
Bacterial cell-wall recycling

Jarrod W. Johnson, Jed F. Fisher, and Shahriar Mobashery
Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, Indiana

Abstract
Many Gram-negative and Gram-positive bacteria recycle a significant proportion of the
peptidoglycan components of their cell walls during their growth and septation. In many—and
quite possibly all—bacteria, the peptidoglycan fragments are recovered and recycled. While cell-
wall recycling is beneficial for the recovery of resources, it also serves as a mechanism to detect
cell-wall–targeting antibiotics and to regulate resistance mechanisms. In several Gram-negative
pathogens, anhydro-MurNAc-peptide cell-wall fragments regulate AmpC β-lactamase induction.
In some Gram-positive organisms, short peptides derived from the cell wall regulate the induction
of both β-lactamase and β-lactam-resistant penicillin-binding proteins. The involvement of
peptidoglycan recycling with resistance regulation suggests that inhibitors of the enzymes
involved in the recycling might synergize with cell-wall-targeted antibiotics. Indeed, such
inhibitors improve the potency of β-lactams in vitro against inducible AmpC β-lactamase-
producing bacteria. We describe the key steps of cell-wall remodeling and recycling, the
regulation of resistance mechanisms by cell-wall recycling, and recent advances toward the
discovery of cell-wall recycling inhibitors.
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Introduction
The bacterial cell wall is an elastic macromolecule that defines the shape of the bacterium
and enables the bacterium to resist lysis as a result of its high intracellular osmotic pressure.
Since the cell wall is structurally unique to bacteria, the steps involved in cell-wall
biosynthesis are the targets of numerous antibiotics, including the β-lactams.1,2 Cell-wall
synthesis is a complex process that is carefully coordinated with the cell-wall remodeling
required for cell growth and division. Many bacteria remodel as much as half of their cell
wall per generation and this process would represent a significant loss of resources if the
liberated cell-wall fragments were not recovered and recycled (Fig. 1).

While the recovery of cell-wall fragments is not essential for in vitro planktonic growth,
there are other important reasons for cell-wall recycling.3 The cell-wall fragments
(muropeptides) have important messenger functions in bacterial communication, and as
signal molecules in spore resuscitation and germination in some Gram-positive
bacteria.4,5,6,7 In eukaryotes, the detection of muropeptides (e.g. via peptidoglycan-
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recognizing proteins and NOD receptors) initiates an immune response, and the recovery of
cell-wall muropeptides suppresses this response.8,9

Of special interest is the relationship between cell-wall recycling and antibiotic resistance.
While the phenomenon of β-lactamase induction in Gram-negative bacteria has been known
for many years as a resistance response to the presence of β-lactam antibiotics, the links
between β-lactamase induction and cell-wall recycling have been revealed only recently. In
some Gram-negative organisms, the presence ofβ-lactam antibiotics is sensed by
perturbations in the cytoplasmic pool of muropeptides, resulting in derepression of the ampC
gene that encodes the AmpC β-lactamase. In some Gram-positive organisms, the
modification of specific β-lactam-sensing proteins (e.g. BlaR1) by β-lactam antibiotics
initiates signal transduction that culminates in expression of a β-lactamase (e.g. PC1). An
important implication of the link between recycling and resistance is that inhibitors of cell-
wall recycling pathways might be combined with cell-wall-targeting antibiotics in order to
overcome resistance. Several recent studies support this possibility. Such a strategy could
prove useful (or necessary) in overcoming resistance in infections due to (for example)
AmpC-β-lactamase-hyperproducing Pseudomonas aeruginosa in cystic fibrosis,10 or due to
methicillin-resistant Staphylococcus aureus (MRSA), which produces the β-lactam-resistant
penicillin-binding protein PBP2a.

In this review, we evaluate the current understandings with respect to bacterial cell-wall
recycling and turnover, with an emphasis on their relationship to antibiotic resistance. We
summarize the important early studies, describe recent work linking recycling to resistance
induction, and highlight efforts toward the discovery of recycling inhibitors.

Peptidoglycan structure, biosynthesis, and remodeling
The bacterial cell wall consists of glycan strands cross-linked through peptide stems to form
a “peptidoglycan” (or “murein”) polymer. The glycan strands are composed of alternating
N-acetylglucosamine (GlcNAc, NAG) and N-acetylmuramic acid (MurNAc, NAM)
saccharides, with peptide stems originating on the lactyl moiety of the MurNAc saccharide.
Polymerization of the glycan strand and cross-linking of the peptide stem are catalyzed in
separate domains of bifunctional enzymes called penicillin-binding proteins (PBPs), which
were named in recognition of the ability of β-lactam antibiotics to inactivate the
transpeptidation reaction used in the cross-linking step. The three-dimensional mesh-like
network of the peptidoglycan is strong enough to counteract the high osmotic pressure of the
bacterial cell.11,12 While numerous variations in the structure of the pentapeptide stem are
known, the core structure of the un-cross-linked stem attached to the lactyl moiety is –L-
Ala–γ-D-Glu–m-DAP–D-Ala–D-Ala in Gram-negative bacteria (where m-DAP is
meso-1,6-diaminopimelate) and –L-Ala–γ-D-Glu–L-Lys–D-Ala–D-Ala in most Gram-
positive bacteria.13,14

Cell-wall biosynthesis begins in the cytoplasm with the conversion of fructose-6-phosphate
(1) to UDP-GlcNAc by the sequential activity of the GlmS, GlmM, and GlmU enzymes.
UDP-GlcNAc is converted to UDP-MurNAc-pentapeptide (2) by the sequential activity of
the MurA enolpyruvyl transferase, MurB reductase, and MurC–MurF ligases (Figure 2). On
the cytoplasmic face of the cell (inner) membrane, MraY catalyzes the reaction of UDP-
MurNAc-pentapeptide with undecaprenyl pyrophosphate to generate Lipid I, which is then
coupled with GlcNAc by the MurG transferase to yield Lipid II. The cytoplasmic steps
leading to these lipid-linked intermediates in cell-wall biosynthesis are reviewed
elsewhere.15,16
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The identity of the enzyme that translocates Lipid II across the cell membrane remains a
matter of debate. Using bioinformatics methods, Ruiz suggested that MurJ (MviN) might
function as the Lipid II flippase in Escherichia coli.17 MviN orthologs with low sequence
homology, including YtgP, were later identified in Bacillus subtilis. Although YtgP
complemented the growth defect of a MurJ-depleted strain of E. coli,18 Fay and Dworkin
demonstrated that these genes are not essential because strains of B. subtilis that lack all four
proteins grow normally.19 More recent work implicates FtsW as the Lipid II flippase
(translocase).20

In the periplasm, Lipid II is the disaccharide donor for glycan strand growth, which is
catalyzed in the transglycosylase domain of the HMM PBPs. Cross-linking of the peptide
stems occurs in the separate transpeptidase domain of the HMM PBPs.21 Computational
study of the transpeptidase reaction shows displacement of the terminal D-Ala residue of
one pentapeptide strand by the terminal amine residue of the L-Lys (or m-DAP) residue of a
neighboring strand (Figure 2).22β-Lactam antibiotics mimic the D-Ala-D-Ala terminus of
the donor strand and inhibit transpeptidation by the functionally irreversible acylation of an
active-site serine.

While the transpeptidase reaction is generally considered to be the last step in peptidoglycan
biosynthesis, the structure of the cell wall undergoes constant remodeling. A peptidoglycan
modification that may occur subsequently is O-acetylation, as a mechanism against
peptidoglycan-cleaving lysozymes and as a mechanism to regulate glycan strand integrity
against lytic transglycosylase cleavage.23 Peptidoglycan-O-acetyltransferases (PATs)
acetylate the C-6 hydroxyl group of the MurNAc residue and O-acetylpeptidoglycan
esterases (APEs) remove the acetyl group. Recent work indicates that both enzymes are
potential antibiotic targets.24,25 Other glycan modifications include δ-lactam formation in
Gram-positive spore peptidoglycan, N-deacetylation, N-glycolylation, and the attachment of
surface polymers to the C6-hydroxyl group (Figure 3).26

Important modifications occur to the peptide stem. D-Ala-D-Ala carboxypeptidases (an
activity of many LMM PBPs) hydrolytically remove the terminal D-Ala from the
pentapeptide stem (e.g. 3c→3b, Figure 2).27,28 This remodeling controls the degree of final
cross-linking as the resulting tetrapeptide is no longer capable as a substrate for cross-
linking by D-Ala-D-Ala transpeptidases.29 DD-Carboxypeptidases are also involved in cell
division30 and AmpC β-lactamase induction (discussed below), although the exact
functional roles for all of the LMM PBPs are not understood.

In the late 1990s de Pedro et al. described the incorporation of exogenous D-amino acids
such as D-cysteine into the cell wall of E. coli.31 Their experiments enabled the visualization
of murein segregation, wherein the new peptidoglycan was inserted over the cylindrical
surface and at the cell division site while peptidoglycan at the distal poles was inert.
Recently, the biosynthesis of several noncanonical D-amino acids by many bacteria was
correlated to important messenger functions in the regulation of peptidoglycan biosynthesis,
composition, and strength.32,33,34,35

Discovery of cell-wall recycling in gram-negative bacteria and its link with
β-lactamase induction

Cell-wall turnover—the release of muropeptides to the medium—was discovered in the
early 1960s using Bacillus megaterium having a 14C-labeled cell wall.36,37 Later, the
occurrence of turnover was seen in both Gram-positive and Gram-negative bacteria.38 By
the mid-1980s, a variety of Gram-positive and Gram-negative organisms were shown to lose
up to 50% of their cell walls per generation, although turnover in E. coli was much less.39
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When Goodell and Schwarz reinvestigated this phenomenon using E. coli murein labeled
with 3H-DAP, they confirmed that the cell-wall peptidoglycan lost 6–8% of the label to the
culture medium per generation.40 Three forms of the 3H-DAP-containing material were
identified from the medium: tetrapeptide 7b (L-Ala–D-γ-Glu–m-DAP–D-Ala), the
tripeptide 7a (L-Ala–D-γ-Glu–m-DAP), and a dipeptide (m-DAP–D-Ala). 3H-DAP was
also found in the cytoplasm, in the form of 3H-labeled UDP-MurNAc-pentapeptide (2). This
discovery led to the proposal that peptidoglycan fragments were being recycled.41 Goodell
calculated that 50% of the cell wall was being degraded and recycled per generation. Hence,
the majority of the cell-wall fragments created during remodeling was recovered and
recycled. Since the polar caps are inert to turnover, more than 60% of the peptidoglycan of
the side walls is degraded in one generation.42

DAP-containing peptide fragments 7a and 7b are generated naturally in the periplasm of E.
coli by the hydrolysis of peptidoglycan peptide stems by MurNAc–L-Ala amidases AmiA,
AmiB, AmiC, and AmiD (e.g. 5→7 and 6→7, Figure 2). Uptake of the tripeptide 7a via the
oligopeptide permease OppA requires the muropeptide binding protein MppA and other
components OppB, OppC, OppD, and OppF.43 However, the recycling of these short
peptide fragments represents only a minor recycling pathway in E. coli since the extent of
peptidoglycan turnover was unchanged in mutants lacking Opp permease.44 Instead, the
major recycling pathway is now known to involve saccharide-containing
anhydromuropeptide fragments which enter the cytoplasm through the AmpG permease.45

The determination of AmpG as the permease essential for recycling was an important
discovery because it linked peptidoglycan recycling to β-lactamase induction.45 This
correlation built upon previous recognition that the transmembrane AmpG permease,46,47

the transcriptional regulator AmpR,48,49 and the cytosolic protein AmpD,45 were all
required for AmpC β-lactamase induction in Citrobacter freundii and Enterobacter cloacae.
As mutants in the ampD gene gave semiconstitutive overproduction of AmpC β-
lactamase,50 while ampG ampD double mutants were non-inducible,47 it was thought that
AmpG must be a signal transducer or transporter that allows entry of a ligand that activates
the AmpR regulator in the absence of AmpD activity. The discovery that a DAP-labeled
muropeptide, anhMurNAc-tripeptide (8a), accumulated in the cytoplasm of ampD mutants
led to the conclusion that tripeptide 8a was the signal molecule, and that AmpD acted as a
negative regulator of AmpC β-lactamase expression by preventing accumulation of 8a.51

These seminal studies form the basis for our current understanding of the relationship
between cell-wall recycling and β-lactamase induction. Muropeptides 6, generated by the
lytic transglycosylase activity of cell-wall recycling, enter the cytoplasm through the AmpG
permease and are hydrolyzed by the glucosaminidase NagZ to give anhydromuramyl
peptides (8a–c). Under normal circumstances—in the absence of β-lactam antibiotics—
these anhydromuropeptides are hydrolyzed by the amidase AmpD and recycled through a
series of reactions into cell-wall precursors for reincorporation into the cell wall (Figure 2).
As described above, anhydromuropeptides (either 8a or 8c) were proposed51,52 as the
signaling molecules that bind to AmpR to induce AmpC β-lactamase production. When
UDP-MurNAc-pentapeptide (2) is bound to AmpR, AmpC expression is repressed. Thus,
regulation of AmpC depends on the relative concentrations of 8 and 2. In the presence of β-
lactam antibiotics, anhydromuropeptides accumulate and displace UDP-MurNAc-
pentapeptide (2) from the AmpR regulator. AmpC β-lactamase is expressed and exported to
the periplasm to confront and neutralize the β-lactam threat.
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Autolysins: peptidoglycan hydrolases and lytic transglycosylases
Cell-wall biosynthesis must be coordinated with cell-wall remodeling in a carefully
controlled manner, since any loss of cell-wall integrity could lead to lysis and death. Cell-
wall remodeling involves peptidoglycan (murein) hydrolases, enzymes that are also called
autolysins because they are potentially autolytic if their activity is uncontrolled.53

Autolysins include peptide-cleaving carboxypeptidases, endopeptidases (4→5, Figure 2),
and N-acetylmuramyl-L-alanine amidases (5→7), and glycan-cleaving lytic
transglycosylases (5→6). These enzymes are ubiquitous in bacteria and have important roles
in cell division and in creating space within the peptidoglycan polymer to accomodate
structures such as secretion systems, flagella, and pili.54

The peptide stem of peptidoglycan is hydrolyzed by a number of amidases, penicillin-
sensitive carboxypeptidases (i.e. low-molecular-mass PBPs), and penicillin-insensitive
carboxypeptidases and endopeptidases (Figure 4).53 Bacteria have several PBPs of each
subclass. Mutants lacking one or more PBPs often grow normally, although mutants lacking
multiple autolysins exhibit abnormal morphologies.55,56 Detailed reviews on the
peptidoglycan hydrolases and penicillin-binding proteins have been published.29,53,57

The glycan strand of the peptidoglycan is cleaved at the β-(1→4) glycosidic bond between
the MurNAc and GlcNAc residues by an important class of autolysins called lytic
transglycosylases (LTs). LTs catalyze a non-hydrolytic cyclization wherein the MurNAc
C6-hydroxyl adds to its anomeric carbon to form a 1,6-anhydrosaccharide (Figure 5),
cleaving the glycosidic bond.54 Bacteria typically encode multiple lytic transglycosylases.
Interactions between PBPs and LTs have been identified in E. coli58,59 and P. aeruginosa60

and it is thought these enzymes function cooperatively during cell wall biosynthesis.

Escherichia coli produces one soluble LT (Slt70) and six membrane-anchored LTs (MltA–
MltF) that are believed to bind to the inner leaflet of the outer membrane. Based on the
sequences of lytic transglycosylases from a wide variety of bacteria, LTs are divided into
four families.61 Family 1 is further divided into five subfamilies (1A–1E) and includes E.
coli Slt70 (1A), MltF (1B), MltC (1C), MltD (1D), and MltE (1E), with each having some
sequence similarity to goose-type lysozymes. Families 2 and 3 include the E. coli enzymes
MltA and MltB, respectively, and family 4 LTs are primarily endolysins of λ
bacteriophage.54 Pseudomonas aeruginosa produces at least seven LTs, including four
different family 3 enzymes (MltB, SltB1, SltB2, and SltB3), but unlike E. coli, P. aeruginosa
does not appear to encode family 1C or 1E LTs.62 Neisseria gonorrhoeae produces five LTs,
LtgA–LtgE, that have homology with E. coli enzymes, and most strains also produce LtgX
and AtlA, which are involved in type IV secretion.63 Multiple LT deletion preserves normal
growth and morphology, but overexpression leads to spheroplast formation or lysis. While
deletion of six of the LTs of E. coli gave a normal planktonic phenotype, deletion of all
seven failed to give a viable phenotype.56,64 Interestingly, certain deletion mutants were
more sensitive to β-lactam antibiotics (vide infra).65,66

Among the seven LTs of E. coli, most appear to be exolytic enzymes that release GlcNAc-
anhMurNAc-peptides 6 from the ends of glycan strands, but MltE shows endolytic activity
and seems to cleave only internal β-(1→4) glycosidic bonds.67,68 MltA is unlike the other
LTs in its ability to accept peptide-free glycan strands as substrates69 and MltB was the only
E. coli LT able to cleave the short synthetic peptidoglycan fragment 11 (Figure 5A).70 While
it is clear that most LTs have exolytic activity, the direction from which glycosidic cleavage
occurs is not established.
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Crystal structures of the E. coli LTs Slt70,71 MltA,72,73,74 Slt35 (a naturally-occurring
product of MltB),75,76,77 and MltE,68 have been solved and complexes of Slt70,71 MltA,74

and Slt3578 with peptidoglycan fragments are especially informative. X-ray crystal
structures of N. gonorrhoeae MltA73 and SltB1 of P. aeruginosa79 are described and an
NMR structure of the potential peptidoglycan-binding domain of MltD has been
determined.80

Despite differences in sequence and overall structure between families, each of the LTs
displays a prominent groove or cleft, which accommodates the glycan backbone of the
peptidoglycan polymer, and a single glutamic acid residue (Asp in MltA) positioned
between subsites +1 and −1. The Glu/Asp is protonated at physiological pH and acts as a
general acid in the first step of the reaction and as a general base in the second step of the
reaction (Figure 5B). The developing positive charge in the transition state (TS I) may be
stabilized by the neighboring amide, leading to a protonated oxazoline intermediate (13).
The glutamate/aspartate (now in a deprotonated state) activates the C6-OH for
intramolecular attack at the anomeric carbon, and this process is accompanied by a large
conformational change in which the anhydrosaccharide product has all of its substituents in
an axial orientation.

The notion that an oxazolinium species is encountered during the LT reaction is supported
by reports that thiazoline derivatives 14 and 15 are inhibitors of MltB (Figure 5C). NAG-
thiazoline (14) is a knownβ-hexosaminidase inhibitor that mimics the transition states (or
intermediates) that resemble TS I or 13. Although 14 had only weak affinity (KD = 1.4 mM)
for Pa-sMltB, a soluble form of P. aeruginosa MltB, it caused morphological changes in
treated cells.81 The simple thiazoline 15 had more potent activity than 14 against sMltB
(IC50 = 5 μM).82

Yamaguchi et al. reported a series of piperidine iminosaccharide as possible mimetics of the
oxocarbenium species generated in the course of the LT reaction.83 Iminosaccharides 16 and
17b showed moderate affinity toward E. coli MltB (Kd = 170 and 190 μM, respectively)
while 17a and 17c bound to MltB less tightly.

Bulgecin A (18), a GlcNAc-containing natural product, is a noncompetitive LT
inhibitor.65,84 X-ray structures of bulgecin A bound to Slt7071,85 and Slt3578 show that
bulgecin A binds to the −1 and −2 saccharide-binding subsites, with the hydroxymethyl
group of the pyrrolidine ring hydrogen-bonded to the catalytic Glu162 in the same way that
the substrate is proposed to interact (i.e. TS II). Bulgecin A reduced the MICs of β-lactams
against E. coli to the same level as accomplished by LT deletion mutants.65 Inhibition of
LTs therefore may represent an important strategy for extending the life of β-lactam
antibiotics.10,66 Alternatively, LT inhibitors may attenuate the pathogenesis of bacteria such
as Bordetella pertussis and N. gonorrhoeae, which release cytotoxic anhydromuropeptides
that cause inflammation.63,86 The mechanism by which LTs cleave peptidoglycan is distinct
from that of human lysozymes and glucosaminidases, and this difference also makes the LTs
attractive as targets.54

Muropeptide recovery and recycling in gram-negative organisms
As mentioned above, early studies of peptidoglycan recycling with E. coli mutants lacking
Opp, the permease required for DAP uptake, revealed that only 0–8% of their cell wall-
derived muropeptides were released to the medium per generation.44 Since the extent of
turnover was the same as that of the parent strain, it was clear that Opp had an
inconsequential role in recycling. Identification of the permease used for muropeptide
recycling focused on the AmpG membrane protein.39 AmpG was found essential for high-
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level AmpC β-lactamase induction in Enterobacter cloacae46 and Citrobacter freundii.47 A
central role for AmpG in cell-wall recycling was confirmed by the discovery that mutants
lacking ampG released up to 40% of their peptidoglycan per generation, in contrast to the
<10% turnover with AmpG functional.45 Since these results were reported in the early
1990s, AmpG was shown to be required for β-lactamase induction and for muropeptide
recycling in other Gram-negative organisms and mutations in AmpG affect muropeptide
turnover.63,87,88,89 P. aeruginosa carries two AmpG permease homologs, AmpG and AmpP
(also called AmpGh1).90 Both are required for maximum β-lactamase induction but AmpG
is the more important.91

A topological model indicates that AmpG contains ten transmembrane segments and two
large cytoplasmic loops.92 A study of the substrate specificity AmpG, using freeze-thawed
E. coli cells and 3H-labeled muropeptides, revealed that the GlcNAc–anhMurNAc
disaccharide substructure is a requirement for transport.93 Disaccharide GlcNAc-
anhMurNAc-peptides (8a–c) and the free disaccharide GlcNAc-anhMurNAc (9) were taken
up efficiently while tripeptide 7a, disaccharide GlcNAc-MurNAc-peptides, and the
monosaccharides anhMurNAc (10) and anhMurNAc-tripeptide (8a) were taken up poorly.
AmpG is thought to be a single-component permease and dependent on the proton motive
force because its activity was sensitive to carbonyl cyanide m-chlorophenyl hydrazone.93

Nearly all of the cell-wall fragments that are recycled pass through AmpG. Since
inactivation of AmpG fully restores β-lactam susceptibility in β-lactam-resistant strains of P.
aeruginosa,94 AmpG is an obvious target for the development of inhibitors of cell-wall
recycling.

Following internalization of the GlcNAc-anhMurNAc muropeptides (6a–c and 9) into the
cytoplasm through AmpG permease, the anhydrodisaccharides encounter NagZ, the first
cytoplasmic enzyme of the muropeptide recycling pathway. NagZ is an N-
acetylglucosaminidase that hydrolytically cleaves the β-(1→4) glycosidic bond of
anhydrodisaccharides 6 and 9 to generate GlcNAc and anhydrosaccharides 8 and 10 (Figure
6A).

An N-acetylglucosaminidase of E. coli was isolated by Yem and Wu in 1976 as a 36 kDa
cytoplasmic enzyme.95,96 The central role of this enzyme in cell-wall recycling and β-
lactamase induction was realized in mid-1990s with the discovery by Jacobs et al. that
anhMurNAc-tripeptide accumulates in the cytoplasm of ampD mutants.45 Since AmpG was
thought to act as a permease for the GlcNAc-anhMurNAc-tripeptide (6a) and the
anhMurNAc-tripeptide (8a) was an AmpD substrate, the participation of a cytosolic N-
acetylglucosaminidase was implicated for the removal of GlcNAc from 6a.97 Subsequent
studies confirmed that nagZ encodes a cytosolic enzyme, is active on GlcNAc-anhMurNAc-
containing muropeptides and is required for cell-wall recycling but not required for normal
cell growth.98,99 A nagZ deletion mutant totally lacked N-acetylglucosaminidase activity,
and GlcNAc-anhMurNAc disaccharides accumulated in the cytoplasm, indicating that NagZ
is the only N-acetylglucosaminidase expressed in E. coli.98 E. coli strains lacking nagZ
induced only about 25% as much β-lactamase (from a plasmid carrying the ampC-ampR
system of E. cloacae) compared to the control strain, and were more sensitive to β-lactam
antibiotics.99 Regarding substrate specificity, NagZ cleaves GlcNAc from
anhydromuropeptides (e.g. 6a and 9), and surprisingly also from GlcNAc-MurNAc-peptides
(e.g. 12) that NagZ would not normally encounter in the cytoplasm.83,98

The requirement of NagZ for AmpC β-lactamase induction and, more specifically, its role as
the enzyme that produces the anhMurNAc-peptide signal molecule(s), makes NagZ a key
target for inhibitor development. It was noted in early characterization studies of NagZ that
its activity was weakly inhibited by glucosamine, muramic acid, MurNAc, and bulgecin A,
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while GlcNAc (the reaction product) and N-acetylglucosaminolactone (19) exhibited more
potent inhibition (Figure 6B).95,99 More recent efforts to discover NagZ inhibitors have
involved the screening of known inhibitors of other glucosaminidases and Stubbs et al.
found moderate inhibition of Vibrio colerae NagZ (VcNagZ) by gluco-nagstatin (20) and
potent inhibition by oximes LOGNAc (21) and PUGNAc (22a).100 An X-ray crystal
structure of VcNagZ with 22a showed a large open pocket in NagZ that is notably different
than the analogous binding pocket of human glucosaminidases. A series of PUGNAc
analogues (e.g. 22b–22d) was prepared in order to exploit this structural difference and the
evaluation of these derivatives against VcNagZ (a family GH3 glucosaminidase) and human
β-hexosaminidase (family GH20) and O-GlcNAcase (family GH84) showed that selectivity
was achieved. While PUGNAc, the most potent compound of the series, is nonselective,
inhibitors 22c and 22d showed more than 100-fold selectivity toward NagZ over human
enzymes.100 Crystal structures of 22b and 22c bound to VcNagZ have also been
published.101

The structural differences in the binding pockets of NagZ and human (GH20 and GH84)
enzymes reflect differences in mechanism.101 While family GH3 enzymes (e.g. NagZ)
employ a double-displacement mechanism that involves a covalent enzyme-bound
intermediate (Figure 6A), the human glucosaminidases rely on substrate-assisted catalysis in
which the neighboring 2-acetamido group acts as a nucleophile to form an oxazolinium
intermediate. Accordingly, the binding pocket of the human enzymes is more restrictive than
that of NagZ in order to orient the acetamido group appropriately and promote its
participation.

Carbocyclic analogues of PUGNAc, 23 and 24, were explored as inhibitors of NagZ but
only modest activity was observed.102 The 1-acetamido analogue of 6-epi-valienamine, 25,
showed moderate inhibition of NagZ (Ki = 50 μM) but this compound was also active
against GH20 and GH84 enzymes.103 The azide-containing glucosamine fluoride derivative
26, which was prepared as an activity-based proteomics probe for the profiling of exo-
glycosidases, inactivated VcNagZ with a Ki value of 50 μM and kinact value of 0.74 s−1.104

Iminosaccharide 16, which showed only moderate affinity toward the lytic transglycosylase
MltB, was a potent competitive inhibitor of P. aeruginosa NagZ (Ki = 300 nM).83

Iminosaccharide analogues of MurNAc and MurNAc-peptides (17a–17c) were less potent
(Ki = 51, 35, and 33 μM, respectively).

Inactivation of NagZ (by 22d) not only attenuated inducible AmpC-mediated β-lactam
resistance in P. aeruginosa,105 but its inhibition (by 22a) restored wild-type MICs for β-
lactams against strains of P. aeruginosa with ampD and dacB (PBP4) mutations.106 As an
important benefit, NagZ inhibition reduced the ability of P. aeruginosa to develop
ceftazidime resistance.106 Together, these studies support NagZ as an attractive target for
inhibitors of cell wall recycling.

The pool of anhydromuropeptides generated by NagZ is controlled by the amidase AmpD.
As mentioned above, the relative concentrations of anhMurNAc-peptides (8a and 8c) and
UDP-MurNAc-pentapeptide (2) are critical for the regulation of AmpC β-lactamase, and
AmpD therefore occupies an important position at the crossroads of peptidoglycan recycling
and antibiotic resistance. An important role for AmpD in resistance was recognized in the
late 1980s, when semi-constitutive expression of AmpC in C. freundii and E. cloacae
resulted from ampD mutation.50 Its essential role in peptidoglycan recycling was discovered
when ampD mutants were found to accumulate anhMurNAc-tripeptide (8a).45 AmpD is a
cytoplasmic zinc-dependent amidase that cleaves anhydromuropeptides between the D-
lactate moiety and L-alanine residue (Figure 7). AmpD was highly selective for
anhydromuropeptides and hydrolyzed UDP-MurNAc-pentapeptide (2) at least 10,000-fold
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more slowly than anhMurNAc-tripeptide (8a).97 This selectivity ensures that AmpD
participates in muropeptide recycling without degrading peptidoglycan precursors. Detailed
studies with synthetic muropeptides show that anhMurNAc-peptides 8a and 8c are
hydrolyzed much more efficiently than GlcNAc-anhMurNAc-peptide 6c.107,108

An NMR structure of AmpD from C. freundii, reported in 2003, revealed similarities
between AmpD and bacteriophage T7 lysozyme and domains of eukaryotic peptidoglycan-
recognizing proteins (PGRPs).109 Recent X-ray crystal structures of the C. freundii AmpD,
however, show that the solid-state conformation of AmpD is very different from that of the
NMR structure, with domain motions as high as 17 Å.110 In addition to structures of the
apoenzyme (without zinc) and the holoenzyme (with its zinc cofactor), crystals of AmpD
that were soaked with a substrate, anhMurNAc-tripeptide (8a), gave a structure with the
bound reaction products (6a and 7a: PDB code 2y2b). Since the crystals of AmpD showed
catalytic activity, the solid-state conformation was proposed to be the active conformation
while the NMR solution structure, which has a ‘closed’ conformation, is an inactive form.110

This large conformational change may serve to prevent adventitious proteolytic degradation
within the cytoplasm.110 The interconversion between the closed (NMR) and open (X-ray)
conformations was proposed as an activation mechanism for this cytosolic protein.110

In addition to AmpD, five other zinc-dependent enzymes with N-acetylmuramyl-L-alanine
amidase activity were identified in E. coli: AmiA, AmiB, AmiC, AmiD, and a partially-
characterized 39-kDa amidase.53 AmiA–C are periplasmic amidases involved in cell
division and separation.111,112,113 Mutants lacking one of these amidases grew normally but
multiple deletions caused cell separation defects. AmiA, AmiB, and AmiC amidases have
narrow substrate specificities and are only active on isolated peptidoglycan. AmiD, on the
other hand, has a broader substrate scope and acts on the purified sacculus, low-molecular-
weight muropeptides, and both MurNAc-peptides and anhydromuropeptides.114 Unlike
AmiA–AmiC, AmiD is anchored to the periplasmic face of the outer membrane and does
not participate in cell separation.114 Crystal structures of AmiD complexed with the
anhMurNAc-L-Ala-γ-D-Glu-L-Lys substrate and with the tripeptide reaction product were
solved.115

In recent studies of AmpC hyperproduction in clinical strains of P. aeruginosa, Juan et al.
discovered that the level of AmpC derepression could not be fully attributed to mutations in
ampD only.116 Mutations were detected in the region of ampE, which encodes a cytoplasmic
membrane protein, but the role of ampE remains unknown. It was later found that P.
aeruginosa expresses three AmpD homologs—AmpD (also called AmpD1), AmpDh2, and
AmpDh3—and that these three homologs are responsible for stepwise upregulation of
AmpC expression.117 AmpDh2 and AmpDh3 show 50% and 47% similarity to E. coli
AmiD, respectively, and they are also annotated to be periplasmic.118,119 Single mutations
(e.g. ΔD) and double mutants (e.g. ΔDDh3) gave progressively higher-level (derepressed)
inducible expression and the triple mutant (ΔDDh2Dh3) showed fully derepressed, non-
inducible expression (>1000-fold vs wild-type). This stepwise upregulation mechanism is
advantageous because there is a fitness cost for constitutive AmpC production and high-
level β-lactam resistance can be achieved with only partial derepression of ampC.120 The
clinical relevance of this model is still unclear, however. It is possible that additional
unknown factors contribute to the complex AmpC regulation mechanisms in P.
aeruginosa.121

Following the processing of anhydromuropeptides (8) by AmpD, the anhMurNAc product
(10) is recycled and converted to glucosamine-6-phosphate (GlcN-6-P) by the action of
AnmK kinase, MurQ etherase, and NagA deacetylase (Figure 2). Anhydro-N-acetylmuramic
acid kinase (AnmK) was identified in 2005 by Uehara et al. and X-ray crystal structures of
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anhMurNAc (10) and ADP bound to AnmK were published recently.122,123 Superimposition
of these structures indicates that the terminal phosphorus atom of ATP and the C6-oxygen
atom of anhMurNAc (10) lie in close proximity to each other within the active site. This
model suggests that the Mg(II)- and ATP-dependent AnmK-catalyzed hydrolysis and
phosphorylation occurs in a single step.123 murQ was identified as a gene required for the
growth of E. coli on N-acetylmuramic acid as the only carbon source,124 and MurQ was
confirmed to be the hypothetical MurNAc-6-phosphate etherase that had been predicted
previously.122,125,126 D-Lactate is released during the MurQ reaction,124 and studies
with 18O-labeled water and 2H-labeled MurNAc-6-P indicate that the elimination of D-Lac
is followed by hydration to give the GlcNAc-6-P product.127 The next step in the recycling
process involves N-acetylglucosamine-6-phosphate deacetylase (NagA), an essential
enzyme for the recycling of GlcNAc and anhMurNAc.39 Following deacetylation by NagA,
glucosamine-6-phosphate can be converted to fructose-6-phosphate by NagB deaminase or
isomerized to GlcN-1-P by GlmM (Figure 2).15

The hydrolysis of anhydromuropeptides 8a–c by AmpD releases the free tripeptide 7a, the
free pentapeptide 7c, and to a lesser extent tetrapeptide 7b. Tetrapeptides 6b, 7b, and 8b do
not accumulate in the cytoplasm because of the activity of the L,D-carboxypeptidase LdcA,
a D-Ala-releasing enzyme that is essential for normal cell growth.128 Deletion mutants of
ldcA in E. coli lyse in the stationary phase of growth. Since the UDP-MurNAc-tetrapeptide
accumulated in the mutant, it is thought that tetrapeptides were incorporated into the cell
wall and lysis resulted from an inability to cross-link the peptide stems.

The major pathway for the recycling of peptides generated by AmpD (7a and 7c) involves
their direct use by the murein peptide ligase (Mpl) to generate peptidoglycan precursors.39

For example, Mpl catalyzes the ligation of UDP-MurNAc with tripeptide 7c to produce the
UDP-MurNAc-tripeptide, which is coupled with D-Ala-D-Ala by MurF to generate the
UDP-MurNAc-pentapeptide (2).129 However, Mpl is known to accept the tri-, tetra-, and
pentapeptides 7a, 7b, and 7c equally well and the ligation with 7c produces 2 directly.130 A
crystal structure of Mpl was solved recently.131 A minor pathway for recycling of the
tripeptide 7c involves its breakdown into the individual amino acids by the sequential action
of MpaA, YcjG, and PepD. MpaA amidase cleaves the γ-D-Glu–m-DAP bond of 7c to
generate L-Ala-γ-D-Glu and m-DAP. The L-alanyl-γ-D/L-glutamate isomerase YcjG
produces L-Ala-γ-L-Glu, which can be cleaved by the dipeptidase PepD.

AmpR and the induction of AmpC β-lactamase in Gram-negative organisms
In many Gram-negative organisms, such as P. aeruginosa, N. gonorrhoeae, E. cloacae, and
C. freundii, but not E. coli (which lacks ampR and expresses AmpC β-lactamase
constitutively), exposure to β-lactam antibiotics induces high-level AmpC β-lactamase
production. Several genes (including ampG, nagZ, ampD, and ampR) are required for
inducibility, and the link between peptidoglycan recycling and β-lactamase induction is now
well established. In studies of β-lactamase induction with ampD mutants, Jacobs et al. found
that the anhMurNAc-tripeptide (8a) accumulated in the cytoplasm and concluded that the
anhydromuropeptide 8a was the signal molecule (effector) that binds to the transcriptional
regulator AmpR and permits AmpC production.45,51 However, Dietz et al. have argued that
the anhMurNAc-pentapeptide (8c) is more likely to be the signal molecule, since 8c
accumulated in β-lactam-treated ampD-lacking mutants of E. coli.52 The enhancement of β-
lactam resistance in P. aeruginosa caused by the inactivation of PBP4, a noncritical
carboxypeptidase encoded by dacB, seems to implicate the pentapeptide 8c as a more likely
candidate, but the identity of the true signal molecule(s) has not yet been determined
unequivocally.132,133 The tetrapeptide 8b is unlikely to be the signal molecule because it is
known that tetrapeptides do not accumulate in the cytoplasm. Park and Uehara also suggest
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that the free pentapeptide 7c may be an effector of AmpR.39 The anhydromuropeptide
effector molecules (8a, 8c, or 7c) are thought to compete for binding to AmpR with UDP-
MurNAc-pentapeptide (2), a cell-wall precursor that acts as a corepressor with AmpR to
repress β-lactamase expression in the absence of β-lactam antibiotics.51,134 Lipid II has also
been proposed as a possible repressor of AmpR.39

The ampR and ampC genes form a divergent operon with overlapping promoters, and
AmpR regulates the transcription of both genes.49 AmpR in P. aeruginosa also regulates
genes for virulence factors.135 Mutations in ampR may lead to constitutive hyperexpression
of AmpC, but ampR mutations are relatively rare compared to mutations in ampD.116

AmpR is a 32-kDa protein that belongs to a large family of LysR-type transcriptional
regulators (LTTR) and has a C-terminal effector-binding domain (EBD) and an N-terminal
DNA-binding domain. By analogy with other LTTR proteins, it has long been thought that
the binding of the effector ligand to the EBD of AmpD leads to conformational changes in
the protein that alter its affinity for the DNA, and in turn convert AmpD from a repressor
into a transcriptional activator.47 A model for the binding of the anhMurNAc-pentapeptide
(8c) to AmpR, based on crystal structures of the effector-binding domain, has been proposed
recently.136 The EBD of AmpR, which is dimeric in the crystal structure, has two
subdomains. The effector molecule is thought to bind in a pocket between the two
subdomains. Aminoacid substitutions (Thr103Val, Ser221Ala, and Tyr264Phe) at the base
of the interdomain pocket eliminate the ability of AmpR to induce ampC while the
Gly102Glu mutant is unable to repress AmpC production. Previous proposals that a
conformational change is necessary for AmpR derepression are supported by circular
dichroism experiments. These indicate that wild-type AmpR and the Thr103Val, Ser221Ala,
and Tyr264Phe mutants favor one conformation while the Gly102Glu mutant favors another
conformation.136 The structural insights provided by these AmpR crystal structures may
enable the design of small molecules that could block the binding of the anhMurNAc-
peptides (8a or 8c) to AmpR or at least prevent the conformational change necessary for the
activation of ampC transcription.10

Peptidoglycan recycling and turnover in Gram-positive bacteria
In all key aspects the pathways and purposes of peptidoglycan recycling are less well
understood in Gram-positive compared to Gram-negative bacteria. Nonetheless, in those
Gram-positive species where the possibility of cell-wall turnover was examined (including
Bacillus, Lactobacillus, and Listeria species; and Staphylococcus aureus), robust turnover
during vegetative growth was observed.137 Nonetheless, the possibility that robust turnover
would correlate to robust recycling by these Gram-positive species is recent.138 The basis
for the initial uncertainty concerning this correlation followed from the contrasting character
of the Gram-positive and Gram-negative cell walls. The Gram-positive cell wall comprises
an exoskeleton, and is significantly more massive than that of the Gram-negative bacterium.
Moreover, the inside-to-outside model for peptidoglycan synthesis gives a presumptive
requirement for autolysin-dependent “relaxation” of the outermost cell wall, so as to enable
circumferential expansion.139,140 These characteristics, coupled with the observation of
significant quantities of cell-wall fragments in the medium of Gram-positive cultures,141 led
to the assumption that cell-wall recycling by the Gram-positive bacterium was not
consequential. This presumption is now called into question, both by direct experimental
studies on cell-wall recycling by Gram-positives undertaken recently by Mayer and
colleagues, and by an emerging understanding of a common purpose—in both Gram-
negatives and Gram-positives—for cell-wall recycling as a means of controlling resistance
and virulence responses.
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A key experiment supporting the presence of pathways for Gram-positive peptidoglycan
recycling was the identification by Litzinger et al. in B. subtilis of a six gene-cluster
(original annotation ybbIHFEDC) wherein the first five gene products were orthologs of the
E. coli recycling proteins murQ (etherase), murR (transcriptional repressor), murP (MurNAc
phosphotransferase), amiE (an N-acetylmuramyl-L-alanine-specific amidase) and nagZ
(glucosaminidase).142 The function of the protein encoded by the sixth gene ybbC is
unknown. Mutation of ybbI (Bs murQ) and ybbF (Bs murP) impaired growth of B. subtilis
on MurNAc, while mutation of ybbD (Bs nagZ) resulted in the accumulation in the spent
medium of muropeptides having a structure consistent with the proven enzymatic activity of
E. coli NagZ. Functional and structural confirmation (by high-resolution crystallography) of
the B. subtilis ybbD gene product as a NagZ glucosaminidase was obtained.143 B. subtilis
NagZ enzyme is secreted under signal peptide control during both exponential and
stationary growth resulting in non-covalent attachment (as evidenced by its liberation by
either salt or lysozyme) to the peptidoglycan.142 Its catalytic motif is an unusual His-Asp
dyad. Its possible role within a functional B. subtilis peptidoglycan recycling system is
shown in Figure 8.138,143

This formulation is not, however, general. Whereas orthologs of the B. subtilis nagZ gene
are found in other representative Gram-positive bacteria (including those of cytoplasmic
enzymes of Clostridium acetobutylicum and Streptomyces avermitilis, and as a secreted
enzyme of Lactococcus lactis), orthologs are not found in other bacteria (Bacillus cereus,
Enterococcus faecalis, and Staphylococcus aureus).138 An initial evaluation of the
contrasting features of the B. subtilis and C. acetobutylicum recycling systems (NagZ
secreted in the former, but cytoplasmic in the latter) was undertaken by Reith et al.144,145 In
addition to encoding a NagZ ortholog, the C. acetobutylicum genome also encodes orthologs
of AmiE and MurQ as cytoplasmic enzymes, and of the MurP and MurR proteins. These
genes strongly suggest the presence of a muropeptide recovery system that is similar, other
than the cytoplasmic location for each of these identified component proteins, to the system
present in B. subtilis. A key difference is the mechanism for muropeptide entry to the
cytoplasm. Additional protein components that are inferred as part of the recycling system
are cytoplasmic MurK kinase, catalyzing ATP-dependent 6′-phosphorylation of GlcNAc
and MurNAc, and a GlmA glucosamine and glucosamine-containing muropeptide N-acetyl
transferase.144,145 B. subtilis and E. coli encode dipeptide epimerases, catalyzing the
formation of D-Ala and D-Glu dipeptides, and presumptively involved in peptidoglycan
recycling.146 An orthologous gene corresponding to the AmpG permease is not found in
Gram-positives, suggesting that lytic transglycosylase liberation of anhydromuropeptides is
unimportant to recycling, and by inference is also unimportant as a Gram-positive virulence
mechanism.138 In contrast, lytic transglycosylases have essential roles during the extensive
peptidoglycan remodeling that occurs during Bacillus spore germination147,148,149,150 and in
S. aureus septation.151,152 These studies do not suggest, however, the pathway used for
muropeptide recycling by S. aureus.

S. aureus coordinates autolysin expression (for the purpose of muropeptide turnover) with
expression of its other virulence mechanisms, as a probable event in its commensal to
pathogen transition.153,154 While this observation alone does not implicate a requirement for
peptidoglycan recycling, S. aureus uses other mechanisms to suppress a premature
peptidoglycan-dependent immune response during infection.155,156,157 Peptidoglycan
recycling, by minimizing extracellular peptidoglycan, would abet these mechanisms. Two
further observations more directly implicate peptidoglycan recovery (if not recycling) by S.
aureus. A particular nosocomial methicillin-resistant S. aureus (MRSA) strain found in
Japan requires the presence of β-lactam antibiotics in order to secure vancomycin
resistance.158 While the origin of the strain is easily rationalized as a consequence of the
extensive use combined β-lactam-vancomycin chemotherapy for MRSA infection, the
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requirement that one cell-wall targeting antibiotic be present—this MRSA strain suppresses
β-lactamase expression to this purpose159—to withstand a second cell-wall targeting
antibiotic is seemingly paradoxical. Moreover, the role of the β-lactam is indirect: addition
of a β-lactam antibiotic to a culture of this strain results in release of muropeptides into the
medium. A particular structural class of these muropeptides replicates the ability of the β-
lactam to induce vancomycin resistance.160 Vancomycin resistance is presumed to arise as a
consequence of biosynthesis of a cell wall exhibiting enhanced, non-productive vancomycin
affinity similar to what is observed in other vancomycin-resistant S. aureus strains.161 The
signaling mechanism is conjectured to initially involve β-lactam-dependent inactivation of a
PBP, resulting in the appearance in the medium of particular muropeptide structures
reflecting the loss of PBP activity. The resulting muropeptides would then be transported
into the S. aureus cell to function as a signal for enhanced cell-wall synthesis to result in
vancomycin resistance.160

A second observation—one that also involves manifestation of resistance—likewise
implicates the presence of specific mechanism(s) for peptidoglycan recovery by S. aureus.
Two mechanisms are used by S. aureus to secure resistance against the β-lactam antibiotics:
inducible expression of β-lactamase activity, and inducible expression of a β-lactam-
resistant, PBP2a transpeptidase giving the MRSA phenotype. The two mechanisms share
remarkable similarities, coincidence, and complexity.162 Of the two induction mechanisms,
the β-lactamase pathway is the experimentally more tractable and is relevant to both, as its
key components suffice for successful PBP2a induction.163 A central component of these
induction pathways is the constitutive (but very low copy) expression of the sensor protein,
BlaR1, having in addition to the exposed domain a transmembrane segment and a
cytoplasmic domain. The key events of the mechanism by which the cell surface domain of
BlaR1—acting as a sensor and signal transducer protein for β-lactam resistance) initiates β-
lactamase expression are understood. Moreover, this emerging understanding now places
BlaR1 (and the homologous sensor/signal transducer that may substitute for BlaR1 in PBP2a
induction in MRSA, MecR1) as pivotal not simply to β-lactam resistance expression, but to
cell-wall recycling.

The initiating event in BlaR1 signal transduction is irreversible acylation of an active-site
serine of its cell surfaced-exposed sensor domain.164,165 Activation of the serine uses an
active-site lysine-derived carbamate functional group,164,166 in a mechanism that parallels
directly the acylation mechanism used by the Class D “OXA” β-
lactamases.167,168,169,170,171,172,173 The structural consequence of serine acylation by β-
lactam antibiotics on the sensor domain has been studied extensively, with particular focus
on the temporal relationship of acylation, lysine decarboxylation (which renders the
acylation irreversible),174,175,176 signal transduction through the transmembrane domains to
the L3 cytoplasmic loop,177 activation of the L3 loop as a metalloprotease, and recovery
from the mobilization.178 In both Bacillus licheniformis179 and S. aureus,180 an immediate
consequence of BlaR1 sensor domain acylation and transmembrane signal transduction is
the autoproteolytic activation of the L3 loop of the BlaR1 protein as a zinc metalloprotease.
The ultimate consequence of this proteolytic activation is release from the DNA of the BlaI
(MecI) repressor protein so as to derepress β-lactamase (PBP2a) expression. Figure 9
summarizes these events, using for illustration a generic penicillin structure for the β-lactam
involved in the initial serine acylation reaction.

Identification of a point of union between BlaI dissociation (Figure 9) and cell-wall
recycling (Figure 8) in B. licheniformis was made recently by Amoroso et al.181 These
authors show that a cell wall-derived dipeptide fragment, γ-D-Glu-m-DAP (7d), controls
the release of the BlaI (MecI) repressor from DNA. Use of a peptidoglycan fragment to
control resistance expression in this Gram-positive bacterium through repressor protein
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binding conceptually parallels what is seen for AmpC β-lactamase expression system of
Gram-negative bacteria. While a pathway leading to γ-D-Glu-m-DAP formation is
conjectured easily (Figure 8), the relationship within the pathway to the activation of the
BlaR1 L3 loop as a protease, is not. The outstanding question is the identity of the substrate
for this new proteolytic activity. Amoroso et al.181 suggest as this substrate the tripeptide L-
Ala-γ-D-Glu-m-DAP, with the L3 loop acting as an L-Ala aminopeptidase to generate the
γ-D-Glu-m-DAP dipeptide used to derepress β-lactamase expression through its binding to
BlaI (Figure 8).

The relevance of such a mechanism to induction of the β-lactamase in S. aureus through its
BlaR1/BlaI system, and PBP2a in MRSA through its MecR/MecI system, is uncertain. In
contrast to B. licheniformis, proteolytic degradation of the released BlaI and MecI proteins
sustains the resistance responses.182 The cleavage site is such that prior BlaI (MecI)
dissociation from the DNA is necessary.183 Direct evidence supporting BlaI as a substrate
for the activated L3 loop protease of S. aureus BlaR1 is in hand.184 As the BlaI proteins of
S. aureus and B. licheniformis are highly homologous,183 a reasonable assumption for
experimental design is that release of S. aureus BlaI from its DNA correlates to the
composition of the cytoplasmic pool of muropeptides in S. aureus. The structure of the
relevant muropeptide, and its relationship to cell-wall recycling, are not known.

This summary greatly oversimplifies what is known concerning the regulation of these
Gram-positive resistance responses. While the possible pathways for cell-wall recycling in
B. licheniformis and S. aureus clearly likely have key points of contrast with each other, and
moreover with that of B. subtilis, the identification181 of γ-D-Glu-m-DAP as a pivotal entity
controlling β-lactamase expression in B. licheniformis is a fundamental advance in our
evolving appreciation of the possible relationships in Gram-positive bacteria between
resistance and cell-wall recycling.

Conclusions
The structural uniqueness of the bacterial cell wall is complemented by the extraordinary
small molecule structures perfected by Nature to recognize both this polymer and the
enzymes involved in its maintenance. As mankind continues to exploit these small
molecules as antibiotics, and as there is an increasing prevalence of life-threatening
infections caused by bacteria with resistance mechanisms to these same antibiotics, new
strategies for overcoming antibiotic resistance are required. For cell-wall-targeting
antibiotics, the emerging connection between cell-wall recycling and the expression of
antibacterial resistance enzymes represents a promising opportunity. Bacteria succumb to an
antibiotic only after the myriad pathways that bacteria have to detect and respond to the
presence of the antibiotic are compromised. Especially for the β-lactam antibiotics—now
and for the foreseeable a mainstay of antibacterial chemotherapy—understanding the
relationship between cell-wall recycling and resistance has great potential for the
preservation of their value as antibiotics.
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Figure 1.
Simple representations of cell-wall biosynthesis, recycling, and turnover in Gram-negative
and Gram-positive bacteria. The biosynthesis of all precursors for the peptidoglycan occurs
in the bacterial cytoplasm. The final intermediate, Lipid II, is translocated into the periplasm
for de novo peptidoglycan polymer synthesis as catalyzed by the bifunctional penicillin-
binding protein enzymes (PBPs). Remodeling of the peptidoglycan polymer occurs during
both growth and septation, liberating peptidoglycan fragments called muropeptides.
Peptidoglycan cell wall recycling refers to the recovery and removal of these muropeptides
to the cytoplasm, for integration into the biosynthesis of the peptidoglycan precursors.
Peptidoglycan cell wall turnover refers to the loss of muropeptides from the bacterium to its
media. Muropeptides lost to turnover may re-enter the periplasm for recycling.
Notwithstanding the clear distinction between recycling and turnover, within the literature
the two terms often are used interchangeably. In this review we preserve the distinction.
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Figure 2.
Summary of selected steps in cell-wall biosynthesis (left-hand side) and recycling
(periplasm) in Gram-negative bacteria and regulation of β-lactamase (AmpC) production by
cell-wall precursors (2) and anhydromuropeptide fragments (8). While the individual
enzymes of the recycling pathways are most often isolated from E. coli, this organism does
not possess a complete AmpC β-lactamase induction system. Studies of β-lactamase
induction in E. coli use plasmids with ampC and ampR genes from an inducible bacterial
strain.
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Figure 3.
Examples of peptidoglycan structural modifications.26
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Figure 4.
Hydrolytic cleavage sites in E. coli peptidoglycan for periplasmic carboxypeptidases and
endopeptidases.14,53
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Figure 5.
Lytic transglycosylase (LT) reactivities toward the peptidoglycan. (A) Cleavage of a
synthetic peptidoglycan fragment by MltB of E. coli with formation of anhydromuropeptide
6d.70 (B) Mechanism proposed for the LT reaction.54 (C) Inhibitors of LTs.
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Figure 6.
Muropeptide cleavage by the N-acetylglucosaminidase NagZ. (A) The double-displacement
mechanism for the NagZ-catalyzed hydrolysis of GlcNAc-MurNAc disaccharides.101 (B)
NagZ inhibitors.
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Figure 7.
anhMurNAc-peptide substrates for AmpD and MurNAc-peptide non-substrates.107,108
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Figure 8.
Summary of selected steps in cell-wall biosynthesis and recycling in the Gram-positive
organism Bacillus subtilis incorporating mechanistic features proposed by Amoroso et al.181

for BlaI inactivation in Bacillus licheniformis (green arrows) by the dipeptide γ-D-Glu-m-
DAP (m-DAP = meso-1,6-diaminopimelate).
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Figure 9.
The bla system of S. aureus and B. licheniformis and the mec system of methicillin-resistant
S. aureus.
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