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1 | INTRODUCTION

Richard J. Lewis

Abstract

Bacteria are surrounded by a complex cell envelope made up of one or two mem-
branes supplemented with a layer of peptidoglycan (PG). The envelope is responsible
for the protection of bacteria against lysis in their oft-unpredictable environments and
it contributes to cell integrity, morphology, signaling, nutrient/small-molecule trans-
port, and, in the case of pathogenic bacteria, host—pathogen interactions and virulence.
The cell envelope requires considerable remodeling during cell division in order to
produce genetically identical progeny. Several proteinaceous machines are responsible
for the homeostasis of the cell envelope and their activities must be kept coordinated
in order to ensure the remodeling of the envelope is temporally and spatially regulated
correctly during multiple cycles of cell division and growth. This review aims to high-
light the complexity of the components of the cell envelope, but focusses specifically
on the molecular apparatuses involved in the synthesis of the PG wall, and the degree
of cross talk necessary between the cell division and the cell wall remodeling machin-
eries to coordinate PG remodeling during division. The current understanding of many
of the proteins discussed here has relied on structural studies, and this review concen-

trates particularly on this structural work.
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Christian Gram in 1884, as it provides important information
about the gross structure of bacterial cell walls. The PG layer

Bacteria are classified into two groups, Gram-negative and
Gram-positive, based on their response to the Gram stain.
Gram-negative cell envelopes consist of both an inner and
an outer membrane (IM and OM, respectively), which
encapsulate a relatively thin peptidoglycan (PG) layer a few
nanometers (nm) thick." By contrast, Gram-positive bacteria
have only a single membrane surrounded by a much thicker
PG layer, ranging from 30 to 100 nm in thickness.” It is this
thick, external layer of PG in Gram-positive bacteria that
allows for the retention of the Gram stain. It makes sense
that the Gram nomenclature for bacterial cells has remained
an important classification since its development by Hans

is a defining feature of bacteria, distinguishing them from
archaea or eukaryotes. The tensile strength of PG allows
bacteria to thrive in a variety of environments, indeed,
targeting the proteins responsible for PG renewal in bacteria
has been central to mankind's fight against infectious dis-
eases.” While some chemical moieties in PG differ between
species of bacteria, the general structure of PG comprises
repeating disaccharides of N-acetylglucosamine (GlcNAc)
and N-acetylmuramic acid (MurNAc), cross-linked between
MurNAcs via short (four or five residues) peptide stems
(Figure 1), to form a lattice-like arrangement.* The fifth, ter-
minal D-alanine is normally lost during PG maturation.
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FIGURE 1

The general structure of peptidoglycan (PG). The general structure of the matrix of PG is shown as a cartoon in which sugar

moieties are represented as hexagons and the amino acids that comprise the peptide stems are shown as circles. The identity of the residues present

in the cartoon represent the majority of Gram-negative/Gram-positive peptide stems, respectively. Variability in the presence of the D-Ala residues

in mature PG at positions 4 (which is sometimes lost) and 5 (which is always lost) of the peptide stem is represented by a cross-hatched fill and a

dashed outline with a gradient fill, respectively. The most common peptide linker in PG is formed between positions 3 and 4 of the peptide stem

(as shown here). The chemical structure of the peptide cross-link varies, and may be composed of a direct link between residues in the peptide stem,

or may be comprised of a peptide link, such as the penta-glycine linker present typically in S. aureus

Some variations on this basic theme include additional short
(one to five residue) peptide linkers between the peptide
stems, which normally (but not exclusively) are cross-linked
between the amino group from the sidechain of residue
3 and the carboxyl group of D-alanine at position 4 (a three
to four cross-link). The direct cross-links typically also
involve residues 3 and 4. Differences in the structure and
regulation of PG and its synthesis are responsible for varia-
tions in cell integrity and morphology,*” highlighting the
importance of the PG layer to bacteria. The synthesis of PG
is a complex multienzyme process initiated in the cytoplasm
and subsequently linked to the inner (and outer) leaflet of
the cell membrane. PG synthesis has been studied relatively
extensively, particularly in the rod-shaped model organisms
Escherichia coli and Bacillus subtilis, which are representa-
tives of the Gram-negative and Gram-positive groups,
respectively. Consequently, the anabolism of PG is fairly
well understood.® The coupling of PG hydrolysis and
resynthesis during cell division is essential for the cell to
avoid an untimely death; however, the study of this synergy
is a field that remains in its infancy.

In the majority of cases, bacteria undertake a process of
binary fission through which two identical daughter cells are
produced from a parental cell, which involves the establishment

of a site of division, elongation (in some cases), chromosome
replication and segregation, generation and closure of a sep-
tum, and finally separation of the two cells at the septum. Cell
division is thus an exceptionally complicated cycle of events
requiring a multitude of spatial and temporal backstops for it
to be undertaken successfully. There is, however, insufficient
scope in this review to consider the spatiotemporal coordina-
tion of chromosome replication and segregation with the later
steps of cell division. While the fundamental events in this
process are conserved across the entire bacterial kingdom,
species-specific nuances are observed, often related to the
structure of the cell envelope, variations in morphology, or
the identity and nature of some of the regulators. Defining
mid-cell is a critical step of division and is undertaken differ-
ently depending on the bacterial species. In rod-shaped bacte-
ria, such as B. subtilis and E. coli, the mid-cell is defined at
the mid-point of the longest edge of the cell, where the sep-
tum forms in a ring across the shortest width of the cell. In
spherical bacteria (cocci), such as the Staphylococci, mid-cell
is defined at the point at which there is the longest diameter
of cross section of the spherical cell, and the septum forms
around the circumference of the cell in a ring,7_9 and subse-
quent division planes are placed orthogonally to the previous
because the PG “pie-crust” rings are important topological
markers of past sites of division in Staphylococcus aureus.’
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In ovococci, like Streptococcus pneumoniae, both cell length
and diameter considerations are important for determining mid-
cell.' The location of septum formation is a good example of
the level of control involved throughout; in many rod-shaped
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bacteria (such as E. coli) its position rarely varies in location
beyond a few percent, resulting in progeny that rarely vary in
volume outside of this margin (~4%)."" Placement of the sep-
tum is aided by the Min and nucleoid occlusion systems, which
both act as inhibitors of the septal ring progenitor protein,
FtsZ.'>'5 Some bacteria that lack the Min system, such as
Mycobacterium tuberculosis, seem to utilize a different, albeit
less-efficient system for determining mid-cell as cell division
of this species results in daughter cells of different sizes.'* Sep-
tum formation and constriction of the cell into two daughter
cells are common themes between both Gram-negative and
Gram-positive bacteria; however, Gram-positive bacteria form
a complete septum across the mid-cell before division occurs,
whereas a Gram-negative bacterium divides while developing
its septum simultaneously.” Whether cell elongation occurs
during/prior to this process is also species specific and is not
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necessarily predictable by morphology and/or cell wall compo-
sition alone.

There are obviously a great number of fine details rele-
vant to these processes suitable for review but, for the sake
of brevity, we will discuss briefly the make-up of the enve-
lope of both Gram-negative and Gram-positive bacteria,
before discussing the mechanisms through which bacteria
build their wall, the proteins involved in regulating cell divi-
sion in context of the life cycle of the cell, and the signifi-
cance of understanding these processes with regards to their
potential for exploitation in the pursuit of much needed new
antibiotics.

2 | THE GRAM-NEGATIVE
ENVELOPE

The OM of Gram-negative bacteria is an asymmetrical
bilayer (Figure 2) consisting of phospholipids and lipopoly-
saccharides, which assemble into the inner and outer leaflets
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FIGURE 2  Comparison of the cell envelopes of Gram-negative (left) and Gram-positive (right) bacteria. The cell envelope of Gram-negative

bacteria comprises of an inner (IM) and outer membrane (OM) decorated with lipopolysaccharide (LPS), sandwiching a relatively thin layer of

peptidoglycan (PG). By contrast, the cell envelope of Gram-positive bacteria is comprised of a single cell membrane surrounded much thicker PG

layer complemented with lipoteichoic acid (LTA) and wall teichoic acid (WTA). Cross-links between peptide stems are shown as three to four

cross-links for the sake of simplicity. Not shown are the multitude of proteins that sit in the inner and OM of Gram-negative bacteria, nor those that

reside in the membrane or the PG of Gram-positive bacteria. The components of PG are displayed using the same scheme as in Figure 1, with the

nascent PG chain containing D-Ala at positions 4 and 5. The mature PG is represented without the D-Ala at position 5 and occasionally also without

the D-Ala at position 4 to represent the natural variability of the peptide stem in the mature PG mesh
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of the membrane, respectively.'* The structure, function, and
synthesis of the Gram-negative OM are all complex discus-
sion points appropriate for review in their own right.''®
Broadly speaking, the OM serves as a protective layer for
Gram-negative bacteria, functioning as a semi-permeable bar-
rier to the periplasm,'” and as an added layer of protection
from environmental turgor.” The OM accommodates a vari-
ety of OM proteins (OMPs), which consist of porins, prote-
ases, lipases, transporters, and various receptors embedded
into the OM."'® Unsurprisingly given their nomenclature, por-
ins and transporters are responsible for the diffusion/transport
of small molecules into the periplasm, respectively,'® and are
responsible for the semi-permeable nature of the OM. Several
members of the porin family of OMPs have been amenable
to structural study by crystallography'®' and the resulting
structural models have had essential roles in the elucidation
of molecular mechanisms of transport, highlighting the com-
plexity of the OM. The OM also requires remodeling during
cell division and a more complete picture of the OM and its
constituents is thus key to understanding how this is regulated
on a molecular level,”**® and an integrative approach®’ will
lead to a far greater mechanistic understanding than with
structure alone.

3 | THE GRAM-POSITIVE CELL
ENVELOPE

Gram-positive bacteria compensate for the lack of the pro-
tective/stabilizing presence of the OM with a thicker layer
of PG.>** As well as the obvious difference in thickness, the
PG layer of Gram-positive bacteria is distinguished from
Gram-negative bacteria by its decoration with anionic
glycopolymers called teichoic acids (TAs).*>*® TAs consti-
tute 30-60% of the Gram-positive cell wall. There are two
types of TA; wall TAs (WTAs), which are covalently
attached to the PG, and lipoteichoic acids (LTAs), which are
attached to the cytoplasmic membrane and extend deep into
the wall (Figure 2).>”*® TAs may act as a functional substi-
tute for the OMPs present in Gram-negative bacteria as they
are also capable of affecting permeability and integrity, and
are responsible for host—pathogen interactions.” It follows
that TAs are a virulence factor for Gram-positive pathogens
and for this reason are of interest for study, as their synthesis
pathways are also a potential target for future antibiotics.>* 2
The TA chemical structure, similarly to PG, also varies from
species to species. The general structure is a -1 — 4 linked
N-acetylmannosamine/GlcNAc (ManNAc/GlcNAc) disaccha-
ride, a glycerophosphate linker made of three phospho-
glycerol molecules, followed by a long chain of glycerol- or
ribitol-phosphate repeats.®> In WTAs, the ManNAc/GlcNAc
is linked to the MurNAc residues of the glycan chain of PG
by a phosphodiester bond.* In LTAs, a lipid anchors the TA
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to the cell membrane and the lipid anchor is another example
of a species-specific variable region in the molecule.>*

The cell walls of Gram-positive bacteria, not unlike the
OMs of Gram-negative bacteria, also contain surface proteins.
The surface proteins present in the wall are transported out of
the cell by secretory systems such as the Sec or TAT path-
ways.>>° Following secretion, surface proteins are attached
either to the IM by way of lipid anchors/transmembrane
domains, or to the PG/TAs that make up the cell wall.*’

4 | PGSYNTHESIS

4.1 | Cytosolic pathway

The cytosolic reactions of PG synthesis are undertaken
chiefly by a family of ligases designated “Mur” (MurA,
MurB, etc.); these enzymes are involved in the production of
the PG precursor, Lipid II, in the inner leaflet of the IM.*®
The first step in the cytosolic pathway of PG synthesis is
undertaken by MurA, which catalyzes the production of uri-
dine diphosphate (UDP)-GlcNAc-enolpyruvate from phos-
phoenolpyruvate (PEP), and UDP-GIcNAc.*® The production
of UDP-GlcNAc-enolpyruvate is followed by its reduction
into UDP-MurNAc, catalyzed by MurB.*° Extension of
UDP-MurNAc by sequential addition of the residues present
in the stem peptide is taken on by the enzymes MurC-F to
produce Park's nucleotide. In Gram-negative bacteria Park's
nucleotide comprises UDP-MurNAc, L-alanine (L-Ala), D-
glutamine (D-GlIn), meso-diaminopimelic acid (meso-A,pm),
D-alanine (D-Ala), D-Ala. Park's nucleotide is attached to
undecaprenyl (Css) diphosphate by MraY, resulting in a lipid
PG precursor referred to as Lipid 1.*' The final cytoplasmic
enzymatic step involves the formation of the p-1 — 4 glyco-
sidic bond of MurNAc with GlcNAc via a glycosyltransferase
(MurG) to produce Lipid II,** which is then flipped to the out-
side of the membrane of the cell by a ﬂippase.43 The structure
of each of the Mur enzymes from at least one species of bacte-
ria have now been solved,38 a process that started with the
structure of MurA in 1996.** The structure of MurA was
solved in complex with both its substrate UDP-GIcNAc and
the antibiotic fosfomycin,** revealing both the mechanism of
action*” and the mode of inhibition of MurA. Similar studies
have been carried out on the remainder of the Mur enzymes in
this pathway (Figure 3), lending the entire cytoplasmic pathway
of the process to rational drug design.”®#°

4.2 | The elusive flippase

The identity of the flippase responsible for the transfer of
Lipid IT across the cell membrane has recently been a subject
of some debate. Three major candidates for the flippase were
initially proposed, FtsW, RodA, and Murl.*’* All three
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FIGURE 3 A structural overview of Lipid II construction. The structure of every enzyme involved in the cytoplasmic pathway of Lipid IT

synthesis has now been determined by X-ray crystallographic techniques. Here, the structures of every enzyme involved in Lipid II synthesis are

displayed alongside the reaction(s) they are responsible for catalyzing on either face of the cell membrane (IM). For the sake of consistency, the

structures shown here are those derived from E. coli

proteins are integral membrane proteins, with 10 (FtsW/
RodA) and 14 (Mur]) predicted transmembrane domains. All
three proteins are highly conserved and essential®
in both Gram-positive and Gram-negative bacteria, which
would suggest that they do not play redundant roles in the

for growth

cell. The first studies that appeared to observe FtsW as the
Lipid II flippase were in vitro experiments in which the abil-
ity of E. coli FtsW to flip fluorescently Lipid I was measured
using model membranes/liposomes.*” These initial experi-
ments suggested that FtsW was indeed capable of flipping
Lipid II whereas, under the same conditions, MurJ was not. ¥’
Follow-up experiments worked to identify the region of the
protein responsible for the flippase activity by removing
transmembrane domains of FtsW and performing the same
fluorescence-based flipping assays, with concomitant micros-
copy experiments on E. coli cells harboring the same FtsW

mutants.’’ The in vitro and in vivo experiments performed in

this study suggested that FtsW likely acted through a pore-like
mechanism.>’ MurJ was proposed as an alternative Lipid II
flippase in E. coli through a combination of a bioinformatics
approach coupled with in vivo genetic analyses.>>
studies of E. coli harboring Mur] mutations revealed an accu-

Mutational

mulation of intracellular PG precursors,”
ity to flip Lipid II. More recent work now suggests that both
FtsW and RodA function as PG polymerases,**>*>°
the flippase argument toward Mur] as the Lipid II flippase.

suggesting an inabil-
swaying
Aided by recent advancements in membrane protein crystallo-

the crystal structure of MurJ from the
extremophile Thermosipho africanus was solved in an inward

graphic techniques,*

conformation, allowing for the generation of an alternative
access model of Lipid II flipping based on a combination of in
silico docking and in vivo experiments.”’ Subsequently, the
structure of Mur] in several different conformations was
solved, allowing for modelling of the mechanism of Lipid II
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flipping.”® The structure of MurJ from E. coli has also since
been solved, and high-throughput mutagenesis performed,
leading to the identification of sites for potential inhibitor
development.”

4.3 | Extracellular pathway

The extracellular members of the PG synthesis pathway are
membrane-associated penicillin-binding proteins (PBPs),
named for their affinity for penicillin. The PBPs are respon-
sible for the polymerization of the growing glycan chain,
and/or for linking the peptide chains extruding from the
glycan backbone; these are glycosyltransferase and tran-
speptidase activities, respectively.®” Some PBPs also have
carboxypeptidase activity; these are responsible for the trim-
ming of the peptide stem as a mechanism of regulating the
number of cross-links formed in the cell wall and are respon-
sible for cell shape maintenance in E. coli.”®' PBPs can be
separated into two groups, those that solely have tran-
speptidase activity (Class B PBPs), or bifunctional PBPs that
possess both activities (Class A PBPs). Some examples of
bifunctional PBPs include PBP1a, b, and c in E. coli; PBP1,
2c, and 4 in B. subtilis; and PBPla, 2a, and 1b in
S. pneumonia.®*** Glycosyltransferases act early in the
extracellular pathway to catalyze the polymerization of the
nonlipid region of Lipid II into the nascent glycan chain,%%*
while downstream transpeptidases are responsible for the
linking of the D-Ala residues of the extruding peptide chain
to form the strong and stable PG mesh.®*** The tran-
speptidase forms an acyl-enzyme intermediate with the
D-Ala residue of the acceptor peptide, before being cross-
linked to the donor peptide via an amino group, which in
Gram-positive organisms is glycine or lysine.*> Structural
studies of PBPs have been performed extensively in several
Gram-negative and Gram-positive species of bacteria, and
their activities and inhibition by antibiotics have been
reviewed excellently elsewhere.%-00-04:66-67

4.4 | Differences between PG from Gram-
negative and Gram-positive bacteria

As well as the obvious differences in thickness of the PG
layer and associated macromolecules (TAs/surface proteins)
described above, there are further subtle nuances to the pre-
cise chemical make-up of the PG from Gram-positive and
Gram-negative bacteria. Chemical differences of the glycan
chain between Gram-negative and Gram-positive species
include variations in modifications such as glycosylation,
phosphorylation, and deacetylation.’® In contrast to the lack
of chemical diversity in the glycan chain, differences in the
peptide stems of PG between Gram-negative and Gram-
positive bacteria are far more common.®® The majority of
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peptide stems in the PG of Gram-negative bacteria follows

the pattern L-Ala, D-glutamate (D-Glu),
followed by two D-Ala residues. In Gram-positive bacteria,

meso-A,pm,

however, the residues present in the stem peptide vary at
positions 2 and 3, at which D-isoglutamine (D-isoGln) and L-
lysine (L-Lys) are prevalent, respectively.®® In both Gram-
positive and Gram-negative bacteria, D-Glu is initially added
to the growing peptide stem by MurD at position 2 during
construction of the peptide stem.*® In those Gram-positive
species where D-isoGln is found at Position 2, D-Glu is enzy-
matically deamidated to D-isoGln by an enzyme complex of
MurT/GatD.%° The structure of the MurT/GatD complex has
been solved recently, revealing the mechanism of PG ami-
dation by MurT, and also the mechanism through which GatD
produces and channels the ammonia required for PG ami-
dation to the MurT active site.”

S | COORDINATION OF CELL
WALL SYNTHESIS WITH CELL
DIVISION

5.1 | The divisome

The collection of ~20-30 proteins responsible for regulating
cell division has come to be known as the “divisome”
(Figure 4). Proteins in the divisome ensure that one round of
division occurs at a time, with one copy of the chromosome
present in each cell, that cell wall synthesis is undertaken
appropriately to circumvent lysis during septum formation,
and that cell separation occurs through the function of cell
wall hydrolases (autolysins).” Investigation of the divisome
has chiefly been undertaken in rod-shaped bacteria, yet there
is still a lot to learn about divisome formation and organiza-
tion in these bacteria as well as in other bacteria with differ-
ent shapes, such as the spherical cocci. Some archaea with
profound differences in morphology and cell division, such
as the triangular Haloferax volcanii which divides by a pro-
cess of ternary fission, also utilize some of the same proteins
as in bacteria when regulating division.”' The divisome is an
attractive target for the generation of novel antimicrobials, as
disruption of the machinery responsible for organizing cell
division would ultimately result in a reduction and cessation
of propagation. A lack of structural and functional informa-
tion about lesser studied components of the divisome, and
the divisome itself as a dynamic molecular machine, pre-
sents a stumbling block in the antimicrobial pipeline and is
thus a potentially lucrative area of research. The function of
the divisome to coordinate chromosome replication and seg-
regation with cytokinesis is common to both Gram-negative
and Gram-positive organisms, but the precise constituents of
the divisome vary across species.’”
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FIGURE 4  Structural model of the divisome. A selection of divisome proteins for which atomic structures have been determined are shown in

context of the cell membrane (IM). Where structural data regarding protein—protein interactions are known, this figure reflects this information.

Where available, structures have been taken from the model organism B. subtilis; however, in the cases where there is a lack of structural data from

this organism, the structures with the greatest degree of sequence homology are shown. FtsZ is colored alternately in shades of green to denote

filament formation, FtsA is shown in red, an antiparallel EzrA dimer is colored in shades of pink, SepF is shown in sand (note that the membrane-

anchoring region of SepF was not resolved in its crystal structure analysis), a 2:2 complex of DivIB and DivIC is shown in blue and green,

respectively, a GpsB hexamer is shown in orange, a representative class B PBP is shown in yellow and DivIVA in cyan

5.2 | The Z-ring

The best studied of the divisome proteins is FtsZ, and it
is arguably the central protein to the function of the
divisome in cell division. FtsZ, named after its mutants' abil-
ities to cause E. coli cells to divide in a filamentous fashion
at nonpermissive temperatures (filamentous rfemperature
sensitive),”” is a cytosolic protein known to accumulate at
the site of division across all bacterial species.”*”> The dis-
covery of FtsZ set the groundwork for much of the research
conducted on the divisome in the past ~25 years. The crystal
structure of FtsZ provided the first definitive evidence of a
bacterial cytoskeleton, as FtsZ is a clear structural homolog
of tubulin despite sharing no significant amino acid
sequence homology.”® FtsZ polymerizes into filaments in a
GTP-dependent manner rapidly “treadmilling”’” in an agile
and nimble ring-like structure, dubbed the “Z-ring,” adjacent
to the cytoplasmic face of the membrane. Prior to the obser-
vation of the treadmilling of FtsZ, the Z-ring was thought to
represent a semicontinuous ring at the mid-cell which con-
stricted during septum formation.”*”> There are several
molecular mechanisms that govern the placement of the
Z-ring, for instance, the Min system functions in an inhibi-
tory manner, preventing formation of the Z-ring away from
midcell,'? while Zap proteins function in a stimulatory man-

ner, encouraging the formation of lateral interactions

between filaments of FtsZ.'>"® FtsZ acts as a scaffold onto
which protein—protein interactions with other members of
the divisome come together to stimulate division (Figure 4).
A well-studied protein—protein interaction of FtsZ is with
FtsA, a well-conserved “‘early” divisome component, which
self-organizes with FtsZ and tethers it to the membrane.”
The FtsA-mediated membrane tethering is essential to
ensure constriction of the membrane at the septum, as FtsZ
does not interact with the membrane of its own accord. ZipA
works alongside FtsA in Gram-negative bacteria to tether
FtsZ to the membranego; however, no such homolog is pre-
sent in Gram-positive bacteria, instead, SepF has been pro-
posed to fulfil a similar function.®' The combination of the
polymerized FtsZ, along with SepF/ZipA and FtsA forms a
structure called the proto-ring.®*

5.3 | Recruitment of downstream proteins to
the divisome

Following the formation of the proto-ring, the “late” division
proteins start to assemble to promote downstream processes
involved in the remodeling of the cell wall. Divisome assem-
bly has perhaps been studied most extensively in E. coli; the
proteins known to accumulate are FtsN, Ftsl, FtsEX, FtsQ,
FtsL, FtsB, FtsW, FtsK, and PBP2B.%3 However, the conser-
vation of many of these components is not necessarily
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maintained in Gram-positive bacteria, and the essentiality of
the components is also not strictly conserved. One example
of a widely conserved and essential subcomponent of the
divisome is a trimeric complex of DivIB, DivIC, and FtsL in
Gram-positives (FtsQ, FtsB, and FtsL. in Gram-negatives,
respectively). DivIB/FtsQ, DivIC/FtsB, and FtsL are trans-
membrane proteins, each with a single transmembrane helix,
and form a complex independent of other divisome proteins
in E. coli and B. subrilis.>*% DivIB/FtsQ interacts with PG
through its extracellular PASTA domain and is required as a
cell division checkpoint based on studies in S. aureus.®® The
extracellular portion of DivIB/FtsQ is also known to interact
with PBPs, such as PBP2b in B. subtilis.®’ It appears that the
DivIB/DivIC/FtsL. (FtsQ/FtsB/FtsL) complex links the early
intracellular stages of cell division with PG remodeling,
which is predominantly an extracellular process.®® The struc-
ture of E. coli FtsQ in complex with a fragment of FtsB has
recently been solved.® Based on the essentiality of the inter-
action between FtsQ/DivIB with FtsB/DivIC, and their loca-
tion of interaction on the outside surface of the cell, the
structure of the complex should allow for the considered
design of antibiotics, without a need to consider cell mem-
brane traversal.

6 | REGULATORS OF CELL
DIVISION AND PG REMODELLING

DivIVA is a member of the Gram-positive divisome with
divergent roles in those bacteria that encode DivIVA
orthologs. One feature common to all DivIVA homologs,
however, is an apparent innate ability to sense membrane cur-
vature.”” The bulk of the published information about
DivIVA comes from studies in B. subtilis where, among other
things, it functions as a topological marker for the Min
system,'? a cell division inhibitor. X-ray crystallographic
studies of the isolated N- and C-terminal domains of DivIVA
revealed that it formed tetramers made up of an antiparallel
arrangement of parallel coiled-coils.”’ This model clashes
somewhat with earlier EM studies suggesting that DivIVA
forms higher order oligomers; however, these studies were
performed on mutants of DivIVA purposefully designed to
alter oligomeric state and may not accurately represent the
wild-type protein.”> The crystal structure of the N-terminal
domain of DivIVA also provided some insight into how
membrane binding might be possible; a conserved Phe-Arg
motif oriented outwards from the protein is positioned to
form hydrophobic and electrostatic interactions with the
membrane, respectively.”’ Since DivIVA interacts with sev-
eral cytoplasmic proteins through its C-terminal domain, it
may act somewhat promiscuously as a topological marker for
several intracellular systems.”® The situation is complicated
as a result of DivIVA's divergent roles, for instance,

SOCIETY

S. aureus lacks MinC/D, and the interactions of DivIVA with
divisome components in S. aureus have yet to be elucidated
fully.

GpsB, a homolog of DivIVA present in Gram-positive
organisms, is also involved in the coordination of PG synthesis
at the septum. GpsB and DivIVA share sequence and struc-
tural homology at their N-termini; however, this homology
between the two proteins decreases significantly in their C-
terminal regions. The difference in C-terminal structure
between the two proteins is responsible for the differences in
oligomeric state between the two proteins.”"** Integrative
structural and biochemical studies on GpsB from Listeria
monocytogenes and B. subtilis revealed that GpsB binds the
cytoplasmic microdomains of PBPs and forms a hexamer in
solution, allowing for the generation of a model through which
GpsB likely coordinates the activities of PBPs.”*“3 Interactions
between GpsB and PBPs from a wider range of Gram-positive
bacteria including B. subtilis, L. monocytogenes, and
S. pneumoniae have since been interrogated structurally and
biochemically, leading to the identification of motifs required
for binding.”® A greater mechanistic understanding of the inter-
actions between GpsB and PBP homologs in various species
has aided the identification of novel interactions between GpsB
and the PG remodeling enzymes YpbE and YrrS, leading to
the conclusion that GpsB acts as an adaptor protein.”® Recent
work on GpsB from S. aureus suggests a novel action of GpsB
in the stimulation of lateral interactions between FtsZ fila-
ments.”” No interactions between FtsZ and GpsB have been
detected in any other species of bacteria tested; therefore, this
finding would suggest a divergent role for GpsB in
S. aureus.”’

Negative regulation is also necessary in order to prevent
aberrant Z-ring formation; EzrA is an example of such a nega-
tive regulator in Gram-positive bacteria. EzrA was first identi-
fied in B. subtilis, and its colocalization with FtsZ first
observed by fluorescence microscopy.”® EzrA has a predicted
TM helix at its N-terminus to link it, and potentially its interac-
tion partners, to the membrane. B. subtilis EzrA inhibits the
formation of FtsZ filaments in vitro and in vivo, and complete
deletion of EzrA results in an increased frequency of FtsZ ring
formation.”®* ' Recent studies in S. aureus and B. subtilis
have implicated EzrA in the control of PG synthesis through
direct interactions with PG synthases.'”"'° EzrA has been
found by bacterial two-hybrid to interact with a multitude of
divisome proteins in S. aureus, as well as the PG synthases
PBP1, 2, and 3.192 The crystal structure of EzrA from
B. subtilis revealed that EzrA forms antiparallel dimers for-
ming an overall crescent shape, with each monomer made up
of repeating three-helical bundles that have structural homol-
ogy to the spectrin repeat fold found in eukaryotic cytoskeletal
proteins.'® The space within the arch of the crescent is
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sufficient to enclose an FtsZ filament, to sterically hinder the
formation of lateral interactions between filaments.'**'*

As stated above, ZipA is involved in the regulation of
divisome assembly and Z-ring placement in Gram-negative
bacteria.'® ZipA has been studied most extensively in
E. coli, where it is essential.'®® ZipA is predominantly cyto-
plasmic, with a single transmembrane helix and a micro-
domain in the periplasm. ZipA binds to FtsZ and tethers it to
the cell membrane as well as FtsA.** The functional signifi-
cance of ZipA was brought into question by a gain of func-
tion mutant of FtsA which allowed for the bypassing of
ZipA'”7; however, more recent studies have suggested that
ZipA functions by protecting FtsZ from degradation by cyto-
plasmic proteases, a role that cannot be substituted for
by FtsA.'% The stimulatory or inhibitory effects of ZipA on
Z-ring formation and FtsZ bundling are currently unknown;
while early studies on ZipA provided contradictory evidence
for stimulatory'® and inhibitory”® roles of ZipA, more
recent work suggests that ZipA has neither a stimulatory nor
an inhibitory effect on lateral interactions between FtsZ fila-
ments, and that it simply acts as a passive membrane tether
for FtsZ.'% More work is clearly required to elucidate the
functional significance of ZipA for divisome formation in
Gram-negative bacteria.

7 | ANTIBIOTICS TARGETING THE
CELL DIVISION/PG SYNTHESIS
MACHINERY

Beta-lactam antibiotics inhibit the transpeptidase action of
PBPs by mimicking the structure of the terminal D-Ala-D-
Ala residues of the glycan-attached peptide of PG, sequester-
ing the active site serine in a covalent adduct and rendering
the transpeptidase domain of the PBPs inactive.''® The inhi-
bition of the cell wall synthesis machinery ultimately results
in the lysis of the cell due to the inability of the bacteria to
generate new cell wall material to replace the parts it has
degraded; this is the major cause of cell death by beta-lactam
antibiotics.''” Secondary mechanisms of cell death have also
been observed, however, in which nonlytic cells undergo
cell death as a result of futile cycles of PG precursor synthe-
sis, for instance.''! The introduction of beta-lactams ushered
in a golden age of antibiotics, during which many diseases
previously fatal became treatable. The overuse of antibiotics,
combined with the short life cycle and rapid evolution of
bacteria, has resulted in the generation of antibiotic-resistant
strains of bacteria which, in certain clinical scenarios, often
have fatal consequences.” PG homeostasis and regulation
thus remain an attractive target for antibiotic drug design.
Two major mechanisms of resistance to beta-lactams have
arisen: first, an accumulation of mutations in PBPs renders them
insensitive to beta-lactams and second, enzymes capable of

degrading beta-lactams, the beta-lactamases, have evolved. For
instance, methicillin resistance in methicillin-resistant S. aureus
(MRSA) is caused by the introduction of the mecA gene coding
for PBP2a, where the active site serine is located in a pocket
that is occluded from beta-lactams.''? A multitude of new
PBP2a-targetting antibiotics have been developed, including the
cephalosporin subgroup of beta-lactams, ceftobiprole, and
ceftaroline.'"® These molecules appear to target both the PBP2a
active site as well as a putative allosteric s.ite,““’115 but resis-
tance to these new drugs has already emerged.''? Beta-lactam
resistance is also caused by the evolution of new beta-
lactamases, which form acyl-enzyme intermediates with beta-
lactams as in PBPs; however, these enzymes can break open
the beta-lactam ring to form products that do not inhibit
PBPs.''® Beta-lactamases were present in bacteria prior to the
use of antibiotics in clinical and agricultural scenarios, but they
have evolved into a very efficient beta-lactam resistance mecha-
nism thanks to increased selection pressure from antibiotic
overuse by mankind.''”"''® The somewhat unfortunately named
New-Delhi metallo-beta-lactamases (NDMs) are one such
example of this type of evolution; NDMs were first isolated and
identified from a patient with a Klebsiella pneumoniae infection
in 2009'"? and have since become a cause of global concern.'*
Novel antibiotics targeting NDMs are now necessary to combat
the rise of superbugs which harbor these enzymes, and excellent
progress is being made toward this end."?'

The gap between antibiotic drug discovery and the devel-
opment of antimicrobial resistance is becoming shorter with
each iteration. In fact, the first report of penicillin resistance
in E. coli appeared in 1940 before penicillin was in general
public use.'** Alternative means of disrupting cell division
to fight infection are, therefore, an attractive method of side-
stepping this problem and there is potential for divisome
components to provide the necessary novel target. Inhibitors
of divisome components have shown promising preliminary
results against bacterial infections, specifically in the case of
FtsZ. An inhibitor of FtsZ, PC190723, causes cell elongation
in B. subtilis, and cell enlargement in S. aureus, and is effec-
tive against MRSA strains.'*® Computational ligand docking
of PC190723 has identified a potential site of action at an
allosteric site away from the nucleotide binding region of
FtsZ.'**'% This is the first viable mechanism found for
alternative antibiotics targeting the divisome, but with the
influx of structures becoming available for several divisome
components, there is much promise for antibiotics targeting
cell division to be developed to take back control from the
march of infectious disease.

8 | CONCLUSION

Here, we have shown a brief overview of the complexities
of the cell envelopes of Gram-negative and Gram-positive
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bacteria. Although much progress has been made in the last
decade or so in some areas, such as the atomic detail of PG
synthesis, there is still much work to be done. Focus now
should be turned to the molecular nuances of envelope mod-
ification during division and how environmental factors
influence cell division and PG synthesis. From a transla-
tional standpoint, a lack of structural and functional informa-
tion about lesser studied members of the divisome presents a
stumbling block in the antimicrobial pipeline and is thus a
potentially lucrative area of research.
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