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Previous studies have shown that Bacillus subtilis cells lacking penicillin-binding protein 1 (PBP1), encoded
by ponA, have a reduced growth rate in a variety of growth media and are longer, thinner, and more bent than
wild-type cells. It was also recently shown that cells lacking PBP1 require increased levels of divalent cations
for growth and are either unable to grow or grow as filaments in media low in Mg>*, suggesting a possible
involvement of PBP1 in septum formation under these conditions. Using epitope-tagging and immunofluores-
cence microscopy, we have now shown that PBP1 is localized at division sites in vegetative cells of B. subtilis.
In addition, we have used fluorescence and electron microscopy to show that growing pon4 mutant cells display
a significant septation defect, and finally by immunofluorescence microscopy we have found that while FtsZ
localizes normally in most pon4 mutant cells, a significant proportion of pon4 mutant cells display FtsZ rings
with aberrant structure or improper localization, suggesting that lack of PBP1 affects FtsZ ring stability or
assembly. These results provide strong evidence that PBP1 is localized to and has an important function in the
division septum in B. subtilis. This is the first example of a high-molecular-weight class A PBP that is localized

to the bacterial division septum.

The bacterial peptidoglycan is composed of glycan strands
with peptide side chains which cross-link the glycan strands to
each other. During growth, new disaccharide pentapeptide
units become inserted into the existing peptidoglycan by the
penicillin-binding proteins (PBPs) (17, 23, 36, 37). PBPs can be
divided into three groups: low-molecular-weight PBPs and
class A and class B high-molecular-weight (HMW) PBPs (17).
Low-molecular-weight PBPs are usually monofunctional DD-
carboxypeptidases, which are involved in regulating the num-
ber of peptide cross-links (17). Class A HMW PBPs possess
both transglycosylase and transpeptidase activities (24, 55) and
are somewhat functionally redundant (26, 46), while class B
HMW PBPs are monofunctional transpeptidases, some of
which have essential functions in cell septation and regulation
of cell shape (1, 17, 18, 38).

During cell growth rod-shaped bacteria display two modes of
peptidoglycan synthesis: elongation and septation (23, 36, 37).
For Escherichia coli, it is widely assumed that the class BHMW
PBP2 is involved in elongation while the class B HMW PBP
FtsI (also known as PBP3) is needed for septation (38, 53, 61).
Homologues of PBP2 and FtsI are also found in Bacillus sub-
tilis (34, 62). Since class B HMW PBPs have no transglycosy-
lase activity (1, 17, 57), these proteins cannot synthesize pep-
tidoglycan. Therefore, it has been proposed that the class A
HMW PBPs synthesize and to some extent cross-link primers,
which are then used by class B HMW PBPs during septation
and elongation (61). This model is supported by studies using
specific inhibitors of the major E. coli class A HMW PBPs (61)
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and by affinity chromatography studies, which indicate that the
E. coli class A HMW PBPs PBP1a and PBP1b interact either
directly or indirectly with the class B HMW PBPs PBP2 and
FtsI (23). In addition, genetic studies have shown that E. coli
PBP1b is a possible helper protein for FtsI (15), and antibiotic
inhibition studies have indicated that triggering of cell lysis by
inhibitors of PBPla and PBPI1b in E. coli is linked to cell
division (16), suggesting a role for class A HMW PBPs in cell
division. Recent evidence from our laboratory suggests that in
growth media low in Mg?* the class A HMW PBP1 may also
play a role in cell division in B. subtilis, because cells lacking
PBP1 sometimes grow as filaments (35). PBP1, encoded by
ponA, is expressed predominantly during vegetative growth,
and mutants lacking PBP1 have a reduced growth rate in a
variety of growth media (45, 46). Although vegetative B. subtilis
cells contain two other class A HMW PBPs (PBP2c and PBP4)
(43, 44), PBP1 appears to be functionally more important than
PBP2c and PBP4 (35, 46).

In addition to PBPs, septum formation in E. coli requires the
concerted action of the division proteins FtsZ, FtsA, FtsK,
FtsL, FtsN, FtsQ, FtsW, and ZipA, which are believed to form
a complex at the division site, called the divisome (10, 37, 48),
whose key component is the FtsZ ring (9, 48). Except for FtsL,
the other Fts proteins as well as ZipA have now been localized
to the division site in E. coli (2-4, 11, 19, 31, 58-60, 64); in B.
subtilis the division proteins DivIB (an FtsQ homologue),
DivIC, and FtsZ have also been localized to division sites (21,
25, 31). However, no class A HMW PBPs have been demon-
strated to localize to division sites in either organism, although
immunoelectron microscopy showed that PBP1b from E. coli is
present in higher amounts around inner membrane-outer
membrane contact areas than in other parts of the cell (7).

In this communication, we report studies of the subcellular
localization of PBP1 in exponentially growing B. subtilis cells
using immunofluorescence microscopy; these studies show that
PBP1 localizes to division sites.
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TABLE 1. PCR primers used in this study

Primer

Nucleotide sequence”

ponAP1 ...

..5"-CCGGAATTCCGGCAGCTACTCCG-3'

..5"-CCATTGAAAAAACAAATGACTACAAGGACCACGATGACAAGTAAACAAAAAAGCCG-3'

ponAP2... . 5'-CGCGGATCCGACCCAATACC-3'
ponAP3 ... .

ponAP4 ... ...5"-GGGAATGGGAGAAAAC-3’
pFLAG.... ...5'-GACTACAAGGACGACGATGACAAG-3’

p1219...............................................................:...5’—ATGCGTCCGGCGTAGA—3’

“ Restriction endonuclease sites are underlined; nucleotides encoding the FLAG epitope are shown in bold.

MATERIALS AND METHODS

B. subtilis strains, recombinant pl ids, and growth conditions. All B. subtilis
strains used are derivatives of PS832, a prototrophic revertant of strain 168.
Transformation of B. subtilis was as described previously (6), and transformants
were selected on 2X SG (30) agar plates with chloramphenicol (Cm; 5 pg/ml).
Strain PS2062 carrying a spectinomycin resistance (100 pg/ml) cassette (Sp*) in
the ponA gene (ponA::Sp") has been described previously (45). Strain LP27 was
generated by transformation of PS832 with plasmid pLP3 (see below), resulting
in integration of pLP3 into the chromosome by a single crossover event at the 3’
end of the coding region of ponA. Therefore, strain LP27 contains a 24-bp DNA
sequence encoding the FLAG epitope immediately before the stop codon of the
ponA gene, followed by a Cm resistance marker and the sequence corresponding
to the 3’ noncoding region of ponA. Routinely, cells were grown at 30 or 37°C
overnight on 2X SG agar plates with or without appropriate antibiotics, inocu-
lated into 20, 50, or 100 ml of 2X YT medium (containing [per liter] 16 g of
tryptone, 10 g of yeast extract, 5 g of NaCl) or Penassay broth with no antibiotics,
and grown at 30 or 37°C.

Plasmids and epitope tagging. Plasmid pDPC273 was a gift from David L.
Popham (Virginia Polytechnic Institute, Blacksburg, Va.). It is a derivative of
plasmid pJH101 (14), which contains an ~3.8-kb insert comprising the region
from the HindlIII site in the gene upstream of ponA (prfA) to the EcoRV site
downstream of ponA (45). For tagging of PBP1 with the FLAG epitope, a
megaprimer PCR-based method (49) was used. All oligonucleotides were pur-
chased from GIBCO and are listed in Table 1. All PCRs were carried out with
Thermus aquaticus DNA polymerase (GIBCO). The first round of PCR was
carried out by using the primers ponAP2 and ponAP3 with chromosomal DNA
from strain PS832 as a template and gave a 215-bp product corresponding to the
region from nucleotide (nt) 4050 to nt 4234 of the ponA operon (45) plus 24 bp
encoding the FLAG epitope. The 215-bp PCR product was purified by using a
PCR purification kit (QIAGEN) and used as a megaprimer in a second round of
PCR with ponAP1 used as the upstream primer and linearized pDPC273 plasmid
DNA used as the template. The product of the second round of PCR (720 bp),
corresponding to the region from nt 3553 to nt 4234 of the ponA operon (45), was
ligated into pCR2.1 (Invitrogen), and after transformation into E. coli INVaF’
competent cells (Invitrogen), plasmids were prepared and the inserts were se-
quenced by using an automated DNA sequencer. A plasmid with an insert whose
sequence was as expected was digested with EcoRI and BamH]I, and the 712-bp
insert was ligated into plasmid pJH101 (14) digested with the same enzymes to
generate plasmid pLP3, which was used to transform B. subtilis to Cm resistance.
Transformants were screened by PCR using primers ponAP4 and p1219, and
pFLAG and p1219, respectively.

Membrane preparation, penicillin-binding assay, SDS-PAGE, and Western
blot analysis. Cells from 50- or 100-ml log-phase cultures (optical density at 600
nm [ODgq] of ~0.5) grown in 2X YT medium were harvested by centrifugation
(7,000 X g, 10 min), washed with 5 ml of wash buffer (50 mM Tris [pH 8], 1 mM
MgCl,, 1 M KCI, 1 mM phenylmethylsulfonyl fluoride [PMSF]), resuspended in
0.7 ml of buffer A (100 mM Tris-HCI [pH 8], 1 mM MgCl,, 1 mM B-mercapto-
ethanol [3-ME], 1 mM PMSF) containing 285 pg of lysozyme/ml, and incubated
on ice for 20 min. Cells were broken by sonication in the presence of glass beads,
the lysate was cleared by centrifugation (20,000 X g for 15 min at 4°C), and
membranes were pelleted by centrifugation at 100,000 X g for 1 h at 4°C. The
supernatant fluid from the latter step was stored at —20°C and used for DNA
quantitation. The membranes were washed with 1 ml of buffer B (50 mM
Tris-HCI [pH 8], 1 mM B-ME, 1 mM PMSF), resuspended in 90 ul of buffer B,
and stored at —80°C. Membranes were incubated with fluorescein-hexanoic
acid-6-aminopenicillanic acid (FLU-C6-APA) and assayed for penicillin-binding
activity as previously described (46). For Western blotting, different amounts (10
to 40 pg) of crude membrane protein in 10 pl of buffer B were mixed with 10 .l
of 2X sodium dodecyl sulfate (SDS) sample buffer (29) and boiled for 4 min, and
proteins were separated by SDS-10% polyacrylamide gel electrophoresis
(PAGE). Various amounts (9.4 to 600 ng) of C-terminal FLAG-bacterial alka-
line phosphatase (BAP) (Sigma) were loaded on the same gels to serve as a
standard for quantitative Western blotting. After electrophoresis the proteins on
SDS gels were transferred to Immobilon-P*? membranes (Millipore) in transfer
buffer (3 g of Tris base/liter, 14.4 g of glycine/liter, 20% methanol [vol/vol], 0.08%
[wt/vol] SDS), and the membranes were subjected to immunoblotting as de-
scribed below.

Immunoblotting and protein and DNA quantitation. Immunoblotting was
carried out essentially as in the protocol for the BM Chromogenic Western
blotting kit (Boehringer). The primary antibody was anti-FLAG M2 monoclonal
antibody (4 pg/ml) (Sigma). The secondary antibodies were a commercially
available mixture of goat anti-mouse immunoglobulin G (IgG) and goat anti-
rabbit IgG, both conjugated to alkaline phosphatase (1:2,000 dilution) (Boehr-
inger). The blots were scanned, and the relative FLAG content of each band was
determined by using an IS-1000 digital imaging system and software from Alpha
Innotech Corporation. Protein concentrations were determined by the Lowry
procedure (32) by using bovine serum albumin (BSA) as the standard. DNA
quantitation was performed with the Hoechst 33258-based fluorescent DNA
quantitation kit (Bio-Rad) by using calf thymus DNA (Bio-Rad) as a standard.
Calf thymus DNA has about the same A+T content (58%) as B. subtilis DNA
(56.5% [28]), and hence is appropriate to use as a standard in this assay.

Preparation of cells for immunofluorescence microscopy. For FLAG localiza-
tion, cells were grown at 37°C in 2X YT medium to an ODgq, of ~0.5 and
prepared for immunofluorescence microscopy as described previously (20, 41)
with modifications. Briefly, cells were fixed for 20 min at room temperature in
4.4% (wt/vol) paraformaldehyde-28 mM NaPO, (pH 7), washed three times with
phosphate-buffered saline (PBS; containing [per liter] 8 g of NaCl, 0.2 g of KCl,
1.44 g of Na,PO,, 0.24 g of KH,PO, [pH 7.4]), resuspended in 100 pl of GTE (50
mM glucose, 20 mM Tris-HCI [pH 7.5], 10 mM EDTA), treated with lysozyme
(2 mg/ml) for 30 to 60 s at room temperature, washed twice with PBS, resus-
pended in 70 pl of PBS, and applied to poly-L-lysine-coated microscope slides.
The excess cell suspension was removed, and the slides were washed two times
with PBS and allowed to dry completely. After rehydration with PBS, the slides
were blocked for 20 min at room temperature with 2% (wt/vol) BSA in PBS and
incubated for 2.5 h at room temperature in PBS containing 10 g of anti-FLAG
M2 monoclonal antibody/ml and 0.1% (wt/vol) BSA. The slides were washed six
times with PBS and incubated overnight at 4°C in PBS containing a 1:100 dilution
of biotinylated goat anti-mouse IgG (Molecular Probes) and 0.1% (wt/vol) BSA.
Slides were subsequently washed six times with PBS and incubated for 2 h at
room temperature with PBS containing 0.1% (wt/vol) BSA and 5 pg of indocar-
bocyanine (Cy3)-conjugated streptavidin (Jackson ImmunoResearch Laborato-
ries) per ml. After being washed six times with PBS, the slides were mounted by
using the SlowFade antifade kit from Molecular Probes.

For FtsZ localization, cells were grown as described above and fixed by adding
1 ml of cell culture to 10 ml of cold (—20°C) 80% methanol as described (22) with
modifications. After fixing for 1 h at room temperature, 200 wl of 16% (wt/vol)
paraformaldehyde was added to the cell suspension, and after a 5-min incubation
at room temperature, cells were pelleted by centrifugation at 3,000 X g for 15 s
at room temperature, the supernatant was discarded, and cells were gently
resuspended in the residual fluid by tapping the tube. Then 1 ml of 80% meth-
anol was added, and the cells were spun gently as described above, the super-
natant was removed, and the pellet was resuspended in GTE. Lysozyme was
added to 2 mg/ml, and the cells were placed on poly-L-lysine-coated microscope
slides and incubated at room temperature for 30 to 60 s. Excess cell suspension
was removed, and the slides were washed, dried, rehydrated and blocked with
BSA as described for FLAG localization, and incubated for 2 h at room tem-
perature with a 1:500 dilution of affinity-purified rabbit antiserum against B.
subtilis FtsZ (a gift from Petra A. Levin, Massachusetts Institute of Technology,
Cambridge, Mass.) in PBS containing 2% (wt/vol) BSA. After being washed 10
times with PBS, the slides were incubated for 2 h with 3.75 pg of Cy3-conjugated
donkey anti-rabbit serum (Jackson ImmunoResearch Laboratories) per ml in
PBS containing 2% (wt/vol) BSA, washed 10 times with PBS, and mounted for
microscopy as for cells stained for the FLAG epitope.

Staining of cell walls and nucleoids. For staining of cell walls and/or nucleoids
of immunostained cells, 2 pg of 4’,6'-diamidino-2-phenylindole (DAPI) (Sigma)
per ml and/or 2 pg of Oregon green- or fluorescein isothiocyanate (FITC)-
conjugated wheat germ agglutinin (WGA) (Molecular Probes) was included in
the Cy3 mix. (WGA is a lectin that binds to oligomers of N-acetylglucosamine
and N-acetylmuramic acid and has been found to bind well to lysozyme-treated
cell walls of B. subtilis [5, 42, 52].) For cell wall and nucleoid staining only, cells
grown in 2X YT medium at 30 or 37°C were treated like cells stained for the
FLAG epitope except that incubations with antibodies and streptavidin were
omitted and the slides were incubated for 2 h at room temperature with PBS
containing 0.1% (wt/vol) BSA, 0.2 pg of DAPI/ml, and 2 g of Oregon green-
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WGA/ml before the final PBS wash. In some cases, propidium iodide (10 pg/ml)
was used instead of DAPI to visualize RNA, DNA, and septa (31).

Fluorescence microscopy and image analysis. Cells (see Fig. 3) were visualized
with a Zeiss Axiovert 100 fluorescence microscope equipped with a 63X Plan-
NEOFLUAR immersion lens (Zeiss) and a standard filter block for visualizing
Cy3 and Oregon green; images were captured with a cooled charge-coupled
device camera by using exposure times of 700 (Cy3) or 500 (Oregon green) ms.
Fluorescence microscopy of cells (see Fig. 4 and 7) was performed with an
Olympus BX60 microscope equipped with a 100X UPlanFluor objective and
standard filter sets for visualizing DAPI, Cy3, and Oregon green or FITC; images
were captured with a MicroMax (Princeton Instruments)-cooled charge-coupled
device camera driven by the MetaMorph software package (version 3.0; Univer-
sal Imaging). The exposure times were 1 s for both Oregon green and DAPI (see
Fig. 4) and 500 ms for all fluorophores (see Fig. 7).

All images were transferred to a Power Macintosh computer and processed by
using Adobe Photoshop version 4.0. Images of control cells were captured and
processed identically to those of cells carrying ponA-FLAG or ponA::Sp'. Cell
lengths were determined on images of Oregon green-WGA-stained cells by using
the public domain NIH Image program (38a) and by drawing a straight (straight
cells) or segmented (bent cells) central line between the two poles of each cell
and converting the obtained pixel value to micrometers. A pole was either a free
hemispherical cap at the end of a cell or a very bright green band between two
cells in a chain. By double staining of cells with propidium iodide and Oregon
green-WGA, completed septa were found to stain much brighter with Oregon
green-WGA than nascent septa (data not shown). Although a small fraction
(<5%) of the completed septa scored may be incomplete septa, the average cell
length obtained by this method (3.9 pm; n = 137) for wild-type cells grown with
a doubling time of 32 min is within the range of those reported for B. subtilis
SG38 grown with doubling times of 40 min (3.6 wm) and 30 min (4.5 wm),
respectively (51).

Electron microscopy. Vegetative B. subtilis cells grown in 2X YT medium at
37°C were fixed, processed, and analyzed by transmission electron microscopy as
described previously (50).

RESULTS

Epitope tagging of PBP1. To localize PBP1 in B. subtilis by
immunofluorescence microscopy, we added the FLAG epitope
(DYKDDDDK) at the C terminus of PBP1. The FLAG
epitope is very hydrophilic (pI of 3.85) and hence has a high
probability of being surface localized. By using PCR and a
plasmid for integration into the B. subtilis chromosome by a
single crossover event (see Materials and Methods), we gen-
erated a strain (LP27) in which a 24-bp sequence encoding the
FLAG epitope was inserted into the chromosomal ponA4 gene
(45) immediately before the stop codon. Note that this tagged
ponA (ponA-FLAG) is the only ponA gene in this strain. To
verify the presence of FLAG-tagged PBP1, membranes from
log-phase cells of strain LP27 (ponA-FLAG) grown at 37°C in
2X YT medium were prepared and membrane proteins were
analyzed by SDS-10% PAGE and immunoblotting with a
monoclonal anti-FLAG antibody. As shown in Fig. 1A, mem-
branes from ponA-FLAG cells (lane 1) contained a protein of
about 107 kDa that was recognized by the FLAG antibody
while no protein bands were detected in the lanes containing
membranes from wild-type cells (strain PS832; lane 3) or cy-
toplasmic proteins from ponA-FLAG cells (lane 2). The cal-
culated molecular mass of PBP1-FLAG is 100.6 kDa, which
corresponds roughly to the size of the band detected by im-
munoblotting. Thus, PBP1-FLAG can be specifically detected
in membranes from pon4-FLAG cells by using the monoclonal
anti-FLAG antibody.

PBP1-FLAG is functionally indistinguishable from PBP1.
To determine whether PBP1 function is affected by the addi-
tion of the FLAG epitope, we first tested whether PBP1-FLAG
is able to bind penicillin. Membranes from log-phase cultures
of wild-type and ponA-FLAG cells grown at 37°C in 2X YT
medium were incubated with FLU-C6-APA, proteins sepa-
rated by SDS-10% PAGE and PBPs visualized on a fluorim-
ager. The results indicated that PBP1-FLAG is capable of
binding penicillin like wild-type PBP1 (Fig. 1B), suggesting
that tagging with FLAG at the C terminus of PBP1 does not
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FIG. 1. Immunodetection and penicillin-binding activity of PBP1-FLAG. (A)
Western blot of PBP1-FLAG. Membranes from cells grown at 37°C in 100 ml of
2X YT medium were prepared and proteins were solubilized in SDS sample
buffer and subjected to SDS-10% PAGE as described in Materials and Methods;
about 40 pg of protein was loaded into each well of the gel. The gel was
transferred to a polyvinylidene difluoride membrane, which was probed with 4 g
of monoclonal anti-FLAG antibody (Sigma) per ml, and bound antibodies were
visualized by using alkaline phosphatase-conjugated secondary antibodies and a
colorimetric alkaline phosphatase substrate as described in Materials and Meth-
ods. Lanes: 1, membrane proteins from strain LP27 expressing PBP1-FLAG; 2,
cytoplasmic proteins from strain LP27; and 3, membrane proteins from wild-type
cells (PS832). Molecular mass markers are shown in kilodaltons on the left. The
arrow indicates the position of PBP1-FLAG. (B) Penicillin-binding activity of
PBP1-FLAG. Membranes were prepared as described for panel A and incubated
with FLU-C6-APA for 30 min at 30°C as described (46), proteins (60 g per well)
were separated by SDS-10% PAGE, and PBPs were visualized with a fluorim-
ager. Lanes: 1, membrane proteins from strain LP27 expressing PBP1-FLAG;
and 2, membrane proteins from wild-type cells (PS832). The positions of the
major vegetative B. subtilis PBPs are shown on the left. The arrow indicates the
position of PBP1 and PBP1-FLAG (due to the large size of PBP1, we could not
observe any size difference between PBP1 and PBP1-FLAG).

significantly affect the penicillin-binding activity of the protein.
Recent experiments conducted in our laboratory have shown
that ponA mutant cells require increased levels of divalent
cations in the growth medium and are therefore unable to grow
in Penassay broth, which is relatively low in Mg** (35). We
therefore compared the growth rate of ponA-FLAG cells
grown in Penassay broth at 37°C to those of wild-type cells and
cells of a pon4A mutant strain (PS2062) lacking PBP1 (45).
Consistent with previous findings (35), the pon4 mutant was
unable to grow in Penassay broth, while both the pon4-FLAG
and wild-type cells grew with a doubling time of about 20 min.
In addition, fluorescence microscopy of cells grown at 37°C in
2X YT medium revealed that pon4-FLAG cells are morpho-
logically identical to wild-type cells (data not shown, and see
below), while ponA4 mutant cells are much longer and thinner
(46). These findings indicate that PBP1-FLAG is functionally
equivalent to wild-type PBP1 in vivo, and it is therefore very
unlikely that the FLAG epitope interferes with PBP1 localiza-
tion.

Number of PBP1 molecules per cell. To date one of the
least-abundant bacterial proteins that has been localized by
immunofluorescence microscopy is FtsI from E. coli (60),
which is present at about 100 molecules per cell (13, 60). To
determine whether it would be feasible to localize PBP1-
FLAG in B. subtilis by immunofluorescence microscopy, the
cellular abundance of this protein was analyzed. Membranes
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FIG. 2. Quantitative Western blotting of PBP1-FLAG. Cells of strain LP27
were grown in 50 ml of 2X YT medium at 37°C, harvested, and broken by
sonication and the membrane and cytoplasmic fractions were separated by high-
speed centrifugation as described in Materials and Methods. Membranes were
resuspended in 90 pl of buffer B (50 mM Tris-HCI [pH 8], 1 mM B-ME, 1 mM
PMSF), and 5, 3, or 2 ul was brought to a 10-wl volume with buffer B, mixed with
10 pl of 2X SDS sample buffer, boiled for 4 min, and subjected to SDS-10%
PAGE and immunoblotting with anti-FLAG antibody as described in the legend
for Fig. 1A. The blot was scanned, and the relative amounts of FLAG molecules
in the samples were determined by comparison with known amounts (range, 9.4
to 150 ng) of purified FLAG-BAP protein (Sigma), which were run on the same
gel. The number of PBP1-FLAG molecules per cell was calculated as described
in the text. The inset in the graph shows the blot with the different amounts of
FLAG-BAP (lower band) and PBP1-FLAG (upper band). Open squares in the
graph are values for FLAG-BAP standard protein; black circles are values for
the different amounts of membranes from ponA-FLAG mutant cells loaded on
the gel.

from ponA-FLAG cells grown at 30 or 37°C in 2X YT medium
were prepared and subjected to SDS-10% PAGE followed by
immunoblotting with the anti-FLAG antibody. The blots were
scanned, and the total amount of FLAG epitope in each sam-
ple was determined by using C-terminal FLAG-BAP as a stan-
dard. An example of this analysis is shown in Fig. 2. The DNA
content of the samples used for the membrane preparations
was determined and used to calculate the amount of PBP1-
FLAG molecules per DNA equivalent in the samples. Assum-
ing that FLAG-BAP and PBP1-FLAG react equally well with
the anti-FLAG antibody, and by using a molecular weight for
the B. subtilis chromosome of 2,781.77 X 10° (28) and a mo-
lecular weight of FLAG-BAP of 49,100, the numbers of PBP1
molecules per chromosome equivalent were estimated to be
154 = 33 for cells grown at 30°C with a doubling time of 32 min
and 231 =+ 86 for cells grown at 37°C with a doubling time of
20 min (three independent experiments). B. subtilis cells grown
in media with doubling times of 40 or 30 min contain about 2.9
or 3.3 chromosomes per cell, respectively (51). Hence, we
estimate that there are between 450 and 1,000 molecules of
PBP1 per cell in our experiments. Using a method based on in
vivo labeling of PBPs with [*H]benzylpenicillin, the numbers of
molecules of PBPla and PBP1b per E. coli cell have been
estimated to be 221 and 127, respectively, for cells grown at
35°C in Luria-Bertani medium (13).

PBP1 localizes to division sites. We used log-phase ponA-
FLAG cells to determine the subcellular localization of PBP1
by immunofluorescence microscopy. Briefly, cells were fixed,
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permeabilized, applied to poly-L-lysine-coated microscope
slides, and incubated with anti-FLAG antibody followed by
incubation with biotinylated secondary antibodies and strepta-
vidin conjugated to the red fluorophore Cy3 (Jackson Immu-
noResearch). The cells were also stained with WGA conju-
gated to the fluorophore Oregon green (Molecular Probes) to
allow visualization of cell walls and septa. Cells from a log-
phase culture of the wild-type strain (PS832) were subjected to
the same treatments to serve as a negative control. Fluores-
cence microscopy of immunostained ponA-FLAG cells re-
vealed the presence of bright red bands of fluorescence at
division sites (Fig. 3A, B, and C), which were absent in wild-
type cells analyzed in parallel (Fig. 3D). We also found no such
fluorescent bands in vegetative cells of a strain expressing C-
terminal FLAG-tagged GerBA (a putative membrane protein
that is normally expressed in the forespore during sporulation
and hence has no role in cell division [12]) from a xylose-
inducible promoter (39), ruling out the possibility that the
targeting of PBP1-FLAG to the division site is due only to the
FLAG epitope. About 69% of the ponA-FLAG cells examined
(n = 182) showed ponA-FLAG localization at midcell (Fig. 3A,
B, and C), while the remaining 31% had no midcell bands. In
addition, some fluorescent bands (17% of 151 fluorescent
bands observed) were found to colocalize with septa separating
two cells in a chain (Fig. 3A, B, and C). Presumably these
bands represent PBP1 that was left over from a previous divi-
sion event. In some cells, the red fluorescence observed was a
bright dot rather than a band. Such dots could reflect PBP1
localization or may be a fixation artifact. In numerous experi-
ments we found that if cells are not fixed sufficiently, bright
dots could often be observed at old poles, at new poles, and at
what appear to be future cell division sites (i.e., at midcell and
at one-fourth and three-fourths of the cell’s length). Initially
we thought that these dots reflected PBP1 localization, and it
has become apparent to us that extreme caution must be taken
when interpreting data from such immunofluorescence exper-
iments. In general, we found that cells that are not properly
fixed have a high background fluorescence and look very
smudgy compared with cells that are properly fixed. Other
authors have previously reported that the presence of dots at
the cell pole is a common artifact associated with immunoflu-
orescence microscopy of bacteria (60). Taken together, the
results suggest that PBP1 localizes to midcell around the time
that the cell is about to divide and disappears from this site
shortly after completion of the septum.

Impaired septum formation in a mutant lacking PBP1. The
evidence that PBP1 is localized predominantly to the site of
cell division suggests that this protein might have some impor-
tant role in septum formation, and recent results acquired in
our laboratory suggest that PBP1 is required for septum for-
mation in cells grown in media low in Mg?" (35). It has pre-
viously been shown that in 2X SG medium, pon4 mutant cells
are longer and grow more slowly than wild-type cells; in 2X YT
and minimal medium, growth of ponA mutant cells is also
significantly slower than that of wild-type cells (46). Given that
PBP1 localizes to division sites in cells grown in 2X YT me-
dium, we speculated that PBP1 may also be needed for septum
formation under these normal growth conditions. Indeed, flu-
orescence microscopy of ponA mutant cells grown in 2X YT
medium at 30°C and double stained with Oregon green-WGA
and DAPI to visualize cell walls, septa, and nucleoids showed
that pon4 mutant cells not only are longer than wild-type cells
(mean cell length was 6.4 um for pon4 mutant cells [n = 98]
and 3.9 um for wild-type cells [n = 137]), consistent with a
previous report (46), but also contain a larger average number
of nucleoids per cell (2.5; n = 98) than wild-type cells (1.8;n =
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anti-FLAG + WGA

FIG. 3. Immunofluorescence of ponA-FLAG (A, B, and C) or wild-type (D) cells grown in 2X YT medium at 37°C. The figure shows immunodetection of the FLAG
epitope only (red), staining of cell walls and septa with Oregon green-conjugated WGA (green), and an overlay of those images showing simultaneously visualized
PBP1-FLAG and cell walls and septa. Arrows point to PBP1-FLAG localization at midcell; arrowheads show PBP1-FLAG bands that colocalize with completed septa
between two cells in a chain (completed septa stain very brightly with Oregon green-WGA, in contrast to nascent septa at midcell, which appear as faint green bands;

see also Materials and Methods). Bar, 10 pum.

137), suggesting a reduced efficiency of septation of the ponA
mutant (Fig. 4 and 5). Similar results were obtained when cells
were grown at 37°C (results not shown). Interestingly, bright
green dots could often be observed at the periphery of Oregon
green-WGA-stained ponA mutant cells grown in 2X YT me-
dium at 30°C (39% of the cells; n = 163) (Fig. 4A) or at 37°C
(39%; n = 222), suggesting that at these sites septation was
initiated but failed to go to completion. The proportion of
ponA mutant cells with bright green dots was lower, but still
significant, when the cells were grown in 2X YT medium to
which 1 mM or 10 mM MgCl, had been added (23% of the
cells [n = 279] grown at 37°C in 2X YT with 1 mM MgCl, had
bright green dots, while with 10 mM MgCl,, the number was
25% [n = 282]), suggesting that the lack of PBP1 results in a
significant septation defect even under these conditions. Based
on electron microscopy data (Fig. 6, and see below) we esti-
mate that about 50% of the cell wall dots were located between
well-segregated nucleoids while the remaining dots were lo-
cated at positions overlapping the DNA. No cell wall dots were
observed in wild-type cells (n = 339) grown at 37°C in 2X YT

medium, indicating that the observed septation defect was
indeed due to the ponA mutation.

To investigate the septation defect of the pon4 mutant in
more detail, sections of pon4 mutant and wild-type cells were
prepared and examined by electron microscopy (Fig. 6). This
analysis showed that while most dividing pon4A mutant cells
(73%; n = 103) had septa that looked like those of wild-type
cells (Fig. 6C), a significant proportion (27%; n = 103) had
abnormal clusters of cell wall material assembled at distinct
sites at the cell periphery (Fig. 6A) or displayed incomplete
septa with aberrant morphology (Fig. 6B). Presumably these
abnormal septa or wall clusters correspond to the fluorescent
dots seen by fluorescence microscopy of ponA mutant cells
(Fig. 4A, and see above), and this observation further supports
a role for PBP1 in septal peptidoglycan synthesis. However, it
cannot be ruled out that these abnormal septa or cell wall
clusters are a secondary effect of the reduced diameter and/or
general changes in the cell wall structure of the pon4 mutant
(46).
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FIG. 4. Fluorescence micrographs showing filamentation in a pon4 mutant (strain PS2062) grown at 30°C in 2X YT medium. (A and B) ponA4 mutant cells; (C)
wild-type cells. (Ai, Bi, and Ci) DAPI staining of nucleoids (blue); (Aii, Bii, and Cii) staining of cell walls and septa with Oregon green-conjugated WGA (green); (Aiii,
Biii, and Ciii) overlay of DAPI staining and cell wall staining. Bar, 10 pm. Arrows in panels Aii and Aiii show a bright green dot in the periphery of pon4 mutant cells
between two nucleoids (arrow in Ai). Such dots were seen in 39% of the ponA4 mutant cells examined (n = 163) but were not seen in wild-type cells (0%; n = 137).
Similar results were obtained when cells were grown in 2X YT medium at 37°C (39% of the ponA mutant cells had dots [n = 222]; 0% of wild-type cells had dots [n =

339]).

FtsZ localization in cells lacking PBP1. An essential and
very early event in cell division is the assembly and polymer-
ization of FtsZ into a cytokinetic ring at midcell (9, 48). Given
the effect of the ponA mutation on septum formation, we were
interested in analyzing the effect of this mutation on FtsZ ring
formation. Log-phase cultures of ponA mutant and wild-type
cells were fixed and subjected to immunofluorescence micros-
copy by using a rabbit antiserum against B. subtilis FtsZ fol-
lowed by staining with Cy3-conjugated secondary antibodies as
well as DAPI and FITC-conjugated WGA to visualize nucle-
oids, septa, and cell walls. Examination of the immunostained
cells showed that the pon4 mutation had a significant but very

pleiotropic effect on FtsZ localization. Some pon4 mutant cells
had normal FtsZ localization, which was seen as a bright ring-
like structure at the midpoint of the cell with one or two
well-segregated nucleoids on each side (Fig. 7B, leftmost cell).
Others had two closely positioned FtsZ rings at anticipated
division sites, which were not always perpendicular to the long
axis of the cell (Fig. 7A). Cells with normal-appearing FtsZ
rings at inappropriate sites, such as an acentric ring in a cell
with three or more nucleoids (Fig. 7B), as well as cells with no
visible FtsZ rings, were also observed. In some of the latter
cells, a diffuse or fuzzy signal between two separated nucleoids
was sometimes detected, suggestive of aggregated or disassem-
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FIG. 5. Cell length and number of nucleoids for pon4 mutant (A) and wild-
type (B) cells grown at 30°C in 2X YT medium. Images similar to those shown
in Fig. 4 were used for the analysis. Cell lengths were measured as described in
Materials and Methods, and the number of visible, fully segregated nucleoids
present in each cell was counted. A total of 98 and 137 cells are depicted in
panels A and B, respectively. The mean cell length and nucleoid content ob-
tained were, respectively, 6.4 um and 2.5 for pon4 mutant cells and 3.9 wm and
1.8 for wild-type cells.

bled FtsZ protein. To compare FtsZ localization in pon4 mu-
tant and wild-type cells, immunostained cells were scored for
FtsZ localization by using the following criteria: (i) normal
FtsZ rings, which were defined as a nice ring-like localization
at the midpoint of the cell with one or two separated nucleoids
on each side; (ii) abnormal FtsZ rings, which were either dou-
ble rings or FtsZ rings at inappropriate sites; and (iii) no FtsZ
rings, a category used when cells had one or two nucleoids and
no FtsZ rings. This analysis showed that most pon4 mutant
cells (52%; n = 507) had normal FtsZ rings and a significant
proportion (22%; n = 507) had abnormal FtsZ rings, while the
remaining 26% (n = 507) had no FtsZ rings. In contrast, 82%
(n = 425) of the wild-type cells had normal FtsZ rings and 3%
(n = 425) had abnormal rings, while 15% (n = 425) showed no
FtsZ rings (Table 2). These results therefore demonstrate that
the ponA mutation has a significant, but very pleiotropic, effect
on FtsZ localization, presumably because the effects of the
ponA mutation itself are very pleiotropic (35, 46).

SEPTAL LOCALIZATION OF PBP1 IN BACILLUS SUBTILIS 3207

FIG. 6. Electron micrograph showing cross-sections of pon4 mutant and
wild-type cells grown at 37°C in 2X YT medium. (A and B) pon4 mutant cells;
(C) wild-type cell. The arrowheads indicate aberrant septa or cell wall clusters in
ponA mutant cells. Note that the cell wall clusters shown in panel A are at
positions overlapping the DNA. Bar, 0.5 pm.

DISCUSSION

The main contributions of the present work can be summa-
rized as follows: (i) PBP1 localizes to the division site in B.
subtilis cells, (ii) a significant proportion of pon4 mutant cells
grown under normal growth conditions are filamentous or have
a septation defect, and (iii) while FtsZ localizes correctly in
most ponA mutant cells grown under normal conditions, a
significant proportion of ponA mutant cells contain FtsZ rings
that have aberrant morphology or are localized at inappropri-
ate sites.

Role of PBP1 in septum formation. The localization of PBP1
to the division site strongly suggests that PBP1 is directly in-
volved in septal peptidoglycan synthesis. The only other PBP
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Cii

FIG. 7. Immunolocalization of FtsZ in pon4 mutant (A and B) and wild-type (C) cells grown in 2X YT medium at 37°C. (Ai, Bi, and Ci) Overlay of FtsZ localization
(red and yellow), DAPI staining of nucleoids (blue), and staining of cell w and septa with FITC-conjugated WGA (green); (Aii, Bii, and Cii) overlay of FtsZ
lization (red) and DAPI staining (blue). The arrows in panels Ai and Aii indicate an aberrant FtsZ ring, and those in panels Bi and Bii indicate an FtsZ ring at

an inappropriate location. Bar, 10 wm.
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TABLE 2. FtsZ localization patterns

Number (%) of cells of”:
FtsZ pattern”

Wild-type strain ponA mutant strain

Normal 348 (82) 262 (52)
Abnormal 11 (3) 112 (22)
No rings 66 (15) 33 (26)

“ Normal is a single FtsZ ring at midcell with one or two separate nucleoids on
both sides, abnormal is double rings, fuzzy or diffuse localization, or rings at
inappropriate locations, such as an acentric ring in a cell with three or more
nucleoids, and no rings is a cell with one or two nucleoids and no FtsZ ring.

b Cells in fields like those shown in Fig. 7 were used for the analysis.

that has been directly implicated in septum synthesis is the
class BHMW PBP2b, which is homologous to E. coli FtsI (62).
Given that class B HMW PBPs have no transglycosylase activ-
ity (1, 17, 57), it is likely that PBP2b and PBP1 cooperate
during septal peptidoglycan synthesis in B. subtilis, as has been
proposed for E. coli FtsI and PBPla and PBP1b (61). How-
ever, in contrast to PBP2b, which is an essential protein (62),
inactivation of ponA is not lethal under normal growth condi-
tions (35, 45, 46). This suggests the presence in B. subtilis of
another protein with transglycosylase activity involved in sep-
tum synthesis. Possible candidates for such a protein are the
two other known B. subtilis HMW class A PBPs, PBP2c and
PBP4, because previous studies have shown that the growth
and morphology defects associated with a ponA insertional
mutation are exacerbated greatly by the additional loss of
PBP4 and only slightly by the loss of PBP2c (46). However,
cells lacking PBP4, PBP2c, or both do not display any signifi-
cant growth defects under normal growth conditions (43, 44,
46), suggesting that any contribution of either of these proteins
to septal wall synthesis is clearly dispensable when PBP1 is
present. Furthermore, a mutant lacking the PBPs PBPI,
PBP2c, and PBP4 is viable, although its growth is seriously
impaired (46), suggesting the involvement of yet another (un-
known) protein. Recently the B. subtilis genome sequencing
project identified ywhE as a gene encoding a putative class A
HMW PBP (28). We are now planning to generate a mutant
that lacks all four class A HMW PBP-encoding genes to de-
termine whether such a mutant is viable. In this respect it is
worth noting that inactivation of PBP1a and PBP1b in E. coli
is lethal (63), despite the presence of a third class A HMW
PBP in this organism (23) as well as a putative monofunctional
peptidoglycan transglycosylase (54). Inactivation of a single
ponA homolog in Neisseria gonorrhoeae is also lethal (47),
again despite the presence of a putative monofunctional pep-
tidoglycan transglycosylase in this organism (54).

Septal peptidoglycan synthesis is not the only function of
PBP1. Previous studies have shown that inactivation of ponA
produces cells that are not only longer than wild-type cells but
also thinner and more bent (46), suggesting a role for PBP1 in
lateral wall synthesis. In contrast, B. subtilis cells containing a
C-terminal truncated version of PBP2b, a protein presumed to
function only in cell division, grow as filaments, but their cell
diameter was not significantly different from that of wild-type
cells (62). In addition, our results do not exclude the possibility
that PBP1 is present in the membrane lining the cylindrical
parts of the cell wall, because the local concentration of PBP1
at such sites may be too low to be detected. Taken together, the
results make it seem likely that during cell elongation, PBP1 is
involved in cylindrical cell wall synthesis and is present at fairly
low local concentrations at a number of sites in the membrane
lining the cylinder. Subsequently, upon initiation of cell divi-
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sion, PBP1 localizes to the midpoint of the cell by some un-
known mechanism, becomes part of the divisome complex
(37), and promotes the formation of septal peptidoglycan, pos-
sibly by synthesizing primers which are subsequently cross-
linked by PBP2b.

Timing of PBP1 localization. One of the earliest events in
septation in E. coli is the polymerization of the tubulin-like
FtsZ protein into a cytokinetic ring at midcell, which contracts
during the septation process and maintains a position at the
leading edge of the invaginating septum (9, 48). Formation of
the FtsZ ring occurs in the absence of functional FtsA, FtsQ,
FtsI, FtsK, or FtsW (2, 4, 27, 64). Conversely, septal localiza-
tion of FtsA and FtsK is FtsZ-dependent (4, 64) and FtsI
localization depends on FtsZ, FtsA, FtsL, and FtsQ (58, 59),
while FtsN localization depends on prior FtsZ and FtsA local-
ization and requires the function of FtsI and FtsQ (3). In most
cases, these localization studies are indicative of the stage in
septation during which a given protein acts. For example, ftsZ
mutant cell filaments have a smooth morphology, indicating a
role for FtsZ very early in the division process (8, 56), while fis/
mutant cell filaments have indentations at septal positions sug-
gesting a role for Ftsl in the continuation rather than initiation
of septum formation (36, 38). Inactivation of PBPla and
PBP1b with the antibiotics cefsulodin and moenomycin, which
inhibit the transpeptidase activity and transglycosylase activity,
respectively, does not prevent initiation of constriction during
cell division in E. coli (36, 61), suggesting that PBPla and
PBP1b, like Ftsl, are not required for initiation of septum
formation in E. coli.

In the present study we found that 17% of 151 fluorescent
PBP1 bands observed colocalized with completed septa be-
tween two cells in a chain (Fig. 3A, B, and C). In addition, in
the majority of cells with midcell PBP1 fluorescence (70% of
126 cells), septal peptidoglycan was also visible at these posi-
tions as judged by the presence of faint green bands upon
staining with Oregon green-WGA. This is in contrast to FtsZ,
which was not observed to colocalize with septa visualized by
FITC-WGA staining (Fig. 7 and data not shown), suggesting
that PBP1 localizes to the division site after assembly of the
FtsZ ring and that PBP1 probably acts at a relatively late stage
in septation. In support of this idea, immunofluorescence and
electron microscopy of B. subtilis ponA mutant cells showed
that a significant proportion of the cells (27 to 39%) had
abnormal septa or clusters of cell wall material at the cell
periphery, indicating that in such cells, septum formation had
initiated but failed to complete. Furthermore, by immunoflu-
orescence microscopy of ponA mutant cells we found that FtsZ
rings formed normally in the majority of the cells (56%; n =
507), indicating that localization of FtsZ to the division site
does not require prior localization of PBP1. However, we also
found that a significant proportion of the pon4 mutant cells
(22%; n = 507) contained FtsZ rings that had aberrant mor-
phology or were present at inappropriate locations, indicating
that the lack of PBP1 somehow interferes with the stability or
assembly of the FtsZ ring. That the effect of the pon4 mutation
on FtsZ localization is so pleiotropic is not surprising, given
that PBP1 is involved not just in cell division but also in lateral
cell wall synthesis and maintenance of the correct cell diame-
ter, as discussed above. Consequently, we find it difficult to
explain precisely how the ponA4 mutation affects FtsZ localiza-
tion, but there are several possibilities: (i) the reduction of the
diameter of the cell could affect FtsZ ring assembly or stability;
(ii) some general change in the cell wall structure may alter
interactions between the cell wall and the membrane, which in
turn may interfere with the binding of FtsZ to its membrane
nucleation site; (iii) changes in septal peptidoglycan structure
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or interactions between proteins at the division site could in-
terfere with the stability of the FtsZ ring; and (iv) effects on cell
growth might interfere with general cues for cell division. How-
ever, we think it is important to stress that the majority of the
ponA mutant cells had normal FtsZ localization, indicating
that PBP1 is not completely essential for the localization and
binding of FtsZ at the division site.

Interestingly, some of the FtsZ localization patterns ob-
served in the pon4 mutant are reminiscent of those reported in
a study by Addinall and colleagues (2) for E. coli filaments with
mutations in the fts4, ftsQ, or ftsI gene. These authors found
that a large proportion of such filaments had more than two
FtsZ rings, some had indentations or FtsZ rings with variable
spacing, and some filaments had no FtsZ rings, and they sug-
gested that blocking of septal peptidoglycan synthesis blocks
progression of the FtsZ ring and may thus lead to its destabi-
lization (2). In a similar study it was found that inactivation of
FtsI by temperature or cephalexin also had very pleiotropic
effects on FtsZ localization, and it was shown that inactivation
of FtsI inhibits constriction of the FtsZ ring and delays the
assembly of FtsZ rings at future division sites, resulting in a
lower overall average number of FtsZ rings per cell under
these conditions (40). It is possible that the lack of PBP1 at the
septum in B. subtilis affects FtsZ ring formation by a similar
mechanism.

Recently it was shown by fluorescence microscopy that E.
coli cells which lack a protein required for the synthesis of the
major membrane lipid component phosphatidylethanolamine
(PE) have a defect in cell division and contain FtsZ rings with
aberrant structure at potential division sites (reference 33 and
references therein). For example, some PE-deficient filaments
were found to contain FtsZ bands that were not perpendicular
to the long axis of the cell, a number of very long filaments only
had a few FtsZ rings, and others had regularly spaced FtsZ
rings with normal morphology (33). One suggested explanation
for these findings is that changes in the phospholipid compo-
sition of the cell membrane may affect FtsZ ring formation
indirectly by altering the interaction between FtsZ and its
membrane nucleation site (33). Given the effect of the ponA
mutation on overall cell wall structure and cell dimensions, the
cell membrane structure may also be affected and consequently
the inactivation of pon4 may affect FtsZ ring formation by a
mechanism similar to that of PE deficiency.
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