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Because of its high involvement in antibiotic therapy and the emergence of drug-resistance, the
chemical structure and biosynthesis of bacterial peptidoglycan (PGN) have been some of the key topics
in bacteriology for several decades. Recent advances in the development of fluorescent or bio-
orthogonal stem peptide-mimicking probes for PGN-labeling have rekindled the interest of chemical
biologists and microbiologists in this area. The structural designs, bio-orthogonal features and flexible
uses of these peptide-based probes allow directly assessing, not only the presence of PGN in different
biological systems, but also specific steps in PGN biosynthesis. In this review, we summarize the design
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rationales, functioning mechanisms, and microbial processes/questions involved in these PGN-targeting
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Introduction

A stiff envelope that counters the cytoplasmic turgor pressure
and protects bacterial cells from a hostile environment, bacterial
peptidoglycan (PGN) also acts as an interface interacting with the
external environments. PGN’s distinct biosynthesis pathway is
nearly absent in eukaryotic cells, and the indispensability of these
structures to bacteria make PGN an ideal target of antibiotics. As a
result, understanding the structural and biosynthetic features of
PGN has long been a fundamental topic in microbiology.'™
Highly conserved among the great variety of bacterial species,
PGN is an organized three-dimensional network, composed of a
repeating disaccharide building unit which is attached with a
stem peptide cross-linked to its neighboring peptides. The dis-
accharide is B-(1,4) linked N-acetylglucosamine (GlcNAc) and
N-acetylmuramic acid (MurNAc), and the stem peptide sequence
is generally r-Ala-p-Glx-(1-Lys/m-DAP)-p-Ala-p-Ala, which is linked
to MurNAc by its N-terminal (Glx stands for iso-glutamate or iso-
glutamine and m-DAP stands for meso-2,6-diaminopimelic acid).
The 3rd amino acid position can differ between different bacterial
species, often 1-Lys in most Gram-positive bacteria and m-DAP
in Gram-negative bacteria. What is worth noting is that a small
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probes. Our perspectives on the limitations and future development of these tools are also presented.

group of Gram-positive bacteria, including Bacilli, Clostridia, and
Lactobacilli (all belonging to the phylum Firmicutes), are reported
to have m-DAP on this position.*>°

The de novo biosynthetic steps of PGN are briefly illustrated
in Fig. 1a. The synthesis of the UDP-MurNAc-1-Ala-p-Glx-(1-Lys/
m-DAP)-p-Ala-p-Ala  (UDP-MurNAc-pentapeptide) subunit is
catalyzed by a series of enzymes in the cytoplasm;’ then
the UDP-MurNAc-pentapeptide is transferred to the cell
membrane, followed by the formation of lipid II via a phospho-
transferase MraY and a glycosyltransferase MurG. Lipid II is
flipped into the periplasm by the flippase Mur], where it is
inserted into the growth point of cell wall by transglycosylases
to extend the polysaccharide chain. The adjacent stem peptides
are then cross-linked by penicillin binding proteins (PBPs)
which catalyze 3-4 cross-links and are also known as b,p-
transpeptidases (Ddts), and r,o-transpeptidases (Ldts, catalyze
3-3 cross-links) to form a dense network (Fig. 1b).® Of note, the
transglycosylase and transpeptidase activities are often carried
out by different domains of the same PBP.’

Traditional approaches for studying PGN structures and
constructions include nuclear magnetic resonance and mass
spectrometry-based analysis often aided by bacterial labeling
with isotopic PGN precursors,’®** and genetic engineering
methods used to define the functions of specific enzymes."*"*
In the past decade, we have witnessed a rapid progress in PGN
biology, partially because of the invention of new chemical probes
for monitoring PGN constructions and modifications in living
bacteria. Among these probes, fluorescent p-amino acids (FDAAs)
have played a critical role,"”>"” the applications of which have
been thoroughly reviewed.'®° FDAAs are anchored onto PGN by
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Fig. 1 Schematic illustration of the biosynthesis and cross-linking of PGN. (a) The de novo pathway and recycling pathway of PGN synthesis. The p-Ala-
p-Ala dipeptide is conjugated to UDP-MurNAc-L-Ala-b-Glx-(L-Lys/m-DAP) (UDP-MurNAc-tripeptide) to form the UDP-MurNAc-pentapeptide by MurF.
Then catalyzed by phosphotransferase MraY, the UDP-MurNAc-pentapeptide is incorporated into a transport lipid (undecaprenyl phosphate) to form
lipid I. Following catalysis of glycosyltransferase MurG, GlcNAc is linked to lipid | to form lipid II. Flippase MurJ then translocates lipid Il to the outer face of
the inner membrane, where its disaccharide core is linked into a growing glycan strand by PBPs (transglycosylase activity). The mature PGN can be
degraded and the degradation product is transported into the cytoplasm by AmpG or Opp/Mpp permease system; then enzymatic hydrolysis by
carboxypeptidase LdcA and amidase AmpD to form a tripeptide. The tripeptide can be further degraded by a series of enzymes into single amino acids or
incorporated into a UDP-MurNAc by Mpl and reenter the de novo synthesis process of PGN. (b) Overview of PGN cross-linking. The PBPs can form
3—-4 cross-links between adjacent peptide strands (p,p-transpeptidase activity), or cleave the terminal p-Ala residue from the peptide (o,n-
carboxypeptidase activity). The product of the carboxypeptidase may then by catalyzed by L,b-transpeptidases (Ldts) to form 3-3 cross-links. GIcNAc,
N-acetylglucosamine; MurNAc, N-acetylmuramic acid; anhMurNAc, 1,6-anhydro-N-acetylmuramic acid; m-DAP, meso-2,6-diaminopimelic acid. Alr,
Ala racemase; Ddl, p-Ala—-bp-Ala ligase; MurF, UDP-MurNAc-tripeptide-p-alanyl-p-Ala ligase; MraY, phospho-UDP-MurNAc-pentapeptide transferase;
MurG, undecaprenyldiphosphomuramoylpentapeptide N-acetylglucosaminyltransferase; MurJ, lipid Il flippase; AmpG, GlcNAc-anhMurNAc permease;
Opp, oligopeptide permease; Mpp, murein peptide permease; AmpD, anhMurNAc-L-Ala amidase; LdcA, L,b-carboxypeptidase; MpaA, y-p-Glu-Dap
amidase; YcjG, L-Ala-D/L-Glu epimerase; PepD, L-Ala-L-Glu dipeptidase; Mpl, UDP-MurNAc-L-Ala-p-Glu-m-Dap ligase. The green frames indicate the
fluorescent probes for labelling of PGN.

exchanging with one of the two terminal p-Ala, a process that is
mediated by Ldts or Ddts (Fig. 1b). Because of the ease and
versatility of probe synthesis and use, FDAA has been employed in
labeling PGN in a variety of bacterial systems.” Other categories
of chemical probes used in PGN labeling, which were designed by

© 2022 The Author(s). Published by the Royal Society of Chemistry

mimicking a part of the stem peptide structures, have been
recently proposed by several groups. The functioning of these
probes relies on different endogenous enzymes involved in the
PGN biosynthesis, thus providing opportunities to investigate
specific steps in the process without the need for any genetic
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manipulations. In this review, we discuss the different types
of stem peptide-mimicking probes, categorized based on their
functioning mechanisms, for labeling and investigating the bio-
synthesis processes of PGN.

p-Amino acid dipeptide-based probes (DAADs)

During PGN synthesis in the cytoplasm, the p-Ala-p-Ala dipeptide
formed by an alanine racemase (Alr) and a p-Ala-p-Ala ligase
(Dd]) is incorporated into the UDP-MurNAc-tripeptide by a ligase
MurF to form the UDP-MurNAc-pentapeptide (Fig. 1a). These
steps are the targets of some experimental/commercial antibio-
tics (p-cycloserine, for example). In 2006, Bugg’s group first
showed the substrate promiscuity of MurF for unnatural dipep-
tides by incorporating a p-Cys-containing dipeptide into UDP-
MurNAc-tripeptide,** indicative of the possibility of using bio-
orthogonal dipeptide probes in labeling PGN. In 2014, the
Maurelli and VanNieuwenhze groups used this strategy and
explored a long-standing question “chlamydial anomaly”,*?
namely, Chlamydia contained genes for PGN biosynthesis
and was susceptible to “anti-PGN” antibiotics>*° but attempts
to detect PGN in any Chlamydia species had been proved
unsuccessful.”’>° Both p-Ala and p-Ala-p-Ala dipeptide could
be incorporated by Chlamydia trachomatis based on the observa-
tion that sensitivity of C. trachomatis to p-cycloserine (p-Ala-p-Ala
ligase inhibitor) could be reversed by addition of exogenous b-
Ala and p-Ala-p-Ala but not by other p- or r-amino acids.>**°
However, ethynyl-D-Ala (EDA, a bio-orthogonal p-amino acid
probe) could not label C. trachomatis, probably because the
potentially existing PGN synthesis machinery in Chlamydia could
not recognize side-chain modified p-amino acid.>* They then
tested two clickable DAADs, ethynyl-p-Ala-p-Ala (EDA-DA) and
DA-EDA (structures shown in Fig. 2a), in labeling Chlamydia. After
the DAADs were anchored, reporter fluorophores were then
installed in the ethynyl tag through a click reaction. Only the
EDA-DA probe could successfully label C. trachomatis (Fig. 2b),
probably due to the cleavage of the fifth amino acid from the
pentapeptide  during  transpeptidation/carboxypeptidation.**
Therefore, via labeling with bio-orthogonal DAADs, the authors
successfully proved the presence of functional ring-like PGN in
C. trachomatis.>* Based on this finding, they further explored the
characteristics of chlamydial PGN. By using three-dimensional
super-resolution microscopy, they identified the PGN as a
dynamic ring limited to the division plane of the cell, which
occurred only in the replicative reticulate body phase of Chlamydia
(Fig. 2¢).*" They hypothesized that the limited ring-like PGN of
pathogenic Chlamydia was the result of adaptation to its intracel-
lular lifestyle, since PGN was a type of pathogen-associated mole-
cular patterns (PAMPs) recognizable by the host immune system.*
Via pulse-chase labeling with DAADs and immunostaining with
MreB (an actin-like protein in bacteria), they proposed a synthesis
model of chlamydial PGN, in which MreB moved along the ring
plane to start the non-uniform synthesis of new PGN and mean-
while affected the functioning of a currently unknown degradation
machinery which continuously removed older materials.

Lipid II is a critical limiting precursor in PGN biosynthesis
owing to its extremely low present levels.*>** Many antibiotics
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function by interfering with PGN biosynthesis via binding and
blocking lipid II processing, such as lantibiotics, vancomycin
and teixobactin.*® Lipid II is incorporated into a growing glycan
strand by PBPs’ transglycosylase activity.>® The in vitro inter-
action of lipid I and PBPs had been thoroughly studied,**™°
but their association within cells had not been directly char-
acterized. Pires’s group proposed a bifunctional DAAD that
contained a photo-crosslinking® and a clickable ethynyl group
(structure shown Fig. 2d) and was still tolerable by MurF.*!
Under irradiation, the photoaffinity handle of the probe could
be activated into a highly reactive intermediate which quickly
captured the surrounding associations by forming a covalent
adduct (Fig. 2e). Then the adducts were subjected to click
reaction with an azido-conjugated biotin handle, and the
biotin-modified adducts (protein/lipid II-biotin) were subse-
quently analyzed by western blotting. Using this strategy, the
authors captured the in situ interactions between lipid II and
PBPs for the first time.

As a critical last-line antibiotic, vancomycin binds the p-Ala-
p-Ala motif of lipid II in the periplasm to hinder lipid II from
further transglycosylation and/or transpeptidation.’” To gain
resistance to vancomycin, some pathogens can synthesize and
utilize p-alanine-p-lactic (p-Ala-p-Lac) while hydrolyzing the
original p-Ala-p-Ala,** which resulted in the reprograming of
lipid II termini from p-Ala to p-Lac, and greatly reduced the
binding affinity of vancomycin. The hydrolysis of p-Ala-p-Ala
dipeptide is catalyzed by VanX,** the expression of which
can be induced by treatment of vancomycin in resistant
pathogens.** Based on this principle, Pires’s group used the
EDA-DA probe to investigate the vancomycin-resistant kinetics
of Enterococci.** In sensitive stains, the probe was anchored
into PGN in a normal PGN biosynthesis manner, and the
labeled cells showed strong labeling after click reaction with
fluorescent dyes (Fig. 2f). Conversely, in vancomycin-resistant
Enterococci, the probe could be hydrolyzed by VanX, leading to a
significant reduction of labeling signals.** Therefore, by using
this strategy, they could directly monitor the vancomycin-
resistant phenotype switch of pathogens in real time.**

Furthermore, DAADs have also been used in investigating the
PGN syntheses of many other cellular systems. In a report by
Siegrist’s lab, it was demonstrated again that the EDA-DA probe
was incorporated into lipid II precursor through MurF.*> They
combined the use of EDA and EDA-DA and showed that myco-
bacterial PGN construction was localized in the pole and along the
sidewall during the synthetic and repair processes (Fig. 2g).*’
In addition to bacteria, chloroplasts also have cell wall structures,
and DAADs have been successfully used in probing PGN of moss
chloroplasts (Fig. 2h).*® In another recent report by Morlot’s group,
to gain access to nanoscale details of PGN assembly in Strepto-
coccus pneumoniae, the authors adopted a pulse-chase labeling
strategy with a clickable probe ADA-DA (azido-n-Ala-p-Ala, Fig. 2i)."”
Via imaging with dSTORM (direct stochastic optical reconstruc-
tion microscopy), they proposed a model that both septal and
peripheral PGN syntheses first occurred within a single ring-shaped
zone which later divided into two concentric regions, and the
elongation continued after the septation was finished (Fig. 2j).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The use of DAADs in labeling various microbial cells. (a) Chemical structures of the dipeptide probe EDA-DA and DA-EDA. EDA, ethynyl-p-alanine,
DA, p-alanine. (b) Fluorescence imaging of C. trachomatis (infecting L2 cells) labeled with EDA-DA (green). Reproduced with permission from ref. 22.
Copyright 2013 Springer Nature. (c) Fluorescence imaging of the EDA-DA labeled ring-like PGN (green) on the middle plane of C. trachomatis. The figure
was adapted from Liechti et al.3! (d) Chemical structure of the bifunctional dipeptide probe that contained a photo-crosslinking and a bio-orthogonal
clickable handle. (e) Schematic illustration of the bifunctional dipeptide probe anchored onto the stem peptides and used to capture PBP-lipid Il
association. Reproduced with permission from ref. 41. Copyright 2016 John Wiley and Sons. (f) Fluorescence imaging of Enterococci labeled with
EDA-DA (green). Reproduced with permission from ref. 44. Copyright 2017 John Wiley and Sons. (g) Fluorescence imaging of Mycobacterium smegmatis
labeled with EDA-DA (abbreviated as alkDADA in ref. 45). The figure was adapted from Garcia-Heredia et al*> (h) Fluorescence imaging of moss
chloroplasts labeled with EDA-DA (green). Reproduced with permission from ref. 46. Copyright 2016 Oxford University Press. (i) Chemical structure of
the dipeptide probe ADA-DA. ADA, azido-p-alanine. (j) Reconstructed dSTORM image of S. pneumoniae labeled with ADA-DA (bright white). Reproduced
with permission from ref. 47. Copyright 2021 Elsevier. (k) Chemical structure of the dipeptide probe HADA-DA. HADA, hydroxycoumarin-modified
p-amino acid. (1) Fluorescence imaging of labeled A. tumefaciens with HADA-DA (cyan). The figure was adapted from Williams et al.*®
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In addition to bio-orthogonal DAADs, fluorescent-DAAD,
which could eliminate the need for subsequent click reaction,
was also recently developed by Brown’s group (Fig. 2k).*®
By combining the use of fluorescent-DAAD with FDAAs, they
successfully visualized the unipolar growth of a plant pathogen
Agrobacterium tumefaciens (Fig. 21), a species that lacked cell
elongation synthases, and also showed that a single class A PBP
(PBP1a) was essential for polar PGN synthesis. These studies
showcase the broad and intriguing applications of dipeptide-
based probes, which provide more space for chemical modifi-
cations than single p-amino acid-based probes and enable
studying specific PGN-related questions that could not be
directly investigated by FDAAs.

Recycling pathway-based peptide probe

In addition to the de novo synthesis, PGN can also be con-
structed by cell-wall recycling pathway in many bacteria (Fig. 1).
In E. coli, for example, a considerable amount of PGN is
decomposed by lytic transglycosylases, amidases and endopep-
tidases, and then recycled.*” The enzymatic hydrolysate anhy-
dromuropeptides are transported into the cytoplasm by the
permease AmpG or the oligopeptide permease (Opp)/murein
peptide permease (Mpp) pathway (Fig. 1a),*® where the peptides
are cleaved by AmpD amidase.”” The terminal p-Ala is then
released by LdcA to form the tripeptide i-Ala-p-Glu-m-Dap,
which is ligated to UDP-MurNAc by murein peptide ligase
(Mp]) as a building block and reenter the PGN synthesis
process.*® By taking advantage of this pathway, Blaauwen’s
group developed a fluorescent tripeptide probe mimicking
the recycling building block to label E. coli.>® The probe was
based on the tripeptide r-Ala-y-p-Glu-1-Lys modified with a NBD
fluorophore on the lysine residue (AeK-NBD) (Fig. 3a). Lysine
rather than m-DAP was chosen, which was the original amino
acid on the 3rd position in E. coli, owing to the chemical
availability of the lysine building blocks. By using fluorescence
imaging, thin-layer chromatography analysis of lipid I-and lipid
II-containing extracts, and LC-MS/MS analysis of PGN digests,
they showed that AeK-NBD was successfully incorporated into
the stem peptide of E. coli (Fig. 3b).”° The use of this method,
however, is limited for several reasons. First, the fluorescent
probe must enter the cytoplasm to get incorporated, which
might lead to a high fluorescence background because of the
free probe. Second, the tripeptide probe could still be degraded
by MpaA, compromising its labeling efficiency. Of special note,
because of the diverse recycling mechanisms in different
bacteria,”® the development of new recycling pathway-dependent
probes merits further exploration.

PGN cross-link targeting peptide probes

As a key step in the construction of the dense mesh-like PGN,
cross-linking of neighboring stem peptides provides the bacter-
ial cell walls with tensile strength and resistance to turgor
pressure. Essential to bacterial growth, these cross-links repre-
sent a major target for antibiotic development (B-lactams,
for example). However, what we currently know about the
spatiotemporal features of cross-linking in bacteria is still very

1202 | RSC Chem. Biol., 2022, 3,1198-1208
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Fig. 3 Tripeptide probe functioning via PGN-recycling labels E. coli in a
Mpl dependent manner. (a) Chemical structure of the probe AeK-NBD.
(b) Fluorescence imaging of AeK-NBD labeling of Mpl-deleted mutant
E. coli strain transformed with plasmid expressing Mpl (above) and Mpl
deleted mutant strain (below). Reproduced with permission from ref. 50.
Copyright 2011 John Wiley and Sons.

limited, which is partially due to the lack of suitable tools for
investigating transpeptidase activity in living bacteria. In 2015,
Spiegel’s group first developed a fluorescent peptide imitating
the endogenous substrates of PBPs. Based on the structure
of the Staphylococcus aureus stem peptide, they designed a
fluorescent hexapeptide probe (HexaFI) containing a PBP recog-
nition motif 1-Lys-p-Ala-p-Ala conjugated to a fluorophore by a
tripeptide linker r-Lys-Gly-Gly, which could be incorporated
into PGN via a 3-4 cross-link (Fig. 4a).>> S. aureus can express
PBP1-4 in a methicillin-sensitive strain and an additional
PBP2a in a resistant strain.”®> By comparing the labeling of
the PBP4-mutant and wild type (WT) strains they found that
HexaFl was selectively recognized by PBP4. Based on a previous
report that wall teichoic acid (WTA) intermediates could recruit
PBP4 to the septum,* they pulse-labeled WTA-null (ATagoO,
deficient in WTA synthesis®*) and WT S. aureus strain with the
probe. Unlike the converged labeling at the septum in WT, the
labelling of ATagO diffused throughout the cell wall (Fig. 4b,
Van-A488 is a fluorescent derivative of vancomycin used as a
marker for staining PGN). Taken these data together, they
concluded that PBP4 activity was restricted to the septum in a
WTA-dependent manner in S. aureus.

In a following report, the same group found that PBP4 was
also functional outside the septum in non-separating S. aureus
via a sequential labeling strategy.>® S. aureus cells were first
labeled uniformly with HexaFI-A647 (HexaFI tagged with Alexa
Fluor 647) for 2 h to label the existing PGN (Fig. 4c, blue), and
then cultured without probe for 1 h. Subsequently, the cells
were pulse-labeled with HexaFI-A568 to mark the sites of newly
synthesized PGN cross-links (red). As shown in Fig. 4c, HexaFI-A568
labeling overlapped with the HexaFI-A647 (blue) peripheral wall
marker, indicating that PBP4 was also active outside the septum.
They thus concluded that there were two spatiotemporally
different cross-linking modes in S. aureus: one was located in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fluorophores
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@ Penicillin binding protein 4

Fig. 4 Fluorescent hexapeptide probe (HexaFl) interrogates cross-links mediated by PBP4 in S. aureus. (a) Schematic illustration of the functioning
mechanism of HexaF! labeling. (b) WT and ATagO S. aureus strains labeled with Alexa Fluor 568 tagged HexaF| (abbreviated as p-A568, red) and stained
with Van-A488 (Alexa Fluor 488 tagged vancomycin, green, indicating the whole cell wall). Reproduced with permission from ref. 52. Copyright 2015
John Wiley and Sons. (c) S. aureus treated with Alexa Fluor 647 tagged HexaF| (abbreviated as p-A647, blue) for 2 h. Free probe was then removed by
washing and cells were cultured for 1 h before being labeled for 7.5 min with p-A568 (red) and stained with Van-A488 (green). Reproduced with

permission from ref. 55. Copyright 2015 American Chemical Society.

the septum during cell division, and the other was in the
sidewall between divisions.

In additional to the classical 3-4 cross-link formed by Ddts
that exists in most bacteria, another 3-3 cross-link catalyzed by
Ldts (Fig. 1b) can be found in a subgroup of bacterial species.
It has been reported that 3-3 cross-links can function as
supplement when the forming of 3-4 cross-links is inhibited
by penicillin and cephalosporins; resistant to most B-lactams
(except for carbapenems), Ldts were shown to help some
bacteria develop drug resistance in vitro.>® Recently, chemical
tools that could specifically probe the functioning of Ldts were
proposed. In 2019, by mimicking the stem substrates of differ-
ent transpeptidases, Pires’s group constructed a series of
fluorescent tetrapeptide (TetraFl) and pentapeptide (PentaFl)
probes, which could label PGN via Ldts or Ddts, respectively
(functioning mechanisms shown in Fig. 5a and b).”” The
labeling of these probes against Enterococcus faecium (an Ldt-
expressing bacterium) were thoroughly tested and compared.
E. faecium treated with TetraFl led to a 5-fold fluorescence

© 2022 The Author(s). Published by the Royal Society of Chemistry

increase over PentaFl-treated cells (Fig. 5¢ and d), suggesting
that the Ldt-mediated labeling was more efficient than that of
Ddts. In addition to labeling under normal bacterial growth
conditions, the author also evaluated how 3-3 cross-links
were affected by different types of antibiotics. They found that
treatment with penicillin-class of B-lactams led to a concentration-
dependent increase in TetraFl labeling and decrease in PentaFl
labeling. In contrast, carbapenems (meropenem and imipenem)
led to a reduction of both TetraFl and PentaFl labeling, and
antibiotics that were not f-lactams (vancomycin and erythro-
mycin) caused no significant changes in fluorescence across all
sublethal concentrations. The development of this tetrapeptide
tool enabled direct probing of Ldts, a less-studied transpeptidase
family potentially involved in the bacterial resistance to B-lactam
antibiotics.

As is shown in Fig. 1b, the transpeptidation occurs when the
terminal amide bond of stem peptide is attacked by a hydroxyl
group of Ddt or a sulfhydryl group of Ldt, forming an ester or a
thioester bond. The acyl group of the PGN-enzyme intermediate
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Fig. 5 Acyl-donor peptide probes used in inquiring PGN cross-linking. (a and b) Schematic illustration of the functioning mechanisms of the acyl-donor
peptide probes. (c) Chemical structures of TetraFl and PentaFl. (d) Fluorescence imaging of E. faecium labeled with TetraFl (red) and PentaFl (green).
Reproduced with permission from ref. 57. Copyright 2019 American Chemical Society.

was then attacked by the amino group on the side chain of
m-DAP or 1-Lys of a neighboring peptide. In this process,
peptide chains which provide acyl groups are referred as the
acyl-donor strand, and peptides providing amino groups as the
acyl-acceptor strand.

The tetrapeptide-based probes described above are mostly
processed as acyl-donor strands (FDAAs can thus also be
considered as acyl acceptor probes). To evaluate how the acyl-
acceptor strands were involved in cross-linking, Pires’s group

Acceptor probe

< RELY
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. O

developed a new type of probe which could be processed
exclusively as an acyl-acceptor (functioning mechanisms shown
in Fig. 6a and b).”® In the probe, they installed an acyl-acceptor
fragment (the cross-bridge p-iAsn or p-iAsn was included) and
removed the terminal fragment recognizable by Ldt/Ddt as
the acyl-donor site (terminal p-Ala or p-Ala-p-Ala) (structures
shown in Fig. 6c).>® Therefore, the fluorescent tripeptide could
only serve as an acyl-acceptor strand. Among different probe
designs, the one containing iso-glutamine at the 2nd position

\/\)L

o CONH, H

&M%

O  CONH,

Fig. 6 Acyl-acceptor peptide probes used in inquiring PGN cross-linking. (a and b) Schematic illustration of the functioning mechanisms of the acyl-
acceptor peptide probe. (c) Chemical structures of acyl-acceptor probe. (d) Fluorescence image of E. faecium labeled with the acyl-acceptor probe
(blue). Reproduced with permission from ref. 58. Copyright 2020 American Chemical Society. (e) Chemical structure of tripeptide probe containing
m-CYT. (f) Fluorescence image of Mycobacterium smegmatis labeled with m-CYT tripeptide probe (red). Reproduced with permission from ref. 60.
Copyright 2020 American Chemical Society.
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and cross-bridge p-iAsn on the 3rd position showed the stron-
gest labeling against E. faecium (Fig. 6¢c and d). Of note, this
tripeptide probe could also attack the enzyme intermediate of
Ddts and form a 3-4 cross-link (Fig. 6b). Taking these examples
together, acyl-donor and -acceptor probes provide a versatile
platform for dissecting PGN cross-linking processes in situ.

As described above, in most Gram-negative and a small
portion of Gram-positive bacteria, the amino acid on the 3rd
position of stem peptide is m-DAP. The difference of a car-
boxylic acid group on m-DAP relative to t-Lys has an important
implication in the activation of the human innate immune
system mediated by Nodl and Nod2. For these two PAMP
sensors, Nod2 recognizes the muramyl dipeptide, which exists
in the PGN of nearly all bacteria, and yet Nod1 senses m-DAP-
containing PGN fragments.>® Therefore, there is an urgent need
to label bacteria that possess m-DAP-containing PGN and
understand the interactions between their PGN fragments
and Nod1. However, compared with the preparation of r-Lys-
containing probes, the chemical synthesis of m-DAP-containing
peptide is much more challenging. To circumvent this obstacle,
Pires’s group used meso-cystine (m-CYT) to mimic the structural
features of m-DAP and constructed an acyl-acceptor probe to

View Article Online
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establish the recognition of the m-CYT side chain (structures
shown in Fig. 6e).°° Incubated with Mycobacterium smegmatis
(having m-DAP in their PGN), the m-CYT probes could be
readily incorporated (Fig. 6f). Although this strategy provides
a convenient protocol to study m-DAP-containing bacteria,
the disulfide bond in m-CYT makes it vulnerable to various
chemical or enzymatic environments, compromising its use in
different settings.

Ldt-Catalyzed 3-3 cross-links have been shown in vitro to
be associated with B-lactam resistance in some pathogens;
however, the prevalence of Ldts in the mammalian gut micro-
biota and whether they could mediate resistance to p-lactams
in vivo remained unknown. Considering the alternating
composition of p- and r-amino acids in the stem peptides
(potentially more resistant to peptidase hydrolysis in the intes-
tines), our group recently exploited an in vivo labeling strategy,
where the tetrapeptide acyl-donor probe (TetraAA-AcLys) was
directly administered to mice, to investigate Ldts in their gut
microbiota (scheme shown in Fig. 7a).°" After gavage, the probe
efficiently labeled ~18% of total gut bacteria, indicative of the
high prevalence of Ldts and 3-3 cross-links in the mouse gut
microbiota. With the aid of fluorescence in situ hybridization

a TetraAA-AcLys Identify the Ldts’ Taxon 1
localizations on | ———
bl £ C‘Tr']agg':g - \ different bacteria
W __wWithFISH Taxon 2
| — —
In vivo labeling of
3-3PGN \ o ° Taxon 3
cross-links by Ldt - \ =
. Co-administered Lidabeled
f population
\ P with B-lactams /\/‘\ /\ /\/\
Without Ldt-effective Ldt-ineffective
B-lactams B-lactams B-lactams

Merged
Clostridium sp. ASF502 —

Meropenem 32 ug

Ampicillin ) ug

Fig. 7 Tetrapeptide-based acyl-donor probes for investigating 3—3 cross-link in the mouse gut microbiota. (a) Schematic illustration of the in vivo
Ldt-mediated labeling and probing workflow. (b) Fluorescence images revealing the relative localizations of 3—3 cross-links (green) on the cell surfaces of
Clostridium sp. ASF502 (identified by FISH, blue), where the total PGN was labeled with Cy5ADA (a FDAA probe, red). (c) Fluorescence images of mouse
gut microbiota treated with different antibiotics (meropenem or ampicillin) and labeled with the tetrapeptide probe (green) in vivo. Reproduced with

permission from ref. 61. Copyright 2021 American Chemical Society.
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Table 1 Stem peptide-mimicking probes for peptidoglycan labeling
Key Bacteria typically used
Probes Figures Reporter groups Labeling mechanisms enzymes in labeling Ref.
Single p-amino acid NA“ Fluorescent or Acyl-acceptor for 3-3 Ldt; Ddt Highly diverse 15-20
bio-orthogonal or 3-4 cross-link
tag

p-Amino acid- Fig. 2a Alkyne Lipid II synthesis MurF Chlamydia and others 22, 31
composed dipeptide and 44-46

Fig. 2d Alkyne Bacillus subtilis 41

Fig. 2i Azide Streptococcus pneumoniae 47

Fig. 2k Fluorophore Agrobacterium tumefaciens 48
Stem tripeptide Fig. 3a Fluorophore PGN recycling Mpl Escherichia coli 50
Stem tripeptide Fig. 4a Fluorophore Acyl-donor for 3-4 cross-link PBP4 Staphylococcus aureus 52 and 55
with a linker
Stem tetrapeptide Fig. 5¢ Fluorophore Acyl-donor for 3-3 cross-link Ldt Enterococcus faecium; 57 and 61

Gut microbiota

Stem pentapeptide Fig. 5¢ Fluorophore Acyl-donor for 3-4 cross-link Ddt Enterococcus faecium 57
Stem tripeptide with Fig. 6¢ Fluorophore Acyl-acceptor for 3-3 Ldt; Ddt Enterococcus faecium 58
a cross-bridge or 3-4 cross-link
amino acid
Stem tripeptide Fig. 6e Fluorophore Acyl-acceptor for 3-3 Ldt; Ddt Mycobacterium smegmatis 60

or 3-4 cross-link

% NA, not available.

(FISH) staining, we further identified the cellular localizations
of 3-3 cross-links in different bacterial species, including those
that were still unculturable in the laboratory (Fig. 7b).*!
Because only carbapenems in B-lactams could inhibit Ldts,
the effects of meropenem (a carbapenem antibiotic) and ampi-
cillin (a cephalosporin antibiotic) on Ldts-mediated cross-links
in gut microbiota were compared. After oral administration
of ampicillin or meropenem, not surprisingly, only the latter
successfully inhibited the tetrapeptide labeling in the gut
(Fig. 7c). These data suggested that the oral use of some
B-lactam antibiotics might lead to microbiota dysbiosis caused
by the biased growth of some Ldt-expressing bacteria. This
strategy allows us to efficiently investigate the PGN structures
of a large number of bacterial species and gain more knowledge
of mammalian gut microbiota, endorsing the value of in vivo
probing with chemical tools.

Conclusions and perspectives

Highly conserved among different bacteria, PGN’s construction
and degradation processes have been attracting wide attention
from microbiologists for more than eight decades.> However,
the spatiotemporal features of PGN biosynthesis were still not
well-understood until a few years ago, when Maurelli’s group
and collaborators discovered that MreB (bacterial homolog of
actin) mediated a directional septum synthesis in Chlamydia
through short pulse labeling with DAADs and immunostaining
with MreB in 2016,>' and two other groups independently
reported the FtsZ (bacterial homolog of tubulin)-guided tread-
milling construction of a cell wall in model bacterial species
via the use of sequential FDAA-labeling in 2017.°*®* There’s no
doubt that the development of PGN-targeting chemical probes
has dramatically advanced our knowledge in this field by
enabling facile and direct visualization of PGN localizations
and dynamics. The multi-steps involved in the synthesis,

1206 | RSC Chem. Biol., 2022, 3, 1198-1208

modification and recycling of PGN provide space for chemical
biologists to design new chemical tools targeting different
stages of the construction. Here, we reviewed the different
stem peptide-mimicking fluorescent probes, a major category
of these labeling tools, including dipeptide probes designed for
the de novo synthesis pathway, tripeptide probes for the recy-
cling pathway, and tetra/penta-peptide probes for the cross-
linking steps (summarized in Table 1). Structural variations of
PGN among different bacteria, especially at the 3rd amino acid
of the stem and the cross-bridges connecting neighboring
peptides, may potentially allow selective labeling of certain
groups of bacteria via a rational design of the peptide probes.
The complementary use of these peptide tools with FDAAs
(all function via endogenous enzymes of bacteria), and another
MurNAc-based unnatural sugar probe (genetically engineered
bacteria required) developed by the Grimes group® will offer
more versatility and facets for PGN studies. It needs to be
mentioned that the high stability and the bio-orthogonal
feature of these peptide probes make them powerful tools for
in vivo probing of bacteria, including both pathogens at the
infection sites and the commensal microbiotas. We envision
that the development and use of these versatile tools will bring
new insights into the broad microbiology society in the near
future.
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