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INTRODUCTION how structural information from inside the cell is translated to

The cell wall is the principal stress-bearing and shape-main-
taining element in bacteria, and its integrity is of critical im-
portance to cell viability. In both gram-positive and gram-
negative bacteria, the scaffold of the cell wall consists of the
cross-linked polymer peptidoglycan (PG). Many studies have
addressed the relationship between PG synthesis and bacterial
growth and cell shape by looking at changes in cell shape in
mutants that lack one or several enzymes involved in the syn-
thesis of PG or other cell wall components or by looking at the
incorporation of labeled PG precursors into the cell wall (see
41, 57, 80, 159). Recent developments have prompted a re-
newed effort to understand cell wall growth and shape deter-
mination. First, the application of fluorescence microscopy to
bacteria has made it possible to study the localization of en-
zymes involved in PG synthesis in growing cells, as well as to
look at localization of newly incorporated PG in live cells.
Second, the discovery of an actin-like cytoskeleton involved in
bacterial cell shape determination has raised the question of
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the cell wall. In this review, we discuss the recent data on
localization of PG-synthesizing enzymes in the light of what is
known about PG synthesis from previous studies, and we dis-
cuss the role of bacterial cytoskeletal proteins in organizing the
cell wall synthesis process.

We focus this review not only on the usual model organisms,
the rod-shaped bacteria Bacillus subtilis and Escherichia coli,
but also on two cocci, namely, Staphylococcus aureus and Strep-
tococcus pneumoniae, both of which are clinically relevant
pathogens. Rod-shaped bacteria always divide through the
same medial plane and are thought to have two modes of cell
wall synthesis: one responsible for the elongation of the cell
and one responsible for the formation of the division septum
(Fig. 1). The two modes of synthesis appear to be catalyzed by
different protein complexes. Coccoid bacteria like S. aureus
divide using three different perpendicular planes in three con-
secutive cycles of cell division and seem to have only one mode
of cell wall synthesis at the septum. S. pneumoniae cells are not
“true” cocci, as their shape is not totally round, but instead
have the shape of a rugby ball and synthesize cell wall not only at
the septum but also at the so called “equatorial rings” (Fig. 1).
These differences in the mode of division and sites for cell wall
synthesis reflect some of the diversity existing in bacteria, a
fundamental aspect of bacterial cell biology.

PEPTIDOGLYCAN STRUCTURE AND COMPOSITION

Peptidoglycan, also called murein, is a polymer that consists
of long glycan chains that are cross-linked via flexible peptide
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S. pneumoniae S. aureus

FIG. 1. Incorporation of new cell wall in differently shaped bacteria. Rod-shaped bacteria such as B. subtilis or E. coli have two modes of cell
wall synthesis: new peptidoglycan is inserted along a helical path (A), leading to elongation of the lateral wall, and is inserted in a closing ring
around the future division site, leading to the formation of the division septum (B). S. pneumoniae cells have the shape of a rugby ball and elongate
by inserting new cell wall material at the so called equatorial rings (A), which correspond to an outgrowth of the cell wall that encircles the cell.
An initial ring is duplicated, and the two resultant rings are progressively separated, marking the future division sites of the daughter cells. The
division septum is then synthesized in the middle of the cell (B). Round cells such as S. aureus do not seem to have an elongation mode of cell
wall synthesis. Instead, new peptidoglycan is inserted only at the division septum (B). Elongation-associated growth is indicated in red, and

division-associated growth is indicated in green.

bridges to form a strong but elastic structure that protects the
underlying protoplast from lysing due to the high internal
osmotic pressure (57, 80, 128, 175). The basic PG architecture
is shared between all eubacteria except Mycoplasma and a few
other species that lack cell wall. The glycan chain is built up of
alternating, B-1,4-linked N-acetylglucosamine (GIcNAc) and
N-acetylmuramic acid (MurNAc) subunits. The chemistry of
the glycan chains varies only slightly between different bacteria.
However, there is considerable variation in the composition of
stem peptides which are linked to the carboxyl group of
MurNAc (for an extensive review, see reference 175). Since it
is beyond the scope of this review to discuss PG chemistry in
great detail, we will discuss only some aspects of PG structure
in the model organisms Escherichia coli, Bacillus subtilis, and
Staphylococcus aureus.

The length distribution of glycan chains is usually very
broad, with a mean of 25 to 35 disaccharide units in E. coli (72)
but ranging up to over 80 disaccharide units in E. coli (80) and
100 in B. subtilis (201). In S. aureus the majority of chains have
a length of 3 to 10 disaccharide units, with a maximum length
of at least 23 to 26 units (14). The stem peptides are synthe-
sized as pentapeptide chains, containing L- and p-amino acids
and one dibasic amino acid, which allows the formation of the
peptide cross bridge. The dibasic amino acid is often meso-
diamoinopimelic acid (m-A,pm), which is present in most
gram-negative bacteria and some gram-positive bacteria such
as some Bacillus species, or L-lysine, which is present in most
gram-positive bacteria. The most common stem peptide found
in unprocessed PG in E. coli and B. subtilis is 1-Ala;,-D-
Glu,y-m-A,pm;y-D-Ala 4-D-Ala s, with L-Ala,, attached to
the MurNac (57, 80, 175) (Fig. 2). The peptide cross bridge is

formed by the action of a transpeptidase (see below) that links
D-Ala ) from one stem peptide to the free amino group of
m-A,pm,;, on another stem peptide (Fig. 2B). In some organ-
isms, the cross-linking of the PG is made via an amino acid
bridge, which in the case of S. aureus is made up of five glycines
(Fig. 2).

The disaccharide units on the glycan strands may form a
helical structure with the stem peptides protruding in all di-
rections and forming angles to one another of about 90° (94,
99) so that cross bridges can be formed in all directions (80). In
a two-dimensional PG layer, only every second peptide is in the
same plane and therefore sufficiently close to be cross-linked in
that layer. Depending on the strain and growth conditions, 44
to 60% and 56 to 63% of the stem peptides are part of cross-
links in E. coli and B. subtilis, respectively (5, 63). The long and
flexible pentaglycine cross bridge characteristic of S. aureus is
able to span the distance between stem peptides from different
PG layers which would otherwise be too distant to be cross-
linked (102, 103). This permits the very high degree of cross-
linking, up to 90%, observed in the staphylococcal PG (207).
When a stem peptide is not cross-linked, both terminal p-Ala
residues are usually cleaved off by carboxypeptidases (see
below). However, in S. aureus these residues are not cleaved due
to the lack, or low activity, of DD- and Lb-carboxypeptidases (212).

Although the basic structure of the PG is very similar in
gram-positive and gram-negative bacteria, the thickness of the
PG layer is very different: the gram-positive wall is at least 10
to 20 layers thick, whereas the gram-negative wall is only 1 to
3 layers thick. This means that in gram-negative bacteria, a very
thin layer of PG is sufficient to maintain the cell’s mechanical
stability. Neutron small-angle scattering studies have indicated
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that in E. coli up to 80% of the PG consists of a monolayer,
with the rest of the PG being triple layered (100). As a conse-
quence, the insertion of new wall material and the removal of
wall material from the single PG layer must be tightly controlled
by enzymes involved in PG synthesis and turnover, since other-
wise the mechanical stability of PG would be compromised.

In gram-negative bacteria, the PG is covalently attached to
the outer membrane via lipoprotein (Lpp) (Braun’s lipopro-
tein) (17). Gram-positive bacteria, which lack an outer mem-
brane, have a thick cell wall which contains covalently linked,
charged polymers, such as teichoic acid and teichuronic acid,
as well as proteins that are anchored (covalently or nonco-
valently) to the cell wall.

The classical view of PG architecture is that the glycan
strands are arranged parallel to the membrane, although to
date there are no experimental techniques that can confirm
this model (195). Recently, this view has been challenged by a
new model, the so-called scaffold model, that proposes that the
glycan strands extend perpendicularly to the cytoplasmic mem-
brane, growing outward in a linear rather than a layered fash-
ion (45, 46). In an extensive review, Vollmer and Holtje have
discussed both models, pointing out that for the E. coli cell
wall, when the scaffold model is applied, the amount of PG
present is not sufficient to cover the entire cell surface (195).
Therefore, for the purposes of this review we will assume that the
PG is in an orientation parallel to the cytoplasmic membrane.

BIOCHEMICAL REACTIONS FOR
PEPTIDOGLYCAN SYNTHESIS

The biosynthesis of PG can be divided into three different
stages (reviewed in references 162, 190, and 191). The first
stage occurs in the cytoplasm and leads to the synthesis of the
nucleotide sugar-linked precursors UDP-N-acetylmuramyl-pen-
tapeptide (UDP-MurNAc-pentapeptide) and UDP-N-acetyl-
glucosamine (UDP-GIcNAc). In the second stage, which takes
place at the cytoplasmic membrane, precursor lipid interme-
diates are synthesized. The phospho-MurNAc-pentapeptide
moiety of UDP-MurNAc-pentapeptide is transferred to the
membrane acceptor bactoprenol, yielding lipid I [MurNAc-(pen-
tapeptide)-pyrophosphoryl-undecaprenol]. Then, GlcNAc from
UDP-GIcNAc is added to lipid I, yielding lipid II [GlcNAc-
B-(1,4)-MurNAc-(pentapeptide)-pyrophosphoryl-undecaprenol],
which is the substrate for the polymerization reactions in bac-
teria that have directly cross-linked PG. The use of a lipophilic
molecule such as bactoprenol enables the cell to transport
hydrophilic precursors from the aqueous environment of the
cytoplasm, through the hydrophobic membrane, and to the
externally situated sites of incorporation into the growing PG.
It has been suggested that the translocation of the lipid-linked
precursor from the cytoplasmic side to outer side of the mem-
brane, at a high rate that matches the rate of PG synthesis, is
catalyzed by a specific translocase or flippase. Although no
biochemical evidence has been obtained, FtsW and RodA ho-
mologues are good candidates for this function. These proteins
are members of the SEDS (shape, elongation, division, and
sporulation) family, and homologues have been found in many
bacteria that contain a cell wall but not in the wall-less Myco-
plasma genitalium or the archaecon Methanococcus janasschii
(78). E. coli rodA(Ts) mutants grow as spheres, and depletion
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of RodA in B. subtilis also leads to the conversion from rod-
shaped to spherical cells, implicating RodA in growth of the
lateral cell wall (8, 78). Also, in E. coli rodA and pbpA are in an
operon, as are ftsW and ftsI (86, 115). In B. subtilis both rodA
and ftsW are not found in operons with pbp genes, but a third
homologue, spoVE is part of the mur operon, which also con-
tains the upstream transpeptidase gene spoVD (30, 77). The
facts that RodA and FtsW homologues are involved in cell wall
synthesis, that their genes are often associated in operons with
a specific pbp gene, and that the proteins are integral mem-
brane proteins generally predicted to have 10 transmembrane
helices are in accordance with the suggestion that they may
channel the lipid precursors to their cognate penicillin-binding
proteins (PBPs) (50, 87, 88).

The third and final stage of PG biosynthesis, which takes place
at the outer side of the cytoplasmic membrane, involves the po-
lymerization of the newly synthesized disaccharide-peptide units
and incorporation into the growing PG. This is achieved mainly
through the action of the so-called penicillin-binding proteins,
which catalyze the transglycosylation and transpeptidation reac-
tions responsible for the formation of the glycosidic and peptide
bonds of the PG, respectively (Fig. 2B).

In the transglycosylation reaction, for the formation of gly-
can strands, the reducing end of the MurNAc of the nascent
lipid-linked PG strand is likely transferred onto the C-4 carbon
of the glucosamine residue of the lipid-linked PG precursor,
with concomitant release of undecaprenyl-pyrophosphate (Fig.
2B). The undecaprenyl-pyrophosphate is then dephosphory-
lated to yield the lipid carrier bactoprenol, which becomes
available for a second round of synthesis. It is still not clear
how or whether the growing strand is released from the en-
zyme and what determines the length of the PG strand.

During transpeptidation, the p-Ala-p-Ala bond of one stem
peptide is first cleaved and an enzyme-substrate intermediate
is formed, with the concomitant release of the terminal p-Ala.
The cleavage reaction provides the energy necessary for the
transpeptidation reaction, which occurs outside the cyto-
plasmic membrane in the absence of energy donors such as
ATP. A second step involves the transfer of the peptidyl
moiety to an acceptor. This acceptor is the non-alpha amino
group of the dibasic amino acid in a second stem peptide (in
bacteria with direct cross-linking) or the last amino acid of
the cross bridge when it exists. The reaction results in the
formation of a new peptide bond between the penultimate
D-alanine of a donor peptide and an amino group of the cross
bridge of an acceptor peptide (Fig. 2B).

ENZYMES INVOLVED IN THE LAST STAGES OF
PEPTIDOGLYCAN SYNTHESIS

Penicillin-binding proteins belong to the family of acyl
serine transferases, which includes high-molecular-weight
(HMW) PBPs, low-molecular-weight (LMW) PBPs, and B-lac-
tamases (58).

HMW PBPs are enzymes that are composed of two modules
located on the outer surface of the cytoplasm membrane and
anchored to the cytoplasmic membrane by an N-terminal, non-
cleavable signal peptide. The C-terminal module is the peni-
cillin-binding domain, which catalyzes the cross-linking of the
PG peptides. Depending on the primary structure and on the
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FIG. 2. Building blocks and synthesis reactions of the peptidoglycan. (A) The basic unit of the peptidoglycan is a disaccharide-pentapeptide
composed of the amino sugars N-acetylglucosamine and N-acetylmuramic acid, which are linked together by B-1,4 glycosidic bonds. The
pentapeptide is covalently linked to the lactyl group of the muramic acid, and its composition can vary between different bacteria. In both E. coli
and B. subtilis, the dibasic amino acid of the stem peptide, which allows the formation of the peptide cross bridge, is meso-diamoinopimelic acid
(m-A,pm), while in S. aureus it is L-lysine (L-Lys), to which a pentaglycine cross bridge is bound. (B) Peptidoglycan chains are synthesized by
transglycosylation and transpeptidation reactions which lead to the formation of long glycan chains cross-linked by peptide bridges. In the
transglycosylation reaction, the reducing end of the N-acetylmuramic acid (M) of the nascent lipid-linked peptidoglycan strand is likely transferred
onto the C-4 carbon of the N-acetylglucosamine (G) residue of the lipid-linked PG precursor, with concomitant release of undecaprenyl-
pyrophosphate (ppB). In the transpeptidation reaction, the b-Ala—-D-Ala bond of one stem peptide (donor) is first cleaved by a PBP enzyme,
and an enzyme-substrate intermediate is formed, with the concomitant release of the terminal D-Ala. The peptidyl moiety is then transferred
to an acceptor, which is the last amino acid of the pentaglycine cross bridge in the depicted case of S. aureus, and the PBP enzyme is released.
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catalytic activity of the N-terminal domain, HMW PBPs can be
divided in two major classes: A and B (58, 65). The N-terminal
module of HMW class A PBPs, of which PBP1A and PBP1B of
E. coli are the prototypes, has transglycosylase activity. This
makes class A PBPs capable of both the elongation of glycan
strands (transglycosylation) and the formation of cross-links
between the peptides (transpeptidation) of PG. Transglycosy-
lation may also be done by monofunctional glycosyl trans-
ferases (43, 139). Class B HMW PBPs, of which PBP2 and
PBP3 from E. coli are representatives, have an N-terminal
non-penicillin-binding domain whose function is unknown but
which has been suggested to be a morphogenetic determinant
module (65). At least in E. coli PBP3, the N-terminal domain
is required for the folding and stability of the penicillin-binding
module, functioning as an intramolecular chaperone (64), and
it may also provide recognition sites for interaction with other
cell division proteins (132).

The alignment of several class A and class B HMW PBPs
showed that there are distinct conserved motifs character-
istic of the non-penicillin-binding domains of each class,
which may point to a conserved role of these domains (65).
The conserved motifs of the transpeptidase domains are better
studied and not only are common to these two classes but also
constitute the unique signature of all penicillin-interacting pro-
teins: SXXK (which contains the active-site serine), (S/Y)XN,
and (K/H)(T/S)G. These motifs are always present in the same
order with similar spacing in the primary protein structure,
forming the active site in the tertiary structure by folding of the
polypeptide chain (58, 65, 114).

LMW PBPs are monofunctional bp-peptidases. Most of these
act as pD-carboxypeptidases (although some exhibit transpepti-
dase or endopeptidase activity) that help to control the extent
of PG cross-linking through hydrolysis of the carboxy-terminal
D-alanyl-p-alanine peptide bond of a stem peptide, which pre-
vents cross-linking of that peptide (58, 114).

Although the biochemical function of the PBPs is known,
their specific role in the cell has remained elusive in most cases,
due mainly to the fact that most organisms have redundant
PBPs. This is illustrated by the fact that E. coli cells remains
viable even after the inactivation of at least 8 of the 12 PBPs
present in this organism (37). Nevertheless, some insight has
been gained through the analysis of mutants with mutations in
the different PBPs, mainly of the model organisms E. coli and
B. subtilis. An overview of PBPs from these organisms and
from S. aureus and S. pneumoniae and of their proposed func-
tions is presented in Table 1.

The crystal structures of several high- and low-molecular-
weight PBPs from various organisms have been determined
(33, 89, 110, 112, 121, 133, 137, 167, 168). Acyl-PBP complexes
formed with antibiotics have generated structural insight into
PBP-substrate binding and provided understanding of the de-
velopment of antibiotic resistance as well as a possible starting
point for the development of novel antibiotics. Although a
detailed discussion of these structures is beyond the scope of
this review, it is interesting to note that the recently solved
crystal structure of a soluble form of S. pneumoniae PBP1b
revealed a conformational change upon ligand binding (112).
The active site of the transpeptidase domain of PBP1b was found
to exist in an “open” conformation and a “closed” conformation,
and the open conformation was dependent on the presence of
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ligand whereas the closed conformation showed blocked sub-
strate accessibility. The difference between the structures suggests
a possible activation mechanism for PBPs (112).

GROWTH OF THE PEPTIDOGLYCAN: HYPOTHETICAL
MULTIENZYME COMPLEXES FORMED BY
PENICILLIN-BINDING PROTEINS

To grow and divide, bacteria need not only to synthesize new
PG but also to break the covalent bonds of the existing PG
sacculus that involves the cell, in order to enable the insertion of
new material. It is accepted that PG hydrolases are therefore
essential for the growth of the cell wall, together with the PBPs.

Specific hydrolases exist for almost every covalent ligation of
the PG, and these enzymes can be classified as muramidases,
glucosaminidases, amidases, endopeptidases, and carboxypep-
tidases, depending on the specific bond of the PG which they
cleave. Besides a role in growth of the cell wall, PG hydrolases
have been proposed to be involved in, for example, cell sepa-
ration after division, cell wall turnover, and muropeptide re-
cycling or sporulation (82, 177, 180).

Several models have tried to answer the question of how the
cell controls the activity of hydrolases during PG synthesis in
order to avoid autolysis (24, 80, 95). Different models have
been proposed for gram-positive and gram-negative bacteria,
since the former have thick, multilayered cell walls while the
latter have essentially a monolayered cell wall (100).

Koch has proposed the so-called “inside-to-outside” growth
model for gram-positive bacteria. New material is inserted on
the inner face of the wall, adjacent to where the PBPs are.
According to the surface stress theory, the wall which is laid
down immediately outside the cytoplasmic membrane is in an
unextended conformation. As subsequent additions of PG oc-
cur, the wall moves outward, becomes stretched, and bears the
stress due to hydrostatic pressure (95). Autolytic activity would
be expected to be greater in the more stressed (external) lay-
ers, since the stress provides a lowering of the reaction activa-
tion energy (93, 95). Under this growth mode, the wall is never
weakened because new covalently closed layers of the sacculus
are formed before the older and outer ones are breached (95).

A more elaborate growth model was proposed for PG syn-
thesis in E. coli. It is called “three-for-one” because it states
that for every three new PG strands inserted in the cell wall,
one old strand is removed; three glycan strands cross-linked to
each other are covalently linked by transpeptidases to the free
amino groups in the cross bridges on both sides of one old
strand, called the docking strand. Specific removal of the dock-
ing strand leads to the insertion of the three new strands into
the stress-bearing sacculus (80, 81) (Fig. 3A). This is in accor-
dance with the “make-before-break” strategy proposed by
Koch and Doyle (95), since also in this case the new material
is made and inserted in the cell wall before the old material is
removed, whereby the risk of autolysis is avoided. It is also in
accordance with the high rates of PG turnover observed in E.
coli during growth and division (66, 138), which may corre-
spond to the release of the docking strands. The three-for-one
mechanism requires the coordination, in time and space, of
several different enzymes. Therefore the existence of multi-
enzyme complexes in E. coli was proposed. These complexes
would combine the activities of PG synthases, namely, transpep-
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TABLE 1. Overview of penicillin-binding proteins from B. subtilis, E. coli, S. aureus, and S. pneumoniae

Gene

Function, expression®

Localization (method[s])”

Organism Class (referencel[s]) Protein (referencefs]) (referencefs])
B. subtilis A ponA (154) PBP1la/b Cell division-specific TG/TPase Septal (IF, GFP) (141, 170,
(170), veg (154) 171)
pbpD (157) PBP4 Not known, veg (157) Distributed along membrane
with distinct spots at
periphery (GFP) (171)
pbpF (156) PBP2c Synthesis of spore PG (116), veg, Distributed along membrane,
late stages of spo (156) redistributed to prespore
during sporulation (GFP)
(169, 171)
pbpG (143) PBP2d Synthesis of spore PG (116), spo  Distributed along membrane
(143) (GFP) (171); redistributed
to prespore during
sporulation (169)
B pbpA (125) PBP2a Synthesis of lateral wall (202), Evenly distributed along the
veg (125) membrane (GFP) (171)
pbpH (202) PbpH Synthesis of lateral wall, veg Evenly distributed along the
(202) membrane (GFP) (171)
pbpB (215) PBP2b Cell division-specific TPase (32), Septal (IF, GFP) (32, 171)
veg, spo (215)
pbpC (126) PBP3 Not known, veg, low expression  Distinct foci and bands at
during spo (126) cell periphery (GFP) (171)
spoVD (30) SpoVD Synthesis of spore PG, spo (30)  Not known
pbpI (203) PBP4b Not known, spo (203) Evenly distributed along the
membrane (GFP) (171)
LMW dacA (185) PBP5 Major pp-carboxypeptidase (104) Distributed along membrane
carboxypeptidase with distinct spots at
periphery (GFP) (171)
dacB (21) PBP5: Control of peptide cross-linking ~ Not known
in spore PG (153), spo (21)
dacC (142) PBP4a Not known, late stationary phase Distinct foci and bands at
(142) cell periphery (GFP) (171)
dacF (211) DacF Control of peptide cross-linking ~ Not known
in spore PG (153), spo (211)
LMW endopeptidase ~ pbpE (155) PBP4:x Not known, spo (155) Distinct foci and bands at
cell periphery (GFP) (169)
pbpX PbpX Not known, veg (169) Septal, spiral outgrowth to
both asymmetric septa
during sporulation (169,
171)
E. coli A ponA (19) PBPla General PG synthesis
ponB (19) PBP1Db (a, B, y) General PG synthesis
pbpC (172) PBPlc Functions as a TGase only; binds
to PBPs1B, —2, and —3 and
MItA (172)
B pbpA (4) PBP2 Elongation-specific TPase (183)  Spot-like pattern along
lateral membrane, division
site (GFP) (36)
pbpB or fis] PBP3 Cell division-specific TPase (183) Division septum (IF, GFP)
127) (200, 205)
LMW dacA (20) PBP5 Control of cell shape (117, 129,
carboxypeptidase 130)
dacC (20) PBP6
dacD (7) PBP6b
LMW endopeptidase  dacB (97) PBP4 Control of cell shape in
concert with PBP5 (117)
pbpG (75) PBP7 Control of cell shape in
concert-with PBP5 (117)
mepA (92) MepA Penicillin-insensitive

endopeptidase

Continued on following page
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TABLE 1—Continued

Gene

Function, expression” Localization (method[s])”

Organism Class (reference[s]) Protein (referencels]) (referencels])
B-Lactamase ampC (76) AmpC Affects cell shape (76)
ampH (76) AmpH Affects cell shape (76)
S. aureus A pbp2 or pppB PBP2 Cell division (147) Division septum (IF, GFP)
(69, 124) (146, 147)
B pbpA (160) PBP1 Unknown Not known
pbpC (145) PBP3 Unknown Not known
mecA (181) PBP2A or Protein from extraspecies origin ~ Not known
PBP2’ that confers beta-lactam
resistance (71, 161)
LMW transpeptidase ~ pbpD or pbp4 ~ PBP4 Secondary cross-linking of PG Not known
(49) (212)
S. pneumoniae A pbpla PBPla Cell division (122) Septal (122)
PBP1b Unknown Septal or equatorial (122)
pbp2a PBP2a Peripheral cell wall synthesis Equatorial (122)
(122)
B pbp2x or pbpX PBP2x Cell division (122) Septal (122)
(101)
pbp2b PBP2b Peripheral cell wall synthesis Equatorial (122)
(122)
LMW dacA (176) PBP3 Regulates cross-linking degree; Evenly distributed in both

DD-carboxypeptidase

coordination of the division
process (120)

hemispheres and absent
from the future division
site (120)

“ For B. subtilis the expression or transcription factor dependency of most pbp genes has been determined and is indicated. veg, expression during vegetative growth;

spo, expression during sporulation; TGase, transglycosylase; TPase, transpeptidase.

1, immunofluorescence; GFP, fluorescence of a GFP fusion.

tidases and transglycosylases, and PG hydrolases, in a macromol-
ecular PG-synthesizing machinery (80, 81) (Fig. 3B). This hypoth-
esis is supported by affinity chromatography studies that revealed
protein-protein interactions between bifunctional transpeptidase-
transglycosylase PBPs, monofunctional transpeptidases, lytic trans-
glycosylases, pp-endopeptidases, and structural proteins (163,
196, 197). Supporting evidence was obtained in vivo with Hae-
mophilus influenzae, using cross-linking agents to identify two
penicillin-binding multienzyme complexes, each containing sev-
eral PBPs that interact via salt bridges (3). This work looked
only into the PBP components of the isolated complexes and
did not go further in identifying other proteins that may be
present. It is nevertheless interesting that one of the complexes
contained PBP2 (which is essential for the formation of rods),
while the other contained PBP3 (which is implicated in cell
division), in agreement with the idea that there are two differ-
ent complexes for cell elongation and for cell constriction (80,
166). Work from the same group also identified two PBP
complexes in E. coli (11) and B. subtilis (178) by cross-linking,
but in these cases, both elongation- and cell division-specific
PBPs were present in both complexes. Recently, coimmunopre-
cipitation performed using Caulobacter crescentus membranes
and anti-PBP2 antibodies revealed that PBP2 interacts with
PBP1la and PBP3a (54), providing further support for the ex-
istence of multienzyme complexes formed by PBPs.

LOCALIZATION OF PEPTIDOGLYCAN SYNTHESIS

Rod-shaped bacteria are considered to have two modes of
cell wall synthesis: one associated with elongation and one
associated with formation of the division septum, which, after
division, becomes the “new pole” of both daughter cells (Fig.
1). This notion stems from the observation that, in both E. coli
and B. subtilis, elongation- and division-specific PBPs have
been identified (170, 183, 202, 215), as has an elongation-
specific function for RodA, the putative lipid II translocase (8,
38, 78). The two modes of synthesis can be dissociated in mutants,
and therefore results on the localization of PG synthesis are
commonly interpreted as activities associated either with syn-
thesis of the lateral wall (elongation) or with synthesis of the
septum (division). Some cocci seem to display only septal PG
synthesis, whereas streptococci synthesize PG both at the sep-
tum and at the equatorial rings (Fig. 1).

Incorporation of Labeled Peptidoglycan Precursors

Classical experiments on the localization of PG synthesis
and turnover involved the use of labeled PG precursors (an
overview of methods is shown in Fig. 4). These studies led to
various important insights about the mode of PG synthesis in
rod-shaped organisms. The insertion of cell wall material in the
E. coli lateral wall was found to occur in a diffuse fashion (25,
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FIG. 3. Proposed mode of insertion of new peptidoglycan in gram-negative bacteria. (A) The three-for-one growth mechanism suggests that
three newly synthesized, cross-linked glycan chains in a relaxed state (white circles) are covalently attached to the free amino groups present in
the donor peptides of the cross-links on both sides of a strand, called the docking strand (hatched circles), which is substituted by acceptor peptides.
Specific cleavage of the preexisting cross-links results in the replacement of the docking strand by the three new, cross-linked glycan chains.
(Adapted from reference 82 with permission from Elsevier.) (B) It is proposed that the three new cross-linked glycan strands (shown in gray) are
synthesized by a mutienzyme complex, which also attaches these strands to the cross bridges on both sides of a docking strand (single gray strand)
and at the same time degrades this strand by the action of a lytic enzymes. The peptidoglycan synthases should be in front of the hydrolases, thereby
acting according to the make-before-break strategy. LT, lytic transglycosylase; EP, endopeptidase; TP, transpeptidase; TP/TG, bifunctional
transpeptidase-transglycosylase; TG, transglycosylase. (Adapted from reference 80 with permission.)
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FIG. 4. Different methods to visualize the incorporation of PG
precursors. (A) Autoradiogram of sacculi prepared from steady-state
E. coli cells grown at 28°C in the presence of [?H]diaminopimelic acid.
(Adapted from reference 210 with permission of the publisher.)
(B) Immunoelectron microscopy of sacculi prepared from D-Cys-la-
beled E. coli cells chased for one mass doubling and a schematic
representation of the result (inset). (Adapted from reference 40 with
permission.) (C) Immunoelectron microscopy of sacculi prepared from
D-Cys-labeled E. coli cells chased in the presence of aztreonam to a
fivefold increase in optical density. Note the accumulation of label at
poles and the generation of split poles in between accumulation of

NEW INSIGHTS INTO BACTERIAL CELL WALL SYNTHESIS 593

29, 206, 210) (an example of [*H]diaminopimelic acid-labeled
E. coli sacculi is shown in Fig. 4A). Later labeling studies,
where the incorporation of p-Cys combined with immunode-
tection was used (an example is shown in Fig. 4B), revealed
that PG is inserted in patches, bands, and hoops in the lateral
wall of E. coli (40, 41). Studies with B. subtilis revealed local-
ized insertion of wall material, with old material segregating
along with DNA and new material inserting into new patches
(152, 173, 174). In this type of pulse-chase experiment, the
incorporated labeled material is followed over time after a
chase with nonlabeled precursor. The resolution of the method
is not high enough to exclude the possibility that new, unla-
beled wall material is inserted at sites where labeled material is
also present. Studies with another rod-shaped organism, Ba-
cillus megaterium, also point towards diffuse intercalation of
PG precursors along the lateral wall (34).

When the synthesis of the division septum occurs, the rate of
PG synthesis notably increases compared to that of lateral wall
synthesis (29, 210). Interestingly, localized insertion of PG at
future division sites was also observed in filaments formed by an
E. coli dnaX(Ts) strain (which contain a central nucleoid and long
DNA-free cell ends) in areas that are not occupied by the nucle-
oid (123) but was not observed in filaments of a temperature-
sensitive ftsZ strain (210). This indicates that this localized syn-
thesis activity is dependent on activation of the cell division
cascade by FtsZ and takes place at nucleoid-free sites that allow
formation of an FtsZ ring. p-Cys labeling studies confirmed and
refined the notions outlined above: the occurrence of diffuse
incorporation of lateral wall material, localized synthesis at future
cell division sites dependent on FtsZ but independent of other
cell division proteins such as the cell division-specific transpepti-
dase PBP3, and heightened PG synthesis at the septum (40).

The material inserted at the septum will form one of the two
cell poles of each of the daughter cells, after separation. The cell
wall at the poles is “inert”; i.e., no new material is inserted at these
sites, and polar PG is not subject to degradation/turnover as is
material in the lateral wall, both in E. coli (25, 40) and in B. subtilis
(119). The differentiation of PG to inert PG takes place at the cell
division site, before septation is complete (40), but whether this
differentiation includes structural changes to PG composition or
other changes is not known.

A special sort of pole is observed during branch formation by E.
coli. Branches originate randomly from side walls and are thought
to form from (small) asymmetries in the side wall (67). In E. coli
strains defective for PBPS, a high frequency of branching is ob-
served. Like at cell poles, the PG present at the tips of these
branches is inert (42) (Fig. 4C). Areas of inert PG at the poles
were often split by areas of active synthesis, which explains
branching from the cell poles. Areas of inert PG in the side wall

label. (Adapted from reference 42 with permission.) (D) Van-FL stain-
ing of nascent PG in wild-type B. subtilis during various stages in the cell
cycle (i) and in an mbl null strain (ii). Note the absence of the helical
staining of the lateral wall in the mbl null strain. (Adapted from reference
31 with permission from Elsevier.) (E) Van-FL labeling of new PG after
transient incubation with excess D-serine in S. aureus, showing different
stages of septum formation (i), and wheat germ agglutinin-Oregon green
labeling of S. aureus cells followed by incubation in absence of the dye
(ii). New wall material appears as nonfluorescent regions. Bars, 1 pm.
(Adapted from reference 146 with permission of Blackwell Publishing.)
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were also observed and are thought to act as de novo poles
around which new cell wall material is incorrectly oriented, re-
sulting in branch formation (42). Interestingly, the poles of rod-
shaped cells not only are metabolically inert for PG but also
constitute an area of restricted mobility for periplasmic proteins
(55) and outer membrane proteins (39, 42).

A leap forward in the visualization of nascent PG was
achieved recently by work of Daniel and Errington, who de-
veloped a novel high-resolution staining method to label nas-
cent PG in gram-positive bacteria by using a fluorescent deriv-
ative of the antibiotic vancomycin (Van-FL) (31) (Fig. 4D).
Vancomycin binds the terminal p-Ala—D-Ala of PG precursors.
Control experiments with B. subtilis showed that Van-FL binds
to externalized but unincorporated lipid-linked PG precursors
and to the recently inserted lipid-linked subunit at the growing
end of a glycan strand and can therefore be used as a marker
for nascent PG synthesis. Older PG is not recognized by Van-FL,
as most of the terminal pD-Ala-p-Ala is either removed by
transpeptidation reactions or cleaved off by carboxypeptidases
(31). Van-FL staining of growing B. subtilis cells showed prom-
inent staining at an area around the division site, correspond-
ing with the areas of high PG synthesis activity observed with
radiolabeled PG precursors, and no staining at the cell poles.
The staining at the lateral wall, although less bright, could be
resolved in a helical pattern, which turned out to be dependent
on the cytoskeletal protein Mbl, providing a clear indication
for the role of the bacterial actin homologues, the MreB-like
proteins, in growth of the lateral wall in rod-shaped organisms
(discussed in more detail below) (31) (Fig. 4D). The same
staining procedure using Van-FL allowed visualization of PG
synthesis in other organisms: Streptomyces coelicolor, a gram-
positive organism that grows as hyphae, revealed polar growth,
whereas staining of Corynebacterium glutamicum, which lacks a
homologue of the MreB protein family, revealed growth at the
division site and at the poles, which are normally inert in most
rod-shaped organisms. These results illustrate the different
growth modes of rod-shaped organisms that either contain or
lack MreB-like proteins.

For coccoid bacteria, which lack MreB homologues (90),
incorporation of new PG has been recently studied in S. aureus.
Due to the low carboxypeptidase activity present in this organ-
isms, a considerable percentage of muropeptides containing
the terminal D-Ala-D-Ala, which is recognized by vancomycin,
is present even in “old” PG. For these reasons, specific staining
of nascent PG using Van-FL requires a previous incubation of
the cells with an excess of b-serine, which is incorporated in the
last position of the pentapeptide, followed by a short pulse of
D-Ala, which is then recognized by vancomycin. This procedure
showed that new cell wall synthesis seems to occur mainly, if
not only, at the division site (Fig. 4E). This would imply that S.
aureus divides by synthesizing new wall material specifically at
cell division sites, in the form of a flat circular plate that is
subsequently cleaved and remodeled to produce the new hemi-
spherical poles of the daughter cells, in accordance with earlier
studies which state that at least some cocci have only a septal
mode of cell wall synthesis (60, 79) but contrary to the sugges-
tion that the spherical form could result from diffuse growth
over the entire cell surface (96).

In one of the earliest studies in the field, Cole and Hahn
used fluorescently labeled globulin to study bacterial cell wall
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growth in Streptococcus pyogenes and found that streptococci
display equatorial growth to synthesize lateral wall combined
with septal growth associated with division (28). By following
the segregation of [*H]choline-labeled teichoic acid in the cell
wall, evidence for equatorial cell wall growth was found in S.
pneumoniae (18). In a different study, Tomasz and colleagues
took advantage of the fact that choline-containing cell wall is
sensitive to autolysin whereas ethanolamine-containing cell
wall is not. Autolysin treatment of choline-pulsed ethanol-
amine-grown cells confirmed that new cell wall is inserted in
the central portion of dividing cells (187, 188). These results
were recently supported by Van-FL staining of S. pneumoniae,
which clearly indicated PG synthesis activity at the septal and
(stained less brightly) the equatorial rings (31).

Localization of PBPs

A different way to identify the places where PG is synthe-
sized is by looking at the localization of the main PG-synthe-
sizing enzymes, the PBPs. Until recently, limited information
on the localization of the cell division-specific PBPs in E. coli
and B. subtilis was available from immunofluorescence (IF)
studies (32, 141, 200, 205). The use of green fluorescent protein
(GFP) fusions to determine protein localization within the
bacterial cell (for an overview, see, e.g., reference 109) has, in
the past 3 years, led to an enormous increase of localization
data on PBPs in different live bacteria (summarized in Table
1). Until now, the localization of the non-penicillin-binding
monofunctional transglycosylases has not been addressed.

PBP localization in B. subtilis. PBP localization in rod-
shaped organisms has been studied most extensively in B. sub-
tilis. Thirteen out of a total of 16 genes coding for PBPs,
encompassing all biochemical activities, were replaced on the
chromosome by gfp-pbp gene fusions, and the localization of
the GFP-PBP fusion proteins during both vegetative growth
and sporulation was studied (169, 171).

During vegetative growth, three main localization patterns
were observed (Fig. 5A). First, a disperse localization pattern
at the peripheral wall and division site was observed for PBP4,
-2¢, and -2d; PBP2a, -H, and -4b; and PBP5 (169, 171) (Table
1). PBP2c, -2d, and -4b are active only during sporulation (116,
203), so the relevance of their localization during vegetative
growth when expressed from an inducible promoter can be
questioned. It is interesting to notice that PBP2a and -H, which
are mutually redundant for lateral wall synthesis in B. subtilis
(202), did not localize exclusively to the lateral wall but also
localized to the division site (171).

A second localization pattern was observed for PBPs localizing
specifically to the site of cell division. Division site localization,
previously shown with IF for PBP1 and the cell division-specific
PBP2b (32, 141), was reproduced with GFP-PBP fusions, and the
same pattern was observed for PbpX (171) (Table 1).

The third localization pattern was that of PBPs localizing in
distinct spots at the cell periphery, which sometimes resolved in
short arcs, as was observed for PBP3, -4a, and -4*. These short
arcs were even more clear in three-dimensional image reconstruc-
tions when GFP-PBP3 and GFP-PBP4a fusions were combined
in one strain to increase the GFP signal (169, 171).

The PBP1 localization at the septum is consistent with the
notion that PBP1 functions in cell division (170). A PBP1

8002 ‘8T |udy uo Aq Bio°wse iguw wolj papeojumod


http://mmbr.asm.org

VoL. 69, 2005

knockout strain is viable but has a reduced growth rate, slightly
elongated cells, and less efficient sporulation (158), as well as
abnormal septal structures (141). By showing that in a PBP1
knockout strain the sporulation deficiency is the result of a
defect in the formation of the asymmetric sporulation septum
and that GFP-PBP1 depends on other membrane-associated
cell division proteins for its localization (all membrane-bound
cell division proteins in B. subtilis are interdependent in terms
of localization [52]), the role of PBP1 as a nonessential com-
ponent of the cell division machinery was confirmed (170).

The localization patterns of the GFP-PBP fusion proteins
were also monitored during spore formation. Sporulation in B.
subtilis starts with the formation of two polar division sites, one
of which develops into the sporulation septum. After asymmet-
ric division, the prespore develops in a mature spore through
the coordinated action of dedicated genes that are expressed
either in the larger mother cell or in the prespore (51). GFP-
PbpX, normally located at the mid-cell division site, appears to
spiral out from the medial division site to both asymmetric
division sites during the switch from medial to asymmetric cell
division at the start of sporulation (169). This spiraling resem-
bles patterns described for FtsZ, FtsA, and EzrA (9). The
division-specific PBP1 and -2b also localize to the asymmetric
division site, but only to the one that has been committed to
form the sporulation septum. In contrast, PbpX goes to both
asymmetric division sites and so follows some of the early cell
division proteins, before commitment to formation of the
sporulation septum has taken place (169). Whether PbpX is a
true component of the cell division machinery remains to be
established, since a pbpX knockout strain shows no cell division
or shape defects in vegetative growth or sporulation (169).

Also during sporulation, PBP2¢ and -2d were found to be
redistributed from the peripheral wall to the sporulation sep-
tum. From the septum, these proteins followed the mother cell
membrane during engulfment and ended up in the outer pre-
spore membrane (169). Localization to the prespore is consis-
tent with the role of PBP2c and -2d in sporulation, although it
has to be noted that normally these proteins are expressed
predominantly in the prespore and not in the mother cell (116,
143, 156). When GFP-PBP2c was expressed in the mother cell
from a promoter that is activated only after the sporulation
septum has been closed, the same targeting to the prespore
septum and engulfing membrane was observed. This suggests
that PBP2c is targeted to the prespore membrane by diffusion
and capture, a mechanism whereby a protein is inserted into
the membrane in a “random” fashion and then diffuses to its
destination, where it is “captured” by other proteins with which
it interacts (164, 169). Interestingly, two recent papers describe
the targeting of proteins to the sporulation septum through
interactions of the extracellular domains of two proteins across
the septum (13, 47). A complex network of proteins with over-
lapping anchoring capacity is proposed to play a role in an-
choring membrane proteins in the prespore septum, with a
crucial role for the prespore protein SpolIQ (13, 47). It will be
interesting to see whether the localization of PBP2c and -2d
also depends on SpollQ and other network partners.

PBP localization in E. coli. In E. coli, two different transpep-
tidases are involved in the synthesis of cell wall material during
elongation (PBP2) and division (PBP3, also called FtsI) (183).
The difference between the activities of these proteins is
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thought to be caused by substrate specificity, with PBP3 exhib-
iting a preference for tripeptide side chains and PBP2 for
pentapeptide side chains (16, 148). The subcellular localization
of both these PBPs has been determined using IF and GFP
fusions and is in accordance with their proposed roles.

The elongation-specific transpeptidase, PBP2, localizes both
in a spot-like pattern in the lateral wall and at the division site,
not dissimilarly to PBP4 and -5 from B. subtilis (36) (Fig. 5B).
The presence of PBP2 at the division site prompted the ques-
tion as to whether PBP2 is part of the E. coli division machin-
ery, but those authors showed that this is not the case (36). A
role for PBP2 in maintenance of the correct diameter of the
cell was proposed, since cells grown in the presence of the
PBP2 inhibitor amdinocillin (also known as mecillinam) show
an increased pole diameter at newly formed cell poles (36).

The division-specific transpeptidase, PBP3, was shown to
localize specifically to the division septum (200, 205). This
localization was shown to be dependent on the PBP3 trans-
membrane domain and cell division proteins FtsZ, -A, -Q, -L,
and -W (118, 204). Recently it was shown that the transmem-
brane domain of PBP3 alone localizes to the division septum,
with residues on one side of the helix being essential for local-
ization, forming a proposed helix-helix interaction with an-
other division protein (144, 209). Using a two-hybrid analysis
that is suitable for membrane proteins, Karimova et al. iden-
tified interactions of PBP3 with several other cell division pro-
teins in E. coli (FtsA, FtsL, FtsN, FtsQ, and FtsW) and an
uncharacterized but potential cell division protein (YmgF)
(91). This confirmed and extended findings obtained with an-
other two-hybrid analysis of the E. coli cell division machinery
(44). Interestingly, all interactions except the PBP3-FtsQ in-
teraction required significant portions of the periplasmic do-
main of PBP3, suggesting that the localization of the trans-
membrane helix of PBP3 to the division septum (209) is
mediated by its interaction with the FtsQ transmembrane helix
(91). It should be noted that in the two-hybrid studies both
interacting proteins are overexpressed to 10 or more times
their normal cellular levels, which may lead to the observation
of interactions that do not take place within a growing cell.
Previous domain swap analysis experiments showed that the
cytoplasmic domain and transmembrane helix of PBP3 are
essential for its function but that the FtsQ transmembrane
helix can be swapped for a transmembrane helix from an un-
related protein (68). This means that even though the FtsQ
and PBP3 transmembrane helices may be interacting, PBP3
localization is not dependent on the FtsQ transmembrane he-
lix. This suggests that PBP3 is stabilized at the division site by
multiple interactions with cell division proteins that all (par-
tially) contribute to targeting of PBP3.

PBP localization in S. aureus. The coccoid bacterium S.
aureus has only four PBPs and, as mentioned above, has mainly
one place where cell wall synthesis occurs, the septum (146),
although some inside-to-outside growth may occur (59). In
accordance with this idea, PBP2, the only PBP in S. aureus with
both transpeptidase and transglycosylase activities, localizes at
the septum (146, 147) (Fig. 5C). Fluorescence microscopy of a
GFP-PBP2 fusion revealed that at the beginning of septum
formation, PBP2 localizes in a ring around the future division
plane. As the septum closes, the fluorescence signal from PBP2
changes from two spots, corresponding to a ring, to a line
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FIG. 5. Localization of PBPs in different organisms. (A) Three different patterns, i.e., disperse, septal, and spotty, are observed in B. subtilis.
Shown are GFP-PbpH (i), GFP-PBP1 (ii), and GFP-PBP3 (iii). Bar, 5 um. (Adapted from reference 171 with permission of Blackwell Publishing.)
(B) Localization of GFP-PBP2 in E. coli. Left, phase-contrast image; right, GFP fluorescence image. Bar, 1 wm. (Adapted from reference 36 with
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across the cell, corresponding to a disk colocalized with the
division septum (147). Interestingly, septal localization of
PBP2 is lost in the presence of the beta-lactam antibiotic
oxacillin, indicating that substrate recognition may be impor-
tant for PBP2 localization (147). Beta-lactams are structurally
analogous to the p-alanyl-p-alanine terminus of the muropep-
tides, i.e., to the substrate of PBPs, and bind in a nonreversible
manner to the active site of PBPs, thereby preventing further
binding of PBPs to their natural substrates.

Beta-lactam-resistant strains of S. aureus have an extra PBP,
PBP2A, which has low affinity for the antibiotic and is therefore
capable of transpeptidation even in the presence of high concen-
trations of beta-lactams (71, 161). In these resistant strains, local-
ization of PBP2 is maintained in the presence of oxacillin, sug-
gesting that PBP2A is able to maintain PBP2 at the septum via
(direct or indirect) protein-protein interaction (147).

PBP localization in S. pneumoniae. A comprehensive study
of the localization of all HMW PBPs in S. pneumoniae was
done by Morlot and colleagues, using immunofluorescence
(122), and three different patterns were found. PBPla and
PBP2x (Table 1) both have septal localization and follow FtsZ
localization (with a delay of approximately 5 min under the
conditions used in the study) (Fig. 5SD). PBP2b and PBP2a
both follow the localization of the duplicated equatorial rings
(Fig. 5D). S. pneumoniae cells are encircled by an outgrowth of
the cell wall called the equatorial ring. An initial ring is dupli-
cated, and the two resultant rings are progressively separated,
marking the future division sites of the daughter cells (186)
(Fig. 1). The third localization pattern was observed only for
PBP1b, which exhibits septal localization (in about 60% of the
cells) and equatorial localization (in about 40% of the cells),
although simultaneous septal and equatorial localization was
not observed in an individual cell. These results confirm that
PBPla and PBP2x are the HMW class A and B PBPs, respec-
tively, involved in cell division, while PBP2a and PBP2b are the
HMW class A and B PBPs, respectively, associated with pe-
ripheral cell wall synthesis. The fact that two modes of cell wall
synthesis, catalyzed by two sets of PBPs, seem to exist in S.
pneumoniae implies a similarity with rod-shaped bacteria and a
difference from “true” cocci such as S. aureus.

The same study by Morlot et al. found that constriction of
the FtsZ ring precedes the shrinking of septal localization of
the PBPs; i.e., FtsZ-driven membrane invagination is uncou-
pled from PBP-catalyzed PG synthesis. This suggests that al-
though interaction with cell division proteins has a role in
recruiting PBPs to the septum, the cell wall synthetic complex
may subsequently dissociate from other division proteins (122).
Similar uncoupling of membrane invagination from cell wall
ingrowth was reported for B. subtilis upon depletion of the cell
division-specific transpeptidase PBP2b (32) and for an E. coli
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mutant lacking several cell wall hydrolysases (74).

In many organisms there is a certain degree of redundancy
between the existing PBPs. In S. pneumoniae none of the three
class A PBPs was found to be essential because single mutants
had no obvious phenotype, but a double mutant with mutations in
PBP1a and PBP2a could not be obtained (84, 136). Interestingly,
both PBP1a and PBP2a are able to modify their localization in the
absence of the other class A PBPs. PBP1a displays both septal
and equatorial localizations, although never simultaneously, when
it is the only HMW class A PBP left in the cell, and the same
happens for PBP2a (122). The fact that one PBP can take over
the normal localization of a different PBP from the same class
may explain the redundancy of these proteins.

S. pneumoniae PBP3, a LMW bD-carboxypeptidase that de-
grades the substrate of HMW PBPs, is evenly distributed on
both hemispheres and is absent from the future division site
(120). This results in the substrate of HMW PBPs being present
only at the division site. When PBP3 is absent from the cell, the
substrate for HMW PBPs is no longer restricted to the division
site (but should exist over the entire surface of the cell), and
HMW PBPs loose their normal colocalization with FtsZ rings.
This implies that, in wild-type cells, localization of HMW PBPs at
midcell depends on the availability of substrate exclusively at that
place, similarly to what was found for S. aureus (147).

PBP localization in other bacteria. Another noncoccoid bac-
terium for which PBP localization was studied is C. crescentus.
Using IF, PBP2, involved in elongation, was found to localize in
stripes along the length of the cell in a pattern that resembled that
found for the morphogenetic protein MreB (Fig. 5E) (54).

Fluorescein-labeled B-lactam antibiotics have been used to
label PBPs in Streptomyces griseus, which grows as hyphae and
is capable of sporulation. The labeling revealed high activity of
PBPs in sporulation septa within sporulating hyphae and iden-
tified an 85-kDa PBP as a possible sporulation-specific PBP in
this organism (70).

Localization of Peptidoglycan-Degrading Enzymes

PG hydrolases are enzymes that catalyze the turnover or
degradation of PG in bacteria. Among other roles, these en-
zymes are proposed to participate in cell wall growth and
turnover and in cell separation.

In S. aureus the major autolysin is encoded by the at/ gene.
The gene product is a precursor protein which is exported from
the cytoplasm and undergoes two cleavage events to generate
a mature amidase and glucosaminidase (135). The cell surface
localization of the two enzymes was studied by scanning and
transmission immunoelectron microscopy (213). The atl gene
products form a ring structure on the cell surface at the septal
region for the next cell division site, which is in agreement with

permission of Blackwell Publishing.) (C) Localization of GFP-PBP2 during the S. aureus cell division cycle. GFP-PBP2 localizes as two spots at
the start of septum formation (i) and then forms a line indicating localization along the entire closed septum (ii) and remains at the septum site
when separation has started (iii). Bar, 2 um. (Adapted from reference 147 with permission of Blackwell Publishing.) (D) Septal localization of
PBP2x (left) and equatorial localization of PBP2b (right) in S. pneumoniae. DNA staining (DAPI [4’,6'-diamidino-2-phenylindol]) (blue),
immunofluorescence of FtsZ (red) and PBP2x and PBP2b (green), and an overlay of the FtsZ and PBP patterns (merge), during various stages
in the cell cycle are shown. The top and bottom series represent the same localization patterns in a single cell and a diplococcus, respectively.
(Adapted from reference 122 with permission of Blackwell Publishing.) (E) Immunostaining of PBP2 in C. crescentus after two-dimensional
deconvolution of the fluorescence images. (Adapted from reference 54 with permission of Blackwell Publishing.)
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the proposed function of Atl in the hydrolysis of the PG for the
separation of daughter cells after division. Targeting of the
amidase and glucosaminidase to a specific site within the bac-
terial envelope is directed by repeat domains (R1, R2, and R3)
located at the center of the Atl precursor protein (6). After
cleavage, the mature amidase and glucosaminidase retain two
C-terminal repeat domains (R1 and R2) or one N-terminal
repeat domain (R3), respectively. These domains are each
sufficient to direct reporter proteins to the septal ring, presum-
ably by binding to a specific receptor located at that site (6). A
different localization pattern was found for LytB from S. pneu-
moniae, a proposed endo-B-N-acetylglucosaminidase. Inactiva-
tion of the lytB gene results in the formation of long chains
which can be dispersed into short chains or diplococci by the
addition of purified LytB protein, which is indicative of a role
of this protein in the separation of daughter cells (35). The use
of a GFP-LytB fusion (which was externally added to the lytB
mutant) showed that LytB is positioned at the polar region of
the cell surface, in agreement with its proposed role (35). LytA,
the major pneumococcal PG hydrolase involved in autolysis, is
preferentially bound to the equatorial regions, although it can
also be found at the cell poles (35).

It is worth mentioning that localization of GFP fusions is
usually done for proteins with at least one cytoplasmic domain
to which the GFP protein can be fused. This is due to the fact
that, at least in E. coli, GFP exported by the general secretory
system (Sec) folds incorrectly and is not fluorescent (53). How-
ever, prefolded GFP with the appropriate signal peptide fused
to its N terminus can be exported in E. coli by the twin-arginine
transport (Tat) system (165, 184). Two N-acetylmuramoyl-L-
alanine amidases of E. coli (AmiA and AmiC), which are
exported to the periplasm by the Tat system, could therefore
be localized in live cells by using functional GFP fusions (10).
These enzymes degrade cell wall cross-links at the septum by
cleaving the peptide moiety from the N-acetylmuramic acid
and therefore contribute to daughter cell separation (73, 82).
An AmiA-GFP fusion was found to be dispersed throughout
the periplasm of all cells. Similarly, an AmiC-GFP fusion was
dispersed throughout the periplasm in small cells, but in con-
stricting cells AmiC-GFP localized almost exclusively at the
septal ring (10). AmiC-GFP localization was mediated by an
N-terminal targeting domain that is not involved in amidase
activity (10). This suggests that AmiC is recruited to the divi-
sion apparatus, and, accordingly, localization of AmiC at the
septal ring is dependent on the division protein FtsN (10).

Specific localization of hydrolases involved in cell separation
may be an essential factor to determine the cleavage of cell
wall at designated sites, instead of a random hydrolysis of the
PG. The different compositions of the cell wall at the poles or
at the division septum, which may be translated as the exis-
tence of specific receptors at these sites, may be responsible for
the targeting of the hydrolases to their proper location. Protein
interactions with division proteins may also be involved in
some cases.

Localization of the vegetative cell wall hydrolases LytC,
LytE, and LytF of B. subtilis was determined by immunofluo-
rescence microscopy using epitope (FLAG;) -tagged fusion
proteins (214). The pL-endopeptidases LytE and LytF localize
at cell separation sites and cell poles, supporting the previous
finding that they have an important role in cell separation in
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the final stage of cell division, while LytC, an N-acetylmuramoyl-
L-alanine amidase, is dispersed over the entire surface of the
cell after middle exponential phase, in accordance to its role as
a major autolysin (214). Recent work from Carballido-Lopez
and colleagues proposed a provocative model which claims
that localization of LytE is directed by the actin homologue
MreBH and that LytE operates in lateral cell wall maturation
through its interaction with MreBH (R. Carballido-Lépez et
al., submitted for publication). The two proteins were found to
interact in a yeast two-hybrid screen, and the phenotypes of
WtE and mreBH mutants are remarkably similar. Using a GFP
fusion, those authors have observed localization of LytE not
only at the cell poles and division sites but also to discrete sites
in the cylindrical part of the cell. Septal localization was de-
pendent on division proteins, while lateral wall localization was
abolished in an MreBH mutant. Given the fact that MreBH is
found in the cytoplasm while LytE is an extracellular protein,
a model was proposed to explain the MreBH-LytE protein-
protein interaction: newly translated LytE molecules could
transiently associate with MreBH in the cytoplasm, and as a
result, LytE would be recruited to specific sites near the mem-
brane. Either LytE or MreBH would then recruit a protein-
translocating channel which would export LytE to the outside of
the cell, leading to site-specific accumulation (Carballido-Lopez
et al., submitted).

Another provocative finding related to a PG hydrolase refers
to SpollID. This protein is a sporulation-associated PG hydro-
lase from B. subtilis that is necessary for the engulfment of the
prespore by the membranes of the mother cell (2). In SpolID
mutants the rate of thinning of the asymmetric sporulation
septum and the rate of migration of the mother cell membrane
around the prespore are reduced. SpolID localizes to the lead-
ing edge of the engulfing membrane, where it stays until the
completion of membrane migration. This led to the proposi-
tion that the membrane-anchored SpolID drags the mother
cell membrane along as it hydrolyzes PG surrounding the fo-
respore and so plays an active role in engulfment. In this model
the cell wall provides an external scaffold along which motor
proteins can move (2).

Localization of Other Proteins Involved in Bacterial Cell
Wall Synthesis

The cell walls of gram-positive bacteria contain proteins as
well as charged polymers such as teichoic and teichuronic acids
which are covalently linked to PG (57, 131). As with PG, the
teichoic acid (TA) is synthesized as a lipid-linked precursor in
the cytoplasm. After translocation across the cytoplasmic
membrane, the TA is covalently linked to PG. One of the
enzymes involved in the precursor synthesis, TagF, is essential
in B. subtilis, and thermosensitive mutants display a spherical
phenotype (149-151). Two other enzymes, TagG and TagH,
are thought to act together as a translocase for the lipid-linked
TA precursor (105). A GFP fusion to TagF localized at the
membrane, along the periphery of the cell, whereas GFP-TagG
and -TagH also localized at the membrane but in a possibly
helical pattern (D.-J. Scheffers, R. Carballido-Lopez, A. Form-
stone, and J. Errington, unpublished result). These patterns
were not dissimilar from the disperse localization patterns
observed for the majority of B. subtilis PBPs (see above). A
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GFP fusion to TagB, an intracellular enzyme involved in TA
synthesis, has recently been shown to associate with the
intracellular face of the cytoplasmic membrane in a disperse
pattern (12).

ROLE OF THE BACTERIAL CYTOSKELETON IN
DIRECTING CELL WALL SYNTHESIS

Actin Homologues in Bacteria and Their Role in
Cell Wall Synthesis

Many mutations that lead to defects in bacterial cell shape
are directly associated with a defect in cell wall synthesis. A
mutation or multiple mutations of pbp genes can convert rod-
shaped E. coli and B. subtilis cells into round or branched cells
(see, e.g., references 130, 183, and 202). Also, mutations of
RodA, the putative PG precursor translocase, or of TagF, an
enzyme involved in teichoic acid synthesis, can convert B. sub-
tilis into round cells (78, 83). A second group of genes,
mreBCD, with no clear association with cell wall synthesis, are
also required for rod-shaped growth of both E. coli and B.
subtilis (48, 108, 192, 198, 199). A first indication for the func-
tion of MreB came when MreB was predicted to be structurally
similar to actin (15). Proof that MreB is the bacterial homo-
logue of actin was provided by two landmark papers published
in 2001. The first paper showed that in B. subtilis MreB and a
second, homologous protein, Mbl, are involved in cell shape
and form helical structures that run the length of the cell,
underneath the membrane (90). Those authors also pointed
out that the presence of mreB is widespread in bacteria with
complex (i.e., nonspherical) shapes, whereas mreB is absent
from bacteria with a spherical (coccoid) morphology, pointing
to a direct role of mreB in the determination of cell shape (90).
The second paper showed that MreB from Thermotoga mari-
tima has biochemical properties similar to those of actin and a
crystal structure that closely resembles that of actin (189). For
a more extensive review on MreB and other bacterial actin
homologues, see reference 27.

Presently, mreB appears to be an essential gene affecting cell
shape in all bacteria for which its function has been studied,
i.e., B. subtilis (56, 90, 192), E. coli (98), C. crescentus (54),
Rhodobacter sphaeroides (179), and Streptomyces coelicolor (23),
although high concentrations of Mg?" in the growth medium
allow growth of a B. subtilis mreB null mutant with almost
normal morphology (56). The mreC and mreD genes, which are
in a conserved operon together with mreB (108, 192, 198), are
also essential, both in E. coli (98) and in B. subtilis (106, 107).
Cells depleted of MreC or MreD are spherical, but again in B.
subtilis high Mg>* concentrations allow propagation of these
cells, although the rod shape is not restored (98, 106). MreC
and MreD are membrane proteins that localize to the mem-
brane in patterns that under some conditions resolve into he-
lices (106). E. coli MreC interacts with both MreB and MreD
in a bacterial two-hybrid screen (98). Together, these data
point to a multiprotein complex formed by MreB (Mbl), MreC,
and MreD. The main role of MreBCD in cell shape mainte-
nance seems to lie in the control of cell width, as all depletion/
knockout strains display a phenotype with increased cell width
and, importantly, depletion of MreBCD in E. coli can be sup-
pressed by overexpression of FtsQAZ (98). Overexpression of
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FtsQAZ allows these division proteins to form complete divi-
sion rings in cells with increased diameter and has been pre-
viously shown to counteract the effect of inactivation of PBP2/
RodA, which causes growth as spheres (194).

A second reported function for the actin-like cytoskeleton
formed by MreB helices in rod-shaped bacteria is chromosome
segregation, as has been reported for C. crescentus (62), E. coli
(98), and B. subtilis (182), although recently a B. subtilis mreB
null mutant was reported not to have a major defect in chro-
mosome segregation (56). For a more thorough review of the
role of actin-like proteins in prokaryotic chromosome segre-
gation and other processes, see references 27 and 61.

It has been suggested that the cytoskeletal structures formed
by MreBCD proteins control cell shape by controlling cell wall
synthesis. Various authors have presented models in which
MreB helices act as a scaffold for proteins involved in cell wall
synthesis (31, 54, 90, 98), similar to the recruitment of cell
division proteins to a ring formed by the tubulin homologue
FtsZ (52). Strong support for this model was obtained when
the insertion of PG precursors in the lateral wall of B. subtilis
was shown to be dependent on Mbl, an MreB homologue (see
above) (31). Also, in Corynebacterium glutamicum, a gram-
positive rod that lacks MreB, insertion of PG precursors was
absent from the lateral wall but occurred at the cell division
site and at the poles, which are normally inactive for PG syn-
thesis (31). MreC and MreD also seem to be required for the
lateral insertion of Van-FL in B. subtilis (106).

The MreB (Mbl)/MreC/MreD complex is hypothesized to
further consist of PBPs and the putative PG precursor trans-
locase RodA (98, 106). However, the notion that PBPs are
localized in a manner that depends on MreB is not yet con-
vincingly supported by experimental data. The localization of
GFP-PBP2, the elongation-specific E. coli transpeptidase, is
consistent with the localization patterns for MreBCD, but the
interdependency of these localization patterns has not been
addressed (36, 98). In B. subtilis, PBP2a and PbpH are involved
in lateral wall synthesis (202) and therefore are the most likely
candidates to be present in the putative complex. The local-
ization of both GFP-PBP2a and -PbpH was not markedly
changed in the absence of either Mbl (which directs lateral wall
growth) or MreB (171). It should be noted that the weakness
of the GFP signal from these fusions could limit the ability to
detect subtle changes in protein distribution patterns, making
it difficult to state anything conclusive about the dependence of
these GFP-PBPs on Mbl or MreB. Other PBPs could be can-
didates for the putative complex, based on their localization
pattern. The class B transpeptidase PBP3, the carboxypepti-
dase PBP4a, and the endopeptidase PBP4* formed distinct
spots at the cell periphery which sometimes resolved in short
arcs (169, 171). When these PBPs where studied in MreB- or
Mbl-deficient strains, no change in localization was observed
(171). Similar results where reported for components of the
Sec translocation machinery, which were also found to localize
in helical structures in B. subtilis (26) but were not dependent
on mreB homologues. Thus, in B. subtilis, no evidence exists for
targeting of PBPs by either MreB or Mbl. In C. crescentus,
some evidence for PBP localization depending on MreB has
been found: the major transpeptidase PBP2 has been shown to
localize in a banded pattern similar to the pattern found for
MreB (54), and upon MreB depletion the pattern formed by

8002 ‘8T |udy uo Aq Bio°wse iguw wolj papeojumod


http://mmbr.asm.org

600 SCHEFFERS AND PINHO

PBP2 was lost, although PBP2 foci were still present (54).
However, a difficulty with MreB depletion experiments is the
time it takes for MreB depletion to take effect (several gener-
ation times) and the concomitant morphological changes
caused by the depletion. This makes it hard to establish
whether changes in localization patterns observed are a direct
result of the loss of interaction of the protein studied with the
protein depleted or an indirect result caused by the morpho-
logical change that is caused by the depletion. For example,
depletion of MreC, MreD, or RodA, which also causes spher-
ical growth, is concomitant with a loss of MreB localization in
cables (98). A recently discovered MreB inhibitor, A22, causes
immediate disassembly of MreB cables (62), and it can be
expected that the use of this inhibitor will provide more infor-
mation on whether the localization of various proteins depends
on the presence of MreB cables.

A Reappraisal of the Role of the Tubulin Homologue FtsZ
in Cell Wall Synthesis

Bacterial cell division starts with a formation of a Z ring at
the cell division site. The Z ring consists of polymers of FtsZ,
the bacterial tubulin homologue, and is required for the re-
cruitment of all other bacterial cell division proteins to the
division site (52). Thus, FtsZ is required for cell division-
associated cell wall growth by acting in the recruitment of cell
division-specific wall synthesis enzymes. In some cocci, this is
likely to be the only mode of growth (Fig. 1), and in S. aureus
normal localization of cell wall synthesis at the septum is de-
pendent on the presence of FtsZ. If FtsZ is depleted, the cell
continues to synthesize cell wall but this process becomes dis-
persed over the entire surface of the cell. As a consequence,
the cell enlarges to up to eight times its normal volume and
subsequently lyses (146). The absence of FtsZ does not seem to
prevent the biochemical activity of PBPs, but incorporation of
new PG in the cell wall becomes unregulated, and the local-
ization of PBP2 becomes dispersed, leading to accumulation of
thick patches of material around the cell, which can be ob-
served by electron microscopy (146).

In rod-shaped bacteria, with both lateral/elongation-associ-
ated and septal/cell division-associated cell wall growth, the
role of FtsZ has been thought to be restricted to the latter
process. FtsZ-depleted cells continue to elongate but do not
divide, forming long filaments. Recent papers on E. coli cell
wall synthesis now indicate that FtsZ may play some role in
lateral wall synthesis as well. The first indications for a role of
FtsZ in lateral wall growth came from a study that showed
areas of high PG synthesis activity around potential division
sites in E. coli filaments where division was blocked because
the cell division specific transpeptidase was inactivated. For-
mation of the zones of new PG synthesis activity did depend
on FtsZ, suggesting that this mode of PG synthesis is not
directly linked to cell division-specific ingrowth of the cell
wall (40) and may correspond to a new stage of PG synthe-
sis, preseptal PG synthesis, that would occur when the
switch from elongation to septal PG synthesis takes place at
the future division site. Depending on the growth rate, there
is a time delay of 14 to 21 min between the formation of the
Z ring and the appearance of cell division-specific proteins
involved in cell wall synthesis (1). This period could be used
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either for FtsZ-mediated synthesis of lateral wall material or
for synthesis of material that only later is modified to accom-
modate invagination and pole formation (1). One would ex-
pect, however, that FtsZ-mediated synthesis along a zone in
the lateral wall would lead to Van-FL staining of this zone in
B. subtilis, especially when Mbl-guided lateral wall synthesis is
absent. This seems not to be the case, since Mbl knockout cells
show clear staining at the septum, which does not extend into
zones along the lateral wall (31).

Another indication linking FtsZ to cell shape determination
was the observation that the formation of branches and abnor-
mal cell shapes observed in mutants lacking LMW PBPs, no-
tably PBP5 (42, 134), was augmented when these mutants were
studied in an ftsZ84(Ts) background (193). Mutant cells lack-
ing PBP5 and another LMW PBP (the phenomenon was
strictly PBP5 dependent) showed spiral morphology when
FtsZ activity was blocked by overexpression of the FtsZ inhib-
itor SulA (193). PBPS is the major carboxypeptidase but is not
specifically associated with cell division. Overexpression of
PBPS5 in E. coli results in a conversion from rod-shaped to
spherical cells (113). This suggests that the regulation of the
amount of pentapeptides and the amount of cross-linking in
the cell wall by PBP5 is critical for the maintenance of the
balance between elongation and division. The importance of
the amount of cross-linking in the cell wall with respect to
morphology was confirmed by the observation that deletion of
PBP4 and PBP7 from a PBP5 mutant exacerbated shape ab-
normalities (117). PBP4 and -7 are endopeptidases that cleave
peptide cross bridges. Without PBPS5, the amount of substrates
for cross-linking is increased, and in the absence of PBP4 and
-7, cross-links are not cleaved, leading to a highly cross-linked
PG layer (117). However, a mutant with a knockout of the B.
subtilis major carboxypeptidase, PBPS, displays normal mor-
phology during exponential growth, although cells become pro-
gressively shorter after exponential growth (185). The relation-
ship between LMW PBPs and FtsZ has just been discovered
and is still quite enigmatic, but it points to an additional role
for both FtsZ and LMW PBPs in cell shape control in rod-
shaped organisms.

A MODEL FOR PBP LOCALIZATION

Current thinking about protein localization in bacteria puts
a great emphasis on protein-protein interactions as the main
localization mechanism. The Min system of E. coli, which is
involved in the localization of the FtsZ ring, is probably the
only example of protein localization where a satisfactory ex-
planation that does not involve interactions with additional
proteins is provided. This system involves the oscillation of
MinCD, a negative regulator of FtsZ ring assembly, from pole
to pole, which is mediated by a third protein, MinE, ensuring
that the FtsZ ring is correctly positioned at midcell (reviewed
in reference 111). Importantly, the localization patterns of the
Min system can be explained without the requirement of in-
teractions between MinCDE and other proteins (85).

PBPs are one example of a class of proteins that are thought
to localize mainly through protein-protein interactions. These
interactions can be either between PBPs and other proteins
involved in cell wall synthesis, such as PG precursor translo-
cases and cytoskeletal proteins, or through interactions be-
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tween different PBPs that make up a multienzyme complex. As
said above, from a cell cycle function point of view, PBPs can
be divided into cell division-associated PBPs and peripheral
synthesis/elongation-associated PBPs. Although evidence for
the existence of multienzyme complexes consisting of several
PBPs has been obtained for various organisms (discussed
above), the dependence of PBPs on each other for targeting to
their site of activity has hardly been addressed. One of the two
known examples is the cell division-specific PBP1 from B.
subtilis, which requires the essential cell division transpeptidase
PBP2b (170). However, PBP1 localization depends on several
other, non-PBP, components of the cell division machinery,
suggesting that it is dependent on correct assembly of the
whole complex rather than the presence of specific PBPs at the
cell division site. A second example is PBP2 from S. aureus,
which becomes delocalized when its active site is inactivated by
a beta-lactam antibiotic. However, in methicillin-resistant S.
aureus strains, which contain an additional PBP, the resistance
protein PBP2A, PBP2 remains localized in the presence of
beta-lactams, suggesting that acylated PBP2 can be maintained
in place in the presence of functional PBP2A, possibly by
protein-protein interaction (147).

Targeting of PBPs by other proteins has been studied in
more detail. Cell division PBPs have been the focus of the
majority of these localization studies, and PBP3 (FtsI) from E.
coli is probably the best-studied example. In fact, there are
several reports that point to protein-protein interactions that
play a role in the localization of this protein. PBP3 localization
depends on the prior localization of FtsZ, FtsA, ZipA, FtsK,
FtsQ, FtsBL, and FtsW (22). The requirement of FtsW (the
putative PG precursor translocase) for recruitment of PBP3 to
the division site is particularly well documented (118), and
PBP3 localization seems to be dependent on the periplasmic
loop located between transmembrane segments 9 and 10 of
FtsW (140). The use of truncated forms of PBP3 fused to GFP
showed that the transmembrane helix of PBP3 is sufficient to
target the fusion protein to the division septum (209). This
suggests that the PBP3 transmembrane helix is required for
protein-protein interactions that mediate localization, through
interaction with another membrane protein such as FtsW or
FtsQ. Several interactions between PBP3 and other division
proteins were also identified in recently developed bacterial
two-hybrid assays (44, 91).

In one of the first reports on E. coli PBP3 septal localization,
it was shown that addition of furazlocillin, a beta-lactam anti-
biotic with high specificity for PBP3, prevents localization of
this protein (200). Beta-lactam antibiotics are substrate ana-
logues that bind to the transpeptidase active sites of PBPs in a
nonreversible manner, therefore blocking substrate recogni-
tion by PBPs. Furazlocillin did not affect the levels of PBP3
in the cells, and cell division proteins FtsZ and FtsA still
localized to the cell division site in the presence of fura-
zlocillin (200). These observations indicate that it is unlikely
that loss of protein-protein interactions leads to PBP3 delocal-
ization but rather that the inability of PBP3 to bind to its
substrate results in PBP3 delocalization in the presence of
furazlocillin. Similar results were obtained with S. aureus, where it
was observed that addition of the beta-lactam antibiotic oxacil-
lin prevents PBP2 localization (147). Again, FtsZ ring forma-
tion and localization of PG precursors were not affected, indi-
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cating that the antibiotic did not disrupt activation of cell
division or substrate availability (147). Furthermore, addition
of p-cycloserine (which results in the synthesis of PG precur-
sors without the terminal p-Ala-D-Ala residues, which cannot
be recognized by the transpeptidase active site of PBPs) or of
vancomycin (which binds terminal pD-Ala-p-Ala residues of PG
muropeptides, blocking the access of PBPs to their substrate)
also leads to delocalization of PBP2 (147). These data indicate
that substrate recognition, rather than protein-protein interac-
tion, is required for S. aureus PBP2 localization (Fig. 6.)

In S. pneumoniae, localization of HMW PBPs also seems to
depend on the availability of substrate: PBP3 (a pp-car-
boxypeptidase) removes the terminal D-Ala-D-Ala residues
from the PG, thereby regulating the amount of donor stem
peptides available as substrate for transpeptidation reactions.
S. pneumoniae PBP3 is normally absent from the future divi-
sion site and present over the rest of the cell surface. As a
result, the substrate for HMW PBPs is present only at the
division site (where FtsZ and FtsW localize), and that is where
HMW PBPs localize. However, in a PBP3 mutant, HMW PBPs
no longer colocalize with the FtsZ and FtsW rings (120).

Thus, experiments performed with three different organisms
point to an important role of the transpeptidase domain in the
localization of HMW PBPs, which has not been recognized
previously.

A reevaluation of the localization data for E. coli PBP3
reveals that many of the described phenotypes can also be
explained based on substrate recognition as an important tar-
geting factor. The requirement of FtsW for recruitment of
PBP3 to the division site (118) is based on the fact that deple-
tion of FtsW results in loss of localization of PBP3. This could
be due to the loss of (direct or indirect) protein-protein inter-
actions, but it could also be explained by the fact that depletion
of FtsW, a putative translocase of PG precursors, leads to a
lack of transpeptidation substrates at the cell division site. This
absence of substrates would result in delocalization of PBP3.
Similarly, the dependency of PBP3 localization on a periplas-
mic loop of FtsW, as identified by the analysis of FtsW mutants
with point mutations in the periplasmic loop 9/10 (140), may
also be explained by the loss of translocation activity of the
mutants. Even though the transmembrane helix of E. coli PBP3
is sufficient to direct GFP to the septal ring in a PBP3 depletion
strain (209), the same study also showed that the removal of
the transpeptidase domain reduces GFP-PBP3 localization
about fourfold (209), clearly demonstrating the importance of
the transpeptidase domain for localization. In a study designed
to determine amino acid substitutions that impair septal local-
ization of PBP3 (208), all mutants that lacked penicillin-bind-
ing activity were discarded. As this activity is mediated by the
transpeptidase domain, the role of this domain in localization
was cut off from the study.

In our opinion, two factors are critical for PBP localization
to the cell division site: protein-protein interactions and sub-
strate recognition. One model that could encompass both lines
of thought would be that PBPs are first recruited to the septum
by protein-protein interaction with division proteins. However,
the multienzymatic complex responsible for cell wall synthesis
would then be uncoupled from the other cell division proteins
and maintain its localization through substrate recognition. In
agreement with this idea is the fact the cell wall synthetic
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FIG. 6. Model for PBP2 localization by substrate recognition in S. aureus. In a wild-type cell growing in the absence of inhibitors (upper panels),
the substrate of PBP2 is exported from the inside of the cell at the division site, possibly because the translocator of the PBP2 substrate (presumably
an FtsW homologue) localizes at the division site by interaction with the divisome. PBP2 recognizes and binds the substrate, therefore localizing
at the division site, initially forming a ring around the cell (cell on the upper right). Several events can lead to delocalization of PBP2 (lower panels):
depletion of FtsZ leads to delocalization of the substrate translocator and therefore to a nonlocalized export of the PBP substrate; inactivation of
the PBP2 binding site by B-lactam antibiotics or alteration or blockage of the substrate (for example, by addition of D-cycloserine or vancomycin,
respectively [see text]) prevents enzyme-substrate binding. Both delocalization of the substrate and inability of PBP2 to bind its substrate can cause
the loss of the precise localization of PBP2 at the division septum, and the protein becomes dispersed over the entire surface of the cell (cell on

the lower right).

machinery does not colocalize with the FtsZ ring during the
entire synthesis of the septum: in S. pneumoniae there is a
temporal dissociation of cell wall synthesis (which lags be-
hind) from FtsZ ring constriction (122), and in B. subtilis
and S. aureus (32, 147) PBPs remain localized on the whole
surface of the septum while the FtsZ ring constricts to a
point-like structure.

Whether a combination of protein-protein interactions and
substrate recognition also mediates PBP localization along the
lateral wall in rod-shaped bacteria is difficult to say. First, no
factors for targeting of PBPs to the lateral wall have been
described, and most PBPs that localize to the lateral wall are
also present at the cell division site in B. subtilis and E. coli (36,
171). Second, the redundancy of PBPs in both B. subtilis and E.
coli makes it unlikely that PBPs that are part of a putative
multienzyme complex are delocalized when one of the mem-
bers of the complex is missing; another PBP with the same

biochemical function may take over. There is some evidence
that PBP localization may be dependent on the MreB-like cy-
toskeletal proteins: in C. crescentus, PBP2 localizes in a banded
pattern that is similar to the MreB localization pattern, and in
a MreB depletion strain the PBP2 pattern disappears (54).
Also, the observation that helical insertion of PG precursors
along the lateral wall is mediated by Mbl in B. subtilis (31)
points to a role for MreB-like proteins in PBP localization,
either by providing substrate that can be recognized by elon-
gation-specific PBPs or by providing a track for protein-protein
interactions that target PBPs, as suggested by various authors
(98, 106). Clear helical localization patterns were not found for
E. coli PBP2 (36) or for any B. subtilis PBP (171). It could be
very difficult to observe PBP helices, though; if the number of
cell wall synthetic machineries responsible for the elongation
of the cell is low enough, even if they localize along a helical
pattern, the localization pattern would not be a continuous one
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(as for the cytoskeleton proteins) but would consist of isolated
spots along the helix. This would agree with the pattern of
distinct spots at the cell periphery which sometimes resolved in
short arcs, as was found for some B. subtilis PBPs, but these
patterns did not depend on Mbl or MreB (171). More work is
required to identify the requirements for PBP localization
along the lateral walls of rod-shaped bacteria.

FUTURE DIRECTIONS

The application of fluorescence microscopy has transformed
the field of bacterial morphogenesis in the past few years. The
discovery of an actin-like bacterial cytoskeleton and its role in
cell shape determination, the development of a fluorescent
staining method for PG precursor incorporation in live cells,
and the study of the localization of PBPs in various organisms
have generated new insights into how bacteria determine their
shape, but they have also raised several questions. It is now
evident that for bacteria with a complex shape, the MreB-like
cytoskeleton plays a critical role in cell shape determination,
but the specific effectors of cell wall morphogenesis which are
controlled by the cytoskeleton remain unknown. An intriguing
role for FtsZ in conjunction with LMW PBPs has recently been
discovered in E. coli, and it will be interesting to see whether
FtsZ plays a role in cell shape determination in addition to its
role in cell division. The discovery that PBP localization is, at
least in several cases, determined by the affinity for substrate is
a novel finding, which needs to be tested further. This knowl-
edge will have to be integrated with the formation (if proven)
of multienzyme complexes of PBPs, with the ultimate purpose
of understanding on one hand how two complex machineries,
the divisome and the cell wall synthetic machinery, cooperate
during cell division and on the other hand how the different
activities required for PG synthesis are regulated in time and
space. The many unresolved questions that remain justify a
concerted research effort in this field for the coming years.
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