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Abstract

Staphylococcus aureus is an important human and livestock pathogen that is well-protected against environmental insults by a thick
cell wall. Accordingly, the wall is a major target of present-day antimicrobial therapy. Unfortunately, S. aureus has mastered the art
of antimicrobial resistance, as underscored by the global spread of methicillin-resistant S. aureus (MRSA). The major cell wall compo-
nent is peptidoglycan. Importantly, the peptidoglycan network is not only vital for cell wall function, but it also represents a bacterial
Achilles’ heel. In particular, this network is continuously opened by no less than 18 different peptidoglycan hydrolases (PGHs) en-
coded by the S. aureus core genome, which facilitate bacterial growth and division. This focuses attention on the specific functions
executed by these enzymes, their subcellular localization, their control at the transcriptional and post-transcriptional levels, their
contributions to staphylococcal virulence and their overall importance in bacterial homeostasis. As highlighted in the present review,
our understanding of the different aspects of PGH function in S. aureus has been substantially increased over recent years. This is
important because it opens up new possibilities to exploit PGHs as innovative targets for next-generation antimicrobials, passive or
active immunization strategies, or even to engineer them into effective antimicrobial agents.

Keywords: Staphylococcus aureus, peptidoglycan hydrolase, cell wall, subcellular protein localization, pathogenesis, antimicrobial sus-

ceptibility

Introduction

Staphylococcus aureus is a small and spherical Gram-positive bac-
terium (Fig. 1), belonging to the phylum of the Firmicutes. As a
commensal, S. aureus frequently colonizes asymptomatically the
nares, skin and gut of humans (Mainous et al. 2006, Raineri, Al-
tulea and van Dijl 2022). Nonetheless, S. aureus is also one of the
most renowned opportunistic pathogens, causing many different
diseases that range from relatively mild skin and soft tissue in-
fections to life-threatening diseases, such as bacteremia, pneu-
monia and endocarditis. The invasive behavior of S. aureus is of-
ten triggered through injury or medical interventions, where the
barrier function of the host cells or tissues is compromised. How-
ever, S. aureus also produces a variety of virulence factors that
allow this bacterium to invade the human body. Beyond the ep-
ithelial or endothelial barriers, S. aureus is able to bind to the ex-
tracellular matrix of host cells and tissues, to invade host cells,
or to form biofilms on tissues and medical implants (Raineri, Al-
tulea and van Dijl 2022). At the same time, it is able to effectively
evade innate and adaptive immune defenses of the host, either
through the secretion of particular virulence factors or the forma-
tion of biofilms (Thammavongsa et al. 2015, Goldmann and Med-

ina 2018). Ultimately, this may result in persistent or chronic infec-
tions (Josse et al. 2017). In recent years, the treatment of S. aureus
infections has become increasingly difficult due to the fact that
this pathogen has acquired many different antibiotic resistances,
as critically exemplified by the emergence of methicillin-resistant
S. aureus (MRSA) lineages in hospitals and the community (Turner
et al. 2019).

Gram-positive bacteria, like S. aureus, are surrounded by a thick
cell wall, which plays vital roles in maintaining cell shape, cell
integrity, cell viability and the protection against osmotic stress
under different environmental conditions (Vollmer et al. 2008, Sil-
havy et al. 2010). The structure and composition of the cell wall
varies between different Gram-positive bacterial species (Do et al.
2020). However, peptidoglycan is invariably the major cell wall
component that surrounds the bacterial cytoplasmic membrane
(Turner et al. 2014). S. aureus peptidoglycan contains relatively
short glycan strands that are highly cross-linked through species-
specific peptide bridges; 80%-90% of the so-called stem peptides
are cross-linked via a pentaglycine bridge (Snowden and Perkins
1990, Monteiro et al. 2019, Sobral and Tomasz 2019). These cross-
links are important for the integrity and physical strength of the

Received: December 8, 2021. Accepted: May 25, 2022

© The Author(s) 2022. Published by Oxford University Press on behalf of FEMS. This is an Open Access article distributed under the terms of the Creative
Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and
reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

220z 1snBny gz uo Jesn usbuiuols) Jo Alsienaiun Aq €8€4099/G200BN1/ISWaY/E60 L 0 /I0p/a[01B-80UBAPE/BISWS)/WO00 dNo olWapeoe//:sdiy Wolj papeojumod


mailto:j.m.van.dijl01@umcg.nl
https://orcid.org/0000-0002-5688-8438
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

2 | FEMS Microbiology Reviews, 2022

% [Beslll s
Stage 1 Stage 2
Mother cell Early septum ingrowth

% \

Stage 3 Stage 1
Complete septation Daughter cells, after cell
separation

Figure 1. Different stages in the cell cycle of Staphylococcus aureus as visualized by transmission electron microscopy. During the initial phase of the cell
cycle (stage 1), a spherical S. aureus mother cell will become slightly enlarged and forms a septum at the mid-cell position (stage 2). Once the synthesis
of the septum is complete and the cell is further enlarged (stage3), bacterial autolytic enzymes will promote cell division, resulting in two daughter
cells (stage 1). After cell separation, the septum of the daughter cells is reshaped from a flat surface into a hemisphere. Images were recorded by
transmission electron microscopy. The magnification is indicated by scale bars (1 pum).

peptidoglycan. Importantly, the peptidoglycan network surround-
ing the cell represents a highly dynamic structure that is main-
tained not only through the synthesis and modification of novel
strands but also through the cleavage and degradation of existing
strands. These different activities are indispensable for bacterial
growth and cell division, and they involve the concerted action
of peptidoglycan synthases and hydrolases (Monteiro et al. 2015).
Notably, an appropriate balance between bacterial peptidoglycan
synthesis and hydrolysis is crucial for the bacterial cell viability.
In particular, when peptidoglycan synthesis is slowed down while
peptidoglycan hydrolysis proceeds, autolysis of the staphylococ-
cal cell will occur (Ghuysen et al. 1966).

The mechanism of peptidoglycan synthesis has been inves-
tigated for a long time. The process starts with the synthesis
of Lipid II precursors carrying disaccharide-peptide units inside
the cell (Ruiz 2008, Sham et al. 2014), and their subsequent ‘flip-
ping’ across the cytoplasmic membrane by specific transporters
known as ‘flippases’ (Fig. 2) (Ruiz 2008). Afterwards, glycosyltrans-
ferases, such as the penicillin-binding protein 2 (PBP2), MGT and
SgtA of S. aureus will polymerize the translocated Lipid II pre-
cursors into nascent glycan strands (Lovering et al. 2007, Reed
et al. 2011, Lovering et al. 2012). These nascent strands will be
cross-linked to stem peptides in the existing peptidoglycan ma-
trix through the action of transpeptidases, such as PBP1, PBP3
and PBP4 (Sauvage et al. 2008). Because of its vital role in bac-
terial growth and survival, the process of peptidoglycan synthe-
sis has been a preferred target for antibiotic development. This
is underscored by important antibiotics like g-lactams (e.g. peni-
cillin or next-generation cephalosporins) and vancomycin which,
respectively, target penicillin-binding proteins and acyl-D-alanyl-
D-alanine in the S. aureus cell wall (Nagarajan 1991, El-Shaboury
et al. 2007, Rajagopal and Walker 2017). On the other hand, the
equally important process of cell wall hydrolysis has, so far, re-
ceived relatively little attention as a possible therapeutic target
for antibiotics (Do et al. 2020).

The maturation of peptidoglycan requires not only the action
of peptidoglycan synthases but also that of peptidoglycan hydro-
lases (PGHs) (Shockman and Holtje 1994, Shockman et al. 1996,
Vollmer et al. 2008, Do et al. 2020). In general, Gram-positive bacte-
ria contain multiple PGHs, which cleave specific sites in the pep-
tidoglycan and have specific roles in cell wall biogenesis (Smith

et al. 2000). Depending on the specific cleavage sites, three main
types of PGHs can be distinguished, namely glycosidases, ami-
dases and endopeptidases (Fig. 3) (Rigden et al. 2003, Fenton et al.
2010, Szweda et al. 2012). The physiological roles of PGHs are highly
diverse, since they include the regulation of glycan strand length,
control over the level of peptidoglycan cross-linking, the remod-
elling of peptidoglycan after cell separation, and the recycling
of peptidoglycan fragments (Vollmer et al. 2008, Rajagopal and
Walker 2017). The precise numbers and essential features of PGHs
differ widely between bacteria. In particular, S. aureus genomes
encode at least 18 PGHs with known or putative hydrolytic ac-
tivities to support fundamental cellular processes during the cell
cycle. Interestingly, none of these enzymes is essential for S. au-
reus survival with the exception of SsaA (SA2093), which is essen-
tial for strain NTCT8325, but not for strain N315 (Chaudhuri et al.
2009). The latter strain dependency with respect to the possible
essentiality of PGHs implies that a precise distinction of the indi-
vidual and concerted (inter)actions of PGHs in S. aureus is rather
challenging. Accordingly, the fundamental functions of individual
PGHs and their coordination with peptidoglycan synthesis are still
poorly understood. However, disentangling the different roles of
PGHs will be important, since they are potentially druggable tar-
gets for novel antibiotics, or passive or active anti-staphylococcal
immunization approaches (Wang et al. 2021). PGHs are particu-
larly attractive targets for drugs or immunization not only be-
cause they are exposed on the bacterial cell surface and have
shown high immunogenicity (Pastrana et al. 2018, Dreisbach et al.
2020, Wang et al. 2021), but also because they play vital roles in cell
growth and division. In view of this potential opportunity to de-
velop novel preventive or therapeutic approaches to fight staphy-
lococcal infections, the present review is aimed at providing a de-
tailed overview of what is currently known about the physiologi-
cal roles and specificity of the different PGHs of S. aureus and how
they are expressed and function during different stages in the bac-
terial cell cycle and during infection. Of note, an important re-
quirement for novel drug targets is that they are expressed by all
the different lineages of a particular pathogen. Therefore, this re-
view will be focused on the 18 PGHs encoded by the S. aureus core
genome (Table 1). In contrast, PGHs encoded by plasmids and bac-
teriophages, such as LytP2 and LytP4 from the S. aureus Newman
prophages ¢ NM?2 and ¢NM4 (Bae et al. 2006), respectively, will not
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Figure 2. Schematic representation of the S. aureus cell envelope structure. The S. aureus cell envelope is composed of a cytoplasmic membrane that is
surrounded by a thick layer of peptidoglycan. For peptidoglycan synthesis (left), Lipid II units carrying disaccharides are synthesized in the cytoplasm
(Step 1) and exported across the cytoplasmic membrane by a flippase (Mur]) (Step 2). Subsequently, transglycosylases (TG) insert the disaccharides
into a new glycan strand (Step 3). The stem peptides of the glycan strands are then cross-linked by transpeptidases (TP) to the existing peptidoglycan
matrix (Step 4). Peptidoglycan hydrolysis (right) occurs due to the action of peptidoglycan hydrolases which are classified as glycosidases
(glucosaminidase and muramidase), amidases or endopeptidases. The specificity of the cleavage sites of these PGH's of S. aureus are indicated by
arrows.

Table 1. Overview of S. aureus peptidoglycan hydrolases.

Protein Mw (kDa) AA N315 USA300 NCTC8325

SagA 29.6 258 SA2100 SAUSA300_2256 SAOUHSC_02580
SagB 325 284 SA1593 SAUSA300_1720 SAOUHSC_01895
Atl 136.7 1248 SA0905 SAUSA300_0955 SAOUHSC_0099%4
Aly/ScaH 69.2 619 SA2437 SAUSA300_2579 SAOUHSC_02979
LytN 43.1 383 SA1090 SAUSA300_1140 SAOUHSC_01219
LytH 32.7 291 SA1458 SAUSA300_1588 SAOUHSC_01739
SsaA 293 267 SA2093 SAUSA300_2249 SAOUHSC_02571
EssH 331 297 SA0270 SAUSA300_0277 SAOUHSC_00256
SA2353* 27.6 255 SA2353 SAUSA300_2503 SAOUHSC_02883
Slel/Aaa 35.8 334 SA0423 SAUSA300_0438 SAOUHSC_00427
SA0710* 30.2 279 SA0710 SAUSA300_0739 SAOUHSC_00773
SA0620* 28.1 265 SA0620 SAUSA300_0651 SAOUHSC_00671
SA2097* 17.4 166 SA2097 SAUSA300_2253 SAOUHSC_02576
SA2332* 16.8 143 SA2332 SAUSA300_2482 SAOUHSC_02855
LytM 343 316 SA0265 SAUSA300_0270 SAOUHSC_00248
Lytu 22 192 SA0205 SAUSA300_0207 SAOUHSC_00174
IsaA 24.2 233 SA2356 SAUSA300_2506 SAOUHSC_02887
SceD 241 231 SA1898 SAUSA300_2051 SAOUHSC_02333
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Protein names and the respective accession codes for the S. aureus strains N315, USA300 and NCTC8325 are presented. *Functionally uncharacterized PGHs are
named by their S. aureus N315 accession codes. Mw, molecular weight; AA, total numbers of amino acids including the signal peptide according to the annotation
for S. aureus N315.
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Figure 3. Modular structure of S. aureus peptidoglycan hydrolases. S. aureus peptidoglycan hydrolases have a modular structure. The different domains
that make up these enzymes include catalytic domains, such as the amidase, glucosaminidase, CHAP, M23 peptidase and/or lytic transglycosylase
domains. In addition, peptidoglycan hydrolases contain signal peptides, transmembrane domains and/or cell wall binding domains (e.g. LysM, GW) for

subcellular localization.

be addressed as this topic has recently been reviewed (Fabijan et al.
2020, Rai and Khairnar 2021, Walsh et al. 2021).

Staphylococcal cell wall composition

The cell wall of Gram-positive bacteria contains not only multi-
ple layers of peptidoglycan, but also other polymers like wall tei-
choic acids (WTAs), lipoteichoic acids (LTAs) and attached proteins
(Strominger et al. 1967, Kojima et al. 1985, Schneewind et al. 1995).
The wall may be coated with capsular polysaccharides (Keinho-
erster et al. 2019). Typically, the thickness of the cell wall is 20
to 40 nm (Glesbrecht et al. 1998, Matias and Beveridge 2006). The
peptidoglycan is composed of multiple long and stiff cross-linked
glycan strands, with each strand consisting of alternating N-
acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc)
units and attached stem peptides that are relatively short and
flexible (de Pedro and Cava 2015). Different Gram-positive bac-
teria vary in the composition of the stem peptides and the re-
spective cross-linked peptide bridges. The stem peptides of S. au-
reus peptidoglycan consist of L-alanine, D-isoglutamine, L-lysine,
D-alanine and a terminal D-alanine (Vollmer et al. 2008, Silhavy
et al. 2010). Further, the stem peptides are covalently cross-linked
by cleavage of the amide bond of D-Ala-D-Ala and the genera-
tion of a new amide bond between the fourth D-Ala of a stem
peptide and the first glycine of a pentaglycine bridge on a neigh-
bouring glycan strand (de Pedro and Cava 2015). Notably, the pen-
taglycine interpeptide bridge is a unique and essential component

of the S. aureus peptidoglycan, which permits the generation of a
three-dimensional mesh that allows for cell plasticity. However,
it also provides the cell wall with sufficient strength and rigidity
needed under different environmental and infectious conditions
(Delaune et al. 2011). The glycan strands of S. aureus are relatively
short with, on average, 6 to 10 disaccharides (Boneca et al. 2000,
Wheeler et al. 2015). This is apparently important for cell wall
flexibility, as longer glycan strands resulting from inactivation of
the S. aureus glucosaminidase SagB were shown to cause an in-
creased cell wall stiffness (Wheeler et al. 2015). The level of glycan
strand cross-linking also affects the cell wall stiffness. This view
is underscored by experiments where S. aureus was treated with
lysostaphin, an enzyme from Staphylococcus simulans that targets
the pentaglycine bridge of the S. aureus cell wall, which resulted
in decreased cell wall stiffness due to a reduced level of pepti-
doglycan cross-linking (Chan et al. 2016). Importantly, prolonged
treatment with lysostaphin was shown to result in the formation
of osmotically fragile cells (Schindler and Schuhardt 1964, Fran-
cius et al. 2008). Apart from variations in the peptidoglycan strand
length, the peptidoglycan can also be chemically modified. Such
peptidoglycan modifications play crucial roles in protecting S. au-
reus against innate host defenses. For instance, O-acetylation of
the MurNAc C6 hydroxyl and N-deacetylation of the GIcNAc C2
acetyl will protect the bacteria against lysozyme produced by the
host (Bera et al. 2006, Moynihan et al. 2014, Rajagopal and Walker
2017).
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As indicated above, S. aureus incorporates complex teichoic
acids (TAs) into its cell wall (Weidenmaier and Peschel 2008).
These TAs serve several important roles related to cell wall main-
tenance and bacterial fitness under different environmental chal-
lenges. The TAs are either covalently bound to glycan strands
in the case of WTAs, or anchored to the cytoplasmic membrane
in the case of LTAs. The WTAs are glycopolymers consisting of
repeating ribitol-5-phosphate units that are covalently linked to
peptidoglycan via phosphodiester bonds between the GlcNAc-1-
phosphate and the C6 position of the MurNAc of the peptidogly-
can, which may be tailored by different amino acids and sugars
(Brown et al. 2013). In the context of cell wall biogenesis, WTAs
play important roles in peptidoglycan metabolism by regulating
the localization of PBPs which, in turn, facilitates the cross-linking
of peptidoglycan (Atilano et al. 2010, Sewell and Brown 2014, Ra-
jagopal and Walker 2017). The WTA polymers have a negatively
charged backbone, which provides proton-binding sites, thereby
contributing to the regulation of autolytic activity and the local-
ization of wall-associated PGHs (Jolliffe et al. 1981, Penyige et al.
2002). However, WTAs are involved in many more processes. For
instance, WTAs impact directly or indirectly on protein secretion,
and they provide a reservoir of metal ions that are needed in the
bacterial physiology and the post-translocational folding of extra-
cellular proteins (Sarvas et al. 2004). WTAs also serve roles in bac-
terial pathogenesis, including adhesion to host cells and tissues,
and biofilm formation (Gross et al. 2001, Sieradzki and Tomasz
2003, Frankel and Schneewind 2012, Brown et al. 2013). In addi-
tion, WTAs regulate the localization of the transpeptidase PBP4
to control the crosslinking level of peptidoglycan (Atilano et al.
2010), and WTAs protect the bacteria against heat, low osmolar-
ity, cationic antimicrobial peptides and antimicrobial fatty acids
(Brown et al. 2013). Lastly, a connection between WTAs, autolysis,
and vancomycin susceptibility of S. aureus was recently reported
(Hort et al. 2021). An important conclusion from this study was
that g-glycosylated WTAs result in decreased affinity of the ma-
jor autolysin AtlA for binding to the cell wall, thereby reducing
bacterial cell lysis.

On the other hand, LTAs are zwitterionic polymers composed of
repeating glycerol-phosphate units that are anchored to the cyto-
plasmic membrane through fatty acids (Xia et al. 2010). Like the
WTASs, the LTAs have been implicated in the control of cell mor-
phology, growth, division and pathogenesis (Oku et al. 2009, Camp-
bell et al. 2011).

The Gram-positive bacterial cell wall contains many proteins
with roles in host adhesion, colonization and infection. These
surface proteins are translocated across the cytoplasmic mem-
brane via specific secretion pathways and they are subsequently
either covalently or non-covalently attached to the cell wall
(Schneewind et al. 1995, Navarre and Schneewind 1999). In partic-
ular, peptidoglycan provides the attachment sites for the covalent
anchoring of surface proteins, which is mediated by transpepti-
dases that are better known as sortases (Navarre and Schneewind
1999, Tsompanidou et al. 2012). These sortases recognize a C-
terminal LPXTG motif in nascent wall-associated proteins, cleave
between the threonine and glycine residues of this motif, and
couple the resulting terminal threonine residue to the terminal
glycine of a pentapeptide bridge (Navarre and Schneewind 1999).
Non-covalently cell wall-bound proteins interact with cell wall
polymers, especially peptidoglycan, with the help of specific cell
wall-binding domains. Alternatively, such proteins associate with
the cell wall through specific physico-chemical features, including
electrostatic and hydrophobic interactions (Chhatwal 2002, Dreis-
bach et al. 2011). Many of the covalently and non-covalently cell
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wall-bound proteins have roles in peptidoglycan metabolism and
pathogenesis (Schneewind et al. 1995, Wardenburg et al. 2007).

Peptidoglycan hydrolases

PGHs are enzymes capable of cleaving the covalent bonds of gly-
can strands or stem peptides. These enzymes are widely con-
served in bacteria where they are required for accurate cell
growth, division and separation. However, genes encoding PGHs
are highly redundant in most bacterial genomes (Vollmer et al.
2008). Accordingly, they are by themselves not essential for S. au-
reus growth and survival, at least under laboratory conditions,
with exception of the aforementioned SsaA (SA2093) of S. aureus
NTCT8325 (Antignac et al. 2007).

Depending on their specific cleavage sites in peptidoglycan, the
PGHs are grouped into three classes. First, the glycosidases cleave
the glycan strand, and here two different types of enzymes can
be distinguished; the glucosaminidases cleave the 8-1,4 glycosidic
bond between GlcNAc and MurNAc whereas the lytic transglyco-
sylases (muramidases) cleave the g-1,4 glycosidic bond between
MurNAc and GleNAc resulting in the formation of MurNAc with
1,6-anhydromuramic acid residues (Holtje et al. 1975). Second, the
amidases cleave the amide bond between MurNAc and the first
L-Ala residues of the stem peptide. Thirdly, the endopeptidases
cleave the bond between two amino acid residues within a stem
peptide or the pentaglycine bridge.

Notably, S. aureus uses N- acetylglucosaminidases instead of N-
acetylmuramidases to cleave its own glycan strands. This may re-
late to the aforementioned O-acetylation of the MurNac residues,
which S. aureus employs to protectitself from peptidoglycan cleav-
age by the host-derived N-acetylmuramidase lysozyme, which
cleaves the MurNAc-g-1,4-GIcNAc bond of the glycan strand (Bera
et al. 2005). Previous studies characterized various PGHs of S. au-
reus, including four glucosaminidases (Atl, SagA, SagB, ScaH), two
lytic transglycosylases (IsaA, SceD), four putative amidases (Atl,
Slel, LytN, EssH) and five putative endopeptidases (LytN, LytH,
LytM, LytU, EssH). Here it should be noted that this listing refers
twice to some particular proteins because these proteins are as-
sociated with two distinct PGH activities. For instance, Atl has
both a glucosaminidase domain and an amidase domain, which
become physically separated by proteases produced by S. aureus
during growth (Komatsuzawa et al. 1997). The amidase domain of
Atl specifically targets the muramyl-tetrapeptide MurNAc-L-Ala-
D-iGIn-L-Lys-NHA-D-Ala-NH2 (MtetP) of the peptidoglycan of S.
aureus (Bittner et al. 2014). Interestingly, another study showed
that binding of the stem peptides of peptidoglycan is important
for the specific association of the Atl homolog of S. epidermidis
AmiE with its substrates (LUtzner et al. 2009). The features of the
different PGHs from S. aureus are summarized in Supplementary
Table 1. The specific peptidoglycan cleavage sites of some of these
PGHs, like those that contain cysteine, histidine-dependent ami-
dohydrolase/peptidase (CHAP) domains have not yet been charac-
terized. CHAP domain-containing PGHs are commonly present in
many different bacteria, where they can act as amidases and/or
endopeptidases (Bateman and Rawlings 2003). For example, the
CHAP domain of the S. aureus PGH Slel only has amidase activ-
ity, while the CHAP domains of the S. aureus PGHs LytN and EssH
have both amidase and endopeptidase activities (Bobrovskyy et al.
2018).

Frequently, PGHs show a modular architecture that combines
different catalytic domains and/or cell wall-binding domains, and
these can be located in the N-terminus or the C-terminus of a PGH
(Fig. 3). The wall-binding domains allow the binding of PGHs to
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the peptidoglycan at an adequate concentration. They also prop-
erly position the respective PGH active sites towards the PG sub-
strate cleavage site for efficient formation of enzyme-substrate
complexes (Vermassen et al. 2019). The type and number of cell
wall-binding domains differ among PGHs (Steen et al. 2005). This
is exemplified by the cell wall-binding Lysin Motif (LysM), which
is widely distributed in both prokaryotes and eukaryotes (Buist
et al. 2008). Bacterial LysM domains recognize and non-covalently
bind to the N-acetylglucosamine moiety of peptidoglycan (Frankel
and Schneewind 2012). LysM domains also direct the murein
hydrolases Slel and LytN to the cross wall of S. aureus, where
they assume different positions (Frankel et al. 2011, Frankel and
Schneewind 2012, Pastrana et al. 2017). LytN contains a YSIRK/GS
signal which also directs this protein to the septum of dividing
cells (Frankel et al. 2011). SH3b, another cell wall-binding domain,
targets proteins to the pentaglycine bridge with high affinity and
specificity, and SH3b-mediated peptidoglycan binding is actually
a key step in peptidoglycan hydrolysis (Visweswaran et al. 2014,
Gonzalez-Delgado et al. 2020). The GW domain of Atl is a repeat-
ing cell wall-binding domain that binds to LTA (Sugai et al. 1995,
Baba and Schneewind 1998, Zoll et al. 2012), which is responsible
for the correct protein docking (Komatsuzawa et al. 1997, Frankel
and Schneewind 2012, Zoll et al. 2012). Some PGHs are capable of
cleaving cross-links of soluble muropeptides and intact peptido-
glycan sacculi. For example, mutanolysin from Streptomyces glo-
bisporus cleaves the MurNAc-GIcNAc that carries a stem peptide
(Kawata et al. 1983). In contrast, the glucosaminidase domain of
Atl specifically cleaves the glycan strand without attached stem
peptides (Nega et al. 2020). Compared to Atl, the glucosaminidase
SagB prefers longer glycan strands as substrates which, in fact,
implies an important role for SagB in controlling the glycan strand
length (Wheeler et al. 2015, Chan et al. 2016). The amidase LytH
exclusively cleaves peptides from non-cross-linked nascent pep-
tidoglycan (Do et al. 2020).

Altogether, studies on the PGHs of S. aureus have shown that
these enzymes are exported proteins that localize either to the
bacterial septum (Slel [Frankel and Schneewind 2012], Atl [Schlag
et al. 2010], LytN [Frankel et al. 2011], IsaA [Sakata et al. 2005])
or the peripheral wall region (LytM [Ramadurai et al. 1999] and
LytU [Raulinaitis et al. 2017]) during cell growth and division. Some
PGHs, like Atl and Slel, are also secreted into the extracellu-
lar milieu and, subsequently, these PGHs cleave the septum at
the cross wall (Komatsuzawa et al. 1997, Frankel and Schneewind
2012). Moreover, PGHs may even contain both a membrane an-
chor and an extracytoplasmic catalytic domain, as exemplified by
LytU, LytH, SagA, and SagB. Their positioning close to the extra-
cytoplasmic side of the membrane suggests that the latter four
enzymes preferentially target nascent peptidoglycan.

Physiological roles of PGHs

PGHs have diverse functions, including the regulation of cell
growth, cell enlargement, remodelling of peptidoglycan, pepti-
doglycan turnover and recycling, assembly of secretion systems,
widening of pores in the wall to allow secretory protein passage
and release of surface proteins, cell separation during cell di-
vision, and autolysis (Fig. 4) (Scheurwater et al. 2008, Vollmer
et al. 2008). Some of the S. aureus PGHs play multiple functions in
these processes (Vollmer et al. 2008, Frirdich and Gaynor 2013), and
this probably explains why the loss of individual PGHs in Gram-
positive bacteria is in most cases neither lethal, nor associated
with major morphological phenotypes (Vollmer et al. 2008, Frirdich
and Gaynor 2013).

PGH contributions to cell separation

One of the main functions of PGHs is to separate the daughter
cells at the final stage in the cell division process. In the divi-
sion phase, cells form a dynamic Z-ring through polymerization
of the tubulin homologue FtsZ, which is an essential cytoplas-
mic cell division protein that recruits other proteins of the cell
division machinery to synthesize the division septum (Ortiz et al.
2016, den Blaauwen et al. 2017). The two resulting hemispherical
daughter cells are interlinked through a narrow peripheral ring,
have their own cytoplasmic membranes, but share the septum,
which is a layer of peptidoglycan that needs to be separated af-
ter cell division through the hydrolysis of crosslinked peptidogly-
can by PGHs (Matias and Beveridge 2007, Vollmer et al. 2008). To
this end, PGHs first create perforation holes in the peripheral ring
that links the daughter cells. The resolution of the peripheral ring
(‘popping’) occurs within milliseconds, which most likely depends
on alterations in the cell surface stress (Zhou et al. 2015). Nonethe-
less, upon separation of the daughter cells there are no apparent
changes in the volume of each daughter cell. Prior to cell separa-
tion, a large belt of peptidoglycan is present at the division sites,
which may serve to protect the peripheral wall from hydrolysis by
PGHs that participate in the ‘pre-splitting’ of the septal cell wall
(Matias and Beveridge 2007, Turner et al. 2010). The concerted and
precise action of PGHs in cell separation is thus very important
because incorrect cell separation could affect proper division or
delay the separation of daughter cells.

Amidases such as Atl, Sle1 and LytN have been implicated more
prominently in cell separation by contributing to peptidoglycan
cleavage at the septum. In particular, Atl localizes at the periph-
eral ring region of the surface of the septum prior cell separation
(Yamada et al. 1996). In atl deletion mutants and mutants in which
the amidase or glucosaminidase domains were inactivated, the
cell wall of the ‘cracked’ daughter cell was shown to be smooth
and flat, while the outer wall was rough (Nega et al. 2020). The
rough surface was mostly detectable in the atl deletion mutant
and the mutant with an inactivated glucosaminidase domain.
Cluster formation was observed for all three mutants. Nonethe-
less, cell division was not principally affected in atl mutants
with inactivated amidase or glucosaminidase domains (Nega et al.
2020). This may relate to the fact that in an atl mutant, the expres-
sion of Slel and other PGHs (i.e. SagA, SsaA-SA2093, ScaH, LytH,
IsaA, LytM, SceD, EssH, SA2097, SA0620, SA2353, SA2332) was in-
creased, likely compensating for a possible defect in cell separa-
tion due to the absence of Atl (Heilmann et al. 2005, Pasztor et al.
2010, Hirschhausen et al. 2012). Nevertheless, loss of Atl or Slel
increased the duration of the cell cycle from 66 + 9 min for the
parental wild-type strain, to 82 £+ 8 min or 86 + 15 min, respec-
tively (Monteiro et al. 2015). Although most upregulated genes in
the atl mutant were shown to be controlled by the two-component
system WalKR, no difference in expression of this regulatory sys-
tem was detected in the atl mutant compared to the wild-type
strain (Pasztor et al. 2010).

The amidase Slel plays important roles in cell separation by
degrading the outer edge of the septum during cell division. Slel
is not required for the resolution of the outer septum, but inacti-
vation of Slel delays the onset of daughter cell separation, while
elevated levels of Slel accelerate the onset of daughter cell sepa-
ration and lead to a reduced cell size (Thalsg-Madsen et al. 2019).
Of note, the aforementioned perforations in the peripheral ring at
mid-cell, which are introduced prior to cell separation, are closely
correlated to the Slel levels (Thalsg-Madsen et al. 2019). Further-
more, the lack of some amidases results in a partial dysregulation
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Figure 4. Physiological roles of S. aureus peptidoglycan hydrolases. Peptidoglycan hydrolases play different essential roles during bacterial growth and
division. PGHs are involved in the entire cell cycle including cell enlargement (i), cell enlargement during septum formation (ii), daughter cell
separation upon cell division (iii), and remodelling of the peptidoglycan network after daughter cell separation (iv). In addition, peptidoglycan
hydrolases serve in peptidoglycan turnover (v) and they modulate cell wall passage of cell surface-located proteins (vi).

of peptidoglycan synthesis, and the respective mutant bacterial
cells increase in size and show cell division defects. The loss of
glucosaminidases, such as Atl and SagB, impact cell separation
(Wheeler et al. 2015, Chan et al. 2016, Sutton et al. 2021). Bacte-
ria lacking SceD and IsaA displayed impaired cell separation and
clumping (Sakata et al. 2005, Stapleton et al. 2007).

PGH contributions to cell enlargement

During the cell cycle, the expansion of cells is important for main-
taining the bacterial shape. This expansion probably starts at the
cell periphery and also occurs at the division sites (Pinho et al.
2013, Lund et al. 2018). The proper subcellular location of FtsZ de-
termines the final cell size (Jorge et al. 2011, Veiga et al. 2011). Af-
ter cell division, S. aureus undergoes slight elongation at mid-cell
along the lateral wall. This is mediated by PBP3 and RodA, which
promote the sidewall insertion of peptidoglycan (Reichmann et al.
2019). S. aureus reshapes the flat septum into the curved hemi-
spheres of two daughter cells once the cell separation has been
completed (Pinho et al. 2013). PGHs drive the peptidoglycan remod-
elling after splitting by breaking existing bonds in the peptidogly-
can, thereby increasing the peptidoglycan surface area and allow-
ing the peptidoglycan to stretch. In turn, this allows the incorpora-
tion of new peptidoglycan units into the nascent glycan strands. A
group of PGHs with glucosaminidase activity (i.e. Atl, SagA, ScaH
and SagB) is required for cell enlargement after cell separation,
and for reaching the mature cell shape (Wheeler et al. 2015). As
mentioned above, physical properties, such as the cell wall stiff-
ness and glycan strand length, may affect the cell wall elasticity,
thereby impacting cell enlargement. Peptidoglycan strand length
and cross-linking levels also affect the cell wall stiffness (Loskill
et al. 2014, Wheeler et al. 2015). Accordingly, cell enlargement may
depend on the reduction of cell wall stiffness. One model proposes
that initially a dense and stiff peptidoglycan is formed. However,
hydrolysis by PGHs makes it less dense, less cross-linked and less

stiff, thereby allowing the insertion of new peptidoglycan and en-
abling the enlargement of cells into their mature shape (Loskill
et al. 2014, Wheeler et al. 2015). SagB is dominantly responsible
for determining the length of glycan strands, producing a GlcNAc
at the end of one resulting strand and a MurNAc at the start of
the other strand (Schaefer et al 2021, Willing et al. 2021). Accord-
ingly, the inactivation of SagB results in long unprocessed glycan
strands, which cause increased cell wall stiffness and decreased
cell wall elasticity. Other glucosaminidases, like Atl, SagA and
ScaH have an additional, though modest, impact on glycan strand
length and cell enlargement, which may be due to reduced pep-
tidoglycan cross-linking, especially by SagA (Wheeler et al. 2015,
Chan et al. 2016, Pasquina-Lemonche et al. 2020).

PGH contributions to cell wall turnover

The turnover or recycling of bacterial peptidoglycan is constantly
progressing during cell growth. Different bacteria have distinct
strategies to breakdown the peptidoglycan and reutilize the liber-
ated cell wall fragments for peptidoglycan recycling (Mayer et al.
2019). In fact, it has been reported that around 45% of the peptido-
glycan is turned over in one generation in bacteria (Goodell 1985).
In S. aureus, Atl plays an important role in cell wall turnover. In
particular, Atl hydrolyzes peptidoglycan, thereby producing pep-
tides and the disaccharide MurNAc-GlcNAc (Klyj et al. 2018). This
unique disaccharide unit is transported into the bacterial cell and
phosphorylated by the phosphotransferase system transporter
MurP. The intracellular 6-phospho-N-acetylmuramidase MupG
cleaves the MurNAc 6-phosphate-GlcNAc and produces MurNAc
6-phosphate and GlcNAc (Kluj et al. 2018). The MurQ esterase then
converts MurNAc 6-phosphate into GIcNAc 6-phosphate (Borisova
et al. 2016). Such cell wall turnover products may subsequently
be perceived as signalling molecules for bacterial recognition by
other (micro)organisms or mammalian hosts. In some bacteria
this will lead to the induction of B-lactamase production (Jacobs
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et al. 1997). Endopeptidases could also mediate the turnover of
peptidoglycan. Importantly, the peptidoglycan turnover caused by
PGHs regulates the release of some surface proteins that may be
involved in host cell adhesion and invasion (Boneca 2005). The
immunodominant staphylococcal antigen A (IsaA) and its par-
alogue SceD with putative soluble lytic transglycosylase domains
may participate in peptidoglycan turnover and cell wall hydrolysis
(Stapleton et al. 2007).

Role of PGHs in extracellular protein localization

The Sec pathway is the primary secretion pathway of S. aureus,
which directs signal peptide-dependent translocation of proteins
across the cytoplasmic membrane into the cell wall and extracel-
lular milieu (Sibbald et al. 2006, Dreisbach et al. 2011, Schneewind
and Missiakas 2014). However, among the surface-associated and
extracellular proteins of S. aureus, many typically cytoplasmic pro-
teins can be encountered, which are nowadays referred to as ex-
tracellular cytoplasmic proteins (ECPs) (Sibbald et al. 2006). PGHs
have been implicated in the extracellular localization of these
ECPs by modulating the peptidoglycan complexity and cross-
linking (Ebner et al. 2015, 2017, Ebner et al. 2016, Ebner and Gotz
2019, Zhao et al. 2020). For instance, this applies to SagB, which is
evidenced by the fact that sagB mutant bacteria display defects in
cell wall anchoring and protein secretion, whereas the liberation
of ECPs is enhanced (Chan et al. 2016). Nonetheless, the release of
ECPs by sagB mutant bacteria does not seem to be due to autol-
ysis or membrane leakage (Chan et al. 2016). On the other hand,
atl mutant bacteria display a significant decrease in the release
of ECPs to the bacterial cell surface and into the extracellular mi-
lieu. This suggests a role of Atl-mediated cell wall weakening in
the release of ECPs (Pasztor et al. 2010). In this context it is note-
worthy that various ECPs have known roles in staphylococcal vir-
ulence, such as the adhesion to host cells. Importantly, there are
also PGHs known to operate in close concert with dedicated pro-
tein secretion systems. This is exemplified by the EssH protein,
which is a CHAP domain-containing PGH encoded by the ess lo-
cus. The activity of EssH is associated with the ESAT-6-like secre-
tion system, also referred to as the type 7 secretion system (T7SS).
In particular, EssH is required for assembly of the T7SS secretion
system and secretion of the EsxC and EssD proteins by the T7SS-
dependent pathway (Bobrovskyy et al. 2018). Through its amidase
and endopeptidase activities EssH cleaves the stem peptides and
pentaglycine bridges of the peptidoglycan to create space for pro-
tein passage across the bacterial cell wall. Likewise, PGHs involved
in the assembly of secretion systems have been reported in other
bacteria, such as Escherichia coli (Koraimann 2003).

Possible cross-talk of PGHs and peptidoglycan
synthases

The peptidoglycan synthases and PGHs of Gram-positive bacteria
are located at distinct subcellular positions, which sets limits to
direct interactions between these enzymes (Vollmer et al. 2008).
In particular, peptidoglycan synthases are positioned in the in-
ner peptidoglycan layer, while PGHs are mostly positioned in the
outer layers. However, there are examples of indirect cross-talk be-
tween peptidoglycan synthases and PGHs. For instance, the ami-
dase LytH is a determinant for the subcellular localization of pep-
tidoglycan synthases by controlling the density of peptidoglycan
assembly sites. Consequently, the inactivation of LytH results in a
displacement of division sites (Do et al. 2020). This can be compen-
sated by a reduced activity of the PBP2 polymerase, which implies
that LytH controls cell growth by regulating the PBP2-mediated

synthesis of new peptidoglycan (Do et al. 2020). FtsZ is frequently
mislocalized in IytH mutant cells, which implies that LytH is also
important for FtsZ assembly (Do et al. 2020). Similarly, deletion of
the glucosaminidase domain of Atl was also shown to result in
a defective localization of the division septum, since in 25%-35%
of glucosaminidase-mutated bacteria an asymmetric cell division
was detected (Nega et al. 2020).

Regulation of PGHs

Control of PGH expression by gene regulatory
systems

To maintain the rigid shape and structure of the peptidoglycan
network, the expression and activity of PGHs needs to be spatially
and temporally controlled (Egan et al. 2017). Several direct and in-
direct mechanisms involved in the regulation of PGHs are known
to exist (Typas et al. 2012, Egan et al. 2017). These involve transcrip-
tional control by gene regulatory systems of S. aureus (e.g. sigma
factors, RNA binding proteins and small regulatory RNAs), altered
biological activity of PGHs and their substrate binding by the pres-
ence of LTA and WTA or peptidoglycan modification, proteolytic
processing by proteases, protein-protein interactions that activate
or block the activity of PGHs, as well as environmental factors.

At the transcriptional level, two-component signal transduc-
tion systems and global regulators are involved in regulating the
product of PGHs (Table 2 and Fig. 5). S. aureus is known to possess
16 so-called two-component regulatory systems (TCSs; e.g. WalKR,
AgrAC, and ArlRS), which are composed of a sensor module with
histidine kinase activity and a cognate DNA-binding response reg-
ulator that modulates transcription. Such TCSs monitor particu-
lar stresses or extracellular stimuli (Szurmant et al. 2007) and reg-
ulate the appropriate physiological responses through autophos-
phorylation of the sensor module and subsequent transfer of the
phosphoryl group to the cognate response regulator, which leads
to activation of the regulator (Kleerebezem et al. 1997). Particu-
lar TCSs may control the expression of multiple PGH-encoding
genes. For instance, the WalR response regulator of the essential
WalKR (YycGF) TCS specifically binds to the promoter regions of
genes encoding the S. aureus PGHs Atl, LytM, SsaA (SA2093), IsaA,
SceD, EssH, the three CHAP domain-containing proteins SA0620,
SA2097, and SA2353) (Table 2) (Dubrac and Msadek 2004, Dubrac
et al. 2007), Sle1l and SA2332 (Delauné et al. 2012), thereby posi-
tively controlling their expression. In addition, WalKR also posi-
tively regulates peptidoglycan biosynthesis and turnover (Dubrac
etal. 2007). Importantly, WalKR can both regulate and be regulated
by other regulatory components. For example, the YycH and Yycl
proteins stimulate WalK activity through WalKR phosphorylation
(Gajdiss et al. 2020). Also, the WalR regulator stimulates the SaeSR
TCS (Delauné et al. 2012), whereas SaeSR negatively regulates the
ssaA gene (SA2093) (Rogasch et al. 2006). The expression of ssaA is
positively regulated by GraSR (Falord et al. 2011), a TCS that has an
important function in the regulation of the bacterial metabolism
under oxidative stress conditions, at low pH and at higher temper-
ature. Nine genes encoding PGHs are regulated by both GraSR and
WalKR (Dubrac et al. 2007, Falord et al. 2011). Thus, the TCSs play
multiple roles in the regulation of S. aureus cell wall metabolism
(Dubrac et al. 2007, Delaune et al. 2011).

One of the key TCSs of S. aureus, the accessory gene regula-
tion (agr) quorum-sensing system that modulates the expression
of over 100 genes, is also involved in the regulation of cell wall
metabolism (Dunman et al. 2001). Various genes for cell wall-
associated proteins are repressed in the late exponential growth

220z 1snbny gz uo Jesn uabuiuois) Jo AusisAlun Aq £8€099/SZ00BNI/8ISWal/SE01 "0 L /I0p/3|01IB-80UBAPR/2ISWaY/WO dNo-oIWspeoe//:sdny Wolj papeojumoq



Wangetal. | 9

Table 2. Peptidoglycan hydrolase regulation at the transcriptional level.

Gene encoding PGHs Main transcriptional regulators

SagA -

sagB -

atl WalKR (1) (Dubrac et al. 2007), SigB (1) (Houston et al. 2011), AtlR ({) (Houston et al. 2011), SarA (1) (Trotonda et al. 2009),
GraSR (1) (Herbert et al. 2007, Falord et al. 2011)

aly/scaH -

lytN ArIRS () (Memmi et al. 2012), MgrA ({) (Luong et al. 2006), Rot (}) (Chu et al. 2013), Rat ({) (Ingavale et al. 2003)

lytH -

SsaA WalKR (1) (Dubrac et al. 2007), GraSR (t) (Falord et al. 2011), SaeSR ({) (Rogasch et al. 2006), Agr (1) (Dunman et al. 2001),
putative RNAIII (}) (Lioliou et al. 2016)

essH GraSR (1) (Falord et al. 2011)

sa2353 WalKR (1) (Dubrac et al. 2007), RNAIII ({) (Boisset et al. 2007), GraSR (1) (Falord et al. 2011)

slel/aaa WalKR (1) (Delauné et al. 2012), Agr ({) (Hirschhausen et al. 2012), SarA (}) (Hirschhausen et al. 2012), GraSR (1) (Herbert
et al. 2007, Falord et al. 2011)

sa0710 WalKR (1) (Dubrac et al. 2007), ArlRS ({) (Crosby et al. 2020), MgrA (}) (Luong et al. 2006)

500620 WalKR (1) (Dubrac et al. 2007), GraSR (1) (Falord et al. 2011)

sa2097 WalKR (1) (Dubrac et al. 2007), GraSR (t) (Falord et al. 2011)

sa2332 WalKR (1) (Delauné et al. 2012), GraSR (1) (Falord et al. 2011)

lytM WalKR (1) (Dubrac et al. 2007), Rot (}) (Chu et al. 2013), Agr (1) (Ramadurai et al. 1999), SarA (}) (Ramadurai et al. 1999),
RNA III () (Chunhua et al. 2012), Rat ({) (Ingavale et al. 2003)

ytu VraSR (1) (Pietidinen et al. 2009)

isaA WalKR (1) (Dubrac et al. 2007, Stapleton et al. 2007), SarA (1) (Stapleton et al. 2007), SrrAB (1) (Stapleton et al. 2007),
putative RNAIII (}) (Lioliou et al. 2016), GraSR (t) (Falord et al. 2011)

sceD WalKR (1) (Dubrac et al. 2007, Stapleton et al. 2007), SigB (1) (Ziebandt et al. 2001, Stapleton et al. 2007), Agr (1)

(Stapleton et al. 2007), putative RNAIII (}) (Lioliou et al. 2016), LytSR (}) (Stapleton et al. 2007), SaeSR ({) (Stapleton et al.
2007), GraSR (1) (Falord et al. 2011), SarA ({) (Stapleton et al. 2007)

*Genes for functionally uncharacterized PGHs are named by their S. aureus N315 accession codes; (1) and ({), up- or down-regulation of the respective PGH-encoding
gene; -, unknown regulation mechanism.
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Figure 5. Peptidoglycan hydrolase gene regulation by different transcriptional regulators. The Figure provides an overview of PGH-encoding genes of S.
aureus and translational regulators that are known to modulate the PGH gene expression. Up-regulation or down-regulation by particular gene
regulators are indicated in pink or olive green, respectively.
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phase by the agr system (Benito et al. 1998), or indirectly regulated
via the small RNA Il which is a key effector of the agr system (Ab-
delnour et al. 1993, Benito et al. 1998, Huntzinger et al. 2005). RNA
III also targets other regulatory proteins and indirectly regulates
the expression of several genes, including PGH-encoding genes.
Thus, it was reported that lytM is negatively regulated by agr (Ra-
madurai et al. 1999). In particular, it was shown that the expres-
sion of lytM is negatively regulated by RNA III through interaction
with the 5’UTR of the lytM mRNA and by blocking the ribosome-
binding site of lytM at the post-transcriptional stage (Chunhua
et al. 2012, Lioliou et al. 2016). Furthermore, RNA III was shown

to negatively regulate SA2353 (Boisset et al. 2007), and this small
RNA was predicted to bind to the promoter regions of sceD, isaA
and ssaA (SA2093) (Lioliou et al. 2016). Lastly, the agr system regu-
lates the expression of protease genes, which negatively affect the
activity of Atl and other PGHs at the post-transcriptional level.
The expression of various PGH-encoding genes of S. aureus is re-
pressed by the TCSs LytSR (Brunskill and Bayles 1996a) and ArlRS
(Fournier and Hooper 2000, Crosby et al. 2020), and by the tran-
scriptional regulators MgrA (Rat) (Ingavale et al. 2003, Ingavale
et al. 2005), Rot (Chu et al. 2013), SarA (Cheung et al. 2004, Trotonda
et al. 2009) and AtlR (Houston et al. 2011). LytSR negatively regu-
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lates PGH activity by regulating the expression of the lytSR operon
and its downstream lrgAB operon (Brunskill and Bayles 1996b). In
turn, the lrgAB operon, and also the paralogous cidABC operon
apparently control the transport of PGHs across the membrane,
thereby facilitating PGH regulation at the post-transcriptional
level (Groicher et al. 2000, Rice et al. 2003, Rice and Bayles 2008,
Bayles 2014). Here it should be noted that cidA encodes a putative
holin that may disrupt the membrane integrity thereby promot-
ing bacterial cell death and lysis, while IrgA encodes an anti-holin
that counteracts cell death and lysis (Groicher et al. 2000, Rice et al.
2003, Rice and Bayles 2008). ArIRS and MgrA constitute a regula-
tory cascade that controls expression of a large number of genes
(Crosby et al. 2016). ArIRS regulates autolysis by activating the ex-
pression of mgrA (Crosby et al. 2016, Crosby et al. 2020), where
ATIRS and MgrA jointly mediate the repression of lytN (Luong and
Lee 2006, Memmi et al. 2012). Furthermore, ArIRS, is a negative reg-
ulator of the aforementioned essH gene, but this does not involve
MgrA (Crosby et al. 2020).

The regulator Rot, a DNA-binding protein from the SarA fam-
ily of S. aureus regulators, can bind to the promoter regions of
lytM and IytN to directly regulate the expression of these PGH-
encoding genes (Chu et al. 2013). Rot also regulates the transcrip-
tion of lryAB, which leads to an indirect regulation of PGH pro-
duction (Chu et al. 2013). The negative regulation of autolysis by
MgrA and SarA may be mediated indirectly by downregulation of
sarV, which encodes a positive regulator of several PGHs (Manna
et al. 2004, Trotonda et al. 2009). MgrA represses the expression
of at least two transcriptional regulators, SarV and AtlR (Crosby
et al. 2016). The repressor AtlR downregulates the transcription
of atl (Houston et al. 2011), whereas the sigma factor SigB neg-
atively regulates the agr locus, thereby positively influencing atl
transcription (Houston et al. 2011). Lastly, the TCS VraSR is able to
sense perturbations in cell wall synthesis and negatively regulates
autolytic activity (Kuroda et al. 2003, Antignac et al. 2007).

Several factors have been reported to positively regulate the ex-
pression of PGH-encoding genes. For instance, the TCS SrrAB regu-
lates gene expressionin S. aureus in response to oxygen availability
(Yarwood et al. 2001) and it positively regulates the transcription
of isaA (Stapleton et al. 2007). Like the agr system, the regulators
SarA, Rot, MgrA and SaeR also regulate the expression of extracy-
toplasmic proteases that can modulate PGH activity through pro-
teolysis of, for instance, Atl (Gimza et al. 2019).

Lastly, some regulators may exert both positive and negative
regulation of the expression of PGH-encoding genes. This is ex-
emplified by the small RNA SprX of S. aureus, which exerts its reg-
ulatory function by base-pairing with cis- or trans-encoded target
mRNAs, thereby influencing the mRNA stability and translation
(Caldelari et al. 2013). Thus, SprX can directly interact with the
WalR mRNA to positively regulate the expression of lytM and atl.
On the other hand, SprX also binds to the isaA mRNA, thereby neg-
atively influencing its stability (Buchad and Nair 2021). Another
target of SprX is the spoVG gene, which encodes a site-specific
DNA-binding protein responsible for the inhibition of cell wall
degradation (Eyraud et al. 2014). In particular, it was shown that
SpoVG can directly bind to the putative promoter region of IytN,
femA and IytSR to repress their transcription (Liu et al. 2016).

Regulation of PGH activity by cell wall
components

WTA and LTA are known to influence the activity of PGHs and their
substrate binding capability. In particular, WTA was shown to act
as a temporal and spatial regulator of peptidoglycan metabolism

(Atilano et al. 2010, Schlag et al. 2010), being a key determinant
for the localization and activity of Atl (Weidenmaier et al. 2004).
WTA also prevents the association of the GW cell wall-binding
domain of Atl with the side wall (also referred to as the lateral
wall), but not with the septum where WTA is less abundant or
altered in structure, which results in a more acidic milieu that
reduces the activity of Atl (Schlag et al. 2010, Biswas et al. 2012, Ti-
warl et al. 2018). TagO is an N-acetylglucosamine-phosphate trans-
ferase, which catalyzes the first step of WTA biosynthesis. Accord-
ingly, a tagO mutant was shown to be completely devoid of WTA.
The absence of WTA resulted in an even distribution of Atl on the
surface of a tagO mutant leading to increased autolytic activity
(Schlag et al. 2010). WTA also mediates the specific binding of Slel
and LytN to the cross-wall of the septum (Schlag et al. 2010) and,
accordingly, a lack of WTA results in a disordered localization of
Slel and LytN (Chan et al. 2013). Consistent with this finding, it
was shown that Slel lacking the LysM domain is unable to fulfill
its function. In contrast, the function of LytN was not affected by
absence of the LysM domain (Frankel and Schneewind 2012). The
latter finding can be explained by the presence of the YSIRK/GS
motif in the signal peptide of LytN, which contributes to the local-
ization of LytN to the cross-wall (DeDent et al. 2008). Of note, the
GW cell wall-binding domain of Atl can also bind to LTA, which
is highly abundant at the septum, resulting in Atl targeting to the
septum (Biswas et al. 2012, Zoll et al. 2012). Similar to WTA, LTA has
been implicated in controlling the activity of various PGHs (Fedtke
et al. 2007, Tiwari et al. 2018).

Regulation of PGH activity by protein-protein
interactions

Protein-protein interactions can affect the activity and localiza-
tion of PGHs. For instance, PGHs can form complexes with other
proteins, such as peptidoglycan synthases, to execute their biolog-
ical functions (Ho'ltje 1998, Typas et al. 2012). Thus, SagB and the
cytoplasmic membrane protein SpdC (LyrA) were shown to form
a complex and cleave nascent glycan strands to release newly
synthesized glycan strands from the cell membrane and to pro-
duce lipid II-attached oligomers for further peptidoglycan elonga-
tion (Schaefer et al. 2021). The SagB partner protein SpdC orients
the active site of SagB for cleaving glycan strands (Schaefer et al.
2021). SpdC also antagonizes the WalR-dependent expression of
SceD, LytM, Atl, and SA2097 (Poupel et al. 2018). Another exam-
ple of protein-protein interactions relevant for PGH activity con-
cerns the membrane-localized amidase LytH, which requires cat-
alytic activation by the polytopic membrane protein ActH (Schae-
fer et al. 2021). The LytH-ActH amidase complex can also regulate
the activity of peptidoglycan synthases. In particular, this com-
plex removes the stem peptides from a nascent glycan strand
at the cell periphery and promotes the relocation of peptidogly-
can synthases to the septum during cell division (Do et al. 2020).
Intramolecular protein-protein interactions also appear to deter-
mine PGH activity. This is exemplified by the LytM protein that
shows weak PGH activity (Osipovitch et al. 2015). In contrast, the
PGH activity is strongly increased upon truncation of LytM to the
so-called M23 endopeptidase domain (Fig. 3). This suggests that
the activity of LytM’s M23 domain is suppressed by the so-called
occluding domain of LytM (Odintsov et al. 2004). Until now, it is
not known how the intact LytM becomes activated, but this most
likely occurs through the interaction with partner proteins rather
than proteolytic processing since the full-size LytM is readily de-
tectable in the growth medium of S. aureus (Wang et al. 2021).
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Regulation of PGHs by proteolytic activity

Staphylococcus aureus possesses several cytoplasmic and secreted
proteolytic enzymes that play important functions in regulating
the expression and activities of PGHs (Shaw et al. 2004, Kolar et al.
2013). For example, Slelis a substrate of the highly conserved pro-
tease ClpXP, which is composed of the peptidase subunit ClpP and
the chaperone subunit ClpX. Inactivation of ClpXP was shown to
result in increased Slel activity (Feng et al. 2013, Thalsg-Madsen
et al. 2019), which seems to be due to ClpXP mediated process-
ing of the signal peptide-bearing Slel precursor protein (Feng et al.
2013, Liu et al. 2017). Likewise, enhanced levels of IsaA, SceD, LytM,
LytN, SsaA (SA2093) were detected in both clpP and clpX mutant
strains (Kirsch et al. 2020). Cytoplasmic proteases, such as ClpXP,
have been implicated in the activation of some regulatory factors,
such as Rot, thereby indirectly regulating the expression of PGHs
(Frees et al. 2005). Importantly, also extracellular proteases seem
to modulate the PGH levels by proteolytic processing, in order to
dispose of damaged or no longer needed proteins, or in response
to external or internal signals. These extracellular proteases in-
clude the metalloprotease Aur, the serine proteases SspA, SplA,
and SplC, the serine protease-like proteins SplB, SplD, SplE, and
SplF, as well as the cysteine proteases ScpA and SspB (Dubin 2002,
Kolar et al. 2013). In particular, the SspA protease was shown to be
involved in the proteolytic processing of Atl, thereby regulating Atl
activity and autolysis (Chen et al. 2013, Sahukhal et al. 2015).

Regulation of PGHs by environmental factors

Lastly, the activity of PGHs can be modulated by environmen-
tal factors, such as the salt and metal concentrations, or the pH
(Gilpin et al. 1972, Foster 1995, Calamita and Doyle 2002). The im-
pact of metals is exemplified by the M23 domain of LytM, LytU
and the amidase domain of Atl, which all display zinc-dependent
enzymatic activity (Biittner et al. 2014, Raulinaitis et al. 2017). The
PGH activity of LytM is strongly inhibited in the presence of Fe?*,
Cu?*, and Mg?* ions and low concentrations of NaCl or KCL (Ra-
madurai et al. 1999). In contrast, the presence of Cu®* or Co’** was
shown to increase the activity of LytU (Raulinaitis et al. 2017). A
clear pH dependency was reported for SagB, which is more ac-
tive at pH 5 than at pH 7.5 (Wheeler et al. 2015). LytM shows opti-
mal activity at pH values between 5 and 8 (Ramadurai et al. 1999),
whereas Atl has optimal activity above pH 6.5. Of note, Atl activ-
ity seems to be enhanced at low temperature and high NaCl con-
centrations (Foster 1995). Accordingly, it has been proposed that
changes in the ionic composition of the cell wall affect PGH ac-
tivity (Cheung and Freese 1985). In particular, it was shown that
WTA affects the concentration of proton-binding sites in the cell
wall, thereby modulating the activity of Atl (Biswas et al. 2012).
The optimal pH for activity may relate to the specific localization
of a PGH within the cell wall, where a high concentration of pro-
tons is encountered at the membrane-cell wall interface due to
the proton-motive force, while the proton concentration can be
lower towards the cell surface (Calamita et al. 2001).

Impact of antibiotics on PGH activity

Inhibition of peptidoglycan synthesis by antibiotics can lead to
bacterial autolysis. This was exemplified by perturbations of the
peptidoglycan synthesis in S. aureus, either by growing the bacte-
ria in the presence of sub-inhibitory concentrations of g-lactam
antibiotics, or by downregulating the expression of the peptido-
glycan synthase PBP2 (Antignac et al. 2007). However, in response
to the respective cell wall stress, the synthesis of PGHs is repressed
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at the transcriptional level, leading to a decreased susceptibility
to autolysis (Antignac et al. 2007). In turn, this may result in a
reduced susceptibility for g-lactams, as evidenced by the obser-
vation that PGH inactivation typically enhances the resistance to
B-lactam antibiotics (Tomasz et al. 1970). In different staphylococ-
cal lineages, the antibiotic resistance profiles can be very differ-
ent, which will impact on the correlation of antibiotic activity and
PGHs to different extents. Accordingly, some PGH mutants show
actually an increased susceptibility to antibiotics. For example, a
sagB mutant of the MRSA USA300 LAC strain was shown to be
more susceptible to the g-lactam antibiotic oxacillin (Chan et al.
2016). This may be due to the increased length of glycan strands as
a consequence of the SagB-deficiency. The increased glycan strand
length may, in fact, cause a perturbed recognition and transpep-
tidation by the PBP2a that is responsible for the methicillin re-
sistance of the USA300 LAC strain (Chan et al. 2016). Further-
more, B-lactam resistance can be correlated to the level of Slel in
MRSA isolates of the USA300 lineage (Thalsg-Madsen et al. 2019).
In particular, in oxacillin-treated cells the expression of slel is de-
creased, which leads to a cell separation defect. Conversely, high
Sle1 levels accelerate the splitting of daughter cells and decrease
the cell size under oxacillin stress conditions. This implies that the
Sle1 level may be positively coupled to the transpeptidase activity
of PBPs, and that an increased Slel level contributes to oxacillin
resistance by promoting cell separation. In contrast, slel mutant
cells are more susceptible to oxacillin, which may be linked to a
synthetically lethal effect on septum synthesis (Thalsg-Madsen
et al. 2019). Another example where an antibiotic impacts on PGH
activity concerns targocil, which targets the TarG subunit of the
WTA translocase. Targocil treatment of methicillin-susceptible S.
aureus was shown to decrease the cell lysis by sequestering Atl
at the membrane instead of the septal surface, which was a con-
sequence of the accumulation of untranslocated WTA molecules
(Tiwari et al. 2018).

Role of PGHs in Pathogenesis

S. aureus can thrive and survive inside and outside a wide vari-
ety of eukaryotic cells. Accordingly, the peptidoglycan structure
and dynamics can be altered in different niches provided by the
host, which seems to be very important for bacterial survival
and pathogenesis (Chamaillard et al. 2003, Boneca 2005). For in-
stance, during biofilm formation, which frequently occurs on tis-
sues and implanted biomaterials, the cross-linking of the pep-
tidoglycan was found to be reduced (Kim et al. 2018). Also here
the non-crosslinked pentaglycine bridges were shown to provide
a support for surface proteins that promote the biofilm formation
(Kim et al. 2018). During a S. aureus kidney infection, smaller bac-
terial cells with thicker cell walls and less crosslinking of the pep-
tidoglycan were observed compared to in vitro cultured bacteria.
It was suggested that the non-crosslinked pentaglycine bridges
could be used as attachment sites for surface proteins that are
needed in abscess formation (Sutton et al. 2021). In addition, dur-
ing infection, the structure of peptidoglycan showed less com-
plexity, which may relate to an adjustment of the peptidoglycan
metabolism. This implies that the energy gained by the adjusted
peptidoglycan metabolism could be used for other processes in
order to allow the bacterial proliferation in a limited environment
(Sutton et al. 2021). In extreme cases, S. aureus may even partially
or completely lose its cell wall, thereby converting to the L-form
as has been reported for recurrent and persistent infections. How-
ever, the L-form bacteria are unstable under normal growth condi-
tions, so when the environment changes or the inducer (e.g. peni-
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cillin or oxacillin) is removed, these bacteria will convert again to
the normal state with a protective cell wall (Xu et al. 2020).

Importantly, peptidoglycan fragments can be perceived by the
host as bacterial virulence factors. For instance, peptidoglycan
turnover mediated by PGHs was shown to lead to the shedding
of peptidoglycan fragments into the host environment, thereby
eliciting a proinflammatory response in the host (Girardin et al.
2003). In particular, it is known that the products of peptidogly-
can turnover, muropeptides, can target the human intracellular
immune receptors Nod1 and Nod2 which, in turn, leads to NF-«B
activation and the release of proinflammatory factors, such as cy-
tokines, chemokines and various antimicrobial compounds (Davis
and Weiser 2011).

The pathogenicity of S. aureus largely relies on secreted and cell
wall-localized proteinaceous virulence factors that promote the
interaction between bacteria and the host. Accordingly, various
PGHs exposed on the bacterial cell surface also play important
roles in bacterial pathogenesis, including host cell adhesion, host
cell internalization, inflammatory responses, immune activation
and the aforementioned biofilm formation (McCarthy et al. 2016,
Schlesier et al. 2020, Sutton et al. 2021). PGH activities may alter
the overall charge of the bacterial surface, or they may modify
the exposure of adhesins which, in turn, leads to altered bacterial
aggregation, adhesive properties or altered biofilm formation. For
example, the major autolysin Atl also acts as a host adhesin and
interacts with the extracellular matrix of host cells during attach-
ment, colonization and infection. Atl has been shown to bind to
fibronectin and vitronectin mainly via its GW-peptidoglycan bind-
ing domain (Kohler et al. 2014, Porayath et al. 2018), and it also
binds to the human heat shock cognate protein (Hsc70) with high
affinity (Schlesier et al. 2020), thereby promoting the efficient inter-
nalization into host cells, including non-professional phagocytes
(Hirschhausen et al. 2010), such as endothelial cells (Schlesier et al.
2020) and human epithelial cells (Dziewanowska et al. 2000). Atl
also binds to the extracellular matrix components heparin and
gelatine, thereby promoting bacterial binding to multiple differ-
ent host cells during an invasive infection (Porayath et al. 2018).
An atl mutant was shown to be attenuated in nanopore propa-
gation in implant materials in vitro (which mimics infection of
bone canaliculi) and in abscess formation in vivo, which may be
attributed to an altered promotion of cell clustering and rough
cell surface formation (Masters et al. 2021). Intriguingly, atl mu-
tant bacteria excreted almost no ECPs, such as aldolase (FbaA) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). This could
also explain the attenuation of atl mutants at least in part, be-
cause FbaA and GAPDH are known to promote the adherence of
S. aureus to host cells (Pasztor et al. 2010, Ebner et al. 2016). The
PGH Slel can act as an adhesin by binding to human fibrinogen,
fibronectin and vitronectin (Heilmann et al. 2005). Both the LysM
domain and CHAP domain of Slel have been shown to play roles
in host adhesion (Scheurwater et al. 2008, Kim et al. 2018). Further-
more, both the slel and the atl mutant bacteria showed a signif-
icant decrease in pathogenesis in acute murine infection models
(Kajimura et al. 2005). In addition, loss of the glucosaminidase do-
main of Atl leads to cell clustering and attenuation in a murine
model of osteomyelitis (Varrone et al. 2014). Nonetheless, another
study obtained no evidence for a role of Atl in murine infection
(McCarthy et al. 2016), and the lack of Atl by itself was not suffi-
cient to cause attenuation in a Zebrafish infection model (Sutton
et al. 2021). On the other hand, inactivation of SagA and/or ScaH
did lead to attenuation in a Zebrafish infection model (Sutton et al.
2021). A sagB mutant also displayed significant attenuation in a
murein sepsis model, which implies that the absence of SagB sig-

nificantly reduces the fitness of S. aureus (Sutton et al. 2021). Alto-
gether, the reason(s) why PGH mutations cause attenuation of S.
aureus appear to be rather complex. For instance, inactivation of
SagB results initially in thinner cell walls that take longer transi-
tion time to reach maturity which, in turn, may lead to altered,
less effective interactions with the host (Balraadjsing et al. 2019,
Pasquina-Lemonche et al. 2020, Sutton et al. 2021). However, sagB
mutants also display aberrant excretion of cytoplasmic proteins
and reduced release of membrane and secreted proteins (Chan
et al. 2016), which may also be a cause of attenuation. Bacteria
with isaA or sceD mutations did not show significant attenuation
in a murine infection model, whereas an isaA sceD double mutant
displayed clear attenuation (Stapleton et al. 2007). On the other
hand, isaA single mutant bacteria were attenuated in a Galleria
mellonella larval infection model (Zhao et al. 2019), whereas SceD
was shown to be important for nasal colonization and dissemina-
tion of S. aureus in host tissues (Stapleton et al. 2007).

PGHs are frequently involved in the aforementioned formation
of biofilms that, in general, consist of proteins, polysaccharides
and extracellular DNA (i.e. eDNA) (Schilcher and Horswill 2020)
and that also contribute to the bacterial pathogenesis (Archer
et al. 2011). Importantly, PGHs can mediate the release of eDNA
which is a key factor in biofilm formation. Both through its ami-
dase and glucosaminidase domains, Atl is involved in the primary
attachment of the bacteria to surfaces and, consequently, this
PGH serves an essential function in biofilm formation (Biswas et al.
2006, Bose et al. 2012). Specifically, unprocessed Atl promotes the
primary attachment of S. aureus to surfaces, while the proteolyti-
cally activated Atl promotes cell lysis, the release of eDNA and cell
accumulation for early biofilm development (Biswas et al. 2006).
Atl plays an essential role in the development of so-called ica-
independent biofilms. The formation of such biolfilms is brought
about by a diverse array of surface proteins, such as Aap and Bap.
These proteins serve as adhesins that bind to the host’s extracellu-
lar matrix, instead of extracellular polysaccharide adhesins, such
as the polysaccharide intracellular adhesin or polymeric N-acetyl-
glucosamine that are synthesized by enzymes encoded in the ica
operon (O’Gara 2007, Houston et al. 2011). Next to Atl, previous re-
search has also shown that Sle1l may have a role in the formation
of bacterial biofilms (Liu et al. 2017). Lastly, an elevated expression
of isaA as induced by the anti-biofilm reagent tannic acid or by
protein overexpression may also lead to biofilm formation (Payne
et al. 2013).

PGHs as potential targets for active or passive
immunization

PGHs are commonly considered as promising targets for active
and passive immunization against S. aureus infections, because
most of these proteins are exposed on the bacterial cell surface,
where they play important roles in cell wall metabolism. Pro-
teomic analyses of the cell surface of S. aureus have shown that
ScaH (Aly), LytM, IsaA, SA0620, SA2097 are nearly always present
at this subcellular location of clinical S. aureus isolates (Ziebandt
et al. 2010). For active immunization, PGHs could thus poten-
tially be used to elicit protective host immune responses either
through the generation of specific antibodies that opsonize S. au-
reus and lead to its elimination by complement and/or profes-
sional phagocytes, or by inducing protective cellular immune re-
sponses (Bredius et al. 1993). Importantly, there is an increasing
need for vaccines against S. aureus, due to the wide-spread antibi-
otic resistance displayed by this pathogen. The idea that PGHs are
suitable targets for vaccination is corroborated by the observation
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that the amidase domain of the major PGH Atl can elicit protective
immunity against S. aureus in a murine infection model (Nair et al.
2015). It is, however, presently unknown whether this protection
takes place through the staphylococcal opsonization by anti-Atl
antibodies and subsequent immune clearance, or through the in-
activation of Atl by such antibodies. Another study showed that
the amidase domain of Atl in combination with an Alum adjuvant
efficiently protects mice against an S. aureus infection (Suresh et al.
2021). An octa-valent S. aureus antigen mixture was shown to in-
duce significant IgG responses against LytM, IsaA and the propep-
tide of Atl in immunized mice, although this did not result in a
protection against death upon S. aureus infection (van den Berg
et al. 2015b). However, patients with the genetic blistering disease
epidermolysis bullosa, whose wounds are highly colonized with
multiple S. aureus lineages and who rarely develop serious invasive
staphylococcal infections, do show high IgG levels against these
antigens (van der Kooi-Pol et al. 2012,van der Kooi-Pol et al. 2013,
van der Kooi-pol et al. 2013, van der Kooi-pol et al. 2014, van den
Berg et al. 2015b, Pastrana et al. 2018). This seems to suggest that
IgGs against LytM, IsaA and Atl may also confer some degree of
protection against S. aureus infections in humans. Likewise, in a
screen for immunogenic non-covalently cell wall-bound proteins,
it was observed that Atl, IsaA, EssH, Slel and SsaA (SA2093) elicit
high IgG levels in sera of patients with EB (Pastrana et al. 2018).
These findings imply that surface-exposed PGHs could be poten-
tial targets for anti-staphylococcal vaccines. This idea is also sup-
ported by passive immunization experiments. For instance, the
human monoclonal antibody 1D9, which binds to the N-terminal
region of IsaA, can protect mice at least partially against S. au-
reus bacteraemia and skin infection (van den Berg et al. 2015a).
Likewise the humanized monoclonal antibody hUK-66 that specif-
ically binds IsaA was shown to protect against killing by S. aureus
in murine infection models, and this monoclonal antibody also
effectively enhanced S. aureus killing in whole blood (Lorenz et al.
2011, Oesterreich et al. 2014).

Interestingly, so-called lysibodies that were engineered by fus-
ing the cell wall-binding domain of Atl and the Fc region of hu-
man IgG were reported to efficiently bind the S. aureus cell wall.
In turn, this was shown to lead to the fixation of complement
on the bacterial surface, the promotion of phagocytosis by neu-
trophils and macrophages, and the protection of mice from an
MRSA infection (Raz et al. 2017). Another lysibody composed of
the cell wall-binding domain of lysostaphin and the Fc region of
human IgG was shown to promote phagocytosis by neutrophils
and macrophages even more efficiently, as well as the protection
of mice against MRSA infection (Raz et al. 2018). These observa-
tions indicate that PGHs can be effectively applied as targets for
active or passive immunization and also for the development of
completely new generations of engineered antimicrobials.

Conclusion

The Gram-positive bacterial cell wall is essentially one molecule
of cross-linked peptidoglycan that shelters a protoplast within its
boundaries, thereby providing solid support against high turgor
pressures. On the other hand, the cell wall is highly dynamic,
allowing the cell to grow and divide and, at the same time, it
serves as a semi-porous filter that allows the uptake of essen-
tial nutrients, the exclusion of toxic compounds from the bacte-
rial environment, and the excretion of metabolic wastes. Yet an-
other function of the cell wall is to serve as a matrix that binds
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and retains proteins with key functions in nutrient acquisition,
cell adhesion to surfaces and bacterial virulence (van Dijl and du
Teil Espina 2021). To make all these vital cell wall functions hap-
pen, PGHs play central roles as highlighted in our present review.
The PGHs are key in peptidoglycan modulation and, therefore, es-
sential for the bacterial survival in widely differing environments
where staphylococci can thrive, ranging from fomites to contami-
nated food products and different niches in the bodies of livestock
and humans. To avoid the destruction of their essential cell wall
structures and functions, bacterial cells need to carefully regulate
the expression of PGHs both spatially and temporally. This is not a
trivial challenge, as underscored by S. aureus, which needs to care-
fully control the activities of its 18 core PGHs. Our present review
summarizes the current understanding of how S. aureus manages
to control PGH activity, how the bacterium takes advantage of
the different properties and localizations of its PGHs, and how it
suppresses their potentially cytotoxic effects. Importantly, PGHs
are much more than enzymes that degrade cell walls, since they
serve multiple biological functions in bacterial growth and sur-
vival in widely varying environments. Moreover, they participate
in the release of ECPs needed for the bacterial adhesion to sur-
faces of medical implants or host tissues, or in the regulated bac-
terial cell death to generate eDNA needed for biofilm formation.
PGHs are also critical for the cell cycle and allow S. aureus to exe-
cute various functions in human pathogenesis. Altogether, these
vital functions of PGHs imply that they can potentially be used as
targets for the development of anti-staphylococcal therapies. This
is exemplified by the possible application of PGHs to lyse bacteria,
to target PGHs through passive or active anti-staphylococcal im-
munization approaches, or even to use parts of the staphylococ-
cal PGHs in the engineering of novel antimicrobial drugs. Yet, in
spite of the fact that our understanding of PGH functions has sub-
stantially increased over recent years, there are still many open
questions that need to be answered before we can fully appre-
ciate their possible application for novel antimicrobial therapies.
For instance, when and where exactly in the bacterial cell do the
different PGHs play their physiological roles, or how exactly do
they facilitate the sorting and secretion of virulence factors (van
Dijl and du Teil Espina 2021)? Also, we need to know more about
the plethora of either cooperative or antagonistic interactions be-
tween these enzymes that are responsible for cell wall homeosta-
sis, and about how PGH function is regulated by the levels of pepti-
doglycan crosslinking and other major cell wall components like
WTA and LTA. A better understanding of this complex interplay
between cell wall synthesis, the synthesized polymers and PGHs
may ultimately allow us to define new targets for new-generation
antibiotics, vaccines and therapeutic antibodies that can help us
to disrupt the essential processes of cell growth and division in
important multi-drug resistant pathogens like S. aureus.
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