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Rod-shaped bacteria grow by a repetitive cycle of elongation followed by division, and the mechanisms responsible for these two
processes have been studied for decades. However, little is known about what happens during the transition between the two
activities. At least one event occurs after elongation ends and before division commences, that being the insertion of new cell
wall peptidoglycan into a narrowly circumscribed ribbon around midcell where septation is destined to take place. This inser-
tion does not depend on the presence of the septation-specific protein PBP3 and is therefore known as PBP3-independent pepti-
doglycan synthesis (PIPS). Here we report that only FtsZ and ZipA are required to generate PIPS in wild-type Escherichia coli.
PIPS does not require the participation of other members of the divisome, the MreB-directed cell wall elongation complex, alter-
nate peptidoglycan synthases, the major peptidoglycan amidases, or any of the low-molecular-weight penicillin binding pro-
teins. ZipA-directed PIPS may represent an intermediate stage that connects cell wall elongation to septal invagination and may
be the reason ZipA is essential in the gammaproteobacteria.

As Escherichia coli elongates, new cell wall peptidoglycan is in-
serted diffusely into the cylindrical side walls (11, 19, 22, 72),

but when division begins, most peptidoglycan synthesis is redi-
rected to the invaginating septum (72, 73). This two-step cycling
between elongation and division was described first by Schwarz et
al. (57) and later developed into the idea that the elongation and
septation machineries might compete so strongly with one an-
other that only one could be active at a time (12, 55). Although this
proposal may overstate the case, there is general agreement that
the two stages of cell wall synthesis are distinct. For E. coli and
other rod-shaped bacteria, the prevailing view is that the elonga-
tion complex is composed of peptidoglycan-synthesizing enzymes
whose localization and spatial orientation are controlled by the
cytoskeletal protein MreB in conjunction with MreCD, PBP2,
RodA, RodZ, and others (13, 14, 16, 19, 26, 29, 43). Conversely,
during the invagination stage, the peptidoglycan-synthesizing en-
zymes are believed to be redirected to work with the cytoskeletal
protein FtsZ and its associated proteins, which constitute the di-
visome (19). Of particular importance is that penicillin binding
protein 3 (PBP3, also known as FtsI) is absolutely required for
synthesis of septal peptidoglycan during the latter period.

Although a great deal is known about these two stages of cell
wall synthesis, a major open question is how the transition from
one to the other is regulated and what happens during this tran-
sition. Somehow the relevant peptidoglycan-synthesizing en-
zymes must transfer from the MreB-directed elongation appara-
tus to the FtsZ-dominated division machinery. Wientjes and
Nanninga provided the first hints about this intermediate stage by
observing that cell division is composed of two separate and se-
quential peptidoglycan-synthesizing reactions (72). The first is a
PBP3-independent reaction that occurs prior to any visible con-
striction at the division site, and the second is the well-known
PBP3-dependent reaction that accompanies septal invagination
(72). These authors concluded that “more than one switch in pep-
tidoglycan synthesis takes place during constriction: one to initi-
ate the constriction process and a second to activate PBP3 to con-
tinue it” (72). Thus, there appear to be at least two transitional
events interposed between cell wall elongation and division. The

first initiation event is now referred to as PIPS (PBP3-independent
peptidoglycan synthesis) (48), and it may represent the earliest
detectable signature of the transition from elongation to division.
Of particular note is that this poorly understood stage of septal
maturation may be the time at which bacteria are most susceptible
to antibiotics that interfere with cell wall synthesis (21).

PIPS was described for E. coli in 1989 to 1991 (48, 49, 72). More
recently, Aaron et al. found an analogous insertion of peptidogly-
can at the midcell prior to invagination of Caulobacter crescentus
(1), implying that PIPS may be a common transitional phase in
different bacterial genera. However, since it was first described,
there has been little movement toward understanding the nature
of this reaction, which is surprising because an essential and sub-
stantial reorganization of the cell wall synthetic apparatus must
occur within this interval. What is known is that immediately
prior to any visible invagination, new peptidoglycan is incorpo-
rated into a ring (the “PIPS band”) around the cell’s center, that
formation of this band requires FtsZ, and that this preseptal pep-
tidoglycan insertion proceeds even when PBP3 (FtsI) is inactive
(22, 48, 49, 72). To date, the only other proteins tested and shown
not to be required are FtsA and FtsQ (22).

Here, to further dissect this important transitional event, we
determined which of the known divisome or cell wall elongation
components were required for FtsZ-directed PIPS. We found that
only ZipA, one of the first two members of the divisome, was
required for PIPS in wild-type E. coli, which is consistent with the
idea that PIPS represents an early stage in the transition between
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elongation and division. PIPS did not require the participation of
members of the MreB-directed cell wall elongation complex, nor
was this preseptal synthesis affected by removing alternate pepti-
doglycan synthases, amidases, or penicillin binding proteins.

MATERIALS AND METHODS
Strains, plasmids, media, and growth conditions. Bacterial strains are
listed in Table 1 and were constructed using standard phage P1 transduc-
tion protocols. Bacteria were cultured overnight in Luria-Bertani (LB)
broth supplemented with appropriate antibiotics, as required, to give the
following final concentrations: kanamycin, 50 �g/ml; chloramphenicol,
20 �g/ml; spectinomycin, 50 �g/ml; or tetracycline, 10 �g/ml. Cultures
were incubated at 37°C or at 30°C for temperature-sensitive mutants.
Antibiotics and chemicals were purchased from Sigma, St. Louis, MO,
unless otherwise noted. Plasmid pCX16 (sdiA aadA; spectinomycin resis-
tant) was from P. de Boer (70); constitutive expression of sdiA from this
plasmid increases the level of the FtsZ protein in E. coli (6). The envC,
mtgA, and ynhG genes were deleted from E. coli by � Red recombination,
as described in Materials and Methods in the supplemental material.

PIPS assay: D-cysteine labeling. Cells were pulse-labeled with D-cys-
teine, sacculi were purified, and incorporated D-cysteine was detected by
biotinylation and immunolabeling as described previously (22, 53, 64, 66)
but with the following modifications. Overnight cultures were diluted
(1:200) in fresh LB or LB-0.5% NaCl to give an initial starting optical
density at 600 nm (OD600) of �0.015 to 0.02. The cultures were incubated

for 10 min at 37°C or for 20 min at 30°C, at which time D-cysteine was
added (200 �g/ml, final concentration). When the cultures reached an
OD600 of 0.3 to 0.4 (after 3 to 4 generations), the cells were harvested by
centrifugation at room temperature and resuspended in prewarmed LB
without D-cysteine. When required, aztreonam (1 �g/ml) was added at
the start of the chase period. Cells were harvested after one mass doubling,
and sacculi were purified and immunolabeled. Temperature-sensitive
strains were treated in the same way, except that the cells were grown in
the presence of D-cysteine at 30°C before being resuspended in pre-
warmed 42°C LB (0.5% NaCl), incubated for one mass doubling during
the chase period, and then chilled on ice and harvested by centrifugation
at 4°C.

Sacculus purification, biotinylation, and immunolabeling. Cells
were resuspended in 3 ml of LB containing aztreonam (as required) or in
LB– 0.5% NaCl (for temperature-sensitive strains) and added dropwise to
6 ml of boiling 6% sodium dodecyl sulfate (SDS). Samples were boiled for
4 to 5 h and incubated overnight at room temperature with gentle stirring.
The next day, the samples were resuspended in 3 ml of 0.5% SDS, boiled
for an additional 2 h, and then washed 3 times with distilled water to
remove SDS. Washing was performed by centrifugation at 30°C at 65,000
rpm for 15 min in a Beckman Optima TLX ultracentrifuge with a TLA110
rotor. Sacculi were resuspended in 1� phosphate-buffered saline (PBS),
�-chymotrypsin was added to 300 �g/ml, and the sacculi were incubated
overnight at 37°C. The next day, SDS (0.5% final) was added, the samples
were boiled for 2 h, pelleted, and resuspended in 50 mM sodium bicar-

TABLE 1 Bacterial strains

Strain Genotype Gene, P1 source � recipient
Source and/or
reference

CS109 W1485 glnV (supE) rpoS rph Lab collection (20)
MG1655 ilvG rfb-50 (IS5 insertion) rph-1 Lab collection (65)
W3110 rph-1 IN(rrnD rrnE)1 J. Lutkenhaus (41, 50)
CS703-1 CS109 mrcA::res dacB::res dacA::res dacC::res pbpG::res

ampC::res ampH::res
20

LP3-1 CS109 envC::kan �envC from LP2a � CS109 This work
LP6-1K W3110 ftsA12 leu::Tn10 mrcB::kan �mrcB from BMCS20K-1a � PS236 This work
LP7-1 W3110 ftsZ84 leu::Tn10 ftsZ84 from WM1109a � W3110 This work
LP8-1K W3110 ftsA12 leu::Tn10 mrcA::kan �mrcA from BMCS04-1Ka � PS236 This work
LP11-1 W3110 ftsK44 aroA::Tn10 ftsK44 from C600-4a � W3110 This work
LP19-1 pCX16 W3110 mreB::kan �mreB from P2357a � W3110 This work
LP20-1 pCX16 W3110 mreCD::kan �mreCD from FB14 pCH244a � W3110 This work
LP21-1 pCX16 W3110 mreBCD::kan �mreBCD from P2394a � W3110 This work
LP35-1K pCX16 W3110 rodA::kan �rodA from P3962a � W3110 This work
PS223 W3110 zipA1 J. Lutkenhaus (50)
PS234 W3110 ftsA12 leu::Tn10 zipA1 J. Lutkenhaus (50)
PS236 W3110 ftsA12 leu::Tn10 J. Lutkenhaus (50)
RP182 CS109 amiC::kan 54
SKW16-1 W3110 ftsI23 leu::Tn10 ftsI23 from MCI23a � W3110 This work
SKW20-1 W3110 ftsI23 leu::Tn10 mrcA::kan �mrcA from BMCS04-1Ka � SKW16-1 This work
SKW27-1 W3110 ftsA(R286W) leu::Tn10 zapB::frt zapC::aph

zapA::cat
�zapA from MC1000 zapAa � SKW21-1a This work

SKW30-1 pCX16 W3110 rodZ::aph �rodZ from P5439a � W3110 This work
SKW33-1 W3110 ftsQ1 leu::Tn10 ftsQ1 from SKM1a � W3110 This work
SKW35-1 W3110 pbp1C::res mtgA::res ynhG::frt ycbB::frt ftsA12

leu::Tn10
ftsA12 from PS236 � SKW32-1a This work

SKW36-1 W3110 ftsEX::cat ftsI23 leu::Tn10 ftsI23 from MCI23a � LP22-1a This work
SKW41-1 W3110 pbp1C::res mtgA::res ynhG::frt ycbB::frt ftsA12 leu::

Tn10 mrcA::kan
�mrcA from BMCS04-1Ka � SKW35-1 This work

SKW42-1 W3110 pbpC::res mtgA::res ynhG::frt ycbB::frt ftsA12 leu::
Tn10 mrcB::kan

�mrcB from BMCS20K-1a � SKW35-1 This work

SKW49-1 W3110 zapB::frt zapC::frt zapA::cat ftsA12 leu::Tn10 ftsA12 from PS236 � SKW48-1a This work
WM1657 MG1655 ftsA(R286W) leu� zipA::aph W. Margolin (31)
a The strain is listed in Table S1 in the supplemental material.
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bonate, and 1 mg sodium borohydride was added, followed by incubation
at room temperature for 30 min to reduce the D-cysteine thiol groups. The
sodium borohydride was inactivated by slowly adding 20% phosphoric
acid to reduce the pH of the sample to 4.0, after which the sacculi were
pelleted and resuspended in 0.6 ml of 25 mM sodium bicarbonate. To
each of these samples was added 0.4 ml EZ-Link HPDP-biotin (2.2 mg/
ml) (Pierce), which had been freshly prepared by dissolving in anhydrous
dimethyl sulfoxide (DMSO), and the samples were incubated at room
temperature for 1 h. The sacculi were pelleted, resuspended in 100 �l of
distilled water, and stored at 4°C.

Biotinylated sacculi were immunolabeled on coverslips by adding an-
tibiotin antibody (mouse IgG; Abcam, Cambridge, MA), diluted 1:100 in
PBG (0.4% bovine serum albumin [BSA] and 0.2% gelatin in 1� PBS).
Antibody was detected by secondary labeling with goat anti-mouse IgG
conjugated to Alexa Fluor 568 (Invitrogen, California), diluted 1:250 in
PBG. Total peptidoglycan was labeled with antimurein antibody (rabbit
serum, a gift from Miguel de Pedro, Universidad Autónoma de Madrid,
Madrid, Spain) diluted 1:200 in PBG and then detected by secondary
labeling with goat anti-rabbit antibody conjugated to AF488 (Invitrogen)
diluted 1:250 in PBG. The labeled sacculi were air dried, and the coverslips
were inverted onto clean glass slides spotted with a drop of Prolong-Gold
antifade reagent (Invitrogen), cured overnight in the dark at room tem-
perature, and then sealed with clear nail polish.

Microscopy. Immunolabeled sacculi were imaged by using a wide-
field epifluorescence Zeiss Axio Imager.Z1 microscope fitted with a 100�
differential interference contrast objective (1.45 numerical aperture
[NA]). Images were acquired with a Zeiss Axiocam MRm cold charge-
coupled device camera, using appropriate filter cubes for fluorescence
image acquisition. High-resolution confocal images were obtained with a
Zeiss LSM510 Meta microscope fitted with a 63� plan-Neofluar oil im-
mersion objective (1.45 NA) and driven by the AIM software program.
Images were visualized with the Zeiss LSM image browser and AxioVision
software programs for confocal and bright-field images, respectively, and
were processed with Adobe Photoshop software to adjust brightness and
contrast.

RESULTS
ZipA is required for preseptal peptidoglycan synthesis in wild-
type E. coli. When PBP3 (FtsI) is inhibited by inactivating a tem-
perature-sensitive variant or by adding a PBP3-specific antibiotic,
such as aztreonam, E. coli grows as filaments that synthesize reg-
ularly spaced hoops of preseptal peptidoglycan located at poten-
tial division sites (22). These PIPS bands can be detected by using
the D-cysteine pulse-label-and-chase assay, in which segments of
preseptal synthesis appear as discrete unlabeled zones in purified
bacterial sacculi (22, 23). This is currently the simplest assay for
PIPS. When we inhibited division by shifting a strain containing a
temperature-sensitive FtsI protein (FtsI23) to 42°C for one mass
doubling, more than 85% of the cells exhibited distinct PIPS
bands (Fig. 1A and Table 2, row 1), which is consistent with pre-
vious reports (33, 23). Most of the time, three bands appeared—
one representing the original potential division site at midcell,
with two additional zones at the one- and three-quarter positions
of the filament (Fig. 1A and D and Table 2, row 1).

We reconfirmed that PIPS requires FtsZ by observing a mutant
carrying the temperature-sensitive allele ftsZ84. As expected, vir-
tually no PIPS bands were observed in sacculi grown in the ab-
sence of active FtsZ84 (Fig. 1B and Table 2, row 2). However, when
such cells are grown at 42°C, not only does the Z ring disappear
but the FtsZ84 monomer may be inactivated (3). Thus, it was
possible, though unlikely, that PIPS might not require a complete
Z ring but only the presence of unpolymerized but otherwise wild-
type FtsZ. To distinguish between these alternatives, we took ad-

vantage of the fact that Z rings form if either FtsA or ZipA is
present but do not form if these last two proteins are inactive (50,
71). When FtsA12 and ZipA1 were heat inactivated simultane-
ously, fewer than 7% of cells exhibited PIPS bands (Fig. 1C and
Table 2, row 3). This indicated that PIPS required the presence of
a Z ring and not just the presence of cytoplasmic monomers of
wild-type FtsZ.

Additional divisome proteins associate with FtsZ in a well-
defined order, beginning with the formation of the nascent Z ring
composed of FtsZ, FtsA, and ZipA (17, 34, 71). Therefore, we next
assayed for PIPS in mutants impaired at different points in the
divisome assembly pathway to determine how much of this struc-
ture was required. We first reconfirmed that PIPS bands appeared
in sacculi from cells in which the temperature-sensitive FtsA12
protein had been inactivated (Fig. 1D and Table 2, row 4) (22). In
contrast, PIPS was eliminated from about 90% of the cells in
which the ZipA1 temperature-sensitive protein was inactivated
(Fig. 1E and Table 2, row 5). As a further test, we assayed PIPS in
a zipA1 strain by localizing superfolder green fluorescent protein

FIG 1 ZipA is essential for PIPS. Confocal images of E. coli sacculi from cells
carrying one or more temperature-sensitive proteins, as noted to the left of
each set of panels. Cells were shifted to 42°C to inhibit the respective protein,
and sacculi were isolated and immunolabeled with antimurein to label total
peptidoglycan (�-PG, in green) and with antibiotin antibodies to label older
peptidoglycan made prior to the temperature shift (�-Biotin, in red). The
uninterrupted labeling by �-PG indicates that the peptidoglycan was uniform
and intact along the length of these sacculi. The dark and narrow unlabeled
zones in the �-Biotin panels of A and D represent newly synthesized pepti-
doglycan that accumulated at potential septation sites (PIPS bands). General-
ized peptidoglycan insertion occurred along the length of sacculi in panels B,
C, and E, but no well-defined PIPS bands were present. The following E. coli
strains were processed: SKW16-1 (A), LP7-1 (B), PS234 (C), PS236 (D), and
PS223 (E). In each panel, bar � 1 �m.
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(sfGFP)-PBP5 in live cells, as described previously (52). No sf-
GFP-PBP5 rings were observed, confirming the absence of PIPS
(not shown). The results indicated that in wild-type E. coli, pre-
septal peptidoglycan synthesis required an FtsZ ring anchored to
the cytoplasmic membrane by ZipA.

Other downstream divisome proteins are not required for
PIPS. Although Z rings can form in the presence of either FtsA or
ZipA, in each case the resulting rings fail to recruit downstream
divisome proteins, so that the cells do not divide (37, 50). The fact
that ZipA was necessary strongly suggested that PIPS required
only the earliest form of the Z ring without additional divisome
proteins. However, to be certain, we assayed for PIPS in cells in
which divisome assembly was impaired by the loss of other down-
stream proteins.

The ZapABC proteins are added to the Z ring soon after FtsA
and ZipA (17). Because PIPS occurs when FtsA is absent, we as-
sayed for preseptal synthesis in a strain from which the zapABC
genes were deleted and in which FtsA12 was heat inactivated at
42°C. Clear PIPS bands were formed under these conditions (Fig.
2A and Table 2, row 6). The next components to assemble onto the
Z ring are the FtsEX proteins (17), and interestingly, association of
FtsE with the ring requires ZipA but not FtsA (15). Because this
behavior parallels the requirements for PIPS, it raised the possi-
bility that FtsE might be involved. We deleted the ftsEX genes from
a strain carrying the temperature-sensitive FtsI23 protein. Clear
PIPS bands were observed in the absence of FtsE and FtsX (Fig. 2B

and Table 2, row 7), and the same result was obtained when FtsI
activity was inhibited by aztreonam (not shown). Similarly, PIPS
bands formed in strains in which temperature-sensitive variants
of FtsK (Fig. 2C and Table 2, row 8) or FtsQ (Fig. 2D and Table 2,
row 9) were inactivated, indicating that neither of these divisome
proteins were required for preseptal peptidoglycan synthesis.
Thus, except for ZipA, PIPS required no divisome proteins asso-
ciated with the first stage of Z-ring formation, nor did it require
the first two proteins added during the second stage of divisome
maturation.

Neither PBP1a nor PBP1b is a PIPS-specific synthase. Syn-
thesis of preseptal peptidoglycan requires the activity of one or
more peptidoglycan synthases. In E. coli, PBP1a and -1b possess
both glycosyltransferase and transpeptidase activities, enabling
them to polymerize and cross-link glycan chains (35). As far as is
known, these two enzymes synthesize virtually all cellular pepti-
doglycan, and cells must retain one or the other to remain viable
(20, 60). One difference between the two proteins is that PBP1b
exhibits some preference for the septum (10), suggesting that it
might be involved in preseptal synthesis. However, PBP1a and -1b
behaved similarly in PIPS assays. Strains lacking PBP1a produced
clear PIPS bands in either the ftsA12 (Fig. 2E and Table 2, row 10)
or ftsI23 (Fig. 2F and Table 2, row 11) background, as did a strain
lacking PBP1b in the ftsA12 background (Fig. 2G and Table 2, row
12) or in the ftsI23 background (Table 2, row 13; see also Fig. S1 in
the supplemental material). Oddly, when sacculi were isolated

TABLE 2 PIPS bands in sacculi from E. coli mutants

Row

Strain profile
Sacculi with
PIPS (%)

Total no.
of sacculi

No. of sacculi with
indicated no. of PIPS
bands

No. of
experimentsTS protein(s)a Deleted protein(s) 1 2 3

1 FtsI23 85.4 302 211 19 28 3
2 FtsZ84 1.0 478 5 0 0 3
3 FtsA12, ZipA1 6.8 880 51 8 1 5
4 FtsA12 80.1 594 350 52 74 3
5 ZipA1 9.6 1,620 136 10 9 5
6 FtsA12 ZapABC 75.5 367 16 28 126 3
7 FtsI23 FtsEX 87.0 231 14 29 72 2
8 FtsK44 92.8 783 672 27 28 2
9 FtsQ1 94.5 695 135 92 430 2
10 FtsA12 PBP1A 74.8 147 96 5 9 3
11 FtsI23 PBP1A 86.1 337 188 35 67 3
12 FtsA12 PBP1B 95.2 189 171 8 1 3
13 FtsI23 PBP1B 62.6 219 103 20 14 2
14 PBP1C, MtgA, YnhG, YcbB (� aztreonam) 68.6 169 98 10 8 2
15 FtsA12 PBP1C, MtgA, YnhG, YcbB, PBP1A 71.2 340 99 26 117 3
16 FtsA12 PBP1C, MtgA, YnhG, YcbB, PBP1B 62.4 274 125 23 23 3
17 AmiC 83.9 280 202 15 6 3
18 EnvC 78.4 231 115 26 40 3
19 PBP1A, -4, -5, -6, -7, AmpC, AmpH 81.0 168 136 0 0 2
20 MreB 62.6 155 97 0 0 2
21 MreCD 45.2 93 42 0 0 2
22 MreBCD 76.1 197 144 6 0 3
23 RodZ 47.3 112 53 0 0 2
24 RodA 28.8 80 23 0 0 2
25 FtsA* ZapABC 85.8 260 118 22 22 3
26 FtsA*, ZipA 82.0 428 175 80 40 3
27 FtsA*, ZapABC, ZipA 81.0 247 101 10 24 3
a TS, temperature sensitive.
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from a mutant lacking PBP1b but carrying the ftsI23 allele, at 55%
of the potential septa (n � 55), sacculi labeled with antibodies
directed against total murein exhibited a narrow band where the
peptidoglycan was stained less intensely (see Fig. S1A in the sup-
plemental material, �-PG). This seemed to indicate that there was
a defect in making peptidoglycan at these sites, which might ac-
count for at least part of the absence of D-cysteine labeling. How-
ever, even at these sites, the associated PIPS bands were clear and
wider than the putative peptidoglycan defects (see Fig. S1, �-bio-
tin). In addition, the defects were observed in this particular par-
ent strain even when FtsI23 was inactivated at 42°C in the presence
of active PBP1a and PBP1b (see Fig. S1B, �-PG), indicating that
the phenomenon was not related to the deletion of PBP1b. Finally,
even though about half of the observed PIPS bands might have
been artifacts caused by this defect, clear preseptal bands were
present at all other sites where the peptidoglycan remained intact,
further confirming that PBP1b was not absolutely required for
PIPS as long as PBP1a was present. Thus, neither PBP1a nor
PBP1b, individually or specifically, was required for preseptal
peptidoglycan synthesis. Since mutants lacking both proteins are
not viable, it is likely that PBP1a and -1b can substitute for one

another in synthesizing peptidoglycan during this stage of divi-
sion.

Alternate peptidoglycan synthases and L,D-transpeptidases
are not required for PIPS. It was possible, as was suggested by
Nanninga (48), that preseptal peptidoglycan synthesis might re-
quire one or more penicillin-insensitive peptidoglycan synthases
instead of PBP1a and -1b. The known candidates for such an ac-
tivity in E. coli are PBP1c (56, 69) and MtgA (4, 24, 25). Because
these enzymes exhibit only glycosyltransferase activity, they can
polymerize but not cross-link glycan strands. Yet another possi-
bility was that unlabeled PIPS bands might appear because D-cys-
teine in the fourth position in the peptide side chain had been
removed, resulting in zones of D-cysteine-free peptidoglycan. E.
coli encodes two penicillin-insensitive L,D-transpeptidases, YnhG
and YcbB, that might produce this effect (40, 44, 45, 69). To test
both these alternatives, we assayed for PIPS in a strain that lacked
these four genes (pbpC, mtgA, ynhG, and ycbB) (SKW32-1; see
Table S1 in the supplemental material). When PBP3 was inhibited
by adding aztreonam, clear PIPS bands appeared (Table 2, row
14). When the temperature-sensitive ftsA12 allele was introduced
into this quadruple mutant (SKW35-1), clear PIPS bands also

FIG 2 PIPS does not require downstream divisome proteins, peptidoglycan synthases, hydrolases, or low-molecular-weight PBPs. Sacculi from E. coli carrying
the indicated mutations were prepared and labeled as described in the legend to Fig. 1. Only the �-biotin labeling is presented because, with one exception as
noted in the text, all sacculi were stained uniformly with antipeptidoglycan antibody (not shown). The dashed lines in panels M, N, and O outline sacculi from
individual cells. Images were obtained with a Zeiss bright-field microscope (A and P) or a Zeiss confocal microscope (all other images). The asterisk (�) indicates
sacculi prepared from strains that were treated with aztreonam (2 �g/ml) to inhibit PBP3 (FtsI) to observe PIPS bands. The following E. coli strains were
processed: SKW49-1 (A), SKW36-1 (B), LP22-1 (C), SKW33-1 (D), LP8-1K (E), SKW20-1 (F), LP6-1K (G), SKW41-1, also including a deletion that eliminates
PBP1A expression (H), SKW42-1, including a deletion that eliminates PBP1B expression (I), RP182 (J), LP3 (K), CS703-1 (L), LP21-1 (M), SKW30-1 (pCX16)
(N), LP35-1K (pCX16) (O), SKW27-1 (P), and WM1657 (R). In each panel, bar � 1 �m.
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formed at 42°C (not shown). PIPS bands were also observed in
ftsA12 strains lacking these same four proteins but also missing
either PBP1a (Fig. 2H and Table 2, row 15) or PBP1b (Fig. 2I and
Table 2, row 16). Thus, the two alternate peptidoglycan synthases
and the two L,D-carboxypeptidases were not required to produce
PIPS.

AmiC, EnvC, and the hydrolytic PBPs are not required for
PIPS. The absence of D-cysteine label from PIPS bands might also
be explained by the complete removal of peptide side chains from
the peptidoglycan backbone. In particular, several peptidoglycan
hydrolases remove peptide side chains during daughter cell sepa-
ration (8, 9, 39, 54, 62), so it was possible that D-cysteine tags
might be removed at this time. To determine if PIPS bands were
created in this way, we tested mutants lacking the major septal
hydrolase AmiC (8, 62), the amidase activator EnvC (62), or six
low-molecular-weight PBPs that might remove D-cysteine from
peptidoglycan side chains (20). PIPS bands were present in sacculi
isolated from aztreonam-treated strains lacking AmiC (Fig. 2J and
Table 2, row 17) or EnvC (Fig. 2K and Table 2, row 18). PIPS
bands were also present in a mutant lacking seven PBPs, including
PBP1a and six low-molecular-weight PBPs (Fig. 2L and Table 2,
row 19). Thus, none of these peptidoglycan-modifying proteins
were required for PIPS, providing further support for the inter-
pretation that unlabeled regions in this assay represent the inser-
tion of new material.

MreBCD and associated cell wall elongation proteins are not
required for PIPS. The MreBCD proteins help maintain the rod
shape of E. coli and other bacteria by orienting and perhaps guid-
ing peptidoglycan synthesis during cell elongation (19, 27, 30, 63,
69). A hint that MreBCD might be involved in preseptal pepti-
doglycan synthesis comes from the fact that these proteins form
paired rings on either side of nascent Z rings at a time when pep-
tidoglycan synthases might be transferred from MreB to FtsZ con-
trol (67, 68). In addition, other proteins are associated with this
MreB-directed complex, including RodZ and RodA, and either of
these might also be involved in PIPS. We assayed for PIPS in the
absence of these proteins by taking advantage of the fact that mre
and similar mutants survive in the presence of excess FtsZ (6).
After inhibiting PBP3 by adding aztreonam, sacculi from cells
lacking MreB (strain LP19-1; Table 2, row 20), MreCD (strain
LP20-1; Table 2, row 21), MreBCD (Fig. 2M and Table 2, row 22),
RodZ (Fig. 2N and Table 2, row 23), or RodA (Fig. 2O and Table
2, row 24) all had clear PIPS bands at predivision sites. Many of
these bands were uneven or slightly V shaped, being wider on one
side of the cell than on the other (e.g., Fig. 2M and O). This pattern
was expected because such spherical E. coli bacteria frequently
divide by initiating invagination on one side of the cell before the
other (5, 6). Importantly, not only was MreB not required for PIPS
but neither were MreC or MreD, which connect cytoplasmic
MreB to the periplasmic peptidoglycan synthases. We note that in
three of these strains fewer than half the sacculi exhibited PIPS.
However, strains lacking PBP2 lyse after PBP3 is inhibited by
aztreonam, making it difficult to isolate intact sacculi from cells
treated this way (66). A similar situation may have arisen in the
current mutants because MreCD, RodA, and RodZ collaborate
with PBP2 to synthesize the lateral cell wall. Thus, sacculi with
PIPS bands may be underrepresented under these conditions. In
any case, the results indicate that none of the major proteins in the
peptidoglycan elongation complex are required for this preseptal
synthesis, extending our previous observations that PIPS occurs in

cells in which either MreB or PBP2 is inactivated by antibiotics
(66).

The FtsA* protein bypasses the requirement for ZipA. ZipA
is essential for the growth of wild-type E. coli. However, a single
amino acid change in FtsA creates a protein, FtsA* (FtsAR286W),
that allows E. coli to divide and survive in the absence of ZipA or
the normally essential cell division protein FtsK or FtsN (7, 31–
33). Therefore, we determined if cells expressing FtsA* could also
produce preseptal peptidoglycan in the absence of ZipA. PBP3 was
inhibited by adding aztreonam to strains carrying FtsA* and lack-
ing either the ZapABC proteins (Fig. 2P and Table 2, row 25), the
ZipA protein (Fig. 2R and Table 2, row 26), or the ZapABC and
ZipA proteins (Table 2, row 27). PIPS bands formed in all three
cases. The same result was observed when FtsA* was moved into
the W3110 background (not shown). Thus, under special circum-
stances, preseptal peptidoglycan could be synthesized in the ab-
sence of ZipA, though this protein is normally essential for the
viability of wild-type E. coli. Of special note, though, is that PIPS
bands appeared even in cells carrying the bypass FtsA* protein,
suggesting that cell division may require this peculiar stage of cell
wall synthesis.

DISCUSSION

Synthesis of the peptidoglycan cell wall is driven by two apparently
independent complexes: cell elongation is directed by MreBCD
plus PBP2 and associated proteins, whereas cell division is di-
rected by FtsZ plus PBP3 and associated proteins (19, 46). Surpris-
ingly little is known about what happens during the transition
between these two activities, but at least one event occurs after
elongation ends and just before division commences. This event,
the FtsZ-dependent synthesis of preseptal peptidoglycan (PIPS),
introduces a circumferential band of new peptidoglycan at the
midcell where septation will eventually take place (22, 48, 49, 72).
This phenomenon may be a bona fide transitional stage between
elongation and division, because it occurs at a defined time during
each cell cycle and because its formation is tightly regulated so that
sacculi of nondividing cell filaments contain multiple, evenly
spaced PIPS bands, each with similar dimensions and located at
potential septal sites (22). Here we report that of the major known
division and elongation proteins in wild-type E. coli, PIPS depends
only on the presence of FtsZ and ZipA. This requirement may
explain why ZipA is essential in the gammaproteobacteria (17),
and the results narrow the possibilities for what PIPS is and does.
In particular, the results rule out the following as being responsi-
ble for this intermediate stage of cell division: any currently known
divisome structure beyond that containing ZipA, the cell wall
elongation complex built around MreB, any of the known alter-
nate peptidoglycan synthases, and any of several peptidoglycan-
modifying enzymes (the major amidases, known and predicted
L,D-carboxypeptidases, or the endopeptidase and D,D-carboxy-
peptidase PBPs).

Explaining PIPS. Before this work, three possibilities could be
advanced to explain the synthesis of preseptal peptidoglycan syn-
thesis. PIPS could represent the following: (i) the last synthetic
activity of cell wall elongation complexes drawn to the midcell by
the nascent FtsZ ring, (ii) the first synthetic activity of an incom-
plete early-stage Z ring, or (iii) an intermediate stage of cell wall
synthesis or modification mediated by proteins different from
those involved in elongation or division. In the first scenario, FtsZ
would attract the MreB elongation complex to the midcell, and
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PIPS would represent a period of MreB-directed peptidoglycan
synthesis in which all activity was concentrated at the preseptal
site. Such a possibility was suggested by the fact that rings of Mre-
BCD, PBP2, and RodA assemble on either side of the nascent FtsZ
ring, placing them at midcell at the time when PIPS occurs (67,
68). In fact, it seems quite logical that the elongation and division
complexes should be brought into close proximity to spur the
transition from sidewall to septal synthesis, and PIPS might be the
visible signature of this event (67, 68). Also, the MreBCD-PBP2-
RodA complex spans the inner membrane into the periplasm (19,
43), making these proteins prime candidates for connecting FtsZ-
ZipA to the periplasmic peptidoglycan synthases. And finally, for-
mation of the paired MreB rings requires FtsZ but not FtsA, FtsQ,
or PBP3, requirements that are identical to those for PIPS (67).
However, two pieces of evidence reported here argue that the cell
wall elongation complex does not generate PIPS. First, MreB rings
assemble near FtsZ rings that are anchored to the membrane by
either FtsA or ZipA (67, 68), but PIPS occurs only when FtsZ is
anchored by ZipA. This indicates that the presence of periseptal
MreB rings is not sufficient to account for preseptal peptidoglycan
synthesis. Second, PIPS bands appear during the growth of spher-
ical cells lacking the MreBCD proteins, indicating that PIPS is not
simply a by-product created by concentrating the normal syn-
thetic activity of the MreB elongation complex at midcell.

The second explanation for PIPS is that it could represent an
early FtsZ-directed stage of septal synthesis, perhaps immediately
after peptidoglycan synthases are transferred from MreB to FtsZ.
The divisome itself matures in two stages: an early stage in which
FtsZ assembles with FtsA, ZipA, and ZapABC (and perhaps with
FtsEX), followed several minutes later by a second stage in which
the FtsKQBLWIN proteins complete the ring and initiate con-
striction (2, 19). With the exception of the requirement for FtsZ
and ZipA, PIPS bands appear in the absence of each of the other
first-stage components. Therefore, PIPS must occur during the
earliest stage of divisome assembly, well before FtsK, FtsQ, and
PBP3 are added. In this scenario, FtsZ-ZipA would receive the
peptidoglycan synthases (e.g., either PBP1a or -1b) from MreB
and redirect their activities to produce PIPS. Supporting this pos-
sibility are observations that under certain circumstances, FtsZ
can direct the synthesis of the lateral cell wall in the absence of
invagination (i.e., during the first stage of Z-ring formation) and
can do so in conjunction with PBP2 (1, 64, 66). Though PBP2
normally works with MreB to synthesize the sidewall, it is also
found at the division site (18), raising the possibility that a tran-
sient FtsZ-PBP2 collaboration could direct PIPS. However, PIPS
bands also appear when PBP2 is inactivated (66), so some type of
non-PBP2-dependent scenario must be at work. In any case, PIPS
may represent a division stage that accompanies or occurs imme-
diately after the transfer of peptidoglycan synthases from MreB to
FtsZ (61). This is the simplest alternative consistent with current
data.

The third possibility is that PIPS is produced by cell wall syn-
thases or accessory enzymes that differ from those involved in
sidewall synthesis or in PBP3-dependent invagination. If so, then
one or more peptidoglycan synthases would be recruited to the
FtsZ-ZipA ring and become active before the addition of PBP3.
There is as yet no evidence to support this alternative, and our
current results rule out many known and predicted alternate pep-
tidoglycan synthases and several hydrolases as being involved.

However, due to the current dearth of experimentation on the
subject, this option cannot be ruled out.

How might ZipA direct or influence PIPS? FtsZ is cytoplasmic,
and PIPS occurs in the periplasm, so it seems reasonable to assume
that at least one integral or transmembrane protein connects FtsZ
to the periplasmic peptidoglycan synthases (as suggested by Nan-
ninga more than 20 years ago) (48). One possibility is that ZipA
makes such a connection via its short N-terminal integral mem-
brane domain. Notably, when this segment is replaced with a re-
lated transmembrane domain, the hybrid protein still localizes to
the Z ring but does not restore division to a ZipA-depleted strain
(38). Thus, the ZipA N-terminal domain has an unknown func-
tion in addition to its role as a membrane anchor, though whether
this includes making contact with another protein is unknown.
One option is that this domain might interact with the transmem-
brane domains of PBP1a or -1b. Another possibility is that the
ZipA-to-periplasm connection is indirect; i.e., ZipA may bind a
second protein that is the direct (or indirect) connection to the
periplasm. To our knowledge, DMinC/DicB is the sole known pro-
tein complex that requires only ZipA for binding to the Z ring
(42). Although these two proteins inhibit Z ring formation and are
not candidates for being the PIPS connector, the existence of such
an interaction argues that an indirect ZipA-to-periplasm linkage
is possible. The results reported here rule out the most obvious
candidates as being the transmembrane connector, so the com-
munication between FtsZ and PIPS enzymes may be novel.

Based on sequence homology alone, ZipA is not a highly con-
served protein, being found only in the Gram-negative gamma-
proteobacteria (17, 47). However, orthologues or functional ho-
mologues may be expressed in Mycobacterium tuberculosis (59),
Bacillus subtilis (58), and Neisseria gonorrhoeae (28). The B. subtilis
protein SepF may bundle FtsZ polymers and tether them to the
membrane in a manner similar to that of ZipA (36). Moreover, the
N. gonorrhoeae protein SLO7ORF3, although sharing no sequence
similarity with E. coli ZipA, is structurally homologous and com-
plements an E. coli zipA null mutant (28). Thus, other proteins
may fill the physiological role of ZipA across many genera, making
the observations we report here of general import.

Bypassing ZipA. Finally, although wild-type E. coli requires
ZipA to form PIPS bands, this requirement can be waived, at least
in part, in a strain containing FtsA* (FtsAR286W). We note, how-
ever, that although this mutant can bypass the requirement for
ZipA, the PIPS phenomenon itself was recreated in FtsA* mu-
tants, implying that preseptal peptidoglycan synthesis may repre-
sent a distinct and necessary stage of bacterial division. In any
event, the ability of FtsA* to bypass the need for ZipA has at least
two possible implications. First, if PIPS is synthesized by the same
mechanism in both wild-type and ZipA	 FtsA* cells, then PIPS
cannot be mediated by an interaction that requires a specific
ZipA-to-transmembrane protein link (because the reaction con-
tinues to occur in the absence of ZipA). What this alternate mech-
anism might be is hard to fathom because it implies that an un-
known protein binds FtsZ and communicates with the periplasm.
Second, PIPS bands in FtsA* cells might be created by a different,
ZipA-independent mechanism. The working definition of PIPS is
simply that these preseptal zones represent peptidoglycan incor-
poration in the absence of functional PBP3 (FtsI), which means
that any such activity may give the same visual signature. For
example, if PIPS represents an intermediate stage in which the
peptidoglycan synthases are transferred from the MreB apparatus
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to the FtsZ ring, then cells carrying FtsA* may have developed a
way to do this in the absence of ZipA. This is certainly possible,
because FtsA* recruits downstream divisome proteins in the ab-
sence of ZipA (31, 33), and several newly identified FtsA mutants
behave similarly (51). Also, some bacteria seem to lack ZipA alto-
gether (17, 47), so other avenues that perform the same function
must exist. Intriguingly, mutations in genes other than ftsA can
also bypass the requirement for ZipA, but these suppressor muta-
tions have not yet been identified (51). In short, we do not yet
know whether these alternate pathways for generating PIPS bands
are mechanistically the same, aside from being ZipA independent.
This question can be answered only after the specific requirements
for ZipA-mediated PIPS formation have been defined.

In summary, ZipA orchestrates a distinctive type of FtsZ-de-
pendent cell wall synthesis at the transition between cell wall elon-
gation and invagination, thus opening the study of a new sequence
of events during this phase of cell division.

ACKNOWLEDGMENTS

We thank Bill Margolin, Piet de Boer, Joe Lutkenhaus, and David Weiss
for providing strains. We also thank Miguel de Pedro for providing anti-
peptidoglycan antibody and for suggestions regarding the D-cysteine la-
beling procedure and Allen Gies of the UAMS DNA Sequencing Core
Facility.

Research reported in this publication was supported by the National
Institute of General Medical Sciences of the National Institutes of Health
under award number R01GM061019 and by the Arkansas Biosciences
Institute, the major research component of the Arkansas Tobacco Settle-
ment Proceeds Act of 2000.

The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health.

REFERENCES
1. Aaron M, et al. 2007. The tubulin homologue FtsZ contributes to cell

elongation by guiding cell wall precursor synthesis in Caulobacter crescen-
tus. Mol. Microbiol. 64:938 –952.

2. Aarsman ME, et al. 2005. Maturation of the Escherichia coli divisome
occurs in two steps. Mol. Microbiol. 55:1631–1645.

3. Addinall SG, Cao C, Lutkenhaus J. 1997. Temperature shift experiments
with an ftsZ84(Ts) strain reveal rapid dynamics of FtsZ localization and
indicate that the Z ring is required throughout septation and cannot re-
occupy division sites once constriction has initiated. J. Bacteriol. 179:
4277– 4284.

4. Baizman ER, et al. 2000. Antibacterial activity of synthetic analogues
based on the disaccharide structure of moenomycin, an inhibitor of bac-
terial transglycosylase. Microbiology 146:3129 –3140.

5. Begg KJ, Donachie WD. 1998. Division planes alternate in spherical cells
of Escherichia coli. J. Bacteriol. 180:2564 –2567.

6. Bendezú FO, de Boer PA. 2008. Conditional lethality, division defects,
membrane involution, and endocytosis in mre and mrd shape mutants of
Escherichia coli. J. Bacteriol. 190:1792–1811.

7. Bernard CS, Sadasivam M, Shiomi D, Margolin W. 2007. An altered
FtsA can compensate for the loss of essential cell division protein FtsN in
Escherichia coli. Mol. Microbiol. 64:1289 –1305.

8. Bernhardt TG, de Boer PA. 2003. The Escherichia coli amidase AmiC is a
periplasmic septal ring component exported via the twin-arginine trans-
port pathway. Mol. Microbiol. 48:1171–1182.

9. Bernhardt TG, de Boer PA. 2004. Screening for synthetic lethal mutants
in Escherichia coli and identification of EnvC (YibP) as a periplasmic septal
ring factor with murein hydrolase activity. Mol. Microbiol. 52:1255–1269.

10. Bertsche U, et al. 2006. Interaction between two murein (peptidoglycan)
synthases, PBP3 and PBP1B, in Escherichia coli. Mol. Microbiol. 61:675–
690.

11. Burman LG, Raichler J, Park JT. 1983. Evidence for diffuse growth of the
cylindrical portion of the Escherichia coli murein sacculus. J. Bacteriol.
155:983–988.

12. Canepari P, Signoretto C, Boaretti M, Lleo MM. 1997. Cell elongation

and septation are two mutually exclusive processes in Escherichia coli.
Arch. Microbiol. 168:152–159.

13. Carballido-Lopez R. 2006. The bacterial actin-like cytoskeleton. Micro-
biol. Mol. Biol. Rev. 70:888 –909.

14. Carballido-Lopez R. 2006. Orchestrating bacterial cell morphogenesis.
Mol. Microbiol. 60:815– 819.

15. Corbin BD, Wang Y, Beuria TK, Margolin W. 2007. Interaction between
cell division proteins FtsE and FtsZ. J. Bacteriol. 189:3026 –3035.

16. Daniel RA, Errington J. 2003. Control of cell morphogenesis in bacteria.
Two distinct ways to make a rod-shaped cell. Cell 113:767–776.

17. de Boer PAJ. 2010. Advances in understanding E. coli cell fission. Curr.
Opin. Microbiol. 13:730 –737.

18. den Blaauwen T, Aarsman ME, Vischer NO, Nanninga N. 2003. Peni-
cillin-binding protein PBP2 of Escherichia coli localizes preferentially in
the lateral wall and at mid-cell in comparison with the old cell pole. Mol.
Microbiol. 47:539 –547.

19. den Blaauwen T, de Pedro MA, Nguyen-Disteche M, Ayala JA. 2008.
Morphogenesis of rod-shaped sacculi. FEMS Microbiol. Rev. 32:321–344.

20. Denome SA, Elf PK, Henderson TA, Nelson DE, Young KD. 1999.
Escherichia coli mutants lacking all possible combinations of eight penicil-
lin binding proteins: viability, characteristics, and implications for pepti-
doglycan synthesis. J. Bacteriol. 181:3981–3993.

21. de Pedro MA, Holtje JV, Schwarz H. 2002. Fast lysis of Escherichia coli
filament cells requires differentiation of potential division sites. Micro-
biol. 148:79 – 86.

22. de Pedro MA, Quintela JC, Höltje JV, Schwarz H. 1997. Murein segre-
gation in Escherichia coli. J. Bacteriol. 179:2823–2834.

23. de Pedro MA, Young KD, Höltje JV, Schwarz H. 2003. Branching of
Escherichia coli cells arises from multiple sites of inert peptidoglycan. J.
Bacteriol. 185:1147–1152.

24. Derouaux A, et al. 2008. The monofunctional glycosyltransferase of Esch-
erichia coli localizes to the cell division site and interacts with penicillin-
binding protein 3, FtsW, and FtsN. J. Bacteriol. 190:1831–1834.

25. Di Berardino M, Dijkstra A, Stüber D, Keck W, Gubler M. 1996. The
monofunctional glycosyltransferase of Escherichia coli is a member of a
new class of peptidoglycan-synthesising enzymes. FEBS Lett. 392:184 –
188.

26. Divakaruni AV, Baida C, White CL, Gober JW. 2007. The cell shape
proteins MreB and MreC control cell morphogenesis by positioning cell
wall synthetic complexes. Mol. Microbiol. 66:174 –188.

27. Dominguez-Escobar J, et al. 2011. Processive movement of MreB-
associated cell wall biosynthetic complexes in bacteria. Science 333:225–
228.

28. Du Y, Arvidson CG. 2003. Identification of ZipA, a signal recognition
particle-dependent protein from Neisseria gonorrhoeae. J. Bacteriol. 185:
2122–2130.

29. Figge RM, Divakaruni AV, Gober JW. 2004. MreB, the cell shape-
determining bacterial actin homologue, co-ordinates cell wall morpho-
genesis in Caulobacter crescentus. Mol. Microbiol. 51:1321–1332.

30. Garner EC, et al. 2011. Coupled, circumferential motions of the cell wall
synthesis machinery and MreB filaments in B. subtilis. Science 333:222–
225.

31. Geissler B, Elraheb D, Margolin W. 2003. A gain-of-function mutation
in ftsA bypasses the requirement for the essential cell division gene zipA in
Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 100:4197– 4202.

32. Geissler B, Margolin W. 2005. Evidence for functional overlap among
multiple bacterial cell division proteins: compensating for the loss of FtsK.
Mol. Microbiol. 58:596 – 612.

33. Geissler B, Shiomi D, Margolin W. 2007. The ftsA* gain-of-function
allele of Escherichia coli and its effects on the stability and dynamics of the
Z ring. Microbiology 153:814 – 825.

34. Goehring NW, Beckwith J. 2005. Diverse paths to midcell: assembly of
the bacterial cell division machinery. Curr. Biol. 15:R514 –R526.

35. Goffin C, Ghuysen J-M. 1998. Multimodular penicillin-binding proteins:
an enigmatic family of orthologs and paralogs. Microbiol. Mol. Biol. Rev.
62:1079 –1093.

36. Gundogdu ME, et al. 2011. Large ring polymers align FtsZ polymers for
normal septum formation. EMBO J. 30:617– 626.

37. Hale CA, de Boer PA. 2002. ZipA is required for recruitment of FtsK,
FtsQ, FtsL, and FtsN to the septal ring in Escherichia coli. J. Bacteriol.
184:2552–2556.

38. Hale CA, Rhee AC, de Boer PA. 2000. ZipA-induced bundling of FtsZ

ZipA Required for Preseptal Peptidoglycan Synthesis

October 2012 Volume 194 Number 19 jb.asm.org 5341

http://jb.asm.org


polymers mediated by an interaction between C-terminal domains. J. Bac-
teriol. 182:5153–5166.

39. Heidrich C, et al. 2001. Involvement of N-acetylmuramyl-L-alanine ami-
dases in cell separation and antibiotic-induced autolysis of Escherichia coli.
Mol. Microbiol. 41:167–178.

40. Höltje J-V. 1998. Growth of the stress-bearing and shape-maintaining
murein sacculus of Escherichia coli. Microbiol. Mol. Biol. Rev. 62:181–203.

41. Jensen KF. 1993. The Escherichia coli K-12 “wild types” W3110 and
MG1655 have an rph frameshift mutation that leads to pyrimidine starva-
tion due to low pyrE expression levels. J. Bacteriol. 175:3401–3407.

42. Johnson JE, Lackner LL, Hale CA, de Boer PA. 2004. ZipA is required for
targeting of DMinC/DicB, but not DMinC/MinD, complexes to septal ring
assemblies in Escherichia coli. J. Bacteriol. 186:2418 –2429.

43. Kruse T, Bork-Jensen J, Gerdes K. 2005. The morphogenetic MreBCD
proteins of Escherichia coli form an essential membrane-bound complex.
Mol. Microbiol. 55:78 – 89.

44. Magnet S, et al. 2007. Identification of the L,D-transpeptidases respon-
sible for attachment of the Braun lipoprotein to Escherichia coli pepti-
doglycan. J. Bacteriol. 189:3927–3931.

45. Magnet S, Dubost L, Marie A, Arthur M, Gutmann L. 2008. Identifi-
cation of the L,D-transpeptidases for peptidoglycan cross-linking in Esch-
erichia coli. J. Bacteriol. 190:4782– 4785.

46. Margolin W. 2009. Sculpting the bacterial cell. Curr. Biol. 19:R812–R822.
47. Margolin W. 2000. Themes and variations in prokaryotic cell division.

FEMS Microbiol. Rev. 24:531–548.
48. Nanninga N. 1991. Cell division and peptidoglycan assembly in Esche-

richia coli. Mol. Microbiol. 5:791–795.
49. Nanninga N, Wientjes FB, Dejonge BLM, Woldringh CL. 1990. Polar

cap formation during cell division in Escherichia coli. Res. Microb. 141:
103–118.

50. Pichoff S, Lutkenhaus J. 2002. Unique and overlapping roles for ZipA
and FtsA in septal ring assembly in Escherichia coli. EMBO J. 21:685– 693.

51. Pichoff S, Shen B, Sullivan B, Lutkenhaus J. 2012. FtsA mutants im-
paired for self-interaction bypass ZipA suggesting a model in which FtsA’s
self-interaction competes with its ability to recruit downstream division
proteins. Mol. Microbiol. 83:151–167.

52. Potluri L, et al. 2010. Septal and lateral wall localization of PBP5, the
major D,D-carboxypeptidase of Escherichia coli, requires substrate recog-
nition and membrane attachment. Mol. Microbiol. 77:300 –323.

53. Priyadarshini R, de Pedro MA, Young KD. 2007. Role of peptidoglycan
amidases in the development and morphology of the division septum in
Escherichia coli. J. Bacteriol. 189:5334 –5347.

54. Priyadarshini R, Popham DL, Young KD. 2006. Daughter cell separation
by penicillin-binding proteins and peptidoglycan amidases in Escherichia
coli. J. Bacteriol. 188:5345–5355.

55. Satta G, Fontana R, Canepari P. 1994. The two-competing site (TCS)
model for cell shape regulation in bacteria: the envelope as an integration
point for the regulatory circuits of essential physiological events. Adv.
Microb. Physiol. 36:181–245.

56. Schiffer G, Höltje J-V. 1999. Cloning and characterization of PBP 1C, a

third member of the multimodular class A penicillin-binding proteins of
Escherichia coli. J. Biol. Chem. 274:32031–32039.

57. Schwarz U, Asmus A, Frank H. 1969. Autolytic enzymes and cell division
of Escherichia coli. J. Mol. Biol. 41:419 – 429.

58. Singh JK, Makde RD, Kumar V, Panda D. 2008. SepF increases the
assembly and bundling of FtsZ polymers and stabilizes FtsZ protofila-
ments by binding along its length. J. Biol. Chem. 283:31116 –31124.

59. Slayden RA, Knudson DL, Belisle JT. 2006. Identification of cell cycle
regulators in Mycobacterium tuberculosis by inhibition of septum forma-
tion and global transcriptional analysis. Microbiology 152:1789 –1797.

60. Suzuki H, Nishimura Y, Hirota Y. 1978. On the process of cellular
division in Escherichia coli: a series of mutants of E. coli altered in the
penicillin-binding proteins. Proc. Natl. Acad. Sci. U. S. A. 75:664 – 668.

61. Typas A, Banzhaf M, Gross CA, Vollmer W. 2012. From the regulation
of peptidoglycan synthesis to bacterial growth and morphology. Nat. Rev.
Microbiol. 10:123–136.

62. Uehara T, Parzych KR, Dinh T, Bernhardt TG. 2010. Daughter cell
separation is controlled by cytokinetic ring-activated cell wall hydrolysis.
EMBO J. 29:1412–1422.

63. van Teeffelen S, et al. 2011. The bacterial actin MreB rotates, and rotation
depends on cell-wall assembly. Proc. Natl. Acad. Sci. U. S. A. 108:15822–
15827.

64. Varma A, de Pedro MA, Young KD. 2007. FtsZ directs a second mode of
peptidoglycan synthesis in Escherichia coli. J. Bacteriol. 189:5692–5704.

65. Varma A, Young KD. 2004. FtsZ collaborates with penicillin binding
proteins to generate bacterial cell shape in Escherichia coli. J. Bacteriol.
186:6768 – 6774.

66. Varma A, Young KD. 2009. In Escherichia coli, MreB and FtsZ direct the
synthesis of lateral cell wall via independent pathways that require PBP 2.
J. Bacteriol. 191:3526 –3533.

67. Vats P, Rothfield L. 2007. Duplication and segregation of the actin
(MreB) cytoskeleton during the prokaryotic cell cycle. Proc. Natl. Acad.
Sci. U. S. A. 104:17795–17800.

68. Vats P, Shih YL, Rothfield L. 2009. Assembly of the MreB-associated
cytoskeletal ring of E. coli. Mol. Microbiol. 72:170 –182.

69. Vollmer W, Bertsche U. 2008. Murein (peptidoglycan) structure, archi-
tecture and biosynthesis in Escherichia coli. Biochim. Biophys. Acta 1778:
1714 –1734.

70. Wang XD, de Boer PA, Rothfield LI. 1991. A factor that positively
regulates cell division by activating transcription of the major cluster of
essential cell division genes of Escherichia coli. EMBO J. 10:3363–3372.

71. Weiss DS. 2004. Bacterial cell division and the septal ring. Mol. Microbiol.
54:588 –597.

72. Wientjes FB, Nanninga N. 1989. Rate and topography of peptidoglycan
synthesis during cell division in Escherichia coli: concept of a leading edge.
J. Bacteriol. 171:3412–3419.

73. Woldringh C, Huls P, Pas E, Brakenhoff GJ, Nanninga N. 1987. To-
pography of peptidoglycan synthesis during elongation and polar cap for-
mation in a cell division mutant of Escherichia coli MC4100. J. Gen. Mi-
crobiol. 133:575–586.

Potluri et al.

5342 jb.asm.org Journal of Bacteriology

http://jb.asm.org

	ZipA Is Required for FtsZ-Dependent Preseptal Peptidoglycan Synthesis prior to Invagination during Cell Division
	MATERIALS AND METHODS
	Strains, plasmids, media, and growth conditions.
	PIPS assay: d-cysteine labeling.
	Sacculus purification, biotinylation, and immunolabeling.
	Microscopy.

	RESULTS
	ZipA is required for preseptal peptidoglycan synthesis in wild-type E. coli.
	Other downstream divisome proteins are not required for PIPS.
	Neither PBP1a nor PBP1b is a PIPS-specific synthase.
	Alternate peptidoglycan synthases and l,d-transpeptidases are not required for PIPS.
	AmiC, EnvC, and the hydrolytic PBPs are not required for PIPS.
	MreBCD and associated cell wall elongation proteins are not required for PIPS.
	The FtsA* protein bypasses the requirement for ZipA.

	DISCUSSION
	Explaining PIPS.
	Bypassing ZipA.

	ACKNOWLEDGMENTS
	REFERENCES


