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Abstract

The importance of the cell wall to the viability of the bacterium is underscored by the breadth of 

antibiotic structures that act by blocking key enzymes that are tasked with cell-wall creation, 

preservation, and regulation. The interplay between cell-wall integrity, and the summoning forth of 

resistance mechanisms to deactivate cell-wall-targeting antibiotics, involves exquisite orchestration 

among cell-wall synthesis and remodeling and the detection of and response to the antibiotics 

through modulation of gene regulation by specific effectors. Given the profound importance of 

antibiotics to the practice of medicine, the assertion that understanding this interplay is among the 

most fundamentally important questions in bacterial physiology is credible. The enigmatic 

regulation of the expression of the AmpC β-lactamase, a clinically significant and highly regulated 

resistance response of certain Gram-negative bacteria to the β-lactama antibiotics, is the exemplar 

of this challenge. This review gives a current perspective to this compelling, and still not fully 

solved, 35-year enigma.
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1. INTRODUCTION

Bacteria are unicellular microorganisms that reproduce by cell division without compromise 

of their internal osmotic cell pressure, as a consequence of their exquisite capability to 

maintain the structural integrity of their cell envelope throughout the processes of cell 

growth and cell division. An important contributing entity to their structural integrity is their 

“cell wall”. The bacterial cell wall is a polymeric single molecule that encases the bacterium. 

Its polymeric structure comprises glycan strands covalently linked to each other (in a 

perpendicular fashion with respect to the length of the glycan strands) by an interconnecting 

peptide stem attached to an alternating saccharide of the glycan strands. This alternating 

saccharide takes the form of an N-acetylglucosamine (GlcNAc, NAG) and N-acetylmuramic 

acid (MurNAc, NAM) connected by a β-1,4-glycosidic bond. A peptide stem projects from 

the lactyl ether moiety of the MurNAc saccharide. In Gram-negative bacteria the full-length 

stem structure is the pentapeptide L-Ala-γ-D-Glu-meso-diaminopimelate-D-Ala-D-Ala (lysine 

replaces the diaminopimelate in many Gram-positive cell walls). For these structural reasons 

the chemical character of the bacterial cell wall is described as that of a peptidoglycan (PG). 

A curious feature of the biosynthetic processes that lead to the mature cell wall (and 

especially for the most pathogenic Gram-negative bacteria) is that substantial portions of the 

PG of the old cell wall are excised, degraded, and recycled concurrently with the 

incorporation of new PG during bacterial duplication (Figure 1).1 The reason for this 

requirement is not known. The customary thought is that the existing peptidoglycan polymer 
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is a template for the insertion of new peptidoglycan into the polymer.2 The cell envelope of 

Gram-negative bacteria is demarcated by their two cell membranes, with the polymeric cell 

wall located between them. The PG precursors of the cell wall are biosynthesized in the 

bacterial cytoplasm (whether de novo or from recycled old PG), while the PG itself is 

assembled, remodeled, and degraded in the space between the two membranes (termed the 

periplasm). A requirement for pathways (and proteins) that coordinate precursor ingress to 

the cytoplasm through the inner membrane, for the coordinated assembly in the periplasm of 

the PG, and egress of degraded PG from the periplasm to the cytoplasm for precursor (re-) 

assembly, is evident. Only in the past decade has an initial understanding been achieved as to 

the identities of the proteins and enzymes that contribute to the ingress, assembly, and egress 

aspects of cell-wall assembly. A yet additional layer of complexity is presented by the rod-

shaped Gram-negative bacteria. In these bacteria, the PG of the cell wall that comprises the 

length of the bacterium is distinct from the PG of the septal cell wall. The septal wall PG is 

made and then is split so as to create the new poles of the parent bacterium and the daughter 

bacterium. Accordingly, two different multiprotein assemblies for these events are required. 

Neither the breadth of the macromolecular composition, assembly, and coordinated motion 

with the cytoskeletal components of cell-wall synthesis, nor the exact circumstance of the 

transition from sidewall cell-wall synthesis to septal cell-wall synthesis, is fully known.3

With respect to virtually all measures, the bacteria defy generalization. Exceptions are made 

in that they are unicellular, and by recognition that most phyla of the bacteria divide between 

bacteria that are encased by a cell envelope having either a single membrane (the monoderm 

bacteria) or two membranes (the diderm bacteria).6 The envelope structure surrounding the 

cytoplasm of the former is thus a single membrane in contact with the cytoplasm, followed 

(moving outward) by a thin interstitial space to accommodate the enzymes of cell-wall 

biosynthesis and culminating with the cell wall itself as a multilayer peptidoglycan (that is, 

composed of glycan strands interconnected through peptide stems) polymeric exoskeleton. 

The envelope structure of the latter bacteria is that of a cytoplasmic membrane, followed by 

a wider interstitial space (the periplasm), and culminating with a second exterior membrane. 

The cell wall of these bacteria is a thinner peptidoglycan polymer, located within the 

periplasm. Because of the very different character of the two cell surfaces (in the former, the 

peptidoglycan; in the latter, an outer leaflet composed of a specific glycolipid, called the 

lipopolysaccharide), the observation was made by Gram in the late 19th century that cationic 

dyes adhered more tightly to the surface of the monoderm bacteria (hence, Gram-positive) 

than to the diderm bacteria (Gram-negative).7–9 Numerous species of both the Gram-positive 

and the Gram-negative bacteria are human pathogens, and numerous antibiotics act to 

control bacterial infection through mechanisms that compromise the cell-envelope structure.

The β-lactam antibiotics interfere with cell-wall biosynthesis. Their properties of selectively 

disrupting the bacterial cell wall without concurrent interference with any pathway of the 

eukaryotic cell is the basis for their extraordinary clinical efficacy and safety in the control 

of bacterial infection. The β-lactam antibiotic family encompasses the penicillin, 

cephalosporin, cephamycin, carbapenem, and monobactam subfamilies. Each structure 

within these subfamilies possesses an azetidin-2-one (β-lactam) cyclic amide core structure, 

which is engaged so as to inactivate critical members of an exclusively bacterial enzyme 

family, the penicillin-binding proteins (PBPs). Bacteria have several PBP enzymes.10–13 
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Although not all of these PBPs are essential, a subset is critical to the survival of the 

bacterium. In cell-wall biosynthesis, the PBPs ordinarily recognize the acyl-D-alanine-D-

alanine and acyclic dipeptide motif, unusual in that the stereochemistry of the α-carbon of 

both alanines is R, and not the customary S stereochemistry of an L-amino acid, to give a D-

alanyl acyl-enzyme (with departure of the distal D-alanine as the leaving group). These 

acylenzymes (depending on the PBP) are used efficiently for cell-wall synthesis in either a 

transpeptidase cross-linking reaction that is critical to the creation of the cell-wall polymer 

or in a carboxypeptidase reaction that is critical to the control of the extent of the cross-

linking reaction. As the cyclic amide of the β-lactam antibiotic mimics exceptionally well 

the acyclic amide of the acyl-D-alanine-D-alanine substructure (Figure 2), the β-lactam 

efficiently acylates an active-site serine of the PBP enzymes. In contrast to the transient 

nature of D-alanyl-derived acyl-enzyme, the β-lactam-derived acyl-enzyme is stable. Neither 

the PBP that is a transpeptidase, nor the PBP that is a carboxypeptidase, is able to complete 

turnover once modified by the antibiotic. These PBPs persist, in a covalently inactivated 

state, as acyl-enzymes in association with the β-lactam antibiotic (Scheme 1). If for a 

particular bacterial pathogen the correct β-lactam structure is used therapeutically, so as to 

match well to the active site of an essential PBP, the loss of the catalytic activity of that PBP 

will culminate in the collapse of the integrity of the bacterial cell wall, as manifested by a 

bactericidal cell lysis. Notwithstanding the decades during which the β-lactams have been 

used to control bacterial infection, the precise sequence of events between the loss of the 

catalytic ability of an essential PBP, and the lytic event, remain largely unknown.

In recent decades, these bacteria have not idly succumbed to β-lactam chemotherapy. Each 

therapeutic intervention with a β-lactam is a learning experience for bacteria, and as a 

consequence, these same decades have witnessed an inexorable increase in bacterial 

resistance not only to the β-lactam antibiotics but also to all other antibiotics available 

clinically as well. Given the predominance of the β-lactams in modern chemotherapy, the 

loss of the β-lactams due to resistance would be devastating to human and animal health. 

The principal mechanisms used by bacteria to resist the antibiotic action are known. First, 

bacteria discriminate against β-lactam entry into their periplasm, where the PBPs are found, 

by deleting the specific porin protein used by the β-lactam for entry to the periplasm. If by 

fate the antibiotic reaches the periplasm, the site of its biological target, it must evade 

deportation from the cell by extremely effective multidrug efflux pumps.14 Even more, and 

especially in Gram-positive bacteria, the PBP is mutated to evade inhibition by the β-lactam, 

or an intrinsically resistant PBP is acquired to replace the activity of the one lost to the β-

lactam. This resistance mechanism was until now rare among the Gram-negative bacteria. 

Fourthly, the Gram-negative bacteria express a hydrolytic enzyme that recognizes and 

catalytically deactivates the β-lactam by hydrolysis of its β-lactams ring. These resistance 

enzymes, called β-lactamases, remain the primary mechanism used by the Gram-negative 

bacteria to withstand the antibiotic action of the β-lactams. Previously these bacteria might 

possess one β-lactamase, such that selection of a β-lactam that was still efficacious against 

the essential PBP, but not recognized by the β-lactamase, was a simple therapeutic 

alternative. The progressive loss of this alternative is now evident in the clinic.15 

Increasingly, bacteria are acquiring multiple β-lactamases, creating an ensemble of 

resistance enzymes collectively encompassing a breadth of β-lactam structures as substrates. 
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While the extensively β-lactam-resistant Gram-negative pathogen is by no means a rarity 

today, it is not yet common. Nonetheless, the emergence of these bacteria is ominous.

One particular β-lactamase remains a cornerstone in Gram-negative β-lactam resistance: the 

AmpC β-lactamase.16–19 The AmpC β-lactamase is notably efficacious toward the 

deactivation of the extensively clinically used cephalosporin β-lactams. The mechanism of 

the hydrolysis of a penicillin by the AmpC β-lactamase is shown concisely in Scheme 2. 

This mechanism has been the subject of extensive experimental and computational study.
20–24 Although it is much less catalytically efficacious against the carbapenem β-lactams, it 

can be expressed in sufficient quantities so as to render, by a sequestration process (also 

involving a serine acyl-enzyme), the carbapenem impotent. The central feature of the action 

of the AmpC β-lactamase is that the enzyme is not expressed until the bacterium encounters 

the β-lactam antibiotic, as if the presence of the activity of this β-lactamase in the absence of 

a β-lactam is intrinsically deleterious to the bacterium or at least costly.25 Indeed, Pérez-

Gallego et al. have shown in Pseudomonas aeruginosa that the combination of hyper-

expression of AmpC and the loss of the ability for the bacterium to recycle the 

peptidoglycan components of its cell wall together give a growth-motility-cytotoxicity 

phenotype (in contrast, overexpression of AmpC alone, did not give this phenotype).25 For 

reasons not yet fully understood, AmpC overexpression in this bacterium is necessary but is 

not by itself sufficient for this growth- and motility-impaired phenotype. These observations 

lead to two conclusions. The first is the possible virtue of pairing a β-lactam with a 

chemotherapeutic agent that separately but simultaneously impairs cell-wall recycling.25,26 

The second is the importance of understanding the molecular relationship between cell-wall 

recycling and the induction of expression of the ampC β-lactamase as the key resistance 

determinant of the pathogenic Enterobacteriaceae (and P. aeruginosa) against the β-lactam 

antibiotics.

The direct connection of the recycling of the peptidoglycan of the cell wall to the induction 

of ampC expression in pathogenic Gram-negative bacteria, as a key β-lactam resistance 

event, has been known for more than 30 years.27 Since its discovery, the identities of the key 

components of the pathway have been identified progressively.5,28–31 These components 

include the periplasmic lytic transglycosylase enzymes (involved in the pathway in many of 

the Enterobacteriaceae species and in P. aeruginosa); the periplasmic penicillin-binding 

protein 4 (PBP4) in P. aeruginosa (a different PBP may be used by other bacteria); the 

proton-motive force-driven AmpG transporter of the inner membrane, used to bring the 

peptidoglycan segments formed in the periplasm into the cytoplasm for recycling; in the 

cytoplasm, the AmpD amidase(s) and the NagZ glucosaminidase, and the AmpR 

transcriptional regulator. This review is a perspective not only on recent studies with these 

protein components but also on the still inchoate effort to assemble this seemingly spare (in 

terms of the number of its components) pathway into the sequential transformation of 

structure for interpretation by the AmpR transcriptional regulator. AmpR is the regulatory 

nexus not only for β-lactam resistance but also for a host of other pathways.31–33 AmpR 

controls directly AmpC expression and as such is an important example of the inscrutable 

LysR-type transcriptional regulators. Lastly, we provide a perspective on the place of this 

pathway in the broader pathway of peptidoglycan recycling and the possible mechanistic fit 
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of the peptidoglycan recycling pathways of the Gram-negative bacteria into the bactericidal 

mechanism of the β-lactam antibiotics.

In the eons of internecine bacterial encounter, both antibiotic structure and antibiotic-

resistance mechanisms have evolved. The few decades of human use of antibiotics have 

resulted in the rapid coalescence of multiple, and complementary, resistance mechanisms 

into particular bacterial species, such that the future ability of the antibiotics to control their 

growth is uncertain. Of all of the cell-envelope-acting antibiotics, the β-lactams are arguably 

unparalleled with respect to their clinical safety and efficacy. Yet for precisely this reason, 

their antibiotic future is threatened, and the importance of understanding and unraveling 

their resistance network is paramount. In this section, the biosynthetic events that occur in 

the cytoplasm of the Gram-negative bacteria, as prefatory to the assembly in the periplasm 

of the target of the β-lactams, the cell wall, are introduced.

2. CYTOPLASMIC EVENTS: ASSEMBLY OF LIPID II

The bacterial cell wall is not an ordinary polymer. Although its peptidoglycan-derived 

structure uses a single structural building unit, lipid II (Figure 3), the resulting polymer 

exists in a ceaseless state of enzyme-catalyzed remodeling. This remodeling is a deliberate 

effort to impart to this polymer distinctive structural nuances for the purposes (among 

others) of defining sites for protein recognition, of imparting resistance to degradation (such 

as by the antibacterial enzyme and lysozyme), and of demarcating sites for mature 

peptidoglycan excision and new peptidoglycan insertion. With rare exception, neither the 

precise identity of the structural nuance, nor the correlation of that nuance to function, is 

known. One example of a structure—function correlation is the N-deacetylation and O-

acetylation of the lipid II-derived saccharides of the peptidoglycan polymer, for the purposes 

of antibiotic resistance and for immune evasion by the bacterium.34,35 An example where 

the structural change is known, but where the functional consequence is now just emerging, 

is the correlation between complete peptide stem removal from the peptidoglycan (as a 

recognition motif for peptidoglycan-modifying enzymes that have the sporulation-related 

repeat, or SPOR, domain) and protein recruitment to the division site for the purpose of 

daughter-cell separation.36 The efficient, methodical, rapid, and seemingly flawless ability 

of the bacteria to replicate precisely both their size and shape,37–40 with the implicit 

requirement for ordered peptidoglycan polymer modification, compels the belief that the 

peptidoglycan structure encodes structural nuances (such as the one recognized by the SPOR 

domain-containing enzymes) to direct these events.

Our knowledge of peptidoglycan structural transformation is considerably more complete 

with respect to the cytoplasmic pathways that mesh in Gram-negative bacteria to give lipid II 

as the final cytoplasmic intermediate (and first periplasmic intermediate) for the synthesis of 

the peptidoglycan of the cell wall. In addition to the de novo lipid II biosynthetic pathway, a 

second pathways merges the recycling of peptidoglycan-derived segments, copious amounts 

of which are liberated during new peptidoglycan insertion into existing peptidoglycan,41 

with this de novo synthesis. The pathway for de novo lipid II biosynthesis is very similar in 

all bacteria that have cell walls. In contrast, peptidoglycan recycling is predominantly a 

characteristic of the Gram-negative (diderm) bacteria. Moreover, depending on the particular 
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Gram-negative bacterium, either a catabolic (such as is used by Escherichia coli, a rod-

shaped Gram-negative bacterium of the Enterobacteriaceae family) or an anabolic (such as is 

used by P. aeruginosa, a rod-shaped bacterium of the Pseudomonadaceae family) recycling 

pathway is used,42,43 as further elaborated below. Both of these bacteria are human 

pathogens. A second pathogenic genus of the Pseudomonadaceae family is the 

Acinetobacter. Other pathogenic bacteria of the Enterobacteriaceae family include the 

Salmonella, Klebsiella, Enterobacter, Yersinia, and Shigella genera. The prevalence of 

Klebsiella, Acinetobacter, Pseudomonas, and Enterobacter (“KAPE”) genera as 

multiantibiotic-resistant bacteria pathogens is captured by their designation by the Infectious 

Diseases Society of America as the “ESKAPE” (and where the initial ES signify the no less 

problematic Gram-positive pathogens of the Enterococcus and Staphylococcus genera) 

pathogens.44,45 It is within this KAPE context, four Gram-negative genera that are 

increasingly resistant to antibiotics, and which possess cell-wall recycling pathways that (as 

we shall see) are intimately connected to their β-lactam resistance,46 that is the theme of this 

review.

2.1. Mur Biosynthetic Pathway to Lipid II

De novo biosynthesis of lipid II occurs in the cytoplasm of the bacterium, with all but the 

last two steps catalyzed by soluble enzymes.47–51 Lipid II assembly reflects its three distinct 

structural segments (Figure 3): the undecaprenol diphosphate, the GlcNAc-MurNAc 

disaccharide, and the pentapeptide stem attached to the N-acetylmuramic acid (MurNAc) 

saccharide. The union of these three parts occurs at the MurNAc saccharide. MurNAc is 

derived biosynthetically from N-acetylglucosamine (GlcNAc)-O-UDP (Scheme 3). The 

cytoplasmic Mur pathway52–57 culminates in the synthesis of lipid II (Scheme 4). In the first 

committed steps of this pathway, a D-lactyl segment is appended to the C-3 hydroxyl of 

GlcNAc-O-UDP by the sequential actions of the MurA (phosphoenolpyruvate) transferase 

and MurB reductase. Added stepwise to the resulting MurNAc-O-UDP is the first amino 

acid of the peptide stem (L-Ala, catalyzed by MurC), the second (D-G1u, catalyzed by 

MurD), the third (meso-diaminopimelate, catalyzed by MurE), and last by MurF the addition 

of the fourth and fifth amino acids, incorporated as the D-Ala-D-Ala dipeptide. The 

glycopeptide of the resulting MurNAc-O-UDP-pentapeptide (“Park’s nucleotide”) is then 

transferred, in a reaction catalyzed by the MraY translocase, to the phosphate of the 

membrane-embedded undecaprenol phosphate, and with release of UMP.58–64 This now 

membrane-bound reaction product (lipid I) is last acted upon by the MurG glycosyl 

transferase in the final step of Lipid II biosynthesis, wherein GlcNAc is added (using 

GlcNAc-O-UDP as the glycosyl-donor substrate) to the C-4 of its MurNAc saccharide.65,66 

Translocation of lipid II across the membrane67–72 provides lipid II as a substrate for the 

initiation of peptidoglycan biosynthesis in the periplasm.

2.2. Cytoplasmic Muropeptide Recycling for Entry into the Mur Pathway

Whereas the pathway for lipid II biosynthesis delivers a single entity as the monomeric 

structure for initiating cell-wall biosynthesis, the recycling pathway, a pathway that likewise 

has distinct periplasmic and cytoplasmic enzymatic events, returns to the cytoplasm an 

ensemble of structures. These structures reflect the substrate specificity of the enzymes 

tasked in the periplasm and in the cytoplasm for the excision and degradation of the 
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peptidoglycan, the postpolymerization structural transformations made in the periplasm to 

the peptidoglycan, and the substrate specificity of the AmpG transporter. This latter criterion 

defines the gross structure of these muropeptides as derivatives of the GlcNAc-MurNAc 

disaccharide (1, Scheme 3). Evaluating both the breadth (in terms of structural modification 

to the disaccharide, and to the stem peptide of the disaccharide) and the relative abundance 

of the structures in this ensemble is accomplished only with great difficulty.73 Nonetheless, 

it is evident that the ensemble of muropeptide structures brought into the periplasm is 

changed as a result of the presence of cell-wall-acting antibiotics (especially the β-lactams), 

and that Gram-negative bacteria use this change to initiate defensive and virulence pathways 
5,28,30,31,74

While the structures are not known, and the fullness of (and interconnectedness of) the 

defensive and virulence response is uncertain, the core substrate structure (the GlcNAc-

MurNAc disaccharide with its stem oligopeptide) and core enzyme catalysts that act on this 

structure to comprise the cytoplasmic pathway for muropeptide recycling, are known. The 

initial four enzymes of the pathway, NagZ, LdcA, AmpD, and AnmK, are common to the 

Gram-negative bacteria. NagZ is the glycoside hydrolase that cleaves the GlcNAc-MurNAc 

disaccharide bond to give the monosaccharide pair.75–83 LdcA is a serine-dependent L,D-

carboxypeptidase that recognizes the tetrapeptide stem structure (but not the pentapeptide 

stem), and catalyzes the hydrolysis of the meso-diaminopimelate-D-Ala amide bond with 

release of D-Ala, to give the tripeptide.84–86 LdcA acts on the tetrapeptide stems of MurNAc 

mono-saccharides, the tetrapeptide stems of the GlcNAc-MurNAc disaccharide (1, Scheme 

3), and the free tetrapeptide (3b). In Neisseria gonorrheae LdcA contributes to muropeptide 

release from the bacterium as a periplasmic enzyme, in contrast to cytoplasmic localization 

of the enzyme in E. coli and P. aeruginosa, for the ultimate purpose of inducing an 

inflammatory response in the host inflammation.87 AmpD is a zinc-dependent 

endopeptidase that cleaves the amide link between the lactyl moiety of the MurNAc 

saccharide and the first L-Ala amino acid of the stem.88,89,90–98 The peptide segments 

released from the stem by AmpD are reused as substrates by the Mpl ligase,99–101 that 

transforms UDP-GlcNAc to UDP-MurNAc-tripeptide. The stemless anhMurNAc product of 

AmpD is transformed by AnmK-catalyzed ATP-dependent ring opening of the anhydrous 

saccharide structure, to give MurNAc-6-phosphate.102,103 The mechanism of this enzyme is 

open to speculation.104,105 There is no evidence supporting the organization of the first three 

of these four enzymes as an ordered pathway. As we shall discuss, mutational loss of AmpD 

activity is a particular event that correlates directly with induction of ampC hyperexpression.

The remaining enzymes used in muropeptide cytoplasmic recycling differ between the 

Enterobacteriaceae (such as E. coli and Citrobacter freundii) and the Pseudomonadaceae 
(such as P. aeruginosa). In the Enterobacteriaceae, the catabolic activities of two enzymes, 

MurQ and NagA, transform the stemless MurNAc saccharide to glucosamine-6-phosphate 

(Gln-6-P), for entry into the de novo lipid II biosynthetic pathway (via GlmM and GlmU 

catalysis) as UDP-GlcNAc. MurQ etherase removes the lactyl moiety from the MurNAc 

saccharide.102,106 The mechanism used by MurQ proceeds from the acyclic MurNAc 

aldehyde, via an E1cb (retro-oxa-Michael) ejection of the lactate as its alkoxide, followed by 

oxa-Michael addition of water to the transient enal to complete turnover.107,108 The product 
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of MurQ, GlcNAc-6-phosphate, is transformed by the zinc-dependent NagA deacetylase to 

GlcN-6-phosphate (GlcN for glucosamine).109,111 In contrast, in the Pseudomonadaceae 
(which lack both MurQ and the GlcNAc kinase NagK), two different enzymes use an 

anabolic route to complete cytoplasmic muropeptide recycling.42,43 MupP, the first enzyme, 

is a phosphatase that converts MurNAc-6-P to MurNAc. MurNAc is then phosphorylated on 

its anomeric hydroxyl in a reaction catalyzed by the AmgK kinase112 to give MurNAc-1-P 

as a product. This product enters the lipid II biosynthetic route as a substrate for MurU (to 

give UDP-MurNAc). The biochemical rationale for the seeming paradox of sequential 

phosphatase and kinase activities (as opposed to the use of a single phosphomutase) is not 

obvious. Possible explanations suggested by Borisova et al. and by Fumeaux and Bernhardt 

are a physiological requirement (for unknown reasons) for the preservation of a steady-state 

MurNAc pool or a physiological reason (again, for unknown reasons) for suppression of an 

anhMurNAc pool.42,43

The two pathways offer a further point of critical difference. The anabolic muropeptide 

recycling route used by the Pseudomonadaceae provides a complementary pathway (to the 

de novo Mur pathway) to UDP-MurNAc. Accordingly, the therapeutic use of an antibiotic 

inhibitor of an enzyme in the Mur pathway (such as fosfomycin, an inhibitor of MurA) 

would be anticipated to result in diminished antibiotic efficacy in the Pseudomonadaceae as 

compared to the Enterobacteriaceae. This expectation is demonstrated.42 Conversely, in the 

Pseudomonadaceae, the simultaneous blockade of both pathways to UDP-MurNAc, the Mur 

pathway and the cytoplasmic recycling pathway, by use of combination therapy would be 

anticipated to offer antibiotic potentiation, or even synergy. 113,114

3. PERIPLASMIC EVENTS: COORDINATION OF CELL-WALL SYNTHESIS, 

REMODELING, AND DEGRADATION

As indicated earlier, the bacterial cell wall is an essential macromolecule that surrounds the 

cell. Although a single polymeric molecule, the PG that comprises the cell wall, shows 

astonishing structural complexity and structural dynamics. Its preservation requires the 

coordinated interplay of numerous enzymatic activities that control its shape, size, synthesis, 

remodeling, and overall integrity.115–118 The cytoplasmic events of cell-wall biosynthesis 

culminate with the synthesis of lipid II as the key biosynthetic intermediate of PG 

biosynthesis. Upon the translocation of lipid II to the periplasm, it experiences 

polymerization by transglycosylases, which produce the nascent linear PG (Scheme 6). This 

nascent PG serves as substrate for certain transpeptidase members of the PBP family, serine-

dependent enzymes that experience acylation and deacylation by the PG in their chemistry, 

which integrate the nascent PG with the cutting-edge of the growing cell wall by the cross-

linking reaction at the peptide stems (Scheme 5). The transglycosylase and transpeptidase 

activities could be found at times in a single bifunctional protein.

3.1. Penicillin-Binding Proteins: Building the Cell-Wall

The biosynthesis of the cell wall in the periplasm is a monumental task that requires the 

coordinated participation, as enzyme catalysts, of both high-molecular-mass (HMM) and 

low-molecular-mass (LMM) PBPs. E. coli, for example, has 13 PBP enzymes (PBP1a, 
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PBP1b, PBP1c, PBP2, PBP3 (FtsI), PBP4, PBP5, PBP6a, PBP6b, PBP7, PBP4a, PBP4b, 

and AmpH) and P. aeruginosa has nine (PBP1a, PBP1b, PBP2, PBP3, PBP3a, PBP4, PBP5, 

PBP6, and PBP7).1,11,31,119 These PBPs are believed to form supramolecular complexes 

with transmembrane proteins, scaffolding proteins, hydrolases, and other proteins of the 

periplasm. The final cell wall is composed of glycan strands consisting of a repeating 

saccharide pair, GlcNAc and MurNAc interconnected by a β-1,4-glycosidic bond. A cross-

linked peptide stem joins adjacent glycan strands. As previously stated, in Gram-negative 

bacteria the full-length stem structure on the MurNAc saccharide is the pentapeptide L-Ala-

γ-D-Glu-meso-diaminopimelate-D-Ala-D-Ala (3c). In Gram-positive bacteria L-lysine (often 

with additional amino-acid extensions on its ε-amine) replaces the m-DAP (meso-1,6-

diaminopimelate) residue.120 These peptide stems subsequently are cross-linked to form the 

three-dimensional web that encases the bacterium and so provides the structural integrity 

essential to the viability of the bacterium.121–125 In the model Gram-negative organism E. 
coli, an estimated 44–60% of the total number of peptide stems are cross-linked.126 

Although numerous models have been proposed to describe the structure of the cell wall,
127–133 its three-dimensional structure remains unsolved. Moreover, while the cell wall is 

indeed a single macromolecule, it likely has four distinct substructures: the PG of the 

sidewall, of the sidewall to septal PG transition, and of the early and the late (mature) septal 

PG.

It is believed that the HMM PBPs of the Gram-negative bacterium catalyze PG synthesis, 

while the LMM PBPs catalyze (or control by their catalysis) PG maturation. HMM PBPs are 

assigned as either Class A or Class B enzymes.10,72,134–140 The HMM PBPs are anchored to 

the outer-leaflet of the inner membrane by a noncleavable N-terminal peptide anchor. In 

addition to their β-lactam-sensitive transpeptidase domain, Class A HMM PBPs encode an 

N-terminal glycosyltransferase domain enabling catalysis of glycan-strand formation, and 

hence are termed bifunctional PBPs (having both glycosyl-transferase and transpeptidase 

active sites). Class A HMM PBPs include PBP1a, PBP1b, and PBP1c of E. coli and PBP1a 

and PBP1b of P. aeruginosa. Deletion of the PBP1c and PBP1a or PBP1b genes in E. coli is 

tolerated, while loss of both PBP1a and PBP1b is lethal.141,142 The viability requirement for 

at least one Class A HMM PBP is common across most Gram-negative bacteria.11 The 

glycosyltransferase domain of the E. coli MtgA also contributes to cell-wall elongation.143 

Class A HMM PBPs initiate glycan strand synthesis using two lipid II molecules, with one 

donating its GlcNAc-MurNAc disaccharide to the other as an acceptor. Glycan strand 

elongation then occurs by sequential addition of the GlcNAc-MurNAc disaccharide provided 

by additional lipid II molecules (Scheme 6). Each transfer of a GlcNAc-MurNAc 

disaccharide from lipid II to the C4 hydroxyl of the GlcNAc of the acceptor strand releases 

its undecaprenyl-pyrophosphate lipid segment. This undecaprenyl-pyrophosphate 

subsequently is either dephosphorylated or used as a phosphate donor in lipopolysaccharide 

biosynthesis.144–146 The precise mechanisms for undecaprenyl phosphate recycling and 

reentry into the biosynthetic pathways of cell-envelope synthesis are uncertain.147

Class B HMM PBPs are solely transpeptidase (monofunctional) enzymes. The function of 

the N-terminal domain of Class B HMM PBPs that leads to the C-terminal transpeptidase 

active site provides a recognition domain for other proteins,148 as well as acting as a spacer 
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to distance the transpeptidase domain from the membrane.135,149 The N-terminal domain of 

Class B HMM PBPs likewise may provide the hydrophobic surface for interactions with 

partner proteins.135 Moreover, Class B HMM PBPs are implicated in the determination of 

cell morphology. Class B HMM PBPs include PBP2 (elongation) and PBP3 (septation) of E. 
coli and P. aeruginosa. The transpeptidase active site, found in the C-terminal domain of 

both Class A and B HMM PBPs, transfers the penultimate acyl moiety of the D-Ala—D-Ala 

motif of the peptide stem to the distal amine of the m-DAP (in Gram-negative bacteria; to 

the L-Lys in Gram-positive bacteria) and releases the terminal D-Ala as a leaving group 

(Scheme 7). This acyl-transfer process uses the serine of the absolutely conserved (Ser-Xaa-

Xaa-Lys) active-site catalytic motif as the initial acyl-acceptor, thus forming an acyl-enzyme 

intermediate.150 This acyl intermediate is in turn the acyl-donor to the m-DAP/L-Lys amine, 

completing turnover. The resulting amide bond is termed a 4,3-cross-link as it connects the 

D-Ala (fourth amino acid of the donor stem) to the m-DAP/L-Lys (third amino acid of the 

acceptor stem). A 3,3-cross-link may form between two m-DAPs of adjacent glycan strands, 

although only as a minor product in P. aeruginosa and E. coli. The inner-membrane-bound 

lytic transglycosylase G (MltG) is believed to be the catalyst that determines glycan strand 

length, by termination of glycan polymerization.151

3.2. Elongasome: Providing Shape to the Rod-Shape Bacterium

The rod shape of two of the best-studied Gram-negative bacteria, E. coli and P. aeruginosa, 

results from cell-wall growth by lateral sidewall elongation, culminating in the initiation at 

the midcell of a septal PG (Figure 4). Progressive constriction of the two membranes153 is 

coordinated with the completion of the PG of the septum. The final step is separation of this 

septal PG to form concomitant with cell division (release of the daughter bacterium) two 

new poles. Division and elongation each use separate multiprotein and multienzyme 

complexes: the divisome (Figure 4a) and elongasome (Figure 4b), respectively. 1,154,155 The 

cytoplasmic actin-like oligomeric protein MreB is the key platform protein of the 

elongasome.156–161 MreB oligomerizes as an antiparallel filamentous strand in an ATP-

dependent process and makes contact with the face of the inner leaflet of the cytoplasmic 

membrane.162,163 The hypothesis that MreB provides a circumferential track for the ordered 

insertion of new PG into old PG has given way to a new model wherein nascent PG is 

inserted as discrete patches into old PG.156–158,164–178 A perspective on MreB localization is 

given by Errington.179 A simple understanding of the role of MreB in the organization of the 

elongasome is challenged by the finding that MreB is not necessary to the preservation of 

the rod shape of E. coli.180 Regardless, the MreB scaffold is still visualized as the anchor for 

the numerous other protein components of the elongasome, including especially the 

transmembrane protein RodZ (Figure 4b).180,181 RodZ encodes an N-terminal cytoplasmic 

domain (used to complex to the MreB scaffold), a transmembrane region spanning the inner 

membrane, and a C-terminal periplasmic domain.182,183 The C-terminal domain of RodZ 

complexes with MreC and MreD, which serve as a scaffold for the proteins of the 

elongasome in the periplasm (Figure 4b).184 No catalytic function has been assigned as of 

yet to RodZ. Biosynthesis of the lateral PG cell wall is performed primarily by PBP1a. 

PBP1a forms a complex with the outer-membrane-anchored lipoprotein LpoA. LpoA 

activates PBP1a for catalysis and thus is also an essential protein of PG biosynthesis.185,186 

RodA is a second (in addition to PBP1a) glycosyl transferase of the elongasome and a 
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member of the SEDS family of proteins.187,188 The activity of RodA may pair with the 

transpeptidase activity of the monofunctional class B PBP2. These protein families interact 

since PBP2 forms a complex with the scaffold protein MreC.148 In addition, RodA may 

participate in the translocation of lipid II across the inner membrane.189 The identification of 

the lipid II flippase protein (from among RodA, FtsW, and MurJ) emerged from the 

collective studies from several laboratories. The current consensus recognizes MurJ, an inner 

membrane anchored member of both the elongasome and divisome, as the lipid II flippase.
67,71,190–192 Studies supporting MurJ assignment as the lipid II flippase include the 

observation that cytoplasmic PG precursors accumulate in MurJ-depleted cells, a 

consequence of which is ultimate cell lysis due to diminished PG biosynthesis.190,193,194 

Radiolabeled lipid II flipping in E. coli spheroplasts was MurJ-dependent.67 Lastly, an X-ray 

structure of MurJ confirms lipid II binding as a putative substrate.71

3.3. Divisome: From One Parent Cell to Two Daughter Cells

Bacterial division is functionally independent of bacterial elongation (Figure 4).195–198 The 

seminal work of Bi and Lutkenhaus introduced the divisome as a macromolecular complex 

of proteins that creates and closes the septum to separate the dividing cells (Figure 4a).199 

Septum formation involves the progressive constriction of the helical protein ring’ the Z-

ring, that is formed at the midcell of the maturing elongated bacterium. The midcell Z-ring is 

formed by the GTP-dependent polymerization of the FtsZ protein. FtsZ-led division is 

spatially and temporally coordinated with chromosome replication.200–204 GTP maintains 

the FtsZ-ring as a tubulin-like treadmilling platform for the cell-division machinery.205–215 

Septum synthesis occurs in two steps. The first step initiates septal PG synthesis using an 

“early division protein” assembly and completes it using a “late division protein” assembly.
216,217 The Z-ring polymer of FtsZ proteins is anchored at midcell to the inner leaflet of the 

inner membrane by the protein FtsA. Additional proteins (ZipA, EzrA, and the Zap proteins) 

assist in the cytoplasmic assembly of the FtsZ/FtsA-formed proto- or Z-ring (Figure 4a). The 

FtsZ helical ring is discontinuous. It exists as separate filaments linked laterally by 

interactions of bundling proteins found at the beginning and end of each filament.218 How 

these lateral interactions of linked filaments contribute to “treadmillling” (in vivo-

depolymerizing from one end of the filament and polymerizing from the other end) is not 

clear.197 Upon initiation of septum synthesis by the “early divisome protein” assembly, the 

“late division proteins” PBP3 (gene name ftsI, alternative protein name FtsI, a 

monofunctional transpeptidase) and FtsW assemble. The transition between catalysis by the 

two assemblies may involve a significant time delay of up to 20% of the growth and division 

life cycle. The transition to “late division protein” assembly is regulated by the proteins FtsE 

and FtsX, which activate FtsA. The paired proteins PBP3 and FtsW (a putative 

transglycosylase, as assessed by sequence similarity to RodA) are essential for septal PG 

formation.219,220 Like RodA, FtsW is able to serve as a lipid II transporter protein for the 

divisome; however, as described previously, MurJ serves as the primary facilitator of this 

process.189,221 The putative transglycosylase activity of FtsW is presumed to coordinate 

with PBP3. This symbiotic relationship between FtsW and PBP3 parallels the bifunctional 

catalysis of PBP1b, akin to RodA and PBP2 to PBP1a, respectively, of the elongasome. 

PBP1b encodes a glycosyl transferase domain, a transpeptidase domain, and a third 

noncatalytic UB2H domain.222 Its glycosyltransferase activity contributes to de novo 
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sidewall PG synthesis, and its transpeptidase activity correlates directly to the rod shape of 

E. coli.223 The UB2H domain is the docking site for the outer-membrane anchored 

lipoprotein LpoB,224 the activating protein for PBP1b (akin to the regulation of PBP1a and 

its requisite partner LpoA).185,186,225–230 A functionally similar protein to E. coli LpoB, 

LpoP, activates P. aeruginosa PBP1b.231 In addition, proteins of unknown function, including 

FtsN, FtsQ, FtsL, and FtsB, are members of, or are functionally proximal to, the divisome.
197 FtsN coordinates the early and late division proteins by interacting with a postactivation 

FtsA and stabilizing a four-protein complex of FtsQ, FtsL, and FtsB.

3.4. Penicillin-Binding Proteins: Maintaining the Cell Wall

A careful balance between synthesis of the cell wall by HMM PBPs, coordinated by LMM 

PBPs, and degradation of the cell wall by amidases and lytic transglycosylases (LTs), 

maintains the cell wall. Most LMM PBPs are DD-carboxypeptidases and/or endopeptidases 

and are not critical to cell viability under standard laboratory growth conditions.119,142,232 E. 
coli has five LMM PBPs: PBP4, PBP5, PBP6a, PBP6b (also known as DacD), and PBP7/8. 

PBP5, PBP6a, and PBP6b are monofunctional DD-carboxypeptidases and PBP7/8 (PBP8 is a 

proteolytic degradation product of PBP7) is a monofuntional DD-endopeptidase.233–235 DD-

Carboxypeptidases remove the terminal D-Ala from the nascent pentapeptide stem, and DD-

endopeptidases cleave the cross-linked peptide stems of the mature PG macromolecule. The 

action of a DD-carboxypeptidase regulates the degree of cross-linking of the PG, since the 

4,3-cross-links cannot be formed without the terminal D-Ala cleavage.5,11 PBP5 is the most 

abundant PBP and is considered to be the workhorse DD-carboxypeptidase of E. coli.236–238 

However, at acidic pH (pH < 5), PBP6b replaces PBP5 as the workhorse DD-

carboxypeptidase.119 Like all other PBPs, PBP5 is located in the periplasm, but is uniquely 

anchored to the membrane239 by an amphipathic helix that is required for its in vivo activity.
240 Notably, PBP5 is the only PBP known to participate in both the divisome and 

elongasome.232 PBP5 knockouts show prominent morphological defects (branching and 

topological distortions), as do PBP5 hyper-expressing cells (osmotically stable spherical 

cells).241,242 For these reasons, PBP5 has been the historical focus of the study of the DD-

carboxypeptidase family. The active site motif of the N-terminal DD-carboxypeptidases 

domain of PBP5 (Ser-Xaa-Xaa-Lys, Ser-Xaa-Asn, and Lys-Thr-Gly) is conserved among 

members of the family. However, the C-terminal domain is not conserved. The DD-

carboxypeptidase activity of PBP5 uses the nucleophilic serine of the catalytic tetrad (Ser-

Xaa-Xaa-Lys) for acylation. A water molecule is recruited through hydrogen-bond 

coordination with the second active-site serine (Ser-Xaa-Asn). This water molecule then is 

activated by the active-site lysine (Lys-Thr-Gly) for hydrolytic deacylation.243 This 

hydrolysis event yields a tetrapeptide stem product with release of the terminal D-alanine of 

the stem.237

3.5. Amidases: Modifying Cell-Wall Architecture

A family of zinc-dependent N-acetylmuramyl-L-alanine amidases resides in the periplasm 

and act as potent peptide-cleaving enzymes (Scheme 8). E. coli has four periplasmic 

amidases (AmiA–AmiD).244 AmiA, AmiB, and AmiC function collaboratively in cell 

division. AmiB and AmiC are important members of the divisome. In their absence, the 

bacterium is incapable of the septal splitting that completes cell division.245–248 While 
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AmiA–AmiC process the peptide stems of cross-linked PG, AmiD is anchored to the inner 

leaflet of the outer membrane and is activated against a wide range of substrates, notably 

including short-chain muropeptides and 1,6-anhydromuropeptides.249 Comparison of the 

genome sequence of E. coli AmiD to the genome of P. aeruginosa identified two P. 
aeruginosa periplasmic amidases, AmpDh2 and AmpDh3.90,93–98 Both AmpDh2 and 

AmpDh3 encode two domains, one a conserved amidase domain on the N-terminus and the 

other a C-terminal PG-binding domain. A coiled-coil/loop on the N-terminus and the C-

terminal domain together facilitate oligomerization. AmpDh2 is a dimer anchored to the 

inner leaflet of the outer membrane and AmpDh3 is a tetramer that exists as a soluble 

protein complex in the periplasmic milieu.96 The specificities of AmpDh2 and AmpDh3 are 

complementary. AmpDh3 prefers cleavage of the cross-linked peptide stems found in the 

insoluble fraction of the purified sacculus, whereas AmpDh2 prefers cleaving non-cross-

linked peptide stems isolated from the soluble fraction of the sacculus.94,95 These findings 

suggest that AmpDh2, and similarly AmiA–C, regulate the PG core structure, while 

AmpDh3 (and similarly AmiD) acts on the peripheral PG structure.97

3.6. Lytic Transglycosylases: Liberation of Cell-Wall Fragments

Removal of peptide stems from muropeptides in the periplasm is neither sufficient nor 

required to target mature PG for cytoplasmic recycling. Rather, the task of muropeptide 

processing is initiated by the large, structurally diverse superfamily of LTs. The LTs perform 

a nonhydrolytic transacetalization reaction that cleaves the glycosidic bond between 

MurNAc and GlcNAc, thus transforming the MurNAc of the substrate to a 1,6-anhMurNAc 

in the product (Scheme 9). LTs are classified structurally as members of the extensive 

glycoside hydrolase superfamily, although their catalytic activity is nonhydrolytic. The key 

catalytic residue of the LTs is either a Glu or Asp depending on the enzyme family (families 

1–6).250,251 This acid residue serves as a general-acid proton donor to the glycosidic oxygen 

of the β-1,4-linkage in promoting the glycosidic bond cleavage, and subsequently as a 

general-base residue with respect to the muramic 6-OH to complete catalysis by 1,6-

anhMurNAc formation. The central high-energy species is an oxocarbenium cation centered 

on the anomeric carbon of the MurNAc. The final chemical transformation entails a 

conversion of the all-equatorial substituents of the MurNAc to all-axial positions in 1,6-

anhMurNAc, which is believed to force the substrate out of the active site of the enzyme due 

to the conformational shift of the peptide stem.252 The distinctive 1,6-anhMurNAc terminus 

of their muropeptide reaction products is a structural tag enabling the transport of these 

muropeptides across the inner membrane, via the 1,6-anhMurNAc-selective AmpG 

permease, to the cytoplasm for recycling. In addition to their role in cell-wall recycling 

during cell growth, the LTs play critical roles in the detection of cell-wall-acting antibiotics, 

the formation of macromolecular secretion systems and flagellar assemblies, cell division, 

and (in some species) bacterial virulence.250,251,253–255 Knockout studies show that no 

single LT is critical to the in vitro viability of the bacterium. However, a viable pan-LT 

deletion mutant could not be obtained.256 Notwithstanding that each LT might not be critical 

for survival, their individual functions would appear to be favored as their genes are 

conserved across most (>95%) P. aeruginosa genomes of known sequence. These findings 

imply functional redundancy among the LT superfamily. Indeed, in vitro studies show that 

with few exception, the catalytic reactions of LTs overlap.257,258
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Most LTs are membrane-bound (designated as “Mlt” LTs) lipoproteins anchored to the inner 

leaflet of the outer membrane. At least one LT is anchored to the outer leaflet of the inner 

membrane (the MltG, which the reader recalls, regulates the nascent-glycan strand sizing). 

Some LTs are termed soluble (“Slt”) proteins, for lack of a membrane anchor, but this does 

not preclude their involvement in multiprotein complexes, which might effectively anchor 

them. The soluble LTs of E. coli and P. aeruginosa exhibit greater activity in vitro than the 

soluble recombinant forms of their membrane-anchored counterparts (lacking membrane 

anchor).257,258 The roster of known LTs in E. coli now numbers nine: MltA, MltB/Slt35 

(Slt35 is a proteolytic degradation product of MltB), MltC, MltD, MltE, MltF, MltG, RlpA, 

and Slt70. P. aeruginosa has 11 known LTs: MltA, MltB/Slt35, MltD, MltF, MltF2, MltG, 

RlpA, Slt, SltB1 (SltB), SltB2 (SltG), and SltB3 (SltH). Subfamily assignments and 

structural comparisons of the LTs were reviewed recently.251 In the present report, we 

describe the activities of a few LTs. Soluble lytic transglycosylase 70-kDa (Slt70) is the only 

soluble LT of E. coli. In contrast P. aeruginosa has four soluble LTs. E. coli Slt70 is 

primarily an exolytic catalyst, acting at the terminus of a glycan strand to release a GlcNAc-

MurNAc disaccharide, while capping the strand with a nonreducing 1,6-anhMurNAc 

saccharide terminus. The functional purpose of the unusual annular three-dimensional 

structure of the Slt70-type enzymes (as exemplified by the E. coli Slt70 enzyme,259 the 

LtgA enzyme of Neisseria meningitidis,260 and the Slt enzyme of P. aeruginosa261) is 

uncertain. Membrane-bound lytic transglycosylase E (MltE) is the primary endolytic LT of 

E. coli, cleaving a central MurNAc-GlcNAc glycosidic link of the glycan strands of the PG. 

MltE recently was implicated in the assembly of type IV secretion systems (T4SS) in 

enteroaggregative E. coli strains.257,262 Rare lipoprotein A (RlpA) is the primary endolytic 

protein of P. aeruginosa and cleaves only glycan strands that previously have had their 

peptide stems removed (so-called “naked” glycan strands) by an amidase.258,263 An RlpA 

knockout mutant is the only single P. aeruginosa LT mutant to exhibit microscopically a 

changed phenotype. In media without salt, ΔRlpA P. aeruginosa forms filamentous cells as a 

result of failed (incomplete) cell division.263 These results suggest that RlpA may be a 

heretofore unassigned member of the divisome. LTs are regulated by binding of partner 

proteins and binding of ligands to secondary allosteric domains. The activity of E. coli MltE 

increases following complexation with its partner protein, TssM, to facilitate assembly of the 

type IV secretion system.262,264–266 The activity of P. aeruginosa MltF is dependent on the 

binding of a tetrapeptide stem to its allosteric domain, which triggers a dramatic 

conformation change and activation.267 The activity of P. aeruginosa SltB1 may be regulated 

by the formation of an inactive catenated homodimer,268 which would require separation of 

the monomers for activation.269 Other studies indicate that some LTs form macromolecular 

complexes with PBPs.235,269–271

3.7. Transporters: Pathway to the Cytoplasm

AmpG is the membrane permease that transports the 1,6-anhydromuropeptides to the 

cytoplasm, driven by the proton-motive force.272,273 Topological predictions suggest that 

AmpG is an integral membrane-protein showing ten transmembrane segments.274,275 The 

principle requirement for recognition for AmpG-mediated cytoplasmic transport is the 

GlcNAc-1,6-anhMurNAc disaccharide.276–278 Both the “naked” disaccharide GlcNAc-1,6-

anhMurNAc (product of amidases and LTs) and the disaccharide GlcNAc-MurNAc-peptides 
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(product of LTs) were transported, while free peptide stems (product of amidases), “naked” 

monosaccharide 1,6-anhMurNAc (product of periplasmic glucosaminidases, LTs and 

amidases), and the monosaccharide 1,6-anhMurNAc-peptides (2, Scheme 3) (product of 

periplasmic glucosaminidases and LTs) were not. A recent study expressed AmpG in E. coli 
spheroplasts and demonstrated transport of muropeptides across the membrane in vitro.278 

An AmpG homologue, AmpP, of P. aeruginosa was suggested to serve as an 1,6-

anhydromuropeptide transport protein in β-lactam-stressed cells,275 but this finding was not 

replicated for these P. aeruginosa proteins in E. coli spheroplasts278 or in knockout studies 

measuring ampC transcription.279,280 Other membrane permeases in E. Coli transport 

fragments of cell-wall degradation to the cytoplasm. An oligopeptide permease (Opp) 

transports the free tripeptide (3a) product of the periplasmic amidases to the cytoplasm for 

recycling. Existing models surmise that free tripeptide (3a) binds murein peptide permease 

A (MppA) and is transported into the cytoplasm via membrane-bound and cytoplasmic 

components OppB, OppC, OppD, and OppF.281 For the purpose of transporting nonmurein 

peptides, the MppA homologue OppA, serves a similar role as MppA in crossmembrane 

transport. Notably E. coli mutants that lacked Opp had unimpeded muropeptide transport to 

the cytoplasm, implicating Opp as a minor permease in this regard.273

3.8. Cytoplasmic Amidases and Glucosaminidases: Final Steps

Anhydromuropeptides that evade periplasmic amidases are acted upon by the AmpD 

amidase in the cytoplasm. Akin to the periplasmic amidases, AmpD is a zinc-dependent N-

acetylmur-amyl-L-alanine amidase having a single domain. It is highly selective for 

muropeptides that contain a 1,6-anhMurNAc moiety.96,282 AmpD cleaves 1,6-anhMurNAc-

tripeptide (2a, Scheme 3) 10000 times faster than MurNAc-peptides and UDP-MurNAc-

pentapeptide (4, Scheme 3).283 This difference prevents AmpD interference in the synthesis 

of cell-wall precursors.283 In ampD knockout mutants, 1,6-anhMurNAc-tripeptide (2a, 

Scheme 3) accumulates in the cytoplasm. The pairing of this finding with the knowledge that 

AmpG funnels GlcNAc-1,6-anhMurNAc-peptides (1, Scheme 3) into the cytoplasm led to 

the assignment of a cytoplasmic glucosaminidase to the cell-wall recycling scheme.284,285 

Deletion of the nagZ gene encoding the cytoplasmic β-N-acetyl-glucosaminidase resulted in 

complete loss of cytoplasmic glucosaminidase activity. As expected, the double ΔnagZ/

ΔampD mutant accumulates GlcNAc-1,6-anhMurNAc-tripeptide (1a, Scheme 3) in the 

cytoplasm. Therefore, muropeptide catalysis by NagZ is understood to follow muropeptide 

transport to the cytoplasm and to likely precede amide hydrolysis by AmpD. The mechanism 

by which NagZ cleaves the glycosidic bond of the disaccharide-peptide (1c, Scheme 3), 

forming N-acetylglucosamine (GlcNAc or NAG) and 1,6-anhMurNAc-peptide (2, Scheme 

3), was studied recently (Scheme 10).79,82,286 NagZ uses an aspartic acid-histidine catalytic 

dyad for glycosidic hydrolysis, with interception of the positive charge that develops on the 

anomeric carbon of the GlcNAc by the aspartate, to give an ester intermediate. An active-site 

water molecule is activated by proton abstraction by the catalytic histidine and concurrently 

an oxocarbenium ion forms on C1 of the GlcNAc. The activated water molecule displaces 

the ester-linked intermediate to complete the turnover. The protein activity is regulated by a 

zinc ion that binds and represses catalytic function, in that zinc departure and subsequent 

conformational rearrangement is required for catalysis.
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4. EVOLUTIONARY ADAPTION TO THE CHEMICAL IMPRINTING ON THE 

CELL WALL BY THE β-LACTAM ANTIBIOTIC

The discovery that Gram-negative pathogens embed a sensory mechanism to detect β-lactam 

antibiotics into their cell-wall recycling process so as to induce expression of the AmpC 

resistance enzyme is foundational to all subsequent studies on the cell-wall recycling 

process. AmpR transcriptional regulator control of this pathway was studied initially in C. 
freundii (a close relative of E. coli), as E. coli lacks AmpR and thus is incapable of inducing 

AmpC β-lactamase expression from its ampC gene. AmpR senses the disruption of the 

muropeptide pool, by the β-lactam at the molecular level with AmpC expression as a 

consequence. More recent studies on this important signaling pathway have focused on the 

clinical scourge P. aeruginosa and the emerging problematic bacterium Stenotrophomonas 
maltophilia.92,287,288 The biological targets of the β-lactam antibiotics are the PBP enzymes, 

whose names derive from their role as the enzyme targets of the β-lactams. The seminal 

study by Tipper and Strominger proposed mimicry between the β-lactam structure and the 

acyl-D-Ala-D-Ala terminus of the peptide stems of the PG.289 While this mimicry explained 

why β-lactams efficiently acylate the PBPs at the active-site serine, it did not account for 

why this acylation is functionally irreversible, nor did it identify the mechanistic link 

between cause (PBP inhibition) and effect (eventual cell lysis). The hypothesis that loss of 

PBP function sufficiently compromises the overall integrity of the PG macromolecule so as 

to culminate in its bactericidal rupture is supported by countless studies. Yet this explanation 

must be an oversimplification. If we understand that PBPs catalyze a diverse array of PG 

transformations, how actually does PBP inactivation cause cell lysis? This answer is 

paramount not only for understanding the bactericidal mechanism of a β-lactam antibiotic 

but also for understanding the resistance mechanisms against the β-lactams. An equally 

significant question is whether the bactericidal mechanism is the same across the 

extraordinary diversity of structure of the β-lactam antibiotics. Recent results suggest not. A 

study identifying the subset of the PBPs targeted by the clinically important β-lactam 

antibiotics used against Gram-negative bacteria demonstrates that the loss of multiple PBP 

functions, either singly or together, is bactericidal.290 Therefore, may we assume that there 

is a single signaling pathway that results in the induction of the AmpC β-lactamase? 

Notwithstanding the abundant evidence that suggests a significant commonality within the 

resistance-signaling pathway, probably not.

4.1. Penicillin-Binding Protein 4: Source of the β-Lactam Imprint

The identification of the mutations that arise in pathogenic bacteria to bolster their resistance 

to antibiotics gives valuable insight into the biochemistry of the resistance pathways. 

Mutations within the AmpC-resistance pathway, as found in extensively β-lactam-resistant 

P. aeruginosa clinical isolates, have been particularly insightful. Among these isolates are 

those with mutation of the dacB gene (encoding the PBP4 enzyme) so as to inactivate this 

PBP.291 The significance of PBP4 in the AmpC induction pathway was confirmed by the 

observation that a PBP4-knockout strain hyperexpressed AmpC β-lactamase.292 PBP4 is a 

dimeric, low-molecular-mass bifunctional PBP with both DD-carboxypeptidase and DD-

endopeptidase activities.234,293–296 PBP4 is regarded as the “sentinel” enzyme that 

recognizes, through its loss in activity by β-lactams, their presence.291,292,296 These findings 
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implicate a direct role for PBP4 in the alteration of the muropeptide pool that regulates, 

through effector structures (i.e., muropeptides), AmpR. Given our understanding of PBP4’s 

activity in vitro, its inactivation would coincide with the enrichment of muropeptides 

containing a complete pentapeptide stem (loss of DD-carboxypeptidase activity) and/or a 

muropeptide containing an intact 4,3-cross-linked peptide stems (loss of DD-endopeptidase 

activity).296 Differentiating between these two structural possibilities is challenging, 

especially when the identity of the relevant PBP4 substrate(s) is unknown. Are its important 

muropeptide substrates liberated from nascent PG or the mature PG macromolecule? Are 

these muropeptides substrates liberated from the elongasome, the early divisome, the late 

divisome, or the delicate cell wall that conjoins the lateral sidewall PG and the septal PG?

4.2. Lytic Transglycosylase: Recognition of the Cell-Wall Perturbation

In a tour de force study, Cho et al. demonstrated in E. coli that exposure to β-lactam 

antibiotics results in an accumulation, in the periplasm, of nascent pentapeptide-containing 

PG chains (Figure 5a).297 Nonincorporation (or misincorporation) of accumulated nascent 

PG correlates to cell lysis (Figure 5b). Degradation (for the purpose of correction and 

recycling) of accumulating nascent PG is thought to be primarily a function of the 

workhorse LT, Slt70 (homologous to Slt of P. aeruginosa) (Figure 5, panels c–e). Slt70 has 

the ability to cleave PG by both endolytic (Figure 5c) and exolytic degradation (Figure 5d), 

and both activities are necessary for nascent PG degradation (as the nascent PG termini are 

tethered at one end to the mature PG, and at the other end to the membrane). These two 

complementary activities would enrich the periplasmic milieu with GlcNAc-1,6-

anhMurNAc-pentapeptide (2c), a substrate for AmpG transport. Reconciliation of the 

observations of Cho et al.297 and the consequences of loss of PBP4 function into a coherent 

pathway that culminates with AmpC hyperexpression has not been attempted previously.

4.3. Derivation of a Unique Chemical Imprint

We offer a proposal. Our key surmise is that the muropeptide effector of AmpR derives from 

the coordinated action of Slt and PBP4 (as a DD-carboxypeptidase) on the nascent aberrant 

PG of the generic structure [GlcNAc-MurNAc-pentapeptide]n–lipid II postulated by Cho et 

al.297 For PBP4 to be the primary DD-carboxypeptidase (cleaving the terminal D-Ala of Slt-

liberated 1,6-anhydromuropeptides, and superseding PBP5, PBP6a, and PBP6b), some 

combination of restrictive partners, membrane-anchoring localization, gene regulation, 

and/or allosteric regulation must be in play. Several observations make E. coli PBP6a and 

PBP6b unlikely participants in the transformation of muropeptide-signaling muropeptides. 

PBP6a of E. coli has a counterintuitive protective (or safeguarding) effect that preserves in 

vitro the pentapeptide stems of PG, while the gene for PBP6b is upregulated at acidic pH so 

as to compensate for the loss of activity of other PBPs.119 The source of the nascent PG is 

either the PG at the elongasome-divisome interface or the septum of the divisome. Three 

LMM PBPs of E. coli (PBP4, PBP5, and PBP7/8) localize to the divisome.298 PBP7/8 acts 

as a DD-endopeptidase on the mature PG macromolecule. Liberated muropeptides are not 

thought to be PBP7/8 substrates299 consistent with the inability of a P. aeruginosa PBP7/8 

knockout to hyperexpress AmpR in the absence of an antibiotic.292 The possible catalysts 

for the periplasmic conversion of the free GlcNAc-1,6-anhMurNAc-pentapeptide (1c) 

obtained from nascent PG, to GlcNAc-1,6-anhMurNAc-tetrapeptide (1b), are PBP4 and 
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PBP5. PBP4 is the more probable candidate. Although PBP5 is a DD-carboxypeptidase, the 

most abundant of the PBPs, and the PBP most resistant to β-lactam inactivation, its probable 

physiological focus is the regulation of the number of acyl-D-Ala-D-Ala termini available for 

cross-linking to form polymeric PG. At least 50% of the PG at the divisome is cross-linked 

as a result of PBP1b transpeptidation, and some of the non-cross-linked stems of this PG 

remain in pentapeptide form.73,300 We propose that the AmpR signaling molecule originates 

from the >50% of nascent PG that retain the pentapeptide stem. This proposal is consistent 

with studies demonstrating that Slt-knockouts, in the presence of a β-lactam antibiotics, 

experience morphological deformation (“bulge formation”) at midcell,301 such as might 

arise from the inability to clear (as a result of the absence of Slt) accumulated nascent PG.

4.4. Constructing a Pathway to Resistance

The premise that the source of the AmpR signaling molecule is nascent PG of the 

elongasome-divisome interface (or of the septum of the divisome), and PBP4 is the DD-

carboxypeptidase catalyst acting on the Slt-liberated muropeptides, leads to the following 

pathway. Exposure of the organism to the β-lactam antibiotic initiates formation of the linear 

non-cross-linked nascent PG (product of lipid II polymerization by transglycosylases). As a 

subset of the PBPs are inhibited, a negative chemical imprint of the exposure to the 

antibiotic is made onto the cell wall, which entails enrichment of the structure in 

pentapeptide stems. As this aberrant structure is accumulated, it is turned over by Slt (and 

possibly other LTs), which release muropeptides enriched in pentapeptide stems within the 

periplasmic space (Figure 6). The ultimate LT product, GlcNAc-1,6-anhMurNAc enriched in 

pentapeptide (1c, Figure 6), is a substrate for the AmpG permease (as this permease requires 

the presence of a GlcNAc-1,6-anhMurNAc (1, Figure 6) disaccharide moiety as a minimal 

substrate motif). ampG-Knockout strains show only low-level constitutive expression of 

AmpC β-lactamase, and this level is unchanged in the presence of β-lactams.272,302 This 

finding fits several key observations. First, the signaling molecule for induction of AmpC β-

lactamase arises from PG recycling, and the identity of the muropeptide effector that acts on 

AmpR to induce AmpC β-lactamase must coincide with the substrate specificity of AmpG. 

Therefore, the AmpC β-lactamase inducer must have a GlcNAc-1,6-anhMurNAc (1, Figure 

6) peptide structure as it enters the cytoplasm. The ampC transcriptional regulator, AmpR, is 

likely cytoplasmic based on knowledge of other transcriptional regulators. However, a recent 

study proposes that in Pseudomonas, the effector-binding domain of AmpR is positioned in 

the periplasm and the DNA-binding domain of AmpR is positioned within the cytoplasm.303 

A cytoplasmic location for the DNA-binding domain is necessary, as this is the location of 

the DNA In the absence of explicit evidence, one presumes the effector-binding domain of 

AmpR is likely to be cytoplasmic, the location that is consistent with the behavior of the 

ampG-knockout strain, but further experimentation is called for.

4.5. Identifying the Muropeptide Key to Resistance

The initial steps in muropeptide recycling following muropeptide entry into the cytoplasm 

are catalyzed by the AmpD amidase and the NagZ glucosaminidase, as discussed above. 

Each of these two enzymes affects profoundly AmpC β-lactamase expression. ampD-

Knockout strains occur frequently in the clinic and show constitutive hyperexpression of the 

AmpC β-lactamase even without a β-lactam inducer (as do dacB-knockout strains).90,91,304 
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In contrast, nagZ-knockout strains require a β-lactam inducer to show AmpC hyper-

expression.76,78,305 The level of AmpC hyper-expression in the P. aeruginosa nagZ-knockout 

strain in the presence of a β-lactam inducer is greater than the level of induced AmpC 

expression of the wild-type strain or of the ampG-knockout strain. In accordance with 

Zamorano et al., the ampG-knockout strain is incapable of β-lactam-induced AmpC 

hyperexpression.280 NagZ inhibition achieves modest levels of synergy with β-lactams.
76,77,81,83,114,306–309. These data suggest that induction of AmpC β-lactamase occurs both 

by a NagZ-precursor muropeptide and by a NagZ-derived muropeptide. The muropeptide 

structure(s) most consistent with the data for C. freundii, E. clocae, and P. aeruginosa is that 

the primary (or exclusive) AmpR-activating inducer molecule is the 1,6-anhMurNAc 

saccharide having a stem peptide.272,283 The stem peptide is likely the full-length 

pentapeptide, which is enriched in the cell wall on exposure of the organism to β-lactam 

antibiotics.

The original work by Jacobs et al. identified muropeptide recycling as essential to the 

induction of the AmpC β-lactamase and the muropeptides from this recycling as effectors of 

AmpR. The authors proposed that binding of the lipid II-precursor molecule, UDP-

MurNAc-pentapeptide (4, Figure 6), to the effector-binding domain of AmpR represses 

transcription of the ampC gene.310 This molecule was confirmed subsequently as a ligand of 

the effector-binding domain of C. freundii AmpR by both nondenaturing mass spectrometry 

and X-ray crystallography.311,312 The muropeptide that accumulates in the cytoplasm in the 

presence of an inducing β-lactam was suggested to be the 1,6-anhMurNAc-tripeptide (2a, 

Figure 6), wherein displacement of UDP-MurNAc-pentapeptide (4, Figure 6) from the 

effector-binding site of AmpR by this muropeptide would result in the derepression of 

transcription of ampC. In subsequent studies 1,6-anhMurNAc-tripeptide (2a, Figure 6), 1,6-

anhMurNAc-tetrapeptide (2b, Figure 6), 1,6-anhMurNAc-pentapeptide (2c, Figure 6), and 

free pentapeptide (3c, Figure 6) were all also proposed as activators of AmpR.
41,276,288,310,313,314 Although it is highly probable that the muropeptide(s) that repress are 

structurally distinct from the muropeptide(s) that activate, there is no reason to believe that 

only a single muropeptide entity coincides with these respective activities. Nonetheless, for 

more than two decades the consensus interpretation identified UDP-MurNAc-pentapeptide 

(4, Figure 6) as the primary repressor muropeptide and 1.6-anhMurNAc-tripeptide (2a, 

Figure 6) as the primary derepressor (activator) muropeptide effector for regulation of 

AmpR. This consensus was countered, however, by the observation of bound UDP-

MurNAc-pentapeptide (4, Figure 6) in the X-ray structure of C.freundii AmpR.312 

Moreover, the substructure of this molecule embedded in the effector-binding site of AmpR 

was the pentapeptide stem, and not the saccharide moiety, as had been modeled previously.
311 This binding mode challenged the existing dogma. The shorter tripeptide stem of the 

proposed AmpR-activating 1,6-anhMurNAc-tripeptide (2a, Figure 6) effector molecule 

would lack the electrostatic “anchor” contact that was observed between the acyl-D-Ala-D-

Ala terminus of the UDP-MurNAc-pentapeptide (4, Figure 6) and the base of the effector-

binding site.312 Two subsequent studies validate a revised interpretation of the repressor and 

derepressor effector structures. Pentapeptide-containing 1,6-anhydromuropeptides 

accumulate in live P. aeruginosa cells upon exposure to β-lactam antibiotics.73 Furthermore, 

the comparative assessment of the ability of four authentic synthetic315,316 muropeptides to 
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bind to the effector-binding site of P. aeruginosa AmpR was consistent with the critical 

significance of the pentapeptide stem for AmpR recognition (Figure 6). UDP-MurNAc-

pentapeptide (4, Figure 6), 1,6-anhMurNAc-pentapeptide (2c, Figure 6), and GlcNAc-1,6-

anhMurNAc-pentapeptide (1c, Figure 6) bound to the AmpR effector-binding domain, 

whereas 1,6-anhMurNAc-tripeptide (2a, Figure 6) did not.317 These recent data support 

AmpR recognition of pentapeptide-containing 1,6-anhydromuropeptides (and possibly free 

pentapeptide (3c, Figure 6). The relationship of the structural response of AmpR to these 

ligands, with respect to the repression or activation of ampC transcription, is not known.

An interpretive caution with respect to this conclusion is the likelihood that both AmpR and 

its functional role in β-lactamase induction might have evolved differently in other bacteria. 

This caution is made evident by studies with the emerging Gram-negative pathogen 

Stenotrophomonas maltophilia. This bacterium encodes two β-lactamases (termed L1 and 

L2), both under AmpR control.318 In the absence of an inducer, AmpR activates L1 

expression and represses that of L2, while in the presence of an inducer, expression of both 

genes is activated.319 This activation is regulated through the muropeptide-recycling 

pathway, also initiated by LT activity.320 β-Lactamase activation may occur as a 

consequence of (the presumably complementary) loss of activity (due to inhibition) of two 

PBPs, either its PBP1a encoded by the mrcA gene321 or its PBP2 encoded by the mrcB 
gene.322 To augment complexity, only one of the two ampD homologues in the cytoplasm 

participates323 and loss of its activity causes β-lactamase hyperexpression.288 Overall 

regulation of L1 and L2 expression through muropeptide recycling has both NagZ-

dependent and NagZ-independent AmpR pathways.80 Using an mrdA (PBP2) deletion 

mutant and LC/MS analysis of the resulting significant perturbation in the periplasmic and 

cytoplasmic muropeptide pools, Huang et al. suggest that the structure of the muropeptide 

inducer in S. maltophilia is the 1,6anhMurNAc-tetrapeptide (2b, Figure 6).322

5. AMPR: GATEKEEPER TO β-LACTAM ANTIBIOTIC RESISTANCE

A central focus in the regulation of AmpC expression is the transcriptional regulator AmpR.
27,324–326 AmpR is a classic LysR-type transcriptional regulator (LTTR). LTTRs are 

ubiquitous in both Gram-positive and Gram-negative bacteria, where different LTTRs 

regulate critical facets of bacterial function, including virulence factor expression, stress 

response, quorum sensing, motility, fixation of both CO2 and N2, the biosynthesis of amino 

acids, and the catabolism of aromatic compounds.327–330 Notwithstanding their regulatory 

importance, the LTTR proteins challenge experimental study. The structural archetype and 

namesake of the LTTR family, LysR, is the transcriptional regulator of the lysA gene 

encoding the enzyme diaminopimelate decarboxylase.331–334 The LysR structure is 

representative of the LTTR family of prokaryotic DNA-binding proteins. LysR comprises 

two linked domains of approximately 330 amino acids. The DNA-binding domain (DBD) of 

LTTR proteins is an N-terminal winged-helix-turn-helix (HTH) domain that is typical for 

HTH transcriptional repressors, in contrast to HTH transcriptional activators (non-LTTRs) 

that commonly encode a C-terminal HTH DNA-binding domain.335 The HTH DNA-binding 

domain of LTTRs is 20–90 amino acids removed from the N-terminus. The C-terminus 

domain of the LTTR family is the binding domain for a regulatory coinducer (or 

alternatively, the “effector”, the term commonly used with respect to AmpR) small-molecule 
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structure. The effector-binding domain (EBD) is in turn composed of two subdomains, 

termed respectively the region of difference 1 (RD1) and region of difference 2 (RD2) 

subdomains. This subdomain nomenclature derives from the sequence differences among 

various coinducer binding domains, as these are less highly conserved compared to the HTH 

DNA-binding domains. The RD1 and RD2 subdomains each arrange in Rossmann-like folds 

(nine α-helices and nine β-strands) to form a cavity, the coinducer binding cleft, at their 

interface.336 The RD1 and RD2 subdomains connect by a hinge of antiparallel β-strands that 

cross at the base of the binding cavity. The coinducer-binding cleft typically spans between 

residues 95 and 210 in LTTR proteins.337–339 AmpR fits seamlessly into this classical LTTR 

architecture. Its N-terminal DNA-binding domain spans residues 1–67, and its C-terminal 

effector-binding domain spans residues 83–296. The AmpR protein of the clinically 

important P. aeruginosa has notable sequence homology to the better-studied C. freundii 
AmpR (58%) and Enterobacter cloacae AmpR (62%) proteins.340

5.1. Formation of a Large Assembly Is Required for Gene Regulation

The structures of 11 LTTR proteins are known to date. Ten structures assemble as tetramers 

(the exception is the octameric CrgA LTTR).341 Each of the ten other full-length LTTR 

structures [AphB (3SZP),342 ArgP (3ISP),343 BenM (3K1N),344 CbnR (1IXC),345 CrgA 

(3HHG),341 DntR (5AE5),346 OxyR (4 × 6G),347 TsaR (3FXR),348 unknown (2ESN), and 

unknown (3FZV)] have a dimer of dimers (that is, tetrameric) assembly. The tetramer 

interface between each dimer is designated the α10–α10 region.344 Three models, each with 

structural support, have been proposed to explain how the neighboring effector-binding 

domains interact within the tetramer (Figure 7).344 Scheme I (Figure 7a) shows the CbnR 

LTTR wherein the dimer–dimer interaction is offset, resulting in a weak α10–α10 

interaction. Scheme II (Figure 7b) shows the full-length structural arrangement of the ArgP, 

TsaR, and (the undesignated LTTR) 2ESN. There is no interaction between the α10–α10 

interface for these three. Subtle, but potentially significant, difference exists within the 

scheme II classification with regard to the positioning of the DNA-binding domain. ArgP 

binds linear DNA, whereas 2ESN binds bent DNA. CrgA shows a scheme II-type formation 

with respect to its coinducer binding domains but with structural divergence as a result of a 

unique angular relationship between the coinducer domain and the linker-helix to the DNA-

binding domain, which allow protein surface interactions that promote an octameric 

arrangement. Notwithstanding this variance, each scheme II structure reveals a broad gap 

between the two dimeric components of the full-length structures, resulting in no 

interactions between the α10–α10 regions. In contrast to the Scheme II LTTRs, Scheme III 

(Figure 7c) shows extensive interactions between the α10–α10 regions, as exemplified by 

the undesignated LTTR, 3FZV. This protein displays extensive protein surface contact at the 

dimer of dimers interface.

No full-length AmpR structure has been solved. Small-angle X-ray scattering (SAXS) 

analysis of the C. freundii AmpR protein led to the proposal that the structure of AmpR 

closely resembles that of ArgP, a Scheme II LTTR.312,343 Structures of the isolated (that is, 

separated from its DNA-binding domain) effector-binding domains of both C. freundii and P. 
aeruginosa AmpR are homodimers, and the full-length C. freundii AmpR protein by mass 

spectrometry is a tetramer.311,312,317 Identical homodimer interactions for each dimer of the 
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tetramer, as seen crystallographically for the dimeric effector domains themselves, are 

presumed.

5.2. Regulation of the Amp Operon

A divergent arrangement of the genes within the LTTR operon is a hallmark. This 

arrangement bestows an evolutionary advantage, as it imparts recombinant stability and 

minimizes genetic rearrangement. This stability arises in part from the internalization of the 

promoters between the genes, enabling regulation of the operon by a single transcriptional 

regulatory protein.349 In many Gram-negative bacteria (including C. freundii and P. 
aeruginosa), the ampR gene is positioned upstream of the ampC gene.350 In P. aeruginosa, 

the intercistronic regions (IR) between the ampR and ampC genes is 148 base pairs.32,303 

This gene motif (ampR-IR-ampC) is also conserved in other clinically important pathogens, 

including Klebsiella pneumoniae, Acinetobacter baumannii, and E. cloacae.27,351,352 In 

Gram-negative bacteria that lack ampR (such as E. coli), ampC is positioned downstream of 

the fumarate reductase (frd) operon.351,353,354 In the absence of AmpR in these bacteria, 

AmpC is expressed constitutively, although often at exceedingly low and thus clinically 

insignificant levels. In bacteria that use AmpR regulation of its operon, both AmpC 

inducibility and hyperexpression are characteristic of highly β-lactam-resistant strains. β-

Lactam resistance as a result of AmpC β-lactamase expression rarely arises in bacteria 

lacking AmpR.33,355–360 Experimental induction of ampC expression is interpreted in term 

of three levels: AmpR-activated ampC ⪢ low-level constitutive (non-AmpR regulated) 

expression of ampC > AmpR-repressed ampC.

5.3. Sliding-Dimer Model

The HTH motif of the DNA-binding domain of LTTRs is conserved not just in all LTTRs, 

but in 95% of all prokaryotic DNA-binding proteins (the remaining 5% comprise the helix–

loop–helix, zinc finger, and β-sheet-antiparallel domains).361–363 The LTTR HTH slots into 

the major groove of DNA (11.6 Å width by 8.5 Å depth) in an interaction determined by 

DNA-sequence recognition. Hence, each monomer of the dimeric DNA-binding domains of 

the LTTR tetramer binds one-half-site of the symmetry-related DNA.362–365 LTTR binding 

at two positions to the divergently transcribed operon blocks gene transcription. Broadly 

speaking (as the precise binding position of each LTTR varies), LTTRs bind at the site 

between the −35 and +20 nucleotides relative to the transcriptional start site (termed the 

activation-binding sites, ABS′ or ABS”) and at a second site further upstream (termed the 

repression-binding site, RBS) (Figure 8). Transcription of the ampC gene in Gram-negative 

rod-shaped bacteria is performed by the “housekeeping” sigma factor 70 (σ70, RpoD). The 

characteristic polymerase-binding site of σ70 is centered at 10 and 35 nucleotide base pairs 

upstream of the transcriptional start site (−10 and −35). In the repressed state, AmpR is 

believed to exclude σ70 transcription by blocking the σ70 polymerase-binding site. This 

block is believed to result from the positioning of two DNA-binding domains at the ampC 
polymerase-binding site (−10 and −35) with low affinity, while the other two DNA-binding 

domains of the AmpR tetramer bind to the high-affinity RBS positioned in the AmpR “box”. 

Accordingly, the −10 and −35 AmpR binding sites are named the low-affinity ABS’s, or 

ABS′ and ABS″, respectively. A “sliding-dimer mechanism” supersedes the scheme I–III 

models with its proposal that LTTRs undergo a dramatic conformational change, from a 
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compact form when repressed to an expanded form when activated (derepressed) (Figure 8).
348,366 This mechanism posits that the previously assigned Scheme I LTTRs represent the 

compact repressed conformation, and the previously assigned Scheme II LTTRs represent 

the expanded activated conformation.346 The homeostatic state of an LTTR in the repressed 

form binds to the RBS and ABS′ (Figure 8). Upon activation, the two DNA-binding 

domains bound to the ABS′ slide upstream to the ABS″ to allow gene transcription, while 

at the same time the binding of the two DNA-binding domains to the RBS are unperturbed 

(Figure 8). One LTTR structure, that of DNTR, may exemplify these two distinct 

conformational states. Effector binding transforms DNTR from a compact state (gene 

repression) to an extended (“open quaternary”) conformation (Figure 8).346 Biophysical 

experiments (including SAX data) support multiple conformational states for LTTRs and 

give credibility to the sliding-dimer model.329,343,346,347,367,368 Further discussion of the 

DNA complex with the DNA-binding domain interaction of the LysR regulators is provided 

by Koentjoro et al. in the context of a recent crystal structure.369 In the absence of X-ray 

structure evidence for AmpR, all models remain plausible. For instance, the AmpR tetramer 

may disassociate from the DNA or disassemble entirely concurrent with activator binding, 

thereby alleviating the operon of AmpR-mediated repression. Nonetheless, the “sliding-

dimer mechanism” for LTTR regulation is congruent with all existing AmpR data available.

5.4. Effectors Trigger Conformational Rearrangement

The companion question with respect to the dynamic control of LTTR function is the 

structural identities of its specific coinducer(s) and how these entities when bound to the 

coinducer-binding domain of the LTTR determine the conformational state of the full-length 

LTTR. Given the profound challenges to the structural study of full-length LTTRs, numerous 

studies have explored this question with the coinducer domains separated from the full-

length LTTR. The separated coinducer domains generally have much better aqueous 

solubility, and thus are much more easily studied experimentally. Nonetheless, these 

structural studies have yet to provide a definitive answer with respect to this conformational 

relationship. Indeed, recent studies examining the conformational change that accompanies 

the binding of a coinducer to its coinducer-binding domain can be interpreted in terms of a 

plurality of conformational mechanisms used by LTTR to control gene regulation. Quite 

possibly, the alternate conformational states that characterize a repressed LTTR and an 

activated LTTR, may be unique to each LTTR. While the central effector-binding site 

between RDI and RDII is widely conserved, some LTTRs possess secondary effector-

binding sites of lower structural conservation. An extreme example of this phenomenon is 

seen in the full-length structure of TsaR, an LTTR that coordinates degradation of p-

toluenesulfonate as the carbon source for Comamonas testosterone.370,371 The structure of 

TSAR (3FXU) was solved in complex with its natural inducer, p-toluenesulfonate. In 

addition to residing in the primary coinducer-binding pocket, the coinducer was also present 

at several secondary-binding sites located around the entire protein surface, including the β-

sheets comprising the winged portion of the DNA-binding domain.348 The possibility that 

this secondary binding is nonspecific (that is, an artifact of the crystallization) cannot be 

excluded. Crystallographic evidence for specific binding of the coinducer to the primary 

coinducer binding site is provided by the structures for cis,cis-muconate binding to the CatM 

(2F7C) and to the BenM (2F78) LTTRs. However, overlay of these two structures reveals a 
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secondary-binding site on BenM that is occupied by benzoate. The benzoate-binding site 

notably was not seen in the structure of CatM.372 The possibility that the benzoate binding 

was an artifact of crystallization was refuted by in vitro transcription studies that showed 

that both cis,cis-muconate and benzoate acted as BenM coinducers.368 The crystal structure 

of DntR, a protein that regulates oxidative degradation of 2,4-dinitrotoluene, gives further 

evidence of functional secondary coinducer-binding sites.346 The coinducer-bound structure 

of DNTR revealed the presence of salicylate both at the primary coinducer-binding site and 

also at a secondary-binding site. Binding of salicylate to its secondary coinducer-binding site 

of the DntR LTTR sufficed to trigger a dramatic conformational change. Importantly, the 

secondary-binding sites seen for AphB, BenM, and DntR are in different locations. This 

observation supports the idea that dual regulation may be a common event within the LTTR 

family.366,372

6. CONCLUSION

The search for the answers as to how Gram-negative bacteria use the AmpR system to 

mobilize resistance mechanisms in response to β-lactam-dependent compromise of their cell 

wall is a multidecade pilgrimage. Although the central answer now has been known for more 

than two decades, AmpR responds to a β-lactam-induced fluctuation in the composition of 

the muropeptides that enter the cytoplasm for recycling, embodying this answer in terms of 

structural changes effected by the enzymes of a surrounding pathway has been an arduous 

undertaking, in all aspects of its chemistry, biochemistry, and microbiology. The pilgrimage 

is unfinished. Its completion may be defined by answers to two questions. What is the 

muropeptide structure, or structures, that transform AmpR from a repressed to a derepressed 

state? And how might this transformation be blocked, as a means of preserving β-lactam 

clinical efficacy?

Although this conclusion cannot offer a scheme identifying the role of the muropeptide that 

transforms AmpR so as to predispose the ampC gene to transcription, our grasp of the 

pathway gives circumstantial evidence toward such identity. The essential structural pairing 

must be that of an anhMurNAc saccharide possessing a peptide stem.46,272 The requirements 

for LT involvement in ampC induction373 and the structural requirement for AmpG passage 

to the cytoplasm277 sets the anhMurNAc structural character, and the prevalence of AmpD 

incapacitation (as a mutational means to forestall removal of the stem) in order to secure 

high-level ampC expression defines the second structural character. Additional structural 

clarity is possible. In P. aeruginosa, the contributing role of loss of PBP4 function291,296 

strongly implicates this PBP as the β-lactam sentinel in this bacterium. In the absence of a β-

lactam antibiotic, the carboxypeptidase/endopeptidase catalytic activities of PBP4 ensure 

that the muropeptides returned to the cytoplasm lack a pentapeptide stem. In the presence of 

a β-lactam, PBP4 is inactivated. Consequently, the muropeptides returned to the cytoplasm 

are enriched in pentapeptide stems.374 Both the composition of the muropeptide pool in P. 
aeruginosa under β-lactam stress,73 and direct evaluation of the effector-binding domain of 

AmpR with muropeptides,317 support the anhMurNAc-pentapeptide as sufficient structure 

for binding to AmpR in order to affect ampC expression.276 Two provisos limit further 

clarification of this structure (toward specific muropeptide candidate structures). The first 

proviso is that there is one additional anhMurNAc candidate (in addition to anhMurNAc 
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itself) that fulfills this generic structural criterion. The incoming muropeptides to the 

cytoplasm are as GlcNAc-anhMurNAc(stem) disaccharides. Upon PBP4 inactivation, the 

stem of these disaccharides will be pentapeptides. Nonetheless, the several studies that show 

that NagZ inhibition improves incrementally β-lactam efficacy against P. aeruginosa suggest 

that the GlcNAc-anhMurNAc-pentapeptide disaccharide may be less effective than 

anhMurNAc-pentapeptide for AmpR derepression.30,76,78,81,307,308 The counterbalancing 

structure to these derepressing effector structures may also possess the pentapeptide stem. 

The culminating intermediate in the cytoplasm for PG biosynthesis, UDP-MurNAc-

pentapeptide (4, Figure 6), accumulates under β-lactam stress.310,375 The coincidence of this 

accumulation with the observation that the absence of FtsZ prevents ampC induction (hence, 

implicating the process of septal PG synthesis as essential to ampC expression)375,376 is 

consistent with this assignment for UDP-MurNAc-pentapeptide.

The second proviso is the difficulty in generalizing the circumstances for the operation of 

AmpR in P. aeruginosa as a nexus for β-lactam resistance, to other bacteria. As noted 

previously, E. coli lacks AmpR, and while S. maltophilia has AmpR, all evidence points to 

fundamental contrasts in comparison to P. aeruginosa with respect to its pathways for 

peptidoglycan recycling and AmpR-dependent β-lactamase(s) expression.320,322 The first 

bacteria used for the study of the AmpR pathway were E. cloacae and C. freundii.27 In these 

seminal studies, UDP-MurNAc-pentapeptide (4, Figure 6) was suggested to function as the 

AmpR repressor consistent with a decrease in its cytoplasmic concentration during β-lactam 

stress.310,314 The possibility of the pentapeptide stem structure as a feature common to both 

AmpR repressor structures (UDP-MurNAc-pentapeptide 4, Figure 6) and derepressor 

structures (such anhMurNAc-pentapeptide, 2c) is discussed cogently in connection with the 

most recent C. freundii AmpR structural studies.311,312 These same studies (and others in P. 
aeruginosa)73,317 would appear to exclude a role for 1,6-anhMurNAc-tripeptide (2a, Figure 

6) in AmpR regulation. Whether AmpR is regulated by the replete structural guise of the 

pentapeptide, or by a subtler competition in the cytoplasm for effector binding to its effector 

domain, remains an unsolved question. For example, a decrease in the concentration of 4 
may allow its displacement from the effector-binding site of AmpR by the pentapeptide 

motif of either 1c or 2c (Figure 6). Accordingly, it is plausible (as was proposed originally) 

that AmpR activation results from a concentration-dependent displacement mechanism 

wherein loss of PBP function by the β-lactam effects simultaneously an increase in the 

cytoplasmic concentration of both 1c or 2c so as to allow these pentapeptides to displace 4 
as its own concentration decreases (Figure 6). Alternatively, AmpR may exist without a 

bound effector in its repressed state and derepress upon the influx of pentapeptide structures 

following encounter with the β-lactam antibiotic.

The second question, is the AmpR nexus now understood sufficiently to consider its 

exploitation to support β-lactam clinical efficacy?, is both the more relevant and the more 

challenging question. Notwithstanding the enigmatic character of AmpR, the identity of all 

other members of the Gram-negative peptidoglycan recycling and biosynthetic pathways are 

known. Almost without exception, their functions are also known, and where we are not 

completely certain as to precise function within the pathways, for example, is PBP4 the 

solitary PBP sentinel used by P. aeruginosa to detect β-lactams?, and is the only result of its 
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inactivation a disproportionate influx of GlcNAc-MurNAc-pentapeptide muropeptides to the 

cytoplasm?, the surmises that may be made are sufficiently robust as to direct credible 

experimentation. Some conclusions are facile. The absolute importance of designing β-

lactam structures that are selective for the HMM PBPs, and do not inactivate LMM PBPs, is 

a now nearly timeless medicinal chemistry touchstone.377,378 It is not by accident that the 

antipseudomonal β-lactams (such as piperacillin and ceftazidime) possess this character. 

Likewise, inhibition of AmpD would be undesirable. The outstanding vulnerable proteins in 

the cytoplasm include the Mur pathway, NagZ, and AmpR; AmpG in the membrane; and in 

the periplasm, the lytic transglycosylases. In all of these latter examples, the conception is a 

synergistic combination of a new molecular entity, targeted to one of these proteins, and 

combined with a β-lactam antibiotic. Although the extraordinary value of combination 

antibacterial therapy has proven history as exemplified by the β-lactam/β-lactamase inhibitor 

combinations,379,380 the challenge to devising an appropriate combination381 capable of 

clinical efficacy cannot be underestimated.382–384 Nonetheless, there can be little doubt that 

the inexorable expansion of multidrug-resistant bacteria will demand consideration of 

combination antibacterial therapy.

The obvious targets for pairing with the β-lactam antibiotic are discussed succinctly. The 

possible virtue of shutting down PG synthesis in P. aeruginosa by the depletion of the 

MurNAc pool, as a result of simultaneous inhibition of the Mur pathway (such as with 

fosfomycin)385,386 and of PG recycling, was noted previously in this review.113 Initial data 

with fosfomycin using P. aeruginosa mutants that are defective for recycling confirm this 

approach as promising.83,114 Among the recycling-impaired mutants that demonstrated β-

lactam-fosfomycin synergy was one with loss of NagZ activity. Moreover, synergy was 

preserved in PAO1 wild-type P. aeruginosa in the presence of high concentrations of a poor 

NagZ inhibitor. As none of the known NagZ inhibitors is potent (submicromolar), these 

observations support strongly efforts toward improved inhibitor potency. Muropeptide 

passage through AmpG is required for ampC induction.272,280 A final cytoplasmic target is 

AmpR itself. Given the ease with which the effector domain of AmpR may be studied (in 

sharp distinction to the full-length protein) and with recognition of its seeming preference 

for engaging pentapeptide stems, there is reason to believe that the structure-based design of 

strongly binding pentapeptide analogs, or pentapeptides modified for affinity labeling, could 

be accomplished successfully. AmpG is required for muropeptide entry. A recent high-

throughput screening effort against AmpG identified a series of AmpG inhibitors. Although 

all had modest potency, all are amenable to medicinal chemistry optimization.387 A possible 

caution against AmpG as an antibacterial target is the possibility that its inhibition would 

result in a spillover of the accumulating muropeptides from the periplasm to the medium,249 

eliciting an inflammatory response as occurs with N. gonorrheae and Bordetella pertussis.
388,389 Nonetheless, it is evident that the full breadth of the roles of AmpG in muropeptide 

recycling, β-lactam susceptibility, and biofilm formation has yet to be determined.390 A 

complementary approach to AmpG inhibition, given that this permease is driven by the 

proton-motive force (PMF),277 is inhibition of this force. Indeed, this may be the mechanism 

of the structures identified through screening.387 As PMF attenuation could disrupt 

additionally active efflux and flagellar motion, the potential value of PMF as a means for 

antibiotic synergy is recognized. 391–394
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The obvious periplasmic target(s) to attain β-lactam (and quite possibly other antibiotics) 

synergy are the lytic transglycosylases. The appearance within a bacterium of adjacent gene 

clusters395 encoding the biosynthesis of an LT inhibitor (bulgecin)396,397 and of a β-lactam 

antibiotic398 implicitly affirms the functional synergy observed following the initial 

discovery of the bulgecins.399 A strategy for LT inhibition faces two key barriers. Gram-

negative bacteria possess a family of LTs, few of which have assigned functional roles. 

Nonetheless, it is evident from studies using LT gene knockouts in both P. aeruginosa292,400 

and S. oneidensis401 that inhibitor selectivity within the family may be required. The second 

limitation is the absence of an appropriate high-throughput assay for the LT enzymes to 

measure both inhibitor selectivity and inhibitor potency. Last, bulgecin (an iminosaccharide-

class inhibitor of LTs) is not at all easily sourced from its producing microorganism, and 

apart from bulgecin, there are exceedingly few other reported LT inhibitors. The synthesis of 

a practical yet potent LT inhibitor will likely require extensive medicinal chemistry effort. 

There are, however, exemplary protein structural data for numerous LT family members, as 

guidance in support of medicinal chemistry structure-based design.

A final discussion point remains. Understanding the genetic ensemble that confers advantage 

to a bacterium as a pathogen is extraordinarily difficult. For example, a dominant clonal 

strain of pathogenic P. aeruginosa will possess genes permissive for high level expression of 

AmpC (often, by AmpD loss, augmented by resistance mutations in AmpC itself) as well as 

for additional β-lactamases.402,403 These events reflect directly the prominence of the β-

lactams in P. aeruginosa chemotherapy. A facile conclusion in this circumstance might be 

that interfering with PG recycling in such a bacterium might not confer advantage. This 

conclusion awaits, however, experimental validation. Some plasmids with the ampC gene 

retain key proteins of the AmpR system.404,405 Although genetic incapacitation of AmpD is 

frequently associated with high level AmpC expression, loss of function in P. aeruginosa of 

all three of its AmpD enzymes results in a significant loss of fitness.25 The pathway 

confluence of the three AmpD enzymes in peptidoglycan recycling and in ampC expression 

is not straightforward.93 This circumstance may well hold with respect to the other enzymes 

suggested above as possible points of intervention, to attain β-lactam synergy. What is 

evident at this point in time of our understanding of the relationship between peptidoglycan 

recycling, and β-lactam efficacy, is that the framework of the pathways is now sufficiently 

well-understood so as to enable credible experimental evaluation.
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ABBREVIATIONS

PG peptidoglycan

anhMurNAc anhydro-N-acetylmuramic

GlcNAc N-acetylglucosamine

MurNAc N-acetylmuramic

PBP penicillin-binding protein

LT lytic transglycosylase
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Figure 1. 
A comparison of Gram-negative and Gram-positive cell-wall flux. The events of cell-wall 

biosynthesis, recycling, and turnover are depicted. In rod-shaped Gram-negative bacteria, the 

PG of the cell wall is found within the periplasm. It has perhaps a single monolayer 

thickness in its sidewall, and a bi or trilayer thickness at the septa. In contrast, the Gram-

positive PG is a multilayered exoskeleton.4 Together, de novo cell wall and recycled cell 

wall are manufactured in the cytoplasm and in final form as lipid II are translocated to the 

periplasm, where they experience a diverse array of structural modification to accommodate 

many biological pathways. In both types of bacteria, although less frequent in Gram-positive 

bacteria, the cell wall is recycled. Adapted with permission from ref 5. Copyright 2013 New 

York Academy of Sciences.
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Figure 2. 
β-Lactam antibiotics mimic the native acyl-D-alanine-D-alanine substrate of the PBP 

enzymes. The β-lactam ring of the penicillin (left) and the central amide bond of the D-Ala-

D-Ala peptide (right) are shown in red.
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Figure 3. 
Structure of lipid II (undecaprenyl diphosphate-MurNAc-pentapeptide-GlcNAc) of the 

Gram-negative bacterium. The stereochemistry of the lactyl moiety of the MurNAc 

saccharide, and of each of the stereogenic carbons of the amino acids of the peptide stem of 

the MurNAc (L or D), is shown by the red-colored labels.

Dik et al. Page 53

Chem Rev. Author manuscript; available in PMC 2019 November 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
(a) The divisome protein complex forms at the midcell and facilitates septation. The 

divisome tracks along the midcell (see green line). (b) The elongasome protein complex 

forms at the lateral sidewalls and facilitates sidewall expansion. The elongasome tracks 

along the lateral sidewall (see blue line). Notably absent from modern interpretations of 

these systems are the lytic transglycosylases, whose participation, although certain, remains 

undefined. Adapted with permission from ref 152. Copyright 2016 eLife Sciences 

Publications (https://creativecommons.org/licenses/by/4.0/).
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Figure 5. 
(a) PBPs elongate nascent PG (TG, transglycosylase domain) and incorporate it into the PG 

macromolecule (TP, transpeptidase domain). (b) β-Lactam antibiotics inhibit the 

incorporation of nascent PG (GlcNAc, yellow hexagon; MurNAc, green hexagon; 

anhMurNAc, red hexagon) into the cell wall, resulting in an aberrant form shown. (c–e) The 

aberrant PG might be misincorporated, resulting in the inevitable death of the bacterium. Slt 

degrades the nascent aberrant PG in an attempt at onset of repair to protect the bacterium.297 

Adapted with permission from ref 261. Copyright 2018 United States National Academy of 

Sciences.
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Figure 6. 
β-Lactam antibiotics inhibit the transpeptidase (TP) domain of the PBPs. The unhindered 

transglycosylase (TG) domain of bifunctional HMM PBPs continues the lengthening of the 

nascent PG chain. Nascent PG retains a pentapeptide stem. Slt cleaves the accumulated 

nascent PG as an effort toward repair. Slt-liberated PG is transported to the cytoplasm by the 

AmpG permease, where in current form as GlcNAc-1,6-anhMurNAc-pentapeptide (1c) it 

activates AmpR. NagZ recognizes compound 1c as a substrate and catalyzes the formation 

of 1,6-anhMurNAc (2c), which also functions to activate AmpR. Both AmpR activators are 
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substrates for AmpD, which catalyzes the formation of recycling intermediates GlcNAc and 

free pentapeptide (3c). GlcNAc and 3c are recycled by the bacterium in an effort to make 

new cell wall. Cell-wall precursor UDP-MurNAc-pentapeptides (4) is the AmpR repressor 

and exists in both homeostasis and β-lactam challenge. The increased concentration of 1c or 

2c sufficiently displaces homeostatic concentration of 4 during β-lactam challenge, 

triggering AmpR activation and β-lactamase transcription.
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Figure 7. 
Architecture of LTTR oligomers, as revealed in X-ray structure determinations, adopts 

distinct conformations, which are defined by a three-scheme classification. Each full-length 

LTTR comprises a DNA-binding domain, a region of difference I effector-binding domain 

subdomain (I), and a region of difference II effectorbinding domain subdomain (II). (a) 

Scheme I identifies LTTRs with weak interactions of the α10–α10 (yellow highlight) region 

as a result of an offset arrangement of the effector-binding domains. (b) Scheme II identifies 

LTTRs with separated α10–α10 regions. (c) Scheme III identifies LTTRs with strong 

interactions of the α10–α10 region (yellow highlight) as a result of extensive surface 

interactions of the effector-binding domains. Reproduced with permission from ref 330. 

Copyright 2008 Microbiology Society (https://creativecommons.org/licenses/by/3.0/).
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Figure 8. 
Full-length structure of DNTR was solved by small-angle X-ray scattering (SAX) and a 

model was proposed by which DNTR could bind its requisite DNA In a repressed compact 

conformation, DNTR binds to the RBS and ABS′. In an activated extended conformation, 

DNTR binds RBS and ABS″. (a) The model of DNTR is depicted, whereby the requisite 

DNA bends at a 240° angle in the repressed conformation and is relaxed to a 94° angle in the 

active conformation. Importantly it has been surmised that not all LTTRs bend DNA to the 

same degree. (b) A second model is shown that depicts how an LTTR could bind to its 

requisite DNA, if the DNA was bent to a lesser degree. In this model, the repressed 

conformation bends DNA at a 100° angle, and the active conformation bends DNA at a 50° 

angle. This model stipulates that the dimers of the LTTR tetramer cannot interact in the 

repressed conformation. Reproduced with permission from ref 346. (https://

creativecommons.org/licenses/by/4.0/). Image courtesy of Prof. Gordon A. Leonard.
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Scheme 1. PBP Inactivation by β-Lactam Acylation of the Catalytic Serine Residue of the PBPa

a Although the resulting acyl-enzyme eventually could undergo hydrolysis, restoring the 

active PBP, the time scale for this hydrolysis well exceeds that of the viability of the 

bacterium.
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Scheme 2. 
Catalytic Deactivation of the β-Lactam Antibiotic (Here Represented As a Penicillin) by β-

Lactamase (Here Represented As a Class C Serine-Dependent Enzyme) by Hydrolytic 

Opening of Its β-Lactam Ring.
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Scheme 3. Turnover of the Gram-Negative Cell-Wall Muropeptides Is Showna

aThe disaccharide is disassembled by a NagZ glucosaminidase, and the peptide stem is 

separated by the AmpD amidase. Turnover of cell-wall saccharides is an independent 

pathway from that of peptide turnover. The resulting saccharide pool, coupled with de novo 

synthesized saccharides, undergo biosynthesis culminating in the cell-wall precursor lipid II. 

Notably, the lipid II precursor UDP-MurNAc pentapeptide (4) and the cell-wall recycled 

muropeptides GlcNAc-1,6-anhMurNAc pentapeptide (1c) and 1,6-anhMurNAc pentapeptide 

(2c) serve as important effectors in the regulation of antibiotic resistance.
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Scheme 4. 
Biosynthetic Transformations (MurA–MurF) in the Mur Pathway Leading from UDP-

GlcNAc to UDP-MurNAc-pentapeptide (4)
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Scheme 5. Biosynthesis, Modifications, and Degradation of the Gram-Negative Cell-Wall 
Macromoleculea

aPBP glycosyltransferases assemble Lipid II by accretion. The nascent PG chain exists in 

pentapeptide form. PBP carboxypeptidases cleave the terminal D-Ala of the peptide stem in 

an effort to regulate the degree of cell-wall crosslinking. PBP transpeptidases crosslink 

nascent PG to the cell-wall macromolecule in a process that allows for selective 

incorporation of new PG at specific sites. PBPs and amidases modify the PG to 

accommodate various biological events including pili or flagellum formation, secretion 

systems assembly, elongation, and division. The lytic transglycosylases cleave PG in a 

unique reaction that forms a 1,6-anhydromuropeptide. These muropeptides are substrates for 

the AmpG permease, which transports muropeptides to the cytoplasm for recycling.
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Scheme 6. Glycosyltransferase Reaction Whereby Nascent PG Chain Is Formed by Catalysis of 
Adjacent Lipid II Moleculesa

aBifunctional HMM PBPs, RodA, and FtsW perform this reaction, which subsequently 

releases the lipid II acceptor strand from the membrane. The chemistry likely involves the 

formation of a reactive oxocarbenium species at the anomeric carbon of MurNAc (not 

depicted), as either an intermediate or transition state.

Dik et al. Page 65

Chem Rev. Author manuscript; available in PMC 2019 November 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 7. Crosslinking of the Cell-Wall Macromolecule Is an Essential Step in Cell-Wall 
Biosynthesisaa

aInhibition of this process, by the β-lactam antibiotic, leads to lysis of the bacterium. The 

crosslinking reaction shown is a 4,3-crosslink, although 3,3-crosslinks also form. 

Monofunctional and bifunctional HMM PBPs crosslink the cell-wall polymer.

Dik et al. Page 66

Chem Rev. Author manuscript; available in PMC 2019 November 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 8. Amidases Catalyze Hydrolysis of the Stem Peptide of the Muropeptides, and Produce 
Free Peptide and Denuded (or “Naked”) Glycan As Productsa

aDenuded cell wall in the periplasm at the septum is an important component of cell 

division. While in the cytoplasm, amide hydrolysis is an essential step in muropeptide 

turnover.
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Scheme 9. LTs Catalyze a Unique Non-Hydrolytic Transacetalization Reaction That Cleaves the 
MurNAc-GlcNAc β-(1,4)-Glycosidic Bond and Converts MurNAc to 1,6-anhMurNAca

aThe products of LT reactions are specific substrates for the AmpG permease, which allows 

for cytoplasmic transport and subsequent recycling. The formation of the discrete 

oxazolinium intermediate might not be relevant for all LTs.252
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Scheme 10. Turnover of GlcNAc-anhMurNAc Involves an Aspartic Acid Covalent Intermediate, 
Two Transition State Species Each Invoking an Oxocarbenium, and a Dramatic Conformational 
Protein Rearrangementa
a The reaction results in the hydrolysis of the GlcNAc-MurNAc β-(1,4)-glycosidic bond.
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