study membrane protein complexes (35, 43, 56). We initially
focused on FtsZ and FtsA, as these proteins are known to
interact in a yeast two-hybrid system and therefore provide a
positive control for testing our in vivo approach. In addition,
this would enable us to establish an in vivo assay that would
allow examination of FtsZ and FtsA interaction under different
conditions and at different stages in the cell cycle.

J. BACTERIOL.
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FIG. 1. Western blot analysis of FtsA (A) and FtsZ (B) in B. subtilis
strain 168 cells cross-linked in vivo with formaldehyde. B. subtilis strain
168 cells were treated with formaldehyde as follows: lane 1, no form-
aldehyde; lane 2, 0.1% for 10 min; lane 3, 1% for 10 min; lanes 4 and
5, 1% for 20 min. Samples in lane 5 have been incubated at 95°C for
30 min to break the cross-links. All other samples were heated at 37°C
for 10 min to maintain the formaldehyde cross-links. Arrows indicate
FtsZ and the FtsA monomer or specific complexes and their apparent
molecular masses in kDa. Positions and sizes of the protein standards
(SeeBlue; Invitrogen) are shown on the left.

Vegetatively growing wild-type B. subtilis cells (strain 168)
were collected and treated with 0.1 and 1% formaldehyde.
Whole-cell extracts were then subjected to SDS-PAGE and
cross-linked complexes detected by Western blotting with ei-
ther FtsZ or FtsA polyclonal antibodies. In the case of FtsA, a
higher-molecular-mass complex of ~150 kDa was readily
formed using both treatments (0.1 and 1% formaldehyde) and
an additional complex of ~235 kDa could be visualized using
1% formaldehyde (Fig. 1A, lanes 3 and 4). Extended cross-
linking (=20 min) resulted in almost no detectable FtsA pro-
tein at the apparent molecular mass of monomer ~53 kDa
(theoretical value, 48.1 kDa) (Fig. 1A, lanes 3 and 4).

In contrast to FtsA, several higher-molecular-mass FtsZ
complexes could be visualized among a smeared background
by using 1% formaldehyde for 10 or 20 min (Fig. 1B, lanes 3
and 4). The most dominant of these complexes was present
using both treatments and had molecular masses of ~93,
~140, and ~85 kDa, which possibly represent FtsZ oligomer-
ization (dimer, trimer, and tetramer, respectively). The
smeared background is most likely caused by FtsZ intramolec-
ular cross-links and/or FtsZ oligomers interacting with a num-
ber of different proteins, identified by in vitro studies (20, 21,
31). Note that both of the FtsA and FtsZ cross-linked com-
plexes were absent from cells not treated with formaldehyde
and could be destroyed by heating samples at 95°C for 30 min
(Fig. 1A and 1B, lanes 1 and 5, respectively).

FtsZ and FtsA are present in the same cross-linked com-
plexes (150 and 235 kDa). Formaldehyde cross-linking allows
the reproducible visualization of two distinct FtsA-containing
complexes (150 and 235 kDa). Since there is good evidence
that FtsZ and FtsA interact directly in B. subtilis (13, 24, 41, 42,
58, 61), it is likely that these complexes contain FtsZ; however,
they are not present in levels high enough to allow detection
among the more abundant FtsZ-containing complexes using
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FIG. 2. Western blot analysis of FtsZ and FtsA in B. subtilis strain
SU456 (Pspac-ftsZ) in the presence and absence of IPTG. (A) SU456
cells were grown at 37°C in PAB in the presence of IPTG to mid-
exponential phase (0, left lane) and resuspended in PAB in the absence
of IPTG for 120 min (120, right lane). FtsZ (left) and FtsA (right) were
detected with antiserum and purified polyclonal antibodies, respec-
tively. (B) SU456 cells grown in the presence (lanes 1 and 3) or absence
(lanes 2 and 4) of IPTG for 120 min were cross-linked with 0.1% (lanes
1 and 2) and 1% (lanes 3 and 4) formaldehyde for 10 min. Arrows
indicate the FtsA monomer or specific FtsA-containing complexes and
their apparent molecular masses in kDa. Positions and sizes of the
protein standards (SeeBlue; Invitrogen) are shown on the left.

the anti-FtsZ serum. To determine if FtsZ is present in these
complexes, we performed two experiments. Firstly, we de-
pleted FtsZ in strain SU456. If FtsZ is present in the 150- and
235-kDa complexes, then depletion of this protein should re-
sult in a significant decrease in their level. In this strain, ftsZ
expression is controlled by the IPTG-inducible Pspac pro-
moter. Strain SU456 was grown in the presence of IPTG and
then resuspended in PAB without IPTG for 120 min. During
this time period, the cellular level of FtsZ decreased to ~15%
of that present in cells grown with IPTG while FtsA levels
remained constant (Fig. 2A). Cells were then treated with both
0.1% and 1% formaldehyde for 10 min. In the absence of
IPTG, the 150- and 235-kDa FtsA-containing complexes de-
tected with the FtsA polyclonal antibodies decreased in inten-
sity (Fig. 2B, lanes 2 and 4). This indicates that the cellular
level of these complexes depends on a normal level of FtsZ and
is consistent with FtsZ being present in these complexes. The
decreased level of the complexes appears to be specific to the
depletion of FtsZ and not a general block in cell division, as the
levels of these complexes remain constant in other situations
that block division, such as in a divIB-null mutant strain (28) at
the nonpermissive temperature or in an FtsL/PBP2B depletion
strain (10) when either FtsL. or PBP2B is depleted (data not
shown).

To definitively establish the presence of FtsZ in these com-
plexes, we performed immunoprecipitation experiments using
anti-FtsZ sheep serum. Vegetatively growing cells of the wild-
type strain (strain 168) and strain SU456 (Pspac-ftsZ, with or
without IPTG) were treated with 1% formaldehyde for 10 min.
These whole-cell extracts were then subjected to immunopre-
cipitation using anti-FtsZ sheep serum, and precipitated com-
plexes were immunodetected using FtsA polyclonal antibodies
(from rabbit). The anti-FtsZ sheep serum coimmunoprecipi-
tated the 150- and 235-kDa FtsA-containing complexes from
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FIG. 3. Western blot analysis of FtsA-containing cross-linked com-
plexes immunoprecipitated with anti-FtsZ serum. B. subtilis strains 168
(without IPTG; lane 2) and SU456 (Pspac-ftsZ; without or with IPTG
in lanes 3 and 4, respectively) were cross-linked with 1% formaldehyde
for 10 min and whole-cell extracts immunoprecipitated with anti-FtsZ
sheep serum. FtsA polyclonal antibodies (rabbit) were then used to
detect FtsA-containing complexes. Lane 1 contained a cross-linked
lysate of B. subtilis strain 168 (without IPTG) that had not been
immunoprecipitated. Arrows indicate the FtsA monomer or specific
FtsA-containing complexes and their apparent molecular masses in
kDa. Positions and sizes of the protein standards (SeeBlue; Invitrogen)
are shown on the left.

the wild-type strain (Fig. 3, lane 2). No FtsA monomer was
detected with the FtsA antibodies following immunoprecipita-
tion, demonstrating that FtsA alone does not precipitate with
the anti-FtsZ serum (Fig. 3, lanes 2 through 4). When FtsZ was
depleted using strain SU456 (Pspac-ftsZ) as described above, a
decreased amount of the 150-kDa and 235-kDa complexes
could be coimmunoprecipitated (Fig. 3, lane 3), reflecting di-
minished association between FtsZ and FtsA, which is again
consistent with these complexes containing both FtsZ and
FtsA. These results establish that FtsZ and FtsA are associated
in the 150- and 235-kDa complexes. We have therefore suc-
cessfully developed an in vivo assay for FtsZ and FtsA associ-
ation in B. subtilis.

In vivo association of FtsZ and FtsA in the absence of Z
rings. At present, it is generally believed that FtsA is recruited
to the midcell site immediately after FtsZ. However, our ob-
servation that the FtsA monomer can almost be completely
cross-linked into higher-molecular-mass complexes in vegeta-
tively growing cells (Fig. 1A) raises the possibility that FtsA is
always associated with FtsZ and therefore colocalizes as such
to the midcell division site (although this is not the only inter-
pretation of this observation). We utilized our in vivo assay to
determine whether this is in fact the case. We took advantage
of the single synchronous cell cycle that occurs following spore
germination to determine if we could detect an association
between FtsZ and FtsA prior to Z-ring assembly.

We used strain SU434 to visualize Z rings in live cells during
spore outgrowth. This strain contains a xylose-inducible ftsZ-
yfp construct in addition to a wild-type copy of ftsZ under the
control of its endogenous promoter (46). It has been shown
previously that the FtsZ-YFP fusion product alone cannot
form Z rings (46); therefore, wild-type FtsZ is required to
detect Z rings in this way. Strain SU434 spores were germi-
nated in GMD medium (26) containing 0.2% xylose and 20 p.g
ml~ ! thymine at 34°C. Samples were collected at 30-min inter-
vals between 1 and 5 h after germination, and Z-ring formation
was monitored using fluorescence microscopy (100 outgrown
cells were scored). A number of different localization patterns
were apparent during the time course, and these were similar
to those previously described for DivIB (28). Representative
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FIG. 4. Localization of FtsZ-YFP in B. subtilis strain SU434 (Pxyl-
ftsZ-yfp) during spore outgrowth. The 1.5-, 2-, and 4-h time points
(after germination) are represented in panels a, b, and c, respectively.
The fluorescent images are shown. Arrows indicate FtsZ localization
[dot(s) on the side of the membrane or medial band]. Note that the
attached spore coats in the 1.5- and 2-h time points are autofluores-
cent. A schematic is included next to panel b to show the outgrowing
spore boundaries and position of the FtsZ localizations. Scale bar
represents 1 pm.

fields of the 1.5-, 2-, and 4-h time points are shown in Fig. 4. At
1.5 h following the addition of spores to GMD medium, we
could not detect any FtsZ localization (Fig. 4a). At 2 h, cells
started displaying possible early FtsZ localization as a dot(s)
on the side of the membrane in 2.7% of cells (Fig. 4b). By 4 h,
85% of cells contained a sharp Z ring (Fig. 4c). Various levels
of xylose were tested in these experiments and at the lowest
concentration used (0.02%) that allowed detection of FtsZ-
YFP in cells, essentially the same results were obtained.

The 1.5-h (no FtsZ localization detected) and 4-h (sharp Z
rings) time points were chosen as representing the absence and
presence of FtsZ localization, respectively, and outgrown cells
were subjected to formaldehyde cross-linking and immunode-
tection using the FtsA polyclonal antibodies. Prior to conduct-
ing the cross-linking experiments, cells were lysed as per veg-
etative cells and the approximate protein concentration of the
soluble fraction was determined from a fixed volume of cells
using the UV 4,4, method (25). In an individual cell, the total
protein concentration will change during spore outgrowth;
therefore, based on these concentrations (which were repro-
ducible), cell densities in subsequent experiments were ad-
justed so that an equal amount of total protein was cross-linked
at each time point. A protein sample of wild-type vegetatively
growing cells, treated with formaldehyde, was included as a
control. Interestingly, the 150-kDa complex was present at
both 1.5 and 4 h after the beginning of germination (Fig. 5,
lanes 1 and 2). The presence of this complex at the 1.5-h time
point, when no FtsZ localization had occurred, indicates that
FtsZ and FtsA associate prior to any observable localization of
FtsZ to the division site. It is likely that the 235-kDa complex
was present in these samples but present at insufficient levels to
allow consistent detection.

It is interesting to note that FtsZ-YFP does not appear to
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FIG. 5. Western blot analysis of FtsA cross-linked in vivo with
formaldehyde during the first cell cycle (that is, prior to cell division)
following spore germination. B. subtilis strain SU434 (Pxyl-ftsZ-yfp)
spores were incubated in GMD medium (supplemented with 0.2%
xylose, 20 pg ml~! thymine). After 1.5 (lane 1) and 4 (lane 2) h of
incubation in GMD medium, proteins were cross-linked with 1% form-
aldehyde for 1 min. FtsA-containing complexes were detected with
FtsA polyclonal antibodies. An equal amount of total protein was
cross-linked at each time point. Arrows indicate the FtsA monomer or
specific FtsA-containing complexes and their apparent molecular
masses in kDa. A whole-cell extract of vegetatively grown B. subtilis
strain 168 cells treated with 1% formaldehyde for 10 min (lane 3) was
included as a control to compare the electrophoretic migration of the
150- and 235-kDa complexes in the different cell lysates. Positions and
sizes of the protein standards (SeeBlue; Invitrogen) are shown on the
left.

interact significantly with FtsA, as there were no additional
high-moleclular-mass complexes that were at least 28 kDa
(mass of YFP) larger than 150 kDa or 235 kDa. This is con-
sistent with our previous observation that FtsZ-YFP cannot
form Z rings or support growth and division in the absence of
wild-type FtsZ (46). It is possible that this is a consequence of
the fusion protein not being able to interact with FtsA.
Z-ring localization in an fts4-null strain. Our discovery that
FtsZ and FtsA associate in the complete absence of any FtsZ
localization to the division site raises the interesting possibility
that FtsA in B. subtilis may actually be required for Z-ring
formation. To investigate this, we created an fts4-null strain by
replacing the fts4 gene with a chloramphenicol resistance gene
in strain SU456 (Pspac-ftsZ). In SU456, the expression of the
downstream ftsZ gene is controlled by the IPTG-inducible
Pspac promoter (see Materials and Methods). We obtained 10
Cm' transformants in duplicate transformation experiments.
The low number of transformants was probably due to a low
frequency of homologous recombination between the short
region of DNA downstream of ftsA4 in the PCR construct and
the chromosome (see below and Materials and Methods). This
transformation efficiency is normal under our conditions. Two
transformants from each duplicate experiment were grown in
PAB. All grew at similar rates and formed filaments (see be-
low). One of each of these was used in Western analysis and
immunofluorescence microscopy to confirm the absence of
FtsA and determine the FtsZ localization pattern, respectively.
The same results were obtained in each case and are discussed
below. The ftsA deletion was confirmed for one of these trans-
formants, named SU457, by sequencing. Chromosomal DNA
from this strain was used to transform SU456 again. Several
hundred Cm" transformants were obtained, indicating the ease
with which this null mutation can be obtained and tolerated.
The ftsA-null strain (SU457; AftsA Pspac-ftsZ) and the parent
strain (SU456; Pspac-ftsZ) were grown in PAB supplemented
with 1 mM IPTG at 37°C, and samples were collected during
vegetative growth at an ODy, of 0.3 for analysis. It took twice
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as long for the ODy, of strain SU457 cells to double compared
to strain SU456 (42 min in comparison to 24 min), and SU457
cells typically reached a lower stationary-phase ODg, (~1.2
for the mutant compared to 2 for the parent strain). This
difference in the rate of increase in ODy is at least partly due
to lysis of the ftsA-null cells (see below). Viability assays were
performed on the ftsA-null strain at various times during early-,
mid-, and late-exponential-phase growth and compared with
the isogenic parent. In the ffs4-null strain at any given ODg,
CFU counts were lower than its isogenic strain. This was ex-
pected, as the ftsA-null cells are approximately four times
longer, so the maximum frequency of division is 25%. How-
ever, since it is clear that there is a significant lysis of cells in
the ftsA-null strain, the frequency of division cannot be deter-
mined. Significantly, CFU per ODy,, is constant throughout
the growth curve, indicating that ftsA is not undergoing a major
lytic event at a particular stage of growth but rather appears to
be susceptible to cell lysis over the entire growth curve.

FtsZ levels were essentially the same in strain SU457 (ftsA
null) and the parent strain, SU456, and, as expected, FtsA was
not detectable in SU457 (Fig. 6A). Interestingly, in contrast to
the previously constructed fts4-null strain (3), which was re-
ported as being extremely filamentous, SU457 produced fila-
ments of varying length (Fig. 6B, panel b). The average cell
lengths of SU456 (Pspac-ftsZ) and SU457 (AftsA Pspac-ftsZ)
were 5.9 * 1.0 and 22.6 = 11.9 pm (= standard deviation of
the mean), respectively. However we did observe cell lysis (Fig.
6B, panel b), suggesting that our mutant also has a severe
phenotype. These differences may be explained by the different
genetic backgrounds, the different media used, or the different
null alleles constructed.

Analysis of vegetatively growing cells using immunofluores-
cence microscopy (Fig. 6C) revealed normal formation of Z
rings in SU456 (Pspac-ftsZ) (Fig. 6C, panel a). Approximately
90% of these cells had a Z ring. In contrast, FtsZ localization
in SU457 (AftsA Pspac-ftsZ) was abnormal (Fig. 6C, panels ¢
through h). In this strain, FtsZ mainly localized as regular,
diffuse bands of fluorescence that appeared to occupy the
nucleoid-free regions of a filament. These FtsZ localizations
occurred at a frequency of 0.17 localizations per wm, which is
very similar to the frequency of Z rings at midcell in SU456
(0.18 Z rings per wm; 50 filaments scored in each case). In
some cases, FtsZ localizations in the absence of fts4 resembled
a spiral-like structure (Fig. 6C, panel d, circle). Although the
occasional typical Z ring (sharp band) could be observed, it
occurred at a frequency of only 10% when normalized to the
number of Z rings per pm for SU456. To check that these
abnormal FtsZ localizations were not due to any effect that
filament formation may have on Z-ring assembly, we also ex-
amined the appearance of Z rings in the filaments of strain 804
(Pxyl-ftsL, Pspac-pbpB) (10) under identical conditions. As pre-
viously reported, when FtsL was depleted in strain 804, FtsZ
localized as typical Z rings at regular intervals along the length
of a filament (Fig. 6C, panel b). Therefore, the atypical FtsZ
localizations observed in SU457 are a direct result of the ab-
sence of FtsA in the cell. This demonstrates that FtsA is re-
quired for the efficient formation of Z rings in the cell. In its
absence, FtsZ is able to localize to approximately the division
site at the same frequency but is rarely able to form normal-
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looking Z rings. This is likely to be a result of a requirement for
FtsA in Z-ring formation and/or Z-ring stability.

DISCUSSION

Several previous yeast two-hybrid analyses have shown that
FtsZ and FtsA interact directly (13, 24, 34, 41, 42, 58, 61). We
have now examined the in vivo association between FtsZ and
FtsA in B. subtilis using chemical cross-linking experiments.
This is the first time this approach has been used to monitor
the association of these two proteins in bacterial cells. Using
formaldehyde as the cross-linker, we have identified two high-
er-molecular-mass protein complexes, of 150 kDa and 235
kDa, that contain both FtsZ and FtsA. These were visualized in
wild-type cells by using FtsA polyclonal antibodies. We dem-
onstrated that these complexes do indeed contain both FtsZ
and FtsA by showing that (i) the level of these complexes
decreases when the cellular level of FtsZ decreases and (ii)
anti-FtsZ serum could precipitate these FtsA-containing com-
plexes. Our in vivo assay for FtsZ and FtsA association will
enable an examination of this association under different con-
ditions and at different stages in the cell cycle.

What is the full composition of the 150-kDa and 235-kDa
complexes? It is most likely that the FtsZ and FtsA proteins
are directly interacting in both complexes. The 150-kDa com-
plex is seen more readily in our cross-linking experiments, with
only 0.1% formaldehyde and 10-min incubation. In both E. coli
and B. subtilis, there is evidence that FtsA dimerizes in vivo
(18, 52, 62). Therefore, the 150-kDa complex may contain a
dimer of FtsA and a monomer of FtsZ. The 235-kDa complex
could also contain only FtsZ and FtsA in a specific stoichiom-
etry. Alternatively, both complexes may contain other division
proteins or new, uncharacterized proteins of B. subtilis. It will
be interesting to determine whether other proteins are present
in these complexes and, if so, to identify them.

Although it is possible that FtsA was present in very large
cross-linked complexes not observed here, our observation that
most or all of the monomeric FtsA in the cell could be cross-
linked raised the possibility that this protein is always associ-
ated with FtsZ in B. subtilis, even when FtsZ is not polymerized
to form a ring structure. Consistent with this suggestion, pre-
vious studies have shown that in E. coli, the timing of FtsA
localization to the midcell division site is similar to that of FtsZ
(11, 40, 54). However, since FtsZ can form a ring at the division
site independently of FtsA (1, 23, 48) in E. coli, it is not clear
whether FtsA colocalizes with FtsZ to form a Z ring or
whether it is recruited immediately after Z-ring formation. It
has been shown that in B. subtilis, localization of FtsA to the
division site requires FtsZ (18), but it is not known if midcell
Z-ring formation actually requires FtsA in this organism. We
examined the first cell cycle following spore germination and
outgrowth in B. subtilis to determine if the association between
FtsZ and FtsA could occur prior to midcell Z-ring assembly.
We found that FtsZ and FtsA do indeed associate prior to any
FtsZ localization or Z-ring formation at the division site. This
suggests that these proteins are always complexed together,
possibly as a subunit of an assembled ring structure, and lo-
calize as such to the division site. This is consistent with pre-
vious yeast two-hybrid results that show a direct interaction
between these two proteins in the nuclei of nonnative organ-
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FIG. 6. Analysis of the B. subtilis ftsA-null strain SU457 (AftsA Pspac-ftsZ) during vegetative growth. SU456 (Pspac-ftsZ) and SU457 were grown
in PAB supplemented with 1 mM IPTG at 37°C and collected at an ODg, of 0.3 for analysis. (A) Western blot analysis of FtsZ and FtsA levels
in SU456 (lane 1) and SU457 (lane 2) using anti-FtsZ serum and FtsA polyclonal antibodies. (B) Phase-contrast images of ethanol-fixed cells.
SU456 and SU457 are represented by panels a and b, respectively. Scale bar represents 6 pm. (C) Immunolocalization of FtsZ in vegetatively
growing cells of strains SU456 (a), 804 depleted of FtsL (Pxyl-ftsL, Pspac-pbpB (10) (b), and SU457 (two sets of images [c through e and f through
h] of the different FtsZ localization patterns observed are shown). FITC immunofluorescence (a and b, yellow) is shown for strains SU456 and 804.
DAPI fluorescence (c and f, red), FITC immunofluorescence (d and g, yellow), and an overlay of these images (e and h) are shown for the two
SU457 images. Typical (sharp band) and atypical (diffuse band) FtsZ localizations are indicated by solid and dotted lined arrows, respectively. An
example of a spiral-like structure (enlargement shown in inset) has been circled in panel d. Scale bar represents 1.8 wm.
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isms (yeast), where they would not be expected to form normal
Z rings (13, 24, 34, 41, 42, 58, 61). The finding that FtsZ and
FtsA associate prior to Z-ring formation at midcell tempted us
to speculate that FtsA is actually required for Z-ring assembly
in B. subtilis. We therefore constructed an ftsA-null strain and
tested its ability to form Z rings. An ftsA-null strain has been
constructed previously (3), but the ability of FtsZ to localize to
the division site was not tested. Similar to previous results (3),
our ftsA-null strain was viable. It grew slowly and produced
filaments of varying length during vegetative growth. Most
intriguingly, although FtsZ localizations occurred at regular
intervals, very few normal-looking Z rings were observed.
Since the ftsA-null strain can divide, albeit inefficiently, it is
likely that the few normal Z rings observed (10%) actually
constrict to result in division. This is the first situation identi-
fied where loss of a single septation protein has led to such a
drastic reduction in the level of apparently normal Z rings.
This result suggests a critical role for FtsA in Z-ring formation
and/or Z-ring stability in B. subtilis. Although the possibility
that a secondary (suppressor) mutation has occurred in the
vicinity of the fts4 gene in our strain cannot be ruled out, the
ease with which the fts4-null mutation was obtained in B.
subtilis in two independent experiments here, and by other
researchers previously (3), makes this highly unlikely.

The dependency of Z-ring formation on FtsA in B. subtilis is
entirely consistent with the recent discovery that FtsA contains
a membrane-targeting sequence that anchors the Z ring to the
membrane in E. coli (49). FtsA from B. subtilis also contains
this membrane-targeting sequence (49). Presumably, ZipA can
perform a role similar to FtsA in E. coli because either ZipA or
FtsA, but not both, is required for normal Z-ring formation
(48). Since there is no ZipA homolog in B. subtilis, FtsA is
likely to be absolutely required for anchoring the Z ring to the
membrane. ZipA has been identified in only a subset of gram-
negative bacteria (50), whereas FtsA is more widely conserved,
being present in over 20 bacterial genera (44). Our findings
raise the possibility that FtsA plays a more critical role in
Z-ring assembly in other organisms that don’t have a ZipA
homolog.

The ability of the fts4-null strain of B. subtilis to divide at all
is interesting, given that in E. coli, depletion of the FtsA pro-
tein or ftsA mutation blocks septation (7, 16, 59). In E. coli,
these situations also block the recruitment of membrane-
bound division proteins and it has been suggested that FtsA
plays a role in this recruitment. This could be via its ability to
bind these proteins directly or by ensuring that the Z ring is
formed correctly so that it can recruit them. Recent evidence
supports the former possibility for E. coli, as it was demon-
strated that the FtsA protein can recruit the two membrane-
bound division proteins Ftsl and FtsN independently of FtsZ
in this organism (8). In contrast, our results suggest that in B.
subtilis, there is no absolute requirement for FtsA in the re-
cruitment of the membrane-bound division proteins. The abil-
ity of the ftsA-null strain of B. subtilis to divide is most likely to
be due to a low level of normal Z-ring formation observed in
this strain that subsequently recruits the membrane-bound di-
vision proteins. So the role of FtsA in B. subtilis in the recruit-
ment of other division proteins to the division site appears to
be an indirect one, through ensuring that FtsZ forms a proper
ring. Perhaps this apparent difference in the role of FtsA in
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these organisms reflects an important difference in the way in
which the division complex is assembled.

What is the role of FtsA in Z-ring formation? The ease with
which FtsZ can polymerize on its own in vitro indicates that no
other protein is required for its self association. However,
several positive and negative regulators of FtsZ polymerization
exist that influence the ability of FtsZ to form a ring structure
in vivo (38, 53). In E. coli, both FtsA and ZipA appear to
positively regulate Z-ring formation (1, 23, 48). Either one is
required for the formation and stabilization of Z rings (48).
Our work here suggests that FtsA plays a similar but more
critical role in B. subtilis, which does not have a ZipA homolog.
A more highly conserved protein than ZipA that enhances
FtsZ polymerization in B. subtilis is ZapA (20). This protein
interacts directly with FtsZ and induces the bundling of FtsZ
protofilaments in vitro (20). Our results are consistent with the
proposal that FtsA plays a similar role to ZapA in B. subtilis
(20). Like ZapA, FtsA does not appear to be required for the
recruitment of essential division proteins in this organism. Un-
like zapA, however, the deletion of fts4 does result in an
observable effect on Z-ring formation and cell division. zapA
becomes essential for cell division only when ezrA4, a negative
regulator of FtsZ ring assembly, is also deleted (20). Our data
indicate that FtsA is required for efficient Z-ring formation in
B. subtilis, and it will be important to examine this role and that
of other FtsZ modulators at the molecular level in order to
understand how these accessory proteins coordinate Z-ring
assembly.

In bacteria, septation occurs between two replicated nucle-
oids precisely at midcell. The spatial precision of cell division
relies on the prior precise placement of the Z ring at the
division site. The ability of FtsZ to localize at regular intervals
between nucleoids in fts4-null filaments of B. subtilis suggests
that FtsA is not required for the localization of FtsZ to regions
close to the precise division site. This appears to be the case for
ZipA and FtsA in E. coli (48). How do our observations with
B. subtilis help us understand the tight spatial regulation of
Z-ring assembly? They raise the possibility that FtsZ can lo-
calize approximately to division sites (between nucleoids) with-
out these proteins, but its precise positioning in the form of a
ring requires the modulation of FtsZ polymerization by these
proteins. In this way, the kinetics of Z-ring formation may be
intimately connected to the precision of Z-ring placement at
the cell center.
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