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Abstract: Serving as an exoskeletal scaffold, peptidoglycan is a
polymeric macromolecule that is essential and conserved across all
bacteria, yet is absent in mammalian cells, which renders bacterial
peptidoglycan a well-established excellent antibiotic target. In
addition, soluble peptidoglycan fragments derived from bacteria are
increasingly recognized as key signalling molecules in mediating
diverse intra- and inter-species communications in nature, including
in gut microbiota-host crosstalk. Each bacteria species encodes
multiple redundant enzymes for key enzymatic activities involved in
peptidoglycan assembly and breakdown. In this review, we discuss
recent findings on the biochemical activities of major peptidoglycan
enzymes, including peptidoglycan glycosyltransferases (PGT) and
transpeptidases (TPs) in the final stage of peptidoglycan assembly,
as well as peptidoglycan glycosidases, lytic transglycosylase (LTs),
amidases, endopeptidases (EPs) and carboxypeptidases (CPs) in
peptidoglycan turnover and metabolism. Biochemical characteris-
ations of these enzymes provide valuable insights into their substrate
specificity, regulation mechanisms and potential modes of inhibition.

1. Overview

Peptidoglycan, the major component of the bacterial cell wall,
is a polymer encasing the cytoplasmic membrane in bacteria. Its
role as an exoskeletal scaffold to prevent cell lysis from internal
turgor pressure makes it indispensable in bacteria; yet
mammalian cells do not possess peptidoglycan, rendering
bacterial peptidoglycan an attractive antibiotic target. As
reflected in its name, peptidoglycan contains both ‘peptide’ and
‘glycan’ components. Long glycan strands make up the peptido-
glycan backbone, which consists of alternating units of
N-acetylmuramic acid (MurNAc) and N-acetylglucosamine
(GlcNAc) (Figure 1). The termini of the glycan polymer are
capped by 1,6-anhydro-MurNAc (anhMurNAc) motifs in Gram-
negative bacteria.l'l In addition, a stem peptide is connected to
the lactoyl group on each MurNAc residue. The sequence of the
stem peptide is largely conserved with some variations across
species?:  L-Alag)=y-D-isoGIngy/y-D-Glug-Xny-D-Alagv)-D-Alaw),
where the subscripted Roman numeral indicates the position of
the particular amino acid in the stem peptide. X represents
meso-diaminopimelic acid (mDAP) in most Gram-negative
bacteria and L-Lys with a distinct branch peptide in different
Gram-positive bacteria.”! The stem peptides on adjacent glycan
strands are inter-connected forming crosslinks that rigidify the
peptidoglycan polymeric mesh. While the basic glycan
composition of peptidoglycan is well-conserved across all

bacteria, some bacteria are known to modify the GIcNAc-MurNAc
backbone through O-acetylation, N-deacetylation, N-glycosyl-
ation efc.'! Nevertheless, the great diversity of peptidoglycan
comes from variations of the third residue (and branch peptide)
in the stem peptide, with the terminal D-Alagv)-D-Ala) being the
only completely invariant amino acids in peptidoglycan.?!

Cﬁ

a) bacterial peptidoglycan

signaling
recycling
HACS o
H 09%R 4 o DAP/L-Lys
N\)kNL\gN\)J 1+D-is0GIN/Glu
E

|
B L-Ala
N —0
Ryi-OH or -NH, = \iﬁgf
oH

. 0 0 NHR
Ry -H or E‘)LOH or "‘aL)LNHz ' HO o NHAc
HO.
c

O H o h
RaH o sty ™ pepte
Figure 1. Schematic representation of bacterial peptidoglycan assembly and
breakdown. (a) Peptidoglycan is a polymeric mesh on the exterior of the
cytoplasmic membrane in bacteria. Gram-positive bacteria have thick layers of
peptidoglycan, where Gram-negative bacteria have a thin layer of peptido-
glycan in the periplasmic space. Peptidoglycan polymer is constantly
assembled, re-modelled, and broken down in bacteria, during which soluble
peptidoglycan fragments (i.e., muropeptides) are either released into the
environment or recycled back into the cytosol. The major families of peptido-
glycan enzymes are shown: PGT (peptidoglycan glycosyltransferase), TP
(transpeptidase), LT (lytic transglycosylase), amidase, EP (endopeptidase)
and CP (carboxypeptidase). Hexagons and circles represent glycan and
peptide moieties of peptidoglycan, whose chemical structures are colour-coded
and shown in (b). (b) Chemical composition of the common repeating
muropeptide unit of peptidoglycan polymer in bacteria (left). The structure of
anhydro-muropeptide generated during peptidoglycan recycling in Gram-
negative bacteria features a 1,6-anhydro-MurNAc terminus (right).

Despite its complex structure, bacterial peptidoglycan is not
a static polymer. To accommodate bacterial growth and division,
the peptidoglycan scaffold requires constant remodelling and
turnover, during which existing peptidoglycan polymer is broken
down to generate peptidoglycan fragments (i.e., muropeptides)
that are either recycled back into the cytosol or released into the
surroundings (Figure 1).B! Most Gram-negative bacteria
including Escherichia coli and Pseudomonas aeruginosa have
efficient peptidoglycan recycling mechanisms to facilitate the



utilisation of these soluble anhydro-muropeptides as feedstocks
for peptidoglycan biosynthesis.P! On the other hand, pathogenic
Gram-negative bacteria, such as Bordetella pertussis and
Neisseria gonorrhoeae secrete such anhydro-muropeptides,
which exhibit potent cytotoxicity against host ciliated cells.?®!
Similarly, Gram-positive bacteria, which have much thicker
peptidoglycan and lack an outer membrane, also effectively
release various forms of muropeptides during normal growth.[!
Apart from the structural role of the peptidoglycan polymer,
soluble peptidoglycan fragments that are derived from bacteria
are increasingly recognized as key signalling molecules in
diverse intra- and inter-species communications.[®”]

Given the biological importance and clinical relevance,
bacterial peptidoglycan has been an exciting topic of research
over several decades, with an increasing number of key insights
emerging in recent years. Remarkably, bacteria possess a
redundant number of enzymes for various enzymatic activities in
the peptidoglycan pathway. These include peptidoglycan
glycosyltransferases (PGTs) and transpeptidases (TPs) in the
final step of peptidoglycan assembly, as well as glycosidases and
Iytic transglycosylases (LTs), amidases, endopeptidases (EPs)
and carboxypeptidases (CPs) in peptidoglycan turnover and
metabolism (Figure 1). The functional redundancy of these major
families of peptidoglycan enzymes complicates the
understanding of the specific activities of individual enzymes. In
many cases, deletion(s) of single or multiple genes encoding
peptidoglycan enzymes of the same family may not yield
significant growth defects or phenotypes,®'2 since other
members can compensate for activity, rendering it difficult to infer
the function of specific gene/enzyme in the pathway. Along with
genetic and structural studies of different peptidoglycan enzymes,
biochemical reconstitution of enzymatic activity using defined
substrates in a purified system has been valuable in elucidating
specific functions of peptidoglycan enzymes. Notably, robust
access to complex peptidoglycan substrates and probes,
improved purification of membrane-bound proteins and
complexes, and development of novel and facile assays in recent
years have greatly enabled detailed characterisations of a wide
range of peptidoglycan enzymes, including their enzymatic
mechanisms, substrate preferences, regulations, and potential
modes of inhibition.

In this review, we discuss the mechanistic insights into the
activities of major families of enzymes in bacterial peptidoglycan
assembly (i.e., PGTs and TPs) and breakdown (i.e., LTs,
amidases and peptidases). Understanding of peptidoglycan
enzymes is not only pertinent to the development of potential cell
wall-disrupting antibiotics and the discovery of novel antibiotic
targets in bacteria but also to lay important foundations and tools
for unravelling peptidoglycan pathways in traditionally non-model
bacteria such as the gut microbiota.
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2. Peptidoglycan glycosyltransferase (PGTs)

Peptidoglycan glycosyltransferases (PGTs) are enzymes
that carry out glycan chain polymerisation of Lipid Il in the final
stage of bacterial peptidoglycan assembly (Figure 1). The
specific chemical reaction catalysed by PGTs is the formation of
a B-(1,4) glycosidic bond between C4-OH of GIcNAc and the C1-
reducing end on MurNAc in the glycan polymer. Notably,
bacterial PGTs display a considerably high degree of functional
redundancy, with each bacterium encoding multiple PGTs. For
instance, E. coli has three bifunctional Class A penicillin-binding
proteins (aPBPs): PBP1a, PBP1b and PBP1c that each harbours
a PGT domain (and a TP domain).l'¥l Staphylococcus aureus
also possesses monofunctional PGTs (i.e., MGTs), SgtA and
SgtB,["in addition to PBP1 and PBP2 of the aPBP family. More
recently, the ubiquitous Shape, Elongation, Division and
Sporulation (SEDS)-family proteins, RodA and FtsW, were
demonstrated as the newest family of PGTs that are widely
conserved in both Gram-negative and Gram-positive
bacteria.l®15.16]

Structurally, both aPBPs and MGTs share similar catalytic
glycosyltransferase domains (Pfam: PF00912) and are anchored
to the cytoplasmic membrane via an N-terminal transmembrane
helix, with the PGT domain facing outside of the membrane. On
the other hand, SEDS PGTs are transmembrane proteins that do
not share any homology with aPBPs and MGTs. SEDS PGTs
interact with the partner bPBPs as part of the elongasome or
divisome complex in bacteria,'"-2% and exhibit weak or no activity
without activation from the corresponding bPBPs.['52'-24] Below
we discuss the activities of characterised PGTs from all three
families.

2.1. Direction of glycan polymerisation

Since the Lipid Il monomer can potentially act both as a
glycosyl donor and acceptor substrate in PGT glycosylation
(Figure 2a), the direction of peptidoglycan polymerisation was
difficult to determine without appropriate substrate analogues. To
conclusively address this point, Perlstein et al. beautifully
designed and chemoenzymatically synthesized an array of
galactose (Gal)-blocked radioactive Lipid Il and short oligomer
analogues, in which the C4-OH on GIcNAc at the non-reducing



end was blocked such that they could only act as glycosyl donors
for peptidoglycan elongation at the reducing end.?® Incubation of
the radioactive Gal-blocked oligomers with non-labelled Lipid Il
monomers in the presence of an aPBP (ie., E. coli PBP1a,
PBP1b, Aquifex aeolicus PBP1a, or S. aureus PBP2) led to
glycan chain extension products as observed in gel
electrophoresis assays, which are indicative of successful PGT
activity.®® This seminal study provides direct biochemical
evidence for the direction of glycan polymerisation in the PGT
reaction, which occurs with the addition of incoming Lipid Il (i.e.,
glycosyl acceptor) to the reducing end of the growing peptido-
glycan polymer (i.e., glycosyl donor).?! (Figure 2a).

Using these radioactive Gal-blocked Lipid Il analogues,
Welsh et al. recently established that both SEDS-family proteins
RodA and FtsW also polymerise peptidoglycan in the same
direction as aPBPs.?8l Although the direction of glycan
polymerisation has not been directly demonstrated for bacterial
MGTs, it is conceivable that they catalyse polymerization in the
same direction, as their catalytic domains are highly similar to
that of the aPBPs. Thus, the reducing end addition appears to be
a common mechanism for all bacterial PGTs. In the case of
aPBPs, whose PGT activity is closely coupled with the TP-
catalysed crosslinking (see section 3), this mechanism may
ensure the nascent peptidoglycan strands are efficiently
processed for crosslinking and other modifications.

2.2. Rate, processivity and chain length

Thanks to synthetic radiolabelled Lipid Il analogues and gel
electrophoresis assays for convenient visualisation and
quantification of polymeric peptidoglycan products, it is possible
to perform in-depth kinetic studies for PGT catalysis (Figure 2b).
Taking E. coli and S. aureus PBPs as examples (i.e., E. coli
PBP1a, S. aureus PBP2 and SgtB), Wang et al. found that the
initial round of PGT catalysis, during which two Lipid |l monomers
are coupled to form a tetra-saccharide lipid-linked product (i.e.,
Lipid 1V), is the rate-limiting step since the addition of the
appropriate ‘donor-only’ synthetic Lipid IV analogues bypassed
the slow step and significantly accelerated the polymerisation of
PBP1b.?"] Consistently, Lipid IV and longer Lipid Il oligomers are
readily accepted by PGT’s donor site, undergoing elongation in
the presence of Lipid 1232l However, it remains to be
determined if the initial rate-limiting step is a common mechanism
among all bacterial PGTs, as such detailed kinetic experiments
are yet to be performed for the newly discovered SEDS PGTs.

Moreover, biochemical reconstitutions of several PGTs (e.g.
A. aeolicus PBP1a and E. coli PBP1a and 1b) with radiolabelled
Lipid Il have established that peptidoglycan polymerisation
occurs in a processive manner, in which the PGT holds onto the
growing peptidoglycan strand without releasing the product after
each round of coupling.?”:28:30-32 |n contrast, certain PGTs such
as A. aeolicus PBP1a and E. coli PBP1a, when utilizing Lipid IV
as the sole substrate, proceed in a slow distributive manner,
where the polymeric products are released after each round of
coupling thus giving rise to initial products with shorter chains
(Figure 2b).”3% |nterestingly, the mutant PBP2Y'%P and
SgtBY"®'® enzymes in S. aureus that confer moenomycin
resistance also display a distributive mechanism and produce
short peptidoglycan oligomers instead.[*!
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Furthermore, aPBPs from different bacteria were found to
produce peptidoglycan of different lengths in vitro independent of
the enzyme/substrate ratio,B"! suggesting the possibility of
different intrinsic termination determinants in PGTs despite a
common polymerisation mechanism. Curiously, E. coli PBP1a
appears to produce peptidoglycan strands of reduced lengths in
vitro when coupled with ongoing transpeptidation activities from
either itself or the interacting bPBP, PBP21 (section 3), both of
which represent possible in vivo factors that could influence
peptidoglycan chain lengths in bacteria.
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Figure 2. (a) Schematic representation shows the direction of bacterial PGT
glycosylation. Incoming monomeric Lipid Il acts as the glycosyl acceptor but
not the glycosyl donor in the PGT reaction. The growing peptidoglycan strand
is extended at its reducing terminus.?5% D indicates the donor site and A
indicates the acceptor sites on PGT (b) PGT reaction can be analysed by an
in vitro gel electrophoresis assay, which separates Lipid Il substrates and
polymeric products based on size and electrophoretic mobility. The monomeric
Lipid Il molecules migrate to the bottom of the gel, whereas the polymeric
peptidoglycan products retain on top. Processive PGTs result in long
peptidoglycan strands with minimal accumulation of short chains, whereas
distributive polymerases produce shorter chains for the initial rounds of
coupling. Radiolabelled, fluorescent and bio-orthogonal Lipid Il substrates are
commonly used to enable visualization.

2.3. Substrate selectivity of PGTs

Understanding the structure-activity relationships of bacterial
PGTs with various Lipid Il analogues is essential for the design
and development of small molecule PGT inhibitors. Below we
discuss characterisations of PGT activity concerning changes in
three key moieties on the Lipid Il substrate: pyrophosphate-
linked lipid tail, glycan, and stem peptide, respectively (Figure 3).

2.3.1. Lipid tail

The natural undecaprenyl pyrophosphate (UndPP) lipid tail in
Lipid Il consists of a C55 chain with Zs, E2, w stereochemistry
(Figure 3a). However, due to the scarcity of this lipid carrier in
bacteria, earlier chemical syntheses of Lipid Il had utilized (Z7, Es,
w)-undecaprenol isolated from plants instead, which is much
more abundant in nature.*® Since these Lipid Il analogues are
well tolerated by PGTs in biochemical assays, many researchers
have conveniently annotated the lipid tail of natural bacterial Lipid
Il as Z7, Es, w, which is a misnomer.[3%



Natural bacterial Lipid II molecules are complex and
hydrophobic, which are considerably difficult to work with. In
efforts to search for shorter lipid surrogates, Ye et al. evaluated
a panel of Lipid Il analogues with varying lipid tails for PGT
polymerisation in vitro.*® Interestingly, the Zs, E2, w—heptaprenyl
(C35) lipid tail analogue undergoes polymerisation with crude
E. coli membranes more readily compared to the natural C55
substrate.[*®! This work was later expanded upon by Perlstein et
al. with synthetic blocked oligomers to specifically tease out the
lipid requirements of the glycosyl acceptor and donor sites of the
PGT domain in A. aeolicus PBP1a, respectively.®l In general, its
acceptor site demonstrates broad tolerance to substrate lipid tail
— accepting analogues as short as C10, containing unnatural
double bond geometry and even fully saturated (Figure 3b).[%6:37]
In contrast, the donor site is more stringent: it requires a C35 lipid
with the natural double bond geometry (Zs, E2, w) for processive
polymerisation, while it also recognises shorter C20 lipid for
distributive polymerisation.®®%"] This indicates that the length of
the lipid tail on the glycosyl donor plays a major role in
determining PGT processivity. Interestingly, the SEDS
polymerase, S. aureus FtsW was recently shown to exhibit
similar lipid selectivity of glycosyl donors and acceptors as the
previously characterised E. coli and A. aeolicus aPBPs.[*%

Moreover, synthetic Lipid |l analogues containing a
fluorescent tag in the lipid tail have been developed. For instance,
Liu et al. studied Clostridium difficile PBP1b and E. coli PBP1b
using a dansylated Lipid Il analogue with a C20 lipid tail (while it
is important to note that the presence of the terminal dansyl
group makes this lipid effectively C30), where the release of the
fluorescent lipid was taken as a readout of PGT activity.l*®
However, caution should be taken as the increase in fluorescent
signals could be due to incidental hydrolysis instead of
polymerisation. To circumvent this potential issue, Huang et al.
extended the idea by synthesising the dual labelled Lipid Il
probes, which bear a coumarin fluorophore in the peptide chain
and a dabsyl-quencher in the lipid tail.’¥ Upon PGT-catalysed
polymerisation, the quencher-bearing lipid is released and the
fluorescent signals (on individual muropeptides) are detected
upon muramidase digestion of the polymeric peptidoglycan
product.®® This fluorometric study also confirmed that a
minimum of four cis isoprene units on the lipid tail is critical for
E. coliPBP1b PGT activity.®® However, C. difficile PBP1b, unlike
other known PGTs, readily uses a shorter lipid analogue with a
C15 tail in vitro.’¥ The shorter transmembrane region of
C. difficile PBP1b may allow it to accept substrates with shorter
lipid tails.®®3% Thus, PBPs of different bacteria species may
exhibit different selectivity for the substrate lipid tail.
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Figure 3. Substrate specificity of bacterial PGTs with respect to the lipid tail in
Lipid Il. (a) Schematic representation of bacterial Lipid Il. Lipid Il consists of a
muropeptide linked to the pyrophosphate undecaprenol lipid. The structure of
plant-derived undecaprenol differs from bacterial undecaprenol.t% (b) The
canonical C55 chain in Lipid Il can be substituted with a shorter synthetic lipid
tail. For most characterised bacterial PGTs, the glycosyl donor site has a more
stringent requirement compared to the acceptor site, and only accepts lipids of
at least C30 in length with natural double bond geometry for processive
polymerisation.?8%:31 The left box shows a synthetic C35 lipid that can be
utilized both as a glycosyl donor and acceptor; the right box shows synthetic
lipids that only act as glycosyl acceptors.

2.3.2. Glycan

The GlcNAc-MurNAc disaccharide moiety is an essential
component of Lipid Il that is recognised by PGT for
polymerisation since the Lipid | substrate that lacks the GIcNAc
moiety is completely excluded by PGTs.?! PGTs’' substrate
selectivity to modifications on GIcNAc has been explored in detail
(Figure 4).“° For instance, the absence of the C2 N-acetyl group
on GIcNAc was found to greatly reduce PGT activity,“d
suggesting a possible interaction between this acetyl group with
PGT for substrate recognition. In addition, the C4-epimer of Lipid
Il, GaINAc-MurNAc analogue, which features an improper orient-
ation of C4-OH for glycosylation, inhibits PGT reaction with a 14-
fold increase in the binding affinity to C. difficile PBP1b.l*0l
Specifically, the Ko of the epimer was 33 uM in contrast with
445 uM of the original Lipid Il analogue.“? Interestingly, the
binding affinity of the GaINAc-MurNAc epimeric analogue to PGT
was greatly attenuated in the absence of the lipid moiety (with a
Ko of 778 uM) and non-existent without both lipid and stem
peptide.®¥ Such observation is consistent with previous
structural studies that the pyrophosphate-lipid motif on Lipid Il
participates in PGT binding.®%3#1  Furthermore, Lipid |l
analogues with an azido moiety on C6 of GIcNAc were well-
tolerated by PGTs in vitro.*® Recently, C2 N-acetyl-modified
MurNAc and GIcNAc probes have been used for metabolic
labelling of peptidoglycan in live bacteria,*>*3 which implies that
bacterial PGTs can tolerate these particular modifications for
glycan polymerisation.

2.3.3. Stem peptide
The stem pentapeptide connected to the D-lactoyl group on

MurNAc is an invariant component of Lipid Il (although the exact
amino acid composition does vary across bacterial species).”!



Lipid 1l analogues that lack the stem peptide are not suitable
substrates for PGT polymerisation, indicating the essentiality of
the stem peptide for reaction.?>#% |nterestingly, analogues
bearing MurNAc-L-Alagy were found to represent the minimally
active substrate for PGT binding and activity in vitro (Figure 4).144
In particular, the methyl groups on both the D-lactoyl group and
L-Alaqy likely participate in critical hydrophobic interactions with
PGT, since the removal of either methyl substituent significantly
weakens PGT binding with a considerably high Ko of at least
420 uM.#1 Consistently, DeMeester et al. established that
MurNAc probes with an azido group attached to the D-lactoyl
moiety were well tolerated by PGTs for in situ peptidoglycan
labelling in bacteria.??

Bacterial PGTs are promiscuous to the identity of the third
amino acid in Lipid Il, (Figure 4) since Nt-decorated mDAP-Lipid
11,491 Lys-Lipid 11,#6-%81 and Né-decorated Lys-Lipid [1(32:38.39:44.45.48]
are all suitable substrates for PGTs. Taking advantage of the
substrate tolerance, Hernandez-Rocamora et al. designed a
novel continuous Foster resonance energy transfer (FRET)
assay to monitor peptidoglycan synthesis by PBP1b homologues
from various bacteria including E. coli, P. aeruginosa and
Acinetobacter baumannii in vitro.*® Two versions of Lipid I
probes, which feature either Atto647n or Atto550 fluorophore
onto L-Lysqiy on Lipid Il, are incorporated into the peptidoglycan
product in the PBP1b reaction./®l FRET signals arise due to the
proximity of both fluorophores in the peptidoglycan products. The
PGT activity of PBP1b was investigated with the addition of beta-
lactam to prevent crosslinking, allowing analysis of probes in the
same peptidoglycan strands only (i.e., intra-chain FRET signals).
5 On the other hand, without inhibition of neither domain in
PBP1b, FRET occurs between probes in the same strand as well
as from different strands that are crosslinked (i.e., intra-chain and
inter-chain) as a result of both PGT and TP activities.*%
Interestingly, it was determined that inter-chain FRET contributes
stronger signals.*l This assay was performed in solution,
liposomes and supported lipid bilayers, providing information on
PGT activity in the natural lipid environment.“®! The robustness
of this assay makes it an attractive platform for the high-
throughput screening of potential PGT inhibitors.

Furthermore, the absence of the D-Alagv)-D-Alav) terminus of
the stem peptide in Lipid Il does not affect PGT activity (Figure
4)“ Based on the crystal structures of bacterial PGTs in
complex with substrate analogues, the stem peptide of Lipid Il is
found to orient away and has minimal interactions with the PGT
active site.*5% Hence, it is not surprising that the distal portion
of the stem peptide is non-essential for the PGT reaction.
Consistently, native Lipid Il molecules in vancomycin-resistant
strains of Enterococcus and Staphylococcus showcase modified
depsi-peptide D-Alagv)-D-Lac) termini, which evade vancomycin
binding and yet are still substrates of both Enterococcus and
Staphylococcus PGTs.5"-% Lipid 1l analogues with a D-Alagv)-
L-Ala) terminus are likewise polymerised by E. coli PBP1b in
vitro 1481
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Figure 4. Summary of bacterial PGT’s substrate specificity to various
modifications on glycan and peptide of Lipid Il. E. coli PBP1b and C. difficile
PBP1b were used as model PGTs in most cited studies. Facile Lipid Il probes
can be created by modifying Lipid Il on one or more of the following sites:
N-acetyl groups on either sugar,“243 C6 on GleNAc,% the terminus of the lipid
tail,%:3% and the third-fifth amino acids of the stem peptide.[32.38.39.44.45.48]

2.4. Moenomycin A, a natural product inhibitor of PGTs

Moenomycin, which is a natural product phosphoglycolipid,
represents the only known class of PGT (i.e., aPBPs and MGTs)
inhibitors with excellent in vitro activities.’® Moenomycin A
(MoeA) is the founding member of the family. It contains a 3-
phosphoglyceric acid (3-PG) core, with an isoprenoid chain
attached to the C2-OH of 3-PG and a complex penta-saccharide
unit at the phosphate group of 3-PG.P% The structural
resemblance of MoeA with the growing peptidoglycan strand
substrate (Lipid IV) has led to the proposal that MoeA is an active
site inhibitor. Correspondingly, several crystal and CryoEM
structures of MoeA-bound PGTs (ie., aPBPs and MGTSs)
revealed that MoeA resides in the glycosyl donor site and its
carbohydrate and 3-PG moieties are extensively hydrogen
bonded to a number of residues in the active site, locking the
PGT into an inactive conformation.®®50%-60 Given the strict
substrate lipid requirement of the PGTs’ donor sites, it remains
unclear how the C25 lipid of MoeA with unnatural double bond
geometry interacts with PGTs, as the molecular details are not
resolved in current structural studies. The natural geometry of the
lipid might only be essential for PGT polymerisation but not
binding to PGT, as in the case of MoeA. On the other hand, the
presence of the lipid tail and hence the lipophilic nature of MoeA
renders it undesirable pharmacokinetic properties for clinical
applications.®® Thus, many efforts have been devoted to the
discovery of alternative scaffolds for PGT inhibitors.[":62 For
instance, based on the minimal pharmacophore of MoeA,
Gampe et al. developed a fluorescent probe using a truncated
MoeA analogue for high-throughput screening of potential PGT
inhibitors.®" Hopefully, new classes of PGT inhibitors will emerge
from both rational designs and screening assays for further
development. Intriguingly, SEDS PGTs are insensitive to MoeA,
which led to the initial discovery of this family of PGTs.['52123]
Structural details of the SEDS PGTs’ active sites will be needed
to address the differences.

3. Transpeptidases (TPs)

In the last step of bacterial peptidoglycan assembly, the stem
peptides on adjacent peptidoglycan strands are crosslinked by
bacterial transpeptidases (TPs), strengthening the stress-
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Figure 5. Both TP (a) and LDT (b) follow a similar two-step reaction mechanism. In the first activation step, the active site Ser in TP attacks the D-Ala-D-Ala
terminus on a donor pentapeptide substrate, whereas the active site Cys residue in LDT attacks the L,D-configuration bond in a tetrapeptide stem, forming
covalent acyl-enzyme intermediates. In the second transpeptidation step for both TP and LDT, the intermediate is attacked by an acceptor peptidoglycan strand
to form either 4-3 crosslink and 3-3 crosslink, respectively. Both TP and LDT catalyse b-amino acid exchange reaction, in which an exogenous D-amino acid is

incorporated into the stem peptide terminus.

bearing polymeric mesh (Figure 1). The world’s most widely
used class of antibiotics, the beta-lactams, inhibit bacterial TP
activity to impair peptidoglycan assembly and function. Bacterial
TPs, which can be either part of the bifunctional aPBP (i.e., both
PGT and TP domains) or monofunctional bPBPs and low-
molecular-weight PBPs (ie., only TP domain), are
D,D-transpeptidases that form 4-3 crosslinks. Most bacteria
possess predominantly 4-3 crosslinked peptidoglycan formed by
TPs. However, certain bacteria such as mycobacterial® and
C. difficilel®® showcase extensive 3-3 crosslinking, which are
products of L,D-transpeptidases (LDTs) belonging to the peptido-
glycan remodelling enzymes. The importance of LDTs was first
realised by Gutmann and co-workers who discovered that beta-
lactam-resistant E. faecium maintained the integrity of its
peptidoglycan by gradually replacing 4-3 crosslinks with 3-3
crosslinks when challenged with beta-lactams.[®6-58] L ater studies
determined that E. coliremodels its peptidoglycan crosslinking to
increase 3-3 crosslinks as a stress response.®%7% Herein, we
discuss biochemical studies of both TPs and LDTs involved in
the formation of peptidoglycan crosslinks.

Bacterial TPs catalyse transpeptidation in a two-step manner
(Figure 5, top). In the first activation step, the catalytic Ser
residue of TP attacks the D-Ala-D-Ala terminus of the stem
peptide on a donor peptidoglycan strand to form a covalent
intermediate between Ser and the penultimate D-Ala, releasing
the terminal D-Ala. In the second step, the acceptor strand, either
the N-terminus of the L-Lysqn-connected branch peptide or the
NHz on mDAP) residue, acts as the acceptor nucleophile to
attack the acyl-enzyme intermediate and forms a new peptide
bond. 4-3 crosslinking indicates the bond formed is between the
4" residue (in the donor strand) and 3™ residue (in the acceptor
strand) of two stem peptides. Penicillin and other beta-lactam
antibiotics, whose beta-lactam core structurally mimics the
D-Alagv)-D-Alayy moiety of the acyl donor, inactivate TPs by
covalently acylating the catalytic Ser residue."" Because of the
fact that penicillin binds to these enzymes, TPs were given the
name, penicillin-binding proteins (PBPs). On the other hand,
LDTs are structurally distinct from TPs but catalyse a similar
transpeptidation reaction with a catalytic Cys residue in place of
Ser (Figure 5, bottom). LDTs recognize the tetrapeptide
terminus of the donor strand on peptidoglycan and activate the

formation of 3-3 crosslinks instead.®”l Notably, LDTs are not
susceptible to beta-lactam antibiotics (except carbapenems and
cephalosporins).’273 Correspondingly, elevated levels of 3-3
crosslinks in peptidoglycan have been found in several beta-
lactam-resistant bacteria.®%% For more details, readers can
refer to a separate review focused on LDTs by Aliashkevich and
Cava.l"!

3.1. Coupling of PGT and TP activities in PBPs

In aPBPs, where the TP domain is part of a bifunctional
enzyme, TP activity and PGT activity are highly coupled and
coordinated. While the PGT activity is independent of TP activity
and can proceed even when the TP domain is inhibited or
inactivated, the TP activity of an aPBP requires ongoing glycan
polymerisation by the PGT domain.#87578 For instance,
analogues such as Lipid | (i.e., without the GIcNAc moiety) and
methylene-Lipid Il (i.e., a methylene group replaces the oxygen
atom between the muramyl C1 and phosphorus atom of the lipid
tail) that are incompatible for PGT reaction, are indeed not
suitable for transpeptidation by aPBPs such as E. coli PBP1b.148!
Consistently, the addition of either moenomycin, a potent PGT
inhibitor, or lysozyme that cleaves peptidoglycan backbone can
effectively inhibit TP activity as well, supporting the requirement
of ongoing PGT polymerisation for TP activity in aPBPs.? On
the other hand, bPBPs’ TP activity is not dependent on their
SEDS partners.?"3 Both E.coli PBP2 and Streptococcus
thermophilus PBP2x could crosslink peptidoglycan in vitro when
incubated with non-cognate PGTs instead of their SEDS partner
(i.e., RodA and FtsW).?":34 These observations imply that bPBPs
could potentially perform multi-functional crosslinking in bacteria,
such as during peptidoglycan repair, maintenance and synthesis
of higher-order peptidoglycan multimers that are not coupled with
the partner SEDS PGTs.

3.2. Substrate selectivity of TPs and LDTs

Unlike PGTs that are tolerant of stem peptide modifications
on Lipid I, TPs exhibit stringent requirements for their natural
acceptor substrates for crosslinking. Given the diversity of the
third amino acid in peptidoglycan stem peptide across different



bacteria, the inaccessibility to native Lipid Il molecules has
greatly impeded biochemical reconstitutions of bacterial TPs.
The commonly used synthetic Lysan-Lipid 1l for PGT assays is
an inappropriate substrate for TP crosslinking (although it is
suitable for the first TP activation step“®=8l). As a result, the full
reconstitution of bacterial TPs has significantly lagged the
characterisation of PGTs in the past decades. In recent years,
the scarce Lipid Il substrates have been made available through
chemical synthesis“6798% or extraction methods.®®'l Analysis with
state-of-the-art LC-MS has replaced traditional HPLC-based
assays to enable facile detection of crosslinked peptidoglycan
products. Alternatively, simpler peptide substrates are also
useful for the evaluation of TP activity in vitro.[82-84 Key insights
into the substrate structural requirements of bacterial TPs and
LDTs are summarised below.

3.2.1. Canonical Lipid Il is required for TP crosslinking

In 2013, Lebar et al. reported the first chemical synthesis of
mDAP-Lipid Il, the canonical form (except with the shorter C35
lipid) found in Gram-negative bacteria such as E. coli, and
developed a rapid LC-MS assay to analyse PGT and TP activities
of E. coli aPBPs, PBP1a and PBP1b in vitro.*® This work
established synthetic and analytical tools for the characterisation
of aPBP TP activity in vitro. In addition, a similar strategy with
synthetic amidated-mDAP)-Lipid 1l was applied to reconstitute
the TP activity of Bacillus subtilis PBP1, which revealed
remarkable differences between bacterial TPs towards the
carboxamide acceptor substrate.®” While such synthetic
mDAPi-Lipid 1l substrates are valuable, the diverse branch
peptides in Gram-positive bacterial Lipid Il, which are required for
studying the activity of cognate TPs, pose a significant synthetic
challenge and call for more robust preparation. In 2017, Qiao et
al. reported a general strategy to accumulate and isolate practical
quantities of native Lipid Il from both Gram-positive and Gram-
negative bacteria.®'l The facile access to native Lipid Il has
opened up opportunities for the biochemical reconstitutions of
TPs from diverse bacteria.

In the biosynthesis of native Glys-Lipid Il in S. aureus, the
FemXAB proteins are responsible for the formation of the
pentaglycine (Glys) branch peptide. Specifically, FemX adds the
first, FemA adds the second and third, and FemB adds the last
two Gly residues in Lipid Il. Interestingly, deletion of femA and/or
femB gene(s) was found to re-sensitise methicillin-resistant
S. aureus (MRSA) to beta-lactam antibiotics.!® It was proposed
that the increased susceptibility in these mutants could be due to
the inability of MRSA PBPs to utilize modified Lipid Il with
shortened branch peptides for efficient crosslinking. To explore
the crosslinking preference of individual MRSA PBPs,
Srisuknimit et al. reconstituted the TP activities of major TPs,
PBP2, PBP2a and PBP4 in MRSA using Gly1-, Glys-, or native
Glys-Lipid 1l as substrates, which were isolated from AfemaA,
AfemB, or wildtype S. aureus, respectively (Figure 6a).l%
Interestingly, PBP2, the sole aPBP in S. aureus, works well with
all three Lipid Il variants, whereas the resistant PBP2a and PBP4
are unable to crosslink Glys-Lipid Il, suggesting FemA might be
a potential target for re-sensitisation of MRSA to beta-lactam
antibiotics. 6!

Other Gram-positive bacteria such as E. faecalis and
E. faecium possess L-Ala-L-Ala or D-iAsx (i.e., D-Asp or D-isoAsn)
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branch peptide in their native Lipid Il, respectively (Figure 6b). In
searching to elucidate substrate tolerance of Enterococcus PBPs
with respect to the branch peptide, Arbeloa et al. constructed
Enterococcus mutants that display mosaic branch peptides in
peptidoglycan via heterologous expression of non-native genes
for branch peptide installation.’®”! Analysis of the mosaic peptido-
glycan composition in E. faecalis mutant revealed non-native
branch peptides (e.g. L-Ala-Gly-Gly, Glys) at both donor and
acceptor strands in crosslinks, implying a broad substrate
tolerance of E. faecalis PBPs in vivo.838781 On the contrary,
E. faecium PBPs appear more specific towards the native D-iAsx
branch for crosslinking (Figure 6b).387:88 However, determining
the substrate specificity of individual PBPs in Enterococcus
would require biochemical reconstitution with varying Lipid Il
substrates, as in the case of S. aureus PBPs.1 On the other
hand, the characterisation of Enterococcus LDTs with tripeptide
substrates has established that they stringently require the
canonical acceptor branch for 3-3 crosslinking.[67:84.88]
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Figure 6. Bacterial TPs display substrate specificity for crosslinking. (a)
Biochemical reconstitution illustrates that S. aureus TPs, PBP2, PBP2a and
PBP4 show distinct crosslinking preference to the Lipid Il variants bearing one,
three or five glycine(s) in the branch peptide. ‘Major’ and ‘Minor’ indicates ~45-
100% and ~10-20% crosslink products as observed experimentally.¥ (b)
Analysis of mosaic peptidoglycan crosslinks in Enterococcus reveals different
substrate specificities of E. faecalis PBPs and E. faecium PBPs.[82:8387.88]
Schematic representation of peptidoglycan substrates with identities of the
coloured hexagons and circles outlined in Figure 1. Substrate specificity with
regard to the branch peptide and amidation state of y-D-isoGIx (y-D-isoGIn or
y-D-isoGlu) were investigated. The native amino acids were boxed in yellow,
the bolded amino acids on donor and acceptor strands can be utilized by PBPs,
and the unsuitable amino acids are shown in grey. ‘Absent’ indicates the
absence of a branch peptide. D-iAsx means D-isoAsn or D-isoAsp. The
chemical structure of the native branch peptide in each Enterococcus species
is shown as well.

3.2.2. TPs and LDTs catalyse D-amino acid exchange

In the absence of the appropriate incoming acceptor
nucleophile for TP crosslinking, both water molecules and
D-amino acids can be utilized by TPs and LDTs (Figure 5). When
a water molecule attacks the acyl-enzyme intermediate, the
hydrolysis product is formed. In the event of a D-amino acid
acting as the nucleophile, the reaction is essentially the reverse
of the initial activation step, resulting in an exchange of b-amino
acids. Using E. coli PBP1a as an example, Lupoli et al. first
demonstrated TP-mediated incorporation of radiolabelled D-Ala



and other non-canonical D-amino acids (NCDAAs) into peptido-
glycan during PGT polymerisation in vitro.®® Around the same
time, Cava et al. also reported that the Vibrio cholerae LDT, LdtA,
could incorporate NCDAAs into soluble muropeptide substrates
in vitro.1®® Concurrent with these initial biochemical studies on
D-amino acid exchange by TPs and LDTs, VanNieuwenhze and
co-workers demonstrated the first in situ application of
fluorescent D-amino acid (FDAAs) for peptidoglycan labelling
across different bacteria.l®'l The versatility and convenience of
FDAA labelling provide a facile method for bacterial imaging,
whose popularity and applications have bloomed over the past
decade. The development of FDAAs has been extensively
reviewed.%2-% Notably, FDAAs are incorporated into bacterial
peptidoglycan in situ through the actions of TPs and LDTs,!%!
highlighting the substrate promiscuity of these enzymes for
D-amino acid exchange.

Furthermore, certain bacterial low-molecular weight (LMW)

bPBPs exhibit unusual characteristics for D-amino acid exchange.

For instance, S. aureus PBP4, an LMW PBP that has a single TP
domain, could exchange NCDAA into the pentapeptide stem
terminus in Lipid Il, representing the first characterised PBP that
utilises Lipid Il monomer as a donor strand.®® The distinct activity
of S. aureus PBP4 is different from the previously characterised
E. coli aPBPs, whose TP activity requires ongoing PGT activity.
This has further inspired the identification of a class of
functionally unique PBPs in other bacteria too, including
E. faecalis PBPX and Streptococcus gordonii PBPX, which could
modify Lipid Il as well.*’ The unique chemo-enzymatic activities
of these LMW bPBPs render them useful tools for the preparation
of functional Lipid Il and muropeptide probes to study different
biological processes. 98100

3.2.4. Natural stereochemistry on substrates is required for
TP and LDT activity

Both bacterial TPs and LDTs do not utilize substrates with
altered stereochemistry. Pires and co-workers have developed a
series of fluorescent donor and acceptor peptide substrates with
unnatural stereochemistry to address their suitability for in situ
peptidoglycan labelling, which provides a proxy readout for the
substrate preferences of bacterial TPs and LDTs.[t281 For
instance, tetra- or pentapeptide donor probes that have L-Ala at
either the fourth or fifth position are inappropriate for labelling
E. faecium.®? Similarly, the acceptor peptide probes with a
D-Ala-D-Ala branch (instead of the natural L-Ala-L-Ala) could not
label E. faecalis peptidoglycan.®¥l These observations are
consistent with the fact that natural sterecisomers of substrates
are needed for peptidoglycan crosslinking.8:82.831

Apart from in situ labelling experiments, the substrate
preferences of bacterial TPs to sterecisomers can be directly
demonstrated in biochemical reconstitutions too. For instance,
Catherwood et al. recently used the L,L-DAPu) donor strand
(instead of the natural L,b-DAPny) to probe the activity of E. coli
PBP1b in vitro.*® Interestingly, this donor strand was activated
by PBP1b to form the covalent acyl-enzyme intermediate, which
was subsequently hydrolysed into a tetrapeptide, thus preventing
any 4-3 crosslinking.“®l In the same vein, the TP-catalysed
D-amino acid exchange reaction was stereoselective as well,
since L-amino acids were unsuitable substrates.®”:888 Taken
together, bacterial TPs and LDTs recognize natural
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stereochemistry in substrates for transpeptidation, which should
be accounted for when designing potential inhibitors. In particular,
correct stereochemistry of the residues closest to the crosslink is
critical for activity (acyl donor: Xum)-D-Alagv)-D-Alaw); acyl
acceptor: mDAP/branch peptide).

3.2.5. Amidation of substrates affect TP and LDT activity

Although transpeptidation reaction pertains to the 4th and 5th
amino acids in the donor stem peptide, bacterial TPs exhibit
exquisite selectivity for the canonical amidation status in both
donor and acceptor substrates. In most Gram-positive bacteria,
the peptidoglycan stem peptide features y-D-isoGIn at the second
position in stem peptide, which is amidated by amido-
transferases MurT/GatD during Lipid Il biosynthesis.['0-103
Earlier transposon studies in MRSA revealed that non-amidated
stem peptides (i.e., changing y-D-isoGlIny to y-D-isoGluq) would
significantly reduce the overall peptidoglycan crosslinking levels
and re-sensitise MRSA to beta-lactam antibiotics, suggesting
that MRSA PBPs are unable to properly crosslink non-amidated
substrates.'™1%81  Through biochemical reconstitution of
Streptococcus pneumoniae  PBP2a, Zapun et al. first
demonstrated that the amidated Lipid Il substrate is indeed
critical for efficient TP crosslinking in vitro.’’1 Furthermore,
substrate amidation is not limited to the second residue in stem
peptide; many Gram-positive bacteria showcase additional
amidated moieties in peptidoglycan. For instance, E. faecium
has an amidated D-isoAsn as the branch peptide, whereas
B. subtilis and Mycobacterium smegmatis possess amidated
mDAP (i.e., mDAP-NH>) at the third residue in stem peptide.
Studies demonstrate that the fully amidated substrates are
strongly preferred by TPs and LDTs crosslinking in these
organisms.[82-841%681 Consistent with the recognition of MDAP-NH>
acceptor for crosslinking, B. subtilis PBP1 efficiently catalyses
D-amino carboxamide exchange reaction in addition to D-amino
acid exchange in vitro.B% Accordingly, fluorescent D-amino
carboxamide probes appear superior to traditional FDAAs for
peptidoglycan labelling in B. subtilis.®% On the other hand, amid-
ation of the donor peptide C-terminus, which is unnatural in
bacteria, strongly disfavours E.faecium TP and LDT
crosslinking.!®

Overall, these studies support the notion that bacterial TPs
and LDTs strongly discriminate against substrates containing
non-native amidation states for transpeptidation. Recently, the
crystal structure of the S. pneumoniae MurT/GatD complex was
solved in the apo-form, which showcases several putative
channels that participate in ammonia transfer.'1 While further
endeavours are needed to elucidate the muropeptide substrate
binding site in MurT/GatD, such structural studies offer valuable
insights into rational designs of inhibitors that disrupt GatD/MurT
function, which could represent a novel class of antibacterial
agents.

3.3. Peptidoglycan mimetics inhibitors

Given that beta-lactams mimic the D-Alagv)-D-Alaw) terminus
of the acyl acceptor in the transpeptidation reaction, efforts have
been made to rationally modify the beta-lactam core with side
chain extensions that resemble the canonical stem peptide or
branch peptide. Unfortunately, the success of such
‘peptidoglycan mimetics’ has been mixed.['®®-"2 For instance,



the introduction of two extended arms to the cephalosporin core
with peptide motifs that mimic the acyl donor and the acyl
acceptor, respectively, improved the compound’s specificity: it
inhibited the TP activity of E. coli PBP1b selectively in vitro but
showed no interaction or inhibition against E. coli PBP5 (a
carboxypeptidase, CP).['""l In another work, Josephine et. al.
demonstrated that the addition of side chain extensions onto
beta-lactams unexpectedly improved the inhibition of LMW PBPs,
but not the bPBPs in vitro.['%! Similarly, the inclusion of stem
peptide or branch peptide mimics to a carbapenem scaffold did
not improve its inhibition of E. faecium LDT (Ldtem).[""® While
these results could potentially be attributed to the different
substrate recognition and specificity of different PBPs, the fact
that these compounds showed limited activity against PBPs in
biochemical assays dampens the excitement of evaluating their
antibacterial potential against bacterial cells.

4. Peptidoglycan hydrolases
4.1. Challenges with hydrolase characterisation

Peptidoglycan hydrolases are a group of enzymes involved
in cleaving various chemical bonds in peptidoglycan polymer,
including glycosidases, amidases, endopeptidases (EPs), and
carboxypeptidases (CPs) etc (Figure 7a). Similar to PGTs and
TPs, peptidoglycan hydrolase enzymes also display functional
redundancy. Deducing the biological roles of individual
hydrolases is difficult, since most of them are non-essential,
where single or multiple gene deletions can be compensated for
by other members of the family without causing cellular
defects.l'™"2 For instance, Wilson and Garner demonstrated that
up to 40 peptidoglycan hydrolases of B. subtilis could be deleted
in a single A40 mutant, yet this mutant still displayed similar
growth and morphology to the wildtype.l'? Amongst the
seemingly redundant hydrolases in E. coli and other bacteria,
Levin’'s group and others have identified ‘pH specialist
peptidoglycan enzymes that display better activities at low
pH.["13-113] Therefore, it is crucial to develop robust tools and
assays for biochemical characterisations of peptidoglycan
hydrolases under different conditions.

4.2. Common assays for hydrolase characterisation

Biochemical characterisation of hydrolase activity requires
either complex isolated sacculi or synthetic peptidoglycan as
substrates for digestion, followed by analysing the cleaved
products. Common analysis assays include zymography,
cleavage of fluorogenic or chromogenic probes, as well as LC-
MS detection (Figure 7b). In zymogram methods, potential
hydrolases are subjected to separation on a special SDS-PAGE
gel containing sacculi. Upon renaturation, the hydrolytic activity
is revealed by a zone of clearance on the gel corresponding to
the size of the hydrolase (Figure 7b, left). However, potential
limitations of zymography include the inability to detect
hydrolases that do not act on intact (or modified) cell sacculi, the
inability to determine the exact catalytic activity, and the detection
of non-specific protein binders to peptidoglycan.[''®'""] Therefore,
putative hydrolases must have their activity confirmed by
additional assays. Fluorogenic- or chromogenic-based probes
such as p-nitrophenyl B-N-acetylglucosaminide (pNP-GIcNAc)
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are widely used to study glucosaminidases in vitro (Figure 7b,
right).[''8-'201 Fyrthermore, LC-MS analysis enables structural
determination of peptidoglycan cleavage products based on their
m/z values, which provide valuable information on the activity of
specific peptidoglycan hydrolase (Figure 7b, bottom).

Lytic transglycosylase (LT)

Glucosaminidase Muramidase

Amidase
Carboxypeptidase (CP)

Endopeptidase :
(EP)

b)

Zymography Fluoro- or chromogenic probe
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Figure 7. Major peptidoglycan hydrolase enzymes and common assays for
characterisation. (a) Summary of the bonds cleaved by various peptidoglycan
hydrolytic enzymes. Notably, lytic transglycosylase (LT) is non-hydrolytic and
generates a characteristic 1,6-anhydro-MurNAc terminus in the product (i.e.,
anhydro-muropeptide). (b) Common methods for characterising peptidoglycan
hydrolases. In the zymogram method, the separating gel contains sacculi.
Hydrolases break down the surrounding sacculi, presenting a clear band (Left).
Cleavage of fluorogenic or chromogenic substrate analogues by hydrolases
results in an increase in fluorescence or absorbance readout. para-Nitrophenyl
(PNP) and 4-methylum-belliferyl (4-Mu) moieties are commonly used (Right).
Hydrolytic cleavage products of sacculi or synthetic muropeptides can be
determined and quantified based on their m/z values detected by LC-MS,
providing information on peptidoglycan hydrolase activity (Bottom).

5. Glycosidases

The three types of peptidoglycan glycosidases include
glucosaminidases, muramidases and lytic transglycosylases
(LTs). Glucosaminidases hydrolyse the GIcNAc-3-1,4-MurNAc
glycosidic bond, whereas muramidases and LTs act on the
MurNAc-B-1,4-GIcNAc bond (Figure 7a). While muramidases
are hydrolytic, LTs cleave non-hydrolytically to yield 1,6-anhydro-
MurNAc terminating products (i.e., anhydro-muropeptides)
instead (Figure 1b, right). Peptidoglycan glycosidases are
involved in a wide range of cellular processes, such as cell
separation, cell motility,['?"-1231 toxin secretion,'?4'?% and
construction of secretion systems.[126-128]

Gram-positive bacteria are known to utilize glucos-
aminidases and muramidases for cell separation, growth, and
peptidoglycan recycling.l'?®-'38 For instance, E. faecalis engages
the glucosaminidase AtlA and muramidase AtlB in cell
separation.['$"1%8] S aureus requires four glucosaminidases
(namely AtIA/GIcA, SagA, ScaH, SagB) to maintain normal cell
morphology and growth.['® Notably, Wheeler et al. showed that
glucosaminidase cleavage reduces the stiffness of the cell
wall.l'*9 In B. subtilis, peptidoglycan strands are broken down by



at least three enzymes, muramidase NamZ, glucosaminidase
NagZ and amidase AmiE, to generate soluble saccharides and
peptides (i.e., GIcNAc, MurNAc and stem peptide) that are either
recycled through permeases or released into the
surroundings.[!18.119]

On the other hand, Gram-negative bacteria encode multiple
LTs: E.coli has at least eight LTs (i.e., MItA-G, SIt70),
V. cholerae eight, and P. aeruginosa eleven. LTs play important
roles in cell separation, growth, and peptidoglycan recycling.['40l
For instance, an E. coli mutant lacking six LTs displays a
chaining phenotype, which is indicative of cell separation
defects.'” Similar roles of LTs in maintaining cell separation
have been demonstrated in other Gram-negative bacteria
including P. aeruginosa,l"*"!  Salmonella enterica serotype
Typhimurium,['*d and V. cholerae.l'l In addition, LTs also initiate
peptidoglycan recycling in Gram-negative bacteria with the
generation of periplasmic di-saccharide anhydro-muropeptides,
which are subsequently transported back into the cytosol.F!

In Gram-positive bacteria, LTs have been characterised in
Bacillus ~ spp.,['21143-1481  Streptomyces  spp.,I'"*1  and
Mycobacterium spp.l'* Intriguingly, for each group, LTs are
associated with exiting dormancy, e.g. resuscitation from a
metabolically latent state or germination from spores.['4>-14¢] For
example, Mycobacterium tuberculosis LT RpfB digests intact
sacculi alongside D,L-EP RipB to form anhydro-muropeptides
that can resuscitate dormant M. smegmatis cells."*8! For other
Gram-positive bacteria, identification and characterisation of
putative LTs have remained elusive.['31491501 For example,
S. aureus proteins IsaA and SceD, which possess putative LT
domains at the C-terminus (PF01464 and PF06737,
respectively), do not exhibit detectable cleavage activity with
sacculi in zymography or HPLC assay, thus their functions are
yet to be established.['" In the sections below, we discuss efforts
that elucidate substrate specificity and regulatory mechanisms of
peptidoglycan glycosidases.

5.1 Substrate specificity of glycosidases

Peptidoglycan glycosidases can either be endolytic or
exolytic: endo-glycosidases cleave internal glycosidic bonds to
generate products of varying lengths whereas exo-glycosidases
cleave glycosidic bonds at the termini to generate monomeric
products (Figure 8). The endolytic or exolytic activity of
glycosidases can be determined by LC-MS analysis (Figure 7b,
bottom). For instance, E. faecalis glucosaminidase AtlA cleaves
sacculi into both monomeric and multimeric products in similar
ratios irrespective of enzyme concentration, a characteristic of
endolytic glycosidase.['>lIn contrast, S. aureus glucosaminidase
GlcA, an exolytic glycosidase, accumulates MurNAc-GlcNAc
monomers as the sole products upon digestion of sacculi.['5
Among the eight LTs in E.coli, MIE'"® and MItGI'> are
exclusively endolytic, whereas the other LTs either showcase
solely exolytic activity (i.e. MItA, MItF) or a combination of both
(i.e. MItB, MItC, MItD, SIt70).['5% Structural studies are powerful
in explaining the exolytic or endolytic mechanisms of individual
glycosidases.['®>-'%9 For instance, E. coli MItE contains a long
binding groove that strongly favours the binding of MurNAc
instead of anhydro-MurNAc at the +2 position in the glycan
substrate, establishing the structural basis for its endolytic activity
(Figure 8).'%5158 |n a separate study, an extended substrate
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binding groove was identified in the crystal of structure E. coli
MItC that allows extensive interactions with a long peptidoglycan
strand, enabling subsequent exolytic cleavage.['® On the other
hand, P. aeruginosa Slt was shown to alter its structural
conformation in order to accommodate long peptidoglycan
polymers for endolytic cleavage.l'® Taken together, these
examples underscore the importance of structural studies in
explaining glycosidases’ substrate specificities observed in
biochemical assays.

Some peptidoglycan glycosidases recognize unique
modifications on the glycan backbone. Denuded glycans, which
are peptidoglycan strands devoid of stem peptides, are produced
by cell separation amidases and are found abundantly at the cell
septa in some bacteria.l'*11521601 For instance, S. aureus
glucosaminidase GIcA acts exclusively on denuded glycans in
vitro.['52 Similarly, P. aeruginosa RIpA, a cell separation LT, also
shows a strong substrate preference for denuded glycan, but not
intact sacculi or synthetic muropeptides.'*! Their substrate
selectivity may be attributed to the peptidoglycan-binding
domains, LysM and SPOR. Both domains can interact
extensively with the N-acetyl groups on GIcNAC!'®" and
MurNAc!'®? in the peptidoglycan backbone. While the SPOR
domain was shown to exclusively recognize denuded
glycans,["®? LysM domain favours binding with denuded glycans
but is promiscuous to interact with typical peptidoglycan
substrates t00.[132161.163] Fyrthermore, Bacillus anthracis SleB, a
germination specific LT, specifically cleaves peptidoglycan with
muramic -lactam modifications,["4%148] which are unique glycan
modifications found in spore-forming Bacilli.['64-166]

In addition to glycan modifications, certain glycosidases also
exhibit specific requirements to peptidoglycan stem peptides.
Lee et al. have extensively characterised the enzymatic activities
of seven LTs in E. coli where each recombinant LT was
incubated with sacculi and crude products were analysed by LC-
MS/MS.['53 Four LTs (MItD-F, SIt70) cleave only non-crosslinked
peptidoglycan substrates while excluding crosslinked peptido-
glycan.l's3l On the other hand, Geiger et al. have uncovered a
unique muramidase TtsA in the typhoid toxin secretion system of
S.Typhi, which specifically cleaves the MurNAc-41,-4-GlcNAc
bond in 3-3 crosslinked substrates.['2%167]

Structurally defined synthetic peptidoglycan fragments are
superior for elucidations of the glycosidases’ substrate specificity
in greater detail. Lee et al. explored the substrate requirements
of all eleven P. aeruginosa LTs using synthetic muropeptide
substrates,['%® representing the most in-depth and extensive
biochemical characterisation of bacterial LTs to date.
Interestingly, P. aeruginosa MItA shows a unique substrate
requirement, where its substrate needs to be an LT product itself
with anhMurNAc at the +2 position (Figure 8).'%l This
observation may suggest the intricate co-ordinations among
multiple LTs in processing peptidoglycan in vivo. Remarkably,
the LT ensemble in P. aeruginosa displays diverse and
overlapping substrate requirements in terms of glycan length,
exolytic/endolytic activity, and stem peptide, which may endow
them with different biological roles under different growth
conditions.[68!
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Figure 8. Tetra-saccharide peptidoglycan substrate with cleavage sites for
both endolytic lytic transglycosylase (endolytic LT; brown) and exolytic lytic
transglycosylase (exolytic LT; pink) shown. The saccharides on the two sides
of the cleaved bond are numbered -2, -1 and +1, +2 respectively. Notably,
different LTs (described in the text) exhibit a wide range of substrate
preferences for glycan and peptide moieties in peptidoglycan.

5.2 Regulation of glycosidases

Bacteria regulate their glycosidases to prevent aberrant
peptidoglycan degradation. On the one hand, many bacteria
control glucosidase activity by proteolytic activation. For instance,
S. aureus glucosaminidase GIcA is synthesised as a proprotein
(AtIA), which contains both catalytic amidase and glucos-
aminidase domains separated by repeating glycine-tryptophan
(GW) domains.[189-17"] Post-translational cleavage of AltA by the
secreted proteases in S. aureus yields mature glucosaminidase
GIcA and amidase AmiA separately (Figure 9, right).['6%.170.172]
Similarly, the activity of E. faecalis AtIA is regulated by
extracellular proteases by removal of the N-terminus inhibitory
glycosylated domain (Figure 9, right).'”>174 On the other hand,
some bacteria also regulate their glycosidase activities via
protein degradation. The periplasmic protease Prc in E. coli is
shown to effectively prevent MItG accumulation.'”s! Furthermore,
interaction with muropeptide substrates can also regulate
enzymatic activity in glycosidases. For instance, Dominguez-Gil
et al. established that P. aeruginosa MItF binding to a
muropeptide substrate at an allosteric site ftriggers a
conformational change to activate MItF.['76]

5.3 MItG - an LT with a novel function?

During peptidoglycan  assembly, the elongating
peptidoglycan polymer remains anchored onto the cell
membrane with the undecaprenyl pyrophosphate lipid at the
reducing end. The removal of the lipid anchor permits the
termination of peptidoglycan extension, dissociation of
peptidoglycan polymers from the cell membrane, and liberation
of the undecaprenyl lipid, which is a scarce resource in bacterial
cells. Despite the functional importance, the identities of the
glycosidases (and/or other enzymes) involved in peptidoglycan
termination have remained elusive. In 2016, Bernhardt and co-
workers identified MItG, an inner membrane protein in E. coli that
associates with PBP1b, which exhibits exolytic LT activity in
vitro.['* The observation that deletion of MItG in E. coli gave rise
to an increase in the average length of peptidoglycan polymers
led to the hypothesis that it may be the long-sought-after
peptidoglycan terminase.'*'71 Notably, unlike other LTs, MItG
is widely conserved among both Gram-negative and Gram-
positive bacteria,l"® consistent with the proposed role of a
peptidoglycan terminase. Interestingly, MItG homologues in
B. subtilis and S. pneumoniae (MpgA) exhibit different activities:
B. subtilis MItG is an endolytic LT 413 whereas S. pneumoniae
MpgA is a muramidase instead.[*3'%°1 Moreover, a single amino
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acid substitution in E. coli MItG (D245N) would convert it from an
LT into a muramidase.[*3 Oddly, all three MItG homologues were
shown to release nascent peptidoglycan strands about seven
disaccharide units in length in vitro, which are seemingly too
short for the native peptidoglycan strands in vivo, thereby casting
doubts on the suggested terminase role of MItG in bacteria.['43144]
Further biochemical and genetic evidence are needed to
elucidate the peptidoglycan terminase mechanisms across
different bacteria, which would shed important insights into how
bacteria produce/regulate peptidoglycan of different lengths in
cells.

6. Amidases

Peptidoglycan amidases, also known as N-acetylmuramyl-
L-alanine amidases, cleave the amide bond between the lactoyl
moiety of MurNAc and L-Alag), separating the stem peptide from
the glycan backbone (Figure 7a). Amidases are found in almost
all bacteria. For instance, E. coli has three periplasmic amidases,
AmiA, AmiB and AmiC, which all belong to the Amidase 3
superfamily (PF01520) and participate in cell separation by
cleaving crosslinked septal peptidoglycan.l'®1781791 £ colj
mutants lacking multiple amidases form elongated chains with
thick peptidoglycan rings between adjacent cells.['®178.179] |n
addition to AmiA-C, E. coli also contains two amidases, AmiD
and AmpD that belong to the Amidase 2 superfamily
(PF01510).1'8%1811 AmiD is a periplasmic lipoprotein, while AmpD
is in the cytosol and responsible for the cleavage of anhydro-
muropeptides in peptidoglycan recycling.['®8"1 Mechanistically,
bacterial amidases from the above two families are zinc-
dependent metalloenzymes that can be inactivated by metal
chelators such as EDTA. Below we highlight biochemical studies
to address amidase substrate specificity.

6.1 Substrate specificity of amidases

The substrate preference of amidases can be inferred from
the enzymatic degradation of crude sacculi, but conclusions are
often limited due to the heterogenous and insoluble nature of
sacculi that contain varying glycan and peptide lengths as well
as different degrees of crosslinking. Hence, compositionally
defined peptidoglycan substrates are valuable for determining
amidases’ substrate requirements. For instance, using synthetic
peptidoglycan of different glycan lengths (i.e. 2, 4 and >30),
Lupoli et al. first established that E. coli AmiA requires at least
tetra-saccharide peptidoglycan fragments as substrates.['82
Similarly, the sole amidase in N. gonorrhoeae, AmiC, which is
essential for proper cell separation, was shown to produce both
crosslinked and non-crosslinked peptides from sacculi, indicating
its active amidase activity.['®! Further characterisation using
structurally defined peptidoglycan substrates revealed that it also
requires at least a tetra-saccharide fragment for activity.['®l
Interestingly, both E. coli AmiA and N. gonorrhoeae AmiC
cleaved only one stem peptide (instead of two) per tetra-
saccharide substrate.['82183 A similar preference for tetra-
saccharide substrates was found for S. pneumoniae LytA too,
which also exhibits an extended substrate-binding interface to
accommodate and interact with large peptidoglycan
substrates.[18418%]



Besides insights into amidases’ selectivity of glycan chain
length, Do et al. recently revealed that S. aureus amidase LytH
(Amidase_3 superfamily) together with its partner protein ActH
specifically cleaves un-crosslinked peptidoglycan substrates, a
substrate preference that is the first of its kind.['®! Notably, the
access to native Lipid Il enabled straightforward preparation of
matched peptidoglycan substrate that is either crosslinked or
non-crosslinked for detailed biochemical characterisation.’®'! In
addition, both S. aureus amidase AmiA and its homologue in
Staphylococcus epidermis (Amidase_2 superfamily) were shown
to recognize the stem peptide identity. For instance, AmiA’s
active site forms extensive hydrogen bonding with the a-CONH2
group on y-D-isoGlInqy in the stem peptide, whereas substrates
containing the non-amidated y-D-Gluq residue were unsuitable
for AmiA cleavage.[87-189

Amidases involved in peptidoglycan recycling are specific
towards substrates produced by the preceding enzymes in the
pathway. For instance, B. subtilis AmiE is specific to muramyl
peptides generated from upstream glucosaminidases;!"'el
whereas AmpD in Gram-negative bacteria is specific to anhydro-
muropeptides produced from LTs.[18190.1%1 |n P aeruginosa,
there are a total of three paralogous genes for AmpD: AmpD,
AmpDh2 and AmpDh3, which all participate in the upregulation
of beta-lactam resistance.'® To decipher the substrate
specificity of respective amidase, Mobashery and co-workers did
a series of elegant biochemical assays and LC-MS/MS analysis
using both synthetic muropeptides and crude sacculi as
substrates.l'*"%°1 P, geruginosa AmpD, a cytosolic protein,
recognizes only anhydro-muropeptides as substrates, which
supports its role as the bona fide amidase in peptidoglycan
recycling.['% Its Km with anhydro-muropeptide substrates was in
the low millimolar range, which likely represents the physiological
concentration of these peptidoglycan metabolites in the
cytoplasm.l'1 On the other hand, periplasmic AmpDh2 and
AmpDh3 cleave both reducing-end muropeptides and anhydro-
muropeptides in vitro.'®-1%%1 Moreover, studies using bacterial
sacculi (pre- or post- cleaved by LTs) as substrates revealed that
AmpDh2 and AmpDh3 could act on both crosslinked and non-
crosslinked substrates.['%-'%1 Remarkably, AmpDh3 manifests a
strong preference for insoluble polymeric sacculus, whereas
AmpDh2 favours soluble muropeptides.['®*-'%1 Their distinct
substrate preferences could be attributed to their different protein
multimeric states and structures: AmpDh3 forms a soluble
tetramer with an extensive binding surface to accommodate
polymeric substrate; AmpDh2 has a membrane-bound dimer
structure with a smaller binding surface suitable for soluble
muropeptide substrates instead.['931%% The complementary roles
of amidases for cell wall turnover could be a common mechanism
in other bacteria.

In addition, some Gram-positive amidases that contain a
catalytic CHAP domain (PF05257) have been demonstrated to
display both EP and amidase activity, which we discuss in more
detail in section 7.2.

6.2. Regulation of amidases

The hydrolytic activity of amidases is tightly regulated in
bacteria to prevent aberrant peptidoglycan cleavage that could
lead to cell lysis (Figure 9). Interestingly, E. coli amidases exhibit
low basal activities in vitro, and their peptidoglycan-splitting roles
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for cell separation require stimulation by LytM-domain
proteins.l'9%:1%7] Bernhardt and co-workers elucidated that E. coli
AmiA and AmiB are activated by the periplasmic protein EnvC,
whereas AmiC is activated by the outer membrane lipoprotein
NIpD.['%1%7] |n particular, activation of amidases by EnvC
requires a conformational change of the cytokinesis protein
FtsEX at the septal ring.['®® Structurally, amidase activation
involves the displacement of a conserved inhibitory o-helix to
expose the amidase active site (Figure 9, middle).['6.19%-201]
Apart from EnvC and NIpD, ActS, another outer membrane
lipoprotein, was recently identified as a third amidase activator in
E. coli, which only functions under cell wall stress and
preferentially activates AmiC.['"32%2 Thys, amidases have
different  regulatory mechanisms depending on the
physiochemical environment in bacteria.

Furthermore, a common amidase activation strategy in
several Gram-positive bacteria involves the allosteric regulation
by a partner protein to stabilise metal chelation.['8.203 For
instance, the activity of S. aureus LytH requires complex
formation with ActH, an atypical membrane protein activator.[%%
Using fluorophore-labelled peptidoglycan substrates and gel-
based assays, Page et al. revealed that the extracellular tetra-
tricopeptide (TPR) domain of ActH (ActHter) is critical and
sufficient for LytH activation in vitro.?%% Genetic studies further
confirmed the activating role of ActHrer in vivo.?*® Based on
structural and biochemical investigations, the authors showed
that ActHrer binding with LytH stabilises Zn?* or Fe?* in the active
site (Figure 9, left).”?°®! While the exact mechanism is unknown,
it is hypothesised that ActH induces conformational changes in
LytH to facilitate metal cofactor stabilisation.?3 Similarly, in
C. difficile, amidase CwlID activity is controlled by its allosteric
activator GerS, which also facilitates Zn?* binding and catalysis,
where the N-terminus of GerS was shown to directly participate
in Zn?* stabilisation 24

Displacement of

Allosteric stabilization
inhibitory domain

Proteolysis

;’ Zn?*

<
E. coli AmiA-C

ActH =
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Figure 9. Peptidoglycan hydrolases (i.e. amidases or hydrolases, shown in
blue) that degrade peptidoglycan are tightly regulated to prevent bacterial
autolysis. A common strategy adopted by bacteria is to translate the hydrolase
into an inactive form. Activator protein binding the allosteric site may stabilise
metal co-factors chelation at the active site (Left); activators can displace an
inhibitory domain (Middle); the conversion to an active form can occur via
proteolytic degradation of the inhibitory domain (Right).

7. Endopeptidases (EPs)

Endopeptidases (EPs) are hydrolytic enzymes that
specifically cleave amide bonds in peptidoglycan crosslinks or
stem peptides (Figure 7a and Figure 10a). One of their primary
roles is to enable insertions of new cell wall materials for cell
growth, elongation and separation. In this section, we will
highlight the activities and regulatory mechanisms of EPs in the
model Gram-negative organism E. coli, contrast these with EPs
of Gram-positive bacteria, as well as discuss recent findings on
the significance of gut microbiota-encoded EPs in the host.



7.1 Biochemical characterisation of E. coli EPs

Gram-negative E. coli encodes eight EPs that can be broadly
categorised into two groups: (1) PBP4, PBP7, and AmpH from
the PBP family;[2°5-2%81 (2) metalloenzymes, comprising of MepH
and MepS from the NIpC/P60 family 2°6209 and MepA, MepM
and MepK from the LAS, M23, M15 families, respectively.[206.209-
2111 Among the eight EPs, MepM appears the most important, as
an E. coli mutant with the other seven EPs deleted was still
viable.?%  Biochemical activies of E.coli EPs were
demonstrated using either sacculi or total soluble muropeptides
(i.e., sacculi pre-digested with mutanolysin or lysozyme) as
substrates (Figure 10a, b).?%5-2""l Notably, different EPs display
distinct substrate specificity in vitro. While the PBP family of EPs
are specific to the 4-3 crosslink (i.e. Alagyy>mDAPu bond), the
five metalloenzymes can cleave both 4-3 and 3-3 crosslinks (i.e.,
acting as D,D-EP and L,D-EP respectively) (Figure 10a [l 11]).[205-
21l The fact that metalloenzymes cleave both types of crosslinks
suggests that they may recognize the acceptor strand, which is
in common in both crosslinks.?%! Consistently, MepS only acts
on soluble tetrapeptides but not tripeptide or pentapeptide
substrates.?°9 Moreover, four E. coli EPs exhibit dual activities:
MepS and MepH act as L,D-CPs, converting tetrapeptides to
tripeptides by cleaving the mDAPu)-D-Alagyy bond,[206:209
whereas PBP4 and AmpH trim pentapeptides by removing
D-Ala() at the terminus (Figure 10a [llI, IV]).2%5:2%81 Additionally,
E. coli also encodes a paralog of LDT, LdtF, that has two unique
functions. First, LdtF acts as an L,D-EP and catalyses the
detachment of Braun’s lipoprotein (an outer membrane protein
covalently bonded to peptidoglycan in Gram-negative
bacteria).?'22'3 Next, LdtF also functions as a Gly-specific CP
that acts on stem tetrapeptides with terminal Gly residues.?'22'3l
(see section 8.2).
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Figure 10. (a) Schematic representation of specific bonds cleaved by endo-
peptidases (EP) and carboxypeptidases (CP). (I) b-Alagv)>mDAPu (D,D-EP);
(1) mDAPuy=>mDAPay (L,D-EP); (lll) Xan-D-Alagyy (L,D-CP); (IV) D-Alagv)-
D-Alaw) (D,D-CP); (V) L-Alag-y-D-iGlxm) (L,D-EP); (V1) y-D-iGlxq-Xan (D,L-EP);
(V1) bonds within or at the N-terminus of the branch peptide. Identities of the
amino acids in the peptidoglycan stem peptide are outlined in Figure 1. (b)
Selectivity of eight E. coli EPs involved in cell growth, cell elongation, or cell
separation.?%-211 Black ticks indicate that the enzyme is capable of cleaving
the specified bond whereas blue ticks indicate that cleavage of the specified
bond is a minor activity of the enzyme. EPs can be broadly categorized into
two groups: the PBP family (orange) and metalloenzymes (yellow). Most EPs
can act on both intact sacculus and soluble muropeptides, and a few EPs also
exhibit CP activity.
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7.2. Diverse substrate specificity of EPs in Gram-positive
bacteria

Given the diversity of branch peptides in Gram-positive
bacterial peptidoglycan, these organisms encode EPs that
exhibit distinct substrate specificity. In particular, spore-forming
Bacilli possess a vast number of EPs for peptidoglycan
remodelling, which has been extensively characterised by
Sekiguchi’s group?'#-22"l and others. For instance, B. subtilis
CwlK and LytH are L,D-EPs that specifically cleave the L-Alag)-y-
D-Glugybond (Figure 10a [V]),['4%'51 and generate products with
only L-Alag) in the stem peptide, a unique peptidoglycan feature
in Bacillus spores.l'8% |n addition, B. subtilis also encodes
seven D,L-EPs (including a bifunctional D,L-EP/muramidase
CwilT), which specifically cleave the bond between y-D-Glugy-
mDAPy (Figure 10a [VI]). ['®#-'% Amongst these, CwlO and
LytE localize at the lateral cell wall and are associated with cell
elongation, whereas CwIS, LytF and LytE localize at cell septa
and poles to participate in cell separation.?'>2'% p,| -EPs are also
widespread in Gram-positive bacteria including Lactobacillus,???~
2281 Mycobacterium,??’=2?°1 Enterococcus,?3%-2%2,

In S. aureus, several EPs are known to cleave the
pentaglycine crosslinks. For instance, S. aureus LytM and the
recently discovered LytU belong to the lysostaphin family of EPs
that cleave between the second and third glycine in the
pentaglycine branch peptide (Figure 10a [VII]).2332%4 S, aureus
amidase EssH, which contains a CHAP domain, also acts as an
EP that cleaves the pentaglycine peptide at these two
positions.?%3 Similarly, LytN is another CHAP-containing
hydrolase that exhibits both amidase and EP activity, cleaving
peptide bonds at the end of the pentaglycine peptide to break
crosslinks and release cell wall proteins.?%® Lastly,
S. thermophilus Cse is a CHAP domain L,D-EP that specifically
breaks crosslinks, cleaving the bond between D-Alagv) on the
donor peptide and L-Ala in the acceptor branch peptide.?%”

7.3. Cellular regulatory mechanism of EPs

In searching to wunderstand the cellular regulatory
mechanisms of E. coli EPs, Reddy and co-workers first reported
that the protein level of MepS alters significantly with the growth
phase in E. coli, where it is abundantly expressed during the
exponential phase but rapidly diminishes at the onset of
stationary phase.”®¥ This intriguing observation led to the
discovery of a proteolytic system that involves a TPR-containing
outer membrane lipoprotein, NIpl and a periplasmic protease,
Prc that modulates the cellular level of MepS in E. coli.?®
Biochemical pulldown study suggested that Nipl likely acts as an
adaptor protein that facilitates degradation of MepS by Prc.?%! In
separate studies, it was discovered that both MepH and MepM
are also Prc substrates.?%24% Building upon earlier studies,
Banzhaf et al. performed global proteomics-based screening to
establish that E. coli Nipl is implicated in the abundance and
thermostability of many cell envelope proteins including LTs and
amidases, indicating a broader regulatory role of Nlpl in E. coli
peptidoglycan biogenesis.”*'l Moving forward, identifying the
upstream signals that NIpl senses may open up new avenues to
intervene in bacterial peptidoglycan homeostasis. Intriguingly,
Darwin and co-workers have identified a proteolytic complex in
P. aeruginosa, consisting of lipoprotein LbcA and protease CtpA
that perform similar regulatory functions.?*2243 The fact that



P. aeruginosa LbcA-CtpA is non-homologous to E. coli NIpl-Prc
suggests such regulatory proteins in different bacteria may arise
by convergent evolution.[242-243

Besides post-translational degradation, conformational
rearrangement represents another regulatory mechanism for
EPs in Gram-negative bacteria (Figure 9, middle). For instance,
the primary EP in V. cholerae, ShyA was found to exist in two
drastically different conformations: a closed form with an
inhibitory domain blocking the active site, and an open form that
permits substrate binding. ?*4 Correspondingly, mutant variants
of ShyA that favour the open conformation leads to increased EP
activity both in vitro and in vivo.?* This conformational switch
appears a common regulatory mechanism for EPs of similar
architecture in other bacteria, including E. coli MepM.2*
Nevertheless, the molecular signals that trigger the
conformational activation of EPs are yet to be elucidated.?*4

In most Gram-positive bacteria, the widely conserved
WalK/WalR two-component system controls peptidoglycan
homeostasis (reviewed here*%l). For instance, the expression
levels of B. subtilis elongation D,L.-EPs, CwlO and LytE, are
regulated by WalK/WalR system, which senses peptidoglycan
EP products.?*6-2481 Similarly, Mycobacterium and Streptomyces
also possess the MitrA/MtrB two-component system that
performs similar roles to WalK/WalR.?*®l For example, MtrA/MtrB
controls the expression of the mycobacterial cell-separating
D,L-EP, RipA.?*° Apart from two-component systems, bacterial
EPs are also under other forms of regulation. For instance,
Mycobacterium RipA features an auto-inhibitory domain and
requires either a partner protein or proteolysis for activation
(Figure 9, middle and right).?>®! Moreover, RipA also interacts
with and is regulated by the peptidoglycan synthase, PBP1.2%
Taken together, the expression and activity of bacterial EPs are
extensively controlled by different mechanisms.

Hijacking the cellular regulatory mechanisms of bacterial EPs
or constructing recombinant EPs containing peptidoglycan
binding domains might result in uncontrolled bacterial
autolysis.?'2%%1  For instance, S. aureus peptidoglycan
hydrolase LytM was fused with the peptidoglycan binding domain
of lysostaphin, affording an effective anti-staphylococcal peptide
in vitro.?51-2521 Such designs are attractive for the development of
novel antibacterial agents.

7.4. EPs in the gut microbiota

Recent studies have shed insights into the roles of EPs
produced by host gut microbiota.’). Commensal bacteria
Lactobacillus and Enterococcus express EPs such as SagA,?%-
226230-232] that generate soluble muropeptides, which are
agonistic to the host NOD2 innate immune sensor (Figure
11).2542551 These NOD2-active muropeptides are shown to act as
adjuvants to potentiate cancer immunotherapy,?*® alleviate
Crohn’s disease (CD) progression in mouse models, 2242251 and
protect mice against pathogenic species.”**?%"1 Remarkably, a
recent metagenomic study by Gao et. al has revealed that CD
patients manifest a significantly lower abundance of gut microbial
D,L.-EP genes in their stool,?®! highlighting the potential
implications of the gut microbiota EPs and their muropeptide
products in human disease.
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E. faecium SagA and its homologues in Enterococcus, which
were discovered and have been extensively characterised by
Hang and co-workers,[230-232.256.257] exhibit interesting substrate
specificity in vitro. The NIpC/p60 domain of SagA cleaves the y-
D-isoGInqy-L-Lysay bond in the stem peptide,”®'! a conserved
moiety in peptidoglycan of most Gram-positive bacteria (Figure
11). SagA strictly discriminates against muropeptides from other
bacteria, suggesting the particular branch peptide in
Enterococcus (i.e. D-iAsx) may impart substrate specificity.[?*%
Moreover, SagA preferentially acts on soluble, crosslinked
muropeptides isolated from E. faecium, but is unable to cleave
crude sacculi.”®? This observation may imply that the activity of
SagA in vivo requires close coordination with muramidases to
generate bioactive soluble muropeptides in the host gut niche
(yet the exact order of the SagA and muramidase cleavage
remains unclear). However, this contrasts with a recent finding
that showed that both SagA and a homologue found in
Lactobacillus  salivarius, could generate NOD2-active
muropeptides in vitro when their recombinant forms were
incubated with E. coli or S. aureus.??! Lastly, while SagA has
been found to localize at the septa in E. faecium, its exact
biological function in E. faecium is still unclear.”3"l The exciting
yet intriguing roles of gut microbiota-encoded EPs in host warrant
further study in order to harness their therapeutic potential.
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Figure 11. L,D-endopeptidase SagA in gut microbiota digest crosslinked
peptidoglycan substrates and release NOD2-activating muropeptides into the
host gastrointestinal tract. NOD2 recognizes the minimal MurNAc-L-Ala-
y-D-isoGIn motif and triggers downstream immune activity. The presence of
these muropeptides can alleviate Crohn’'s disease,???% act as an
immunotherapy adjuvant,?® and protect the host against pathogenic
infections.[232.257]

8. Carboxypeptidases (CP)

Bacteria possess many carboxypeptidases (CPs) such as
D,D-CPs, D,L-CPs and L,D-CPs that remove the terminal amino
acid from penta-, tetra- or tripeptide stems (Figure 10a [lll, 1V]
and Figure 12). CPs are crucial for the maintenance of bacterial
shape and cell integrity,[''52%8-281] since the cleavage activity of
CPs controls the amount of available donor substrate for
crosslinking. For example, a trio of orthologous CPs, Pgp1-3 in
Campylobacter jejuni and Csd 3-4,6 in Helicobacter pylori, are
critical for maintaining bacterial helical cell shape. In each trio, C.
jejuni Pgp1 and H. pylori Csd4 are D,L-CPs,?2263 Pgp2 and
Csd6 are L,D-CPs/[?%4251 Pgp3 and Csd3 are bifunctional
enzymes with D,D-EP and D,D-CP activities,?%%71 which act
sequentially in trimming the stem peptides in these helical



bacteria. In E. coli, among the seven CPs, both PBP5 and PBP6a
are D,D-CPs that generate tetrapeptide donor precursors for
LdtD-mediated 3-3 crosslinking during outer membrane
stress.%70  Similarly, E. faecium DdcY®?%® (a D,D-CP) and
M. smegmatis DacB2® (a dual functional D,D-EP/D,D-CP)
cleave pentapeptide stems to form tetrapeptide precursors for
3-3 crosslinking as well.

CPs are also implicated in other cellular processes such as
virulence, 269279 recycling,?%%271-273 and metabolism of NCDAA-
containing peptidoglycan in bacteria.?'2274 For instance, E. coli
MpaA is a cytosolic D,L-CP that specifically degrades tripeptide
stems (generated by LdcA) during peptidoglycan recycling.2722731
Moreover, N. gonorrhoeae L,D-CP LdcA participates in peptido-
glycan recycling and contributes to the release of bioactive
tripeptide anhydro-muropeptides into the niche.?®® Similarly, the
periplasmic D,L-CP EcgA in S. Typhimurium acts on tripeptide
substrates, thus altering the pools of muropeptide agonists for
host immune activation and contributing to bacterial virulence.?”%

8.1. Functional non-redundancy of CPs under different
conditions

The model organism E. coli encodes at least seven D,D-CPs,
including PBP4 (DacB), PBP4b, PBP5 (DacA), PBP6a (DacC),
PBP6b (DacD), PBP7 (PbpG), and AmpH. Among them, PBP4,
PBP7 and AmpH also have EP functions (see section 7.1).
Deletions of multiple CPs in E. coli yield no morphological defects
(except for PBP5).2%9.26" Tq establish that PBP5 is the main CP
in E. coli under typical laboratory conditions, Nelson and Young
thoroughly examined the morphology of >20 PBP single and
multiple deletion mutants of E. coli.?%°2%" Using a similar
approach, Peters et. al compared the peptidoglycan composition
of mutants grown in normal or acidic conditions.['"® Intriguingly,
under acidic conditions, mutants lacking PBP6b contained a
larger proportion of pentapeptides compared to other
mutants.[""S Further in vitro characterisation of E. coli PBP5 and
PBP6b with intact sacculi revealed that PBP6b unexpectedly
displays higher catalytic activity under acidic conditions. Thus,
PBP6b could act as a ‘pH specialist’ that ensures normal rod
morphology of E. coli at low pH.["'% Therefore, the redundant set
of E. coli CPs may allow bacterial survival under different growth
conditions.

8.2. Distinct substrate specificity of bacterial CPs.

CPs do not require complex peptidoglycan substrates for
activity, since simple peptides, such as diacetyl-L-Lys-D-Ala-
D-Ala, have been commonly used as model substrates for the
characterisation of D,D-CPs.?74-278 Addition of a chromogenic
moiety (e.g., acetyl-D-amino acid-p-nitroaniline) onto the model
peptide enables a convenient absorbance assay for measuring
CP activity.?™ Using these substrates, Miyamoto et al.
established that E. coli PBP4a and B. subtilis PBP5 can remove
NCDAAs (e.g. D-Cys, D-Arg, D-Leu) from the stem peptide
terminus, suggesting their potential biological roles in regulating
NCDAA levels in peptidoglycan in cells.?’# Additionally, the LDT
responsible for detachment of the Braun’s lipoproteins in E. coli,
LdtF, also functions as an L,D-CP specific to the tetrapeptide
substrate with a terminal Gly residue.?'2
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Figure 12. Carboxypeptidases (CPs) play important biological roles in bacteria.
CPs cleave the terminal amino acid in tetra-, penta- or tripeptide stems in
peptidoglycan. The above figure shows examples of specific bacterial CPs that
are involved in different aspects of their physiology.

On the other hand, the cytosolic L,D-CP LdcA in E. coli that is
involved in peptidoglycan recycling strongly prefers canonical
tetrapeptides compared to NCDAA-containing tetrapeptides.?’"]
Cytosolic accumulation of NCDAA tetrapeptides in bacteria
during the stationary phase in turn impacts peptidoglycan
crosslinking levels and precursor concentrations.?”"l Thus, the
respective substrate specificity of PBP4, PBP5 and LdcA ensure
their key roles in regulating peptidoglycan homeostasis in E. coli.
In addition, recent studies have characterised the L,D-CP LdcB
in several Gram-positive bacteria as well. Both S. pneumoniae
LdcB and B. subtilis LdcB actively cleave the tetrapeptide end in
both sacculi and synthetic tetrapeptide substrates.[20.279
Expectedly, they exhibit stereospecificity toward the D-Ala at the
tetrapeptide end and do not cleave the L-Ala terminus.?7

9. Summary and outlook

Bacterial peptidoglycan is a conserved and essential
structure across all bacteria. Enzymes in the peptidoglycan
biosynthesis pathway (i.e., PGTs and TPs) are well-recognized
excellent targets of antibiotics, where characterisation of their
substrate specificity and development of in vitro assays has
greatly facilitated new antibiotics discovery. On the other hand,
inhibition of enzymes involved in peptidoglycan remodelling and
breakdown (i.e., glycosidases, amidases, endopeptidases, and
carboxypeptidases etc.) to perturb the well-regulated balance of
peptidoglycan homeostasis is potentially lethal to bacteria.?8
Indeed, corbomycin and complestatin, which are inhibitors of
most, if not all, peptidoglycan hydrolases, are effective against
MRSA. 28 |n another example, bulgecin, a natural product
inhibitor of several LTs, shows no antibacterial activity alone but
is capable of potentiating beta-lactams in P. aeruginosa.?8l
Studies in the past two decades have offered key insights into
the apparent functional redundancy of these major families of
enzymes in peptidoglycan metabolic pathways, especially in
model bacterial organisms such as E. coli, S. aureus, B. subtilis
and E. faecalis etc. The seemingly redundant peptidoglycan
enzymes do exhibit differences in their substrate preferences
and regulation mechanisms, which may be exploited for the
potential development of narrow-spectrum antibiotics against
specific bacteria. Moreover, the tools and reagents developed for
biochemical reconstitutions are highly valuable for screening
potential inhibitors targeting the peptidoglycan pathway.



In recent years, the trillions of bacteria in the host gut niche
are demonstrated to shed a large abundance of soluble peptido-
glycan fragments, which are ubiquitously present in the host gut
and systemic circulation.”822% These peptidoglycan fragments
are increasingly recognized for their importance as key effector
molecules in mediating host health and physiology, including
controlling host appetite and body temperature, promoting
cancer immunotherapy and impacting fungal pathogenesis
etc.I7:98.256,257.282.284-286] Thys, understanding the peptidoglycan
pathways in gut bacteria is necessary to elucidate the underlying
mechanisms. Aptly, the multitude of studies on peptidoglycan
enzymes in the model bacteria has paved the way for in-depth
mechanistic investigations of peptidoglycan assembly and
release processes in the gut microbiota. Altogether with
advances in molecular genetics and improved culturing
conditions, we anticipate a wealth of knowledge on the enzymatic
activities of gut microbiota peptidoglycan enzymes in the years
to come.
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