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Abstract 

 The enzymes involved in bacterial cell wall synthesis are established antibiotic targets, and 

continue to be a central focus for antibiotic development. Bacterial penicillin-binding proteins 

(and, in some bacteria, L,D-transpeptidases) form essential peptide cross-links in the cell wall. 

Although the β-lactam class of antibiotics target these enzymes, bacterial resistance threatens their 

clinical use, and there is an urgent unmet need for new antibiotics. However, the search for new 

antibiotics targeting the bacterial cell wall is hindered by a number of obstacles associated with 

screening the enzymes involved in peptidoglycan synthesis. This review describes recent 

approaches for measuring the activity and inhibition of penicillin-binding proteins and L,D-

transpeptidases, highlighting strategies that are poised to serve as valuable tools for high-

throughput screening of transpeptidase inhibitors, supporting the development of new antibiotics. 

 

Keywords: antibiotic, transpeptidase, penicillin-binding protein, L,D-transpeptidase, assay, high-

throughput 
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1. Introduction 

 The bacterial cell envelope plays a critical role in survival, protecting bacteria against their 

environment [1]. The envelope of Gram-negative bacteria consists of an inner cytoplasmic 

membrane, an outer membrane, and a cell wall situated between them in the periplasmic space. 

Gram-positive bacteria are surrounded by a cytoplasmic membrane and a thick cell wall, but lack 

an outer membrane. The cell wall plays an important structural role, and allows bacteria to resist 

osmotic pressure from the cytoplasm. Peptidoglycan, the principal component of the cell wall, is 

a mesh-like network of polysaccharides reinforced with peptide cross-links [2]. 

The final monomeric precursor of peptidoglycan, lipid II, is a lipid-linked disaccharide 

bearing a peptide sidechain [3]. Lipid II is assembled into peptidoglycan principally through the 

enzymatic activities of bacterial penicillin-binding proteins (PBPs) (Figure 1) [4]. The 

disaccharide unit of lipid II is first incorporated into the peptidoglycan polysaccharide backbone 

by class A PBPs, as well as other recently characterized peptidoglycan polymerases [4,5]. Then, 

the transpeptidase domains of class A and B PBPs catalyze transpeptidation reactions between the 

pentapeptide chains belonging to these newly incorporated subunits with other nearby peptide 

chains in peptidoglycan, forming 4→3 cross-links (i.e., the fourth residue of one peptide chain is 

covalently linked to the third residue of another chain). The class C PBPs, which are smaller than 

classes A and B, perform other functions in peptidoglycan regulation and degradation, typically 

acting as carboxypeptidases (hydrolytically removing the terminal residue of the peptide chain) or 

endopeptidases (cleaving the cross-link formed by the transpeptidase activity) (Figure 1). 

The peptidoglycan of some bacteria, notably Mycobacterium spp., contains high levels of 

3→3 cross-links (i.e., the third residue of one peptide chain is covalently linked to the third residue 

of another chain) (Figure 1) [6]. These non-classical cross-links are formed by L,D-transpeptidases 
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(Ldts), enzymes that are structurally unrelated to the transpeptidase domain occurring in PBPs 

[7,8]. While PBPs accept pentapeptide substrates, Ldt activity first requires a carboxypeptidase to 

cleave the fifth residue from the pentapeptide chain (Figure 1) [9]. Similar to the sortase family of 

transpeptidases, some Ldts catalyze other transpeptidation reactions, covalently anchoring a 

protein substrate (i.e., Braun’s lipoprotein) to the peptide chains in peptidoglycan [10,11]. 

 

 

 

Figure 1. Overview of the roles of penicillin-binding proteins and L,D-transpeptidases in 

bacterial peptidoglycan synthesis and degradation. Penicillin-binding proteins (PBPs) with 

transglycosylase activity incorporate the disaccharide core of lipid II into a growing glycan strand. 

Then, the transpeptidase domain of a PBP may form 4→3 cross-links between peptide strands 

(D,D-transpeptidase activity), cleave these cross-links (endopeptidase activity), or cleave the 

terminal D-Ala residue from the peptide (D,D-carboxypeptidase activity). The product of the 
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carboxypeptidase may then by accepted by L,D-transpeptidases (Ldts), forming 3→3 peptide cross-

links. The peptidoglycan shown here represents a form occurring primarily in Gram-positive 

bacteria, in which the pentapeptide chain bears a L-Lys residue in the third position. NAM and 

NAG refer to N-acetylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNAc), respectively. 

Note that enzymes other than PBPs may also catalyze the reactions depicted (e.g., monofunctional 

glycosyltransferases, metallo-D,D-carboxypeptidases) [9,12]. 

 

The enzymes involved in peptidoglycan synthesis, particularly the PBPs, are clinically 

validated antibiotic targets [4,13]. Their value as targets derives from the critical role of 

peptidoglycan in bacterial survival, the complex biosynthetic pathway required for peptidoglycan 

synthesis, and the absence of homologous pathways in eukaryotes, decreasing the likelihood of 

off-target effects. The most important class of antibiotics targeting peptidoglycan synthesis are the 

β-lactams (e.g., penicillins, cephalosporins, carbapenems), which target the transpeptidase 

domains of PBPs, and in some cases, Ldts [14,15]. β-Lactams act as covalent inhibitors, blocking 

the formation of peptide cross-links in peptidoglycan. 

 The clinical use of β-lactam antibiotics, and indeed of all antibiotics, is critically threatened 

by the emergence of resistant bacteria. Resistance to β-lactams occurs through a number of 

different mechanisms, particularly through the production of β-lactamase enzymes in Gram-

negative bacteria [16,17]. All current β-lactams are susceptible to degradation by β-lactamases, 

with different enzymes demonstrating varying levels of activity against different β-lactams [18]. 

Thus, there is an urgent and unmet need for the discovery of new antibiotics. Although bacterial 

transpeptidases are established antibiotics targets, inhibitor screening for these enzymes is often 

challenging, due in large part to the structural complexity of their substrates. 



 6 

In this review, we begin by describing synthetic and enzymatic approaches for preparing 

lipid II, the monomeric PBP substrate. We then highlight promising recent approaches for assaying 

the transpeptidase activities of PBP and Ldts, based principally on interactions with substrate 

analogues and β-lactam-based probes. This review does not cover PBP transglycosylase activity 

or the sortase family of transpeptidases, which were covered in excellent recent reviews [19-21]. 

There have also been excellent reviews by Wollmer, Walker, and Kahne describing how PBP 

transpeptidase activity assays have contributed to a better understanding of the in vivo functions 

of PBPs [22,23]. Our aim here is to describe how the mechanisms by which PBPs and Ldts interact 

with their substrates and inhibitors may be exploited for the development of in vitro 

transpeptidases assays, including some which are amenable to high-throughput inhibitor 

discovery. 

 

2. Preparation of Lipid II and Analogues 

 Lipid II is the final monomeric intermediate in the peptidoglycan biosynthetic pathway 

(Figure 2A) [24]. It is synthesized in the cytoplasm, flipped to the external face of the cytoplasmic 

membrane, and then incorporated into peptidoglycan (Figure 2B). Although the structure of lipid 

II varies across different bacterial species [25], all variants are composed of three main structural 

elements: a β-1,4 linked N-acetylmuramic acid (MurNAc, or NAM)-N-acetylglucosamine 

(GlcNAc, or NAG) disaccharide core, a peptide chain ligated to the MurNAc carboxylic acid 

moiety, and a (Z8, E2, ω)-undecaprenyl lipid tail attached to the MurNAc anomeric position 

through a diphosphate (Figure 2A). Synthetic preparation of lipid II is challenging due to its 

structural complexity, while isolation of natural lipid II is limited due to the low levels at which it 

occurs in bacteria under normal conditions. Nonetheless, methods have been developed to prepare 



 7 

lipid II and analogues through total chemical synthesis, chemoenzymatic synthesis, or isolation. 

Access to lipid II analogues has opened up new strategies for investigating the activity and 

mechanism of PBPs, as well as the other enzymes involved in peptidoglycan biosynthesis. 

 

 

 

Figure 2. Lipid II structure and biosynthesis. (A) Chemical structure of lipid II. The variable 

positions are shown in red. R1 = H, Ac; R2 = H, Ac; R3 = OH, OMe, NH2; R
4 = H, CO2H; R5 = 

Gly5, Ala2, Ala-Ser/Ala, D-Asp; R6 = OH, OMe, NH2. These structural variations are described in 

detail by Münch et al. [25]. The components of the cartoon representations of lipid II and 

peptidoglycan used throughout this review are defined in the dashed box. (B) Scheme showing the 
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biosynthetic assembly of lipid II, and its incorporation into peptidoglycan in a model Gram-

negative bacterium. In Gram-negative bacteria, the third amino acid of the pentapeptide chain is 

typically meso-diaminopimelic acid (meso-Dap), while it is typically L-Lys in Gram-positive 

bacteria. MraY catalyzes the transfer of UDP-MurNAc pentapeptide to a C55 undecaprenyl 

phosphate chain, forming lipid I. Then, MurG transfers GlcNAc to lipid I, yielding lipid II. 

Flippase enzymes translocate lipid II to the outer face of the inner membrane, where it can be 

incorporated into peptidoglycan by PBPs. 

 

The first total syntheses of lipid II were reported by groups at DuPont Pharmaceuticals [26] 

and Eli Lilly [27], with subsequent groups employing variations of this strategy to prepare 

analogues [28-33]. Most total syntheses employ a modular strategy, wherein a MurNAc acceptor, 

GlcNAc donor, peptide chain, and polyprenol phosphate are prepared individually, then combined 

into lipid II at a late stage (Scheme 1A). Here lies the major advantage of total chemical synthesis 

over other methods. Theoretically any modification can be performed on any one of these 

fragments, allowing the preparation of many different lipid II analogues. However, this synthesis 

is challenging, and is technically beyond the capabilities of most end-users of lipid II derivatives. 

Furthermore, the synthesis is lengthy, typically requiring > 20 steps, and is low yielding. 

In the chemoenzymatic preparation of lipid II analogues, chemical synthesis is used to 

prepare or modify (i.e., label) lipid II intermediates, which are then converted enzymatically to 

lipid II (Scheme 1B). An excellent review describing biochemical approaches for lipid II 

production was prepared by Breukink and Vollmer, and we refer readers to this for a detailed 

overview of past chemoenzymatic approaches [22]. Akin to total synthesis, this method is also 

modular, making use of the phosphotransferase MraY and/or the glycosyltransferase MurG 
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(Figure 2B). However, the enzymatic steps impose limitations related to substrate specificity. 

MraY utilizes two substrates, Park’s nucleotide and a polyprenol phosphate, and tolerates a broad 

range of modifications. MraY is capable of utilizing polyprenyl phosphates of varying chain 

lengths, but does not accept alkyl phosphates lacking the alkene moieties found in polyprenols 

[34,35]. Recent work by Kurosu and coworkers has shown that synthetic derivatives of Park’s 

nucleotide containing dansyl or fluorescein labels on L-Lys3 are processed by MraY into lipid I 

(the monosaccharide precursor to lipid II) [35]. However, the first two amino acids of the 

pentapeptide chain and the C-4 configuration of MurNAc are essential for MraY recognition in 

Bacillus subtilis [36]. One method to overcome the substrate limitations of MraY is to chemically 

synthesize the desired lipid I fragment, and then use MurG to add GlcNAc [37]. However, Kurosu 

and coworkers have also shown that MurG may not tolerate lipid I analogues labelled at L-Lys3 

[35]. 

The final method to access lipid II analogues involves direct isolation from bacteria. An 

elegant method to isolate lipid II from Escherichia coli, Staphylococcus aureus and B. subtilis was 

recently reported by Walker and Kahne, providing pure lipid II far more quickly and conveniently 

than synthetic and enzymatic methods [38]. Growth of B. subtilis with low levels of vancomycin 

inhibits peptidoglycan synthesis, resulting in lipid II accumulation, and allowing for sub-milligram 

quantities of lipid II to be isolated. The transglycosylase inhibitor moenomycin was used as part 

of an analogous approach to extract lipid II from S. aureus. However, in E. coli, the outer 

membrane interferes with the activities of both vancomycin and moenomycin. Instead, a strain 

containing a functional mutant of the lipid II flippase MurJ (MurJA29C) could be treated with a 

cysteine capping agent, leading to lipid II accumulation. The material prepared by these isolation 

methods can be modified through several late-stage functionalization approaches, e.g. the direct 
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modification of the L-Lys3 side chain. Grimes et al. recently reported a strategy to incorporate a 

bioorthogonal azide or alkyne tag by feeding E. coli labelled MurNAc derivatives, which are then 

incorporated into lipid II through peptidoglycan-recycling enzymes [39]. A combination of the 

approaches reported by Walker, Kahne, and Grimes could be an excellent way to rapidly generate 

novel labelled lipid II analogues. 

 

 

 

Scheme 1. Synthetic methods to prepare lipid II and analogues. (A) Total chemical synthesis 

of lipid II follows a modular strategy, initially preparing protected saccharide and peptide moieties, 

followed by their late stage assembly into lipid II. (B) Chemoenzymatic synthesis of lipid II may 

also follow a modular strategy, employing phosphotransferase MraY and glycosyltransferase 

MurG with isolated or chemically synthesized substrates. These enzymes tolerate a range of 
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substrate substitutions, allowing for the preparation of lipid II analogues. PG is protecting group, 

and UDP is uridine diphosphate. 

 

Labelled lipid II derivatives have been extensively used to assay glycosyltransferase 

activity and identify inhibitors of several different peptidoglycan synthases, and we refer readers 

to a recent review by Wong and Ma for more information on this topic [19]. Lipid II has been 

applied less frequently to the study of the transpeptidase activities of PBPs and Ldts, although 

there have been promising reports; for example, a high-throughput transpeptidase assay was 

devised based on the preparation and modification of isotopically labelled lipid II in a bacterial 

membrane extract [40]. Based on recent advances in the preparation of lipid II, and with 

consideration of the transpeptidase assays described in subsequent sections of this review, it is 

clear that labelled lipid II derivatives could be a valuable tool for discovering inhibitors targeting 

bacterial transpeptidases. 

 

3. Penicillin-Binding Proteins 

Introduction 

Bacteria employ several PBP enzymes for the synthesis and degradation of peptidoglycan, 

with different bacterial species producing varying numbers of PBPs [4]. There is further diversity 

in terms of the sizes and functional domains of these PBPs. The high-molecular weight (HMW) 

PBPs are divided into classes A and B; class A enzymes have both glycosyltransferase and 

transpeptidase domains, while class B enzymes only have transpeptidase activity. These HMW 

PBPs play a principal role in peptidoglycan synthesis for most bacteria [22]. While the low-
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molecular weight (LMW) PBPs (or class C enzymes) also have a transpeptidase domain, this 

domain behaves primarily as a carboxypeptidase or endopeptidase in these enzymes [22]. 

Crystallographic studies have revealed the structure and likely mechanisms of the PBP 

transpeptidases [4]. Initial studies on LMW PBPs, such as the D,D-peptidase from Streptomyces 

R61, have provided much of our initial understanding of the interactions of PBPs with their 

substrates [41]. Overall, the structures of a broad range of HMW and LMW PBPs have now been 

solved [42-45]. The structure of the transpeptidase (or penicillin-binding) domain tends to be 

highly conserved, composed of an ⍺-helical subdomain interacting with another subdomain 

consisting of a β-sheet covered by three ⍺-helices (Figure 3A) [4]. The active site is made up of 

residues from both subdomains, centered around a nucleophilic serine residue (e.g., Ser510 of 

PBP1b; Figure 3A). Key conserved motifs contribute residues to this active site, including the 

nucleophilic serine (part of the conserved SXXK motif), an active site loop between two ⍺-helices 

(bearing the SXN motif), and a neighbouring β-strand [bearing the KTG(T/S) motif] [4]. 
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Figure 3. Overview of PBP transpeptidase structure, mechanism, and inhibition by β-lactam 

antibiotics. (A) View of the crystal structure of PBP1b from E. coli (PDB 3VMA) [43], with ⍺-

helices shown in blue and β-strands in yellow. The distinct transglycosylase, UB2H, and 

transpeptidase domains are indicated. The transglycosylase inhibitor moenomycin is shown in a 

stick representation. The protein termini are indicated with N and C. The inset shows a view of the 

enzyme active site, including the nucleophilic serine Ser510 and the conserved catalytic motifs 

described in the text. Schemes showing the mechanisms of PBP (B) transpeptidase activity, (C) 

carboxypeptidase activity, and (D) endopeptidase activity. Note that the length of the glycan 

backbone, as represented by hexagons, is variable and is not shown fully in this figure. The 

structure of peptidoglycan shown in the figure represents a form commonly seen in Gram-positive 

bacteria, with L-Lys in the third position of the peptide chain. (E) Scheme showing the acylation 

of the PBP transpeptidase serine nucleophile by the β-lactam antibiotic ampicillin. The resulting 

acyl-enzyme complex, as shown crystallographically for the complex derived from ampicillin and 

PBP6 (PDB 3ITA) [44], is typically resistant to hydrolysis, inhibiting enzymatic activity. 

 

Following substrate binding, the catalytic mechanism of the PBP transpeptidase domain 

begins with the attack of the nucleophilic serine onto the amide linkage between D-Ala4 and D-

Ala5 of the substrate pentapeptide (i.e., the donor peptide) (Figure 3B). This leads to the cleavage 

of the amide bond, releasing D-Ala and forming a covalent ester-based intermediate involving the 

PBP serine side chain and the tetrapeptide chain. For PBPs with transpeptidase activity, an amino 

group on the side chain of residue 3 (e.g., L-Lys) of another peptide chain (i.e., the acceptor 

peptide) nucleophilically attacks the ester linkage, forming a new amide bond and releasing the 

enzyme serine residue. For some PBPs, free D-amino acids may act in place of the acceptor peptide, 
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attacking the covalent peptide-enzyme complex and yielding a pentapeptide chain with an 

alternative terminal residue [46]. The PBP carboxypeptidases use a nucleophilic water molecule 

in place of the acceptor peptide, hydrolytically cleaving the terminal D-Ala and producing a 

tetrapeptide chain without a peptide cross-link (Figure 3C). The LMW PBPs with endopeptidase 

activity catalyze what is effectively the reverse reaction of the transpeptidases, with the 

nucleophilic serine attacking the peptide cross-link, forming an ester-based covalent peptide-

enzyme complex and releasing the original acceptor peptide (Figure 3D); then, attack by a water 

molecule releases the resulting tetrapeptide, thereby hydrolyzing the cross-link. 

β-Lactam antibiotics are the most clinically important inhibitors of PBP transpeptidase 

activity. The nucleophilic serine of the transpeptidase domain attacks the strained β-lactam ring 

present in all antibiotics of this class, resulting in a covalent adduct in which the serine is acylated 

by the antibiotic (Figure 3E). These covalent complexes are typically stable, blocking the enzyme 

from catalyzing the formation of cross-links in peptidoglycan. Glycopeptide antibiotics such as 

vancomycin are another major class of inhibitors which interfere with PBP transpeptidase activity, 

through a non-covalent binding interaction with the substrate pentapeptide chain. 

 

Assays 

In this section, we principally consider assays centered on the activity of the PBP 

transpeptidase domain (which may catalyze transpeptidase, carboxypeptidase, or endopeptidase 

reactions), focusing on approaches that are suitable for high-throughput inhibitor screening. As 

indicated above, recent reviews have described efforts towards identifying inhibitors of the PBP 

glycosyltransferase domain,[19] as well as functional investigations of PBP transpeptidase activity 

in bacteria [22,23].  
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Screening of PBP transpeptidases requires a number of important considerations. Many 

PBPs are membrane-associated proteins, complicating efforts to produce and purify these 

enzymes. PBPs vary in terms of their catalytic activity and their inhibitor susceptibility, and hence 

screening for one enzyme may not yield hits that target other PBPs. Furthermore, not all PBPs are 

essential to bacterial survival, and so inhibition of only one PBP may not lead to antibiotic activity. 

The natural substrates of PBPs are structurally complex, and efficient transpeptidase activity often 

requires pre-existing glycan polymers formed by PBPs (or other enzymes) with 

glycosyltransferase activity [47]. However, in spite of these complications, several strategies have 

been devised to study PBP transpeptidase activity, exploiting the mechanisms by which PBPs 

interact with their substrates and inhibitors. The methods described below, which are intended to 

highlight the diversity of approaches available as opposed to listing them comprehensively, are 

organized according to the enzymatic activity that they measure. 

 

Transpeptidase Activity 

 Degradation strategies have been devised to examine the extent of peptide cross-links 

present in peptidoglycan, providing both in vivo and in vitro indications of transpeptidase activity. 

Typically, a muramidase enzyme (e.g., cellosyl, mutanolysin) is added to cleave the glycosidic 

linkages between GlcNAc and MurNAc sugars (Figure 4A) [48]. Then, treatment with sodium 

borohydride reduces the MurNAc sugar, and the products are analyzed by liquid chromatography 

(LC) methods. Biboy et al. applied such an approach to develop an assay for measuring the in vitro 

transpeptidase activity of PBP1B from E. coli with [14C]-labeled lipid II [49]. Assay products were 

treated with cellosyl, sodium borohydride, and the resulting muropeptides were quantified by high 

pressure liquid chromatography (HPLC) with detection by scintillation counting. 
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Figure 4. Approaches for monitoring peptidoglycan synthesis. (A) Degradation-based analysis 

of PBP activity. Purified peptidoglycan (or in vitro-synthesized enzymatic products) is digested 

with a muramidase, cleaving between MurNAc and GlcNAc sugars, and then treated with sodium 

borohydride. The peptidoglycan fragments may then be analyzed by liquid chromatography (LC), 

as detected by absorbance, mass spectrometry, or scintillation counting, providing an indication of 

the extent of transpeptidase activity [49]. (B) Incubation of uridine diphosphate (UDP)-MurNAc 

pentapeptide and [3H]-labeled UDP-GlcNAc with an E. coli membrane extract leads to the 

synthesis of radiolabeled lipid II [40]. Then, PBP enzymes present in the extract catalyze 

peptidoglycan synthesis, incorporating the tritium label. The extent of radiolabel incorporation into 

peptidoglycan is measured with wheat germ agglutinin-scintillation proximity assay (SPA) beads, 

which bind to GlcNAc-containing polymers. The impact of inhibitors on these steps leads to lower 

levels of synthesized radiolabeled peptidoglycan, as can be measured in a high-throughput format. 
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 The need for enzymatic digestion and reduction prior to detection limits the throughput of 

such an approach for inhibitor discovery. Although paper chromatography has been widely applied 

to measure the incorporation of radiolabeled sugars and lipid intermediates into peptidoglycan 

without requiring degradation analyses, this technique cannot measure peptidoglycan cross-linking 

and thus cannot directly be used to monitor transpeptidase activity [50]. De Sousa and co-workers 

have developed several alternative strategies for the in vitro monitoring of peptidoglycan synthesis, 

based on radioactively-labeled biosynthetic precursors. Their approach uses wheat germ 

agglutinin-coated scintillation proximity assay (SPA) beads, which bind to GlcNAc-containing 

polymers (e.g., peptidoglycan). E. coli membrane extracts were incubated with [3H]-labeled lipid 

II precursors, and the extent to which the labelled material was incorporated into peptidoglycan 

was determined based on the association of radioactive peptidoglycan products with the SPA beads 

(Figure 4B) [40]. These initial experiments simultaneously screened the activities of several 

enzymes present in the crude E. coli membrane extract, namely MraY, MurG, lipid 

pyrophosphorylase, as well as the PBPs. Perhaps unexpectedly, this assay also allowed for 

transpeptidase activity and inhibition to be monitored [40]. 

 De Sousa and co-workers reported several subsequent improvements of this approach. The 

use of detergents allowed for E. coli PBP1b inhibitors to be distinguished from inhibitors of the 

other peptidoglycan biosynthetic enzymes present in the crude extract [51]. Through a related 

approach, radiolabelled lipid II could be prepared by incubating an E. coli strain lacking PBP1b 

with isotopically labeled peptidoglycan sugar precursors [52]. Following overexpression of PBP1a 

in this strain, the impact of inhibitors on PBP1a activity was measured by the SPA. Similarly, if 

exogenous PBP1b was added to the radiolabelled lipid II prepared in the membrane extracts, the 
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impact of PBP1b inhibitors could be monitored. Alternatively, accumulation of radiolabelled lipid 

II could be triggered through the addition of vancomycin, which sequesters the lipid II peptide 

chain [53]. Addition of PBP substrate analogues [e.g., Ac-L-Lys(Ac)-D-Ala-D-Ala] displaced 

vancomycin from the radiolabeled lipid II, initiating peptidoglycan synthesis, allowing for the 

impact of inhibitors on this process to be measured through a high-throughput approach. These 

strategies have the distinct advantage of using bacterial extracts, greatly simplifying the 

preparation of lipid II from labelled precursors; however, due to the potential of unanticipated off-

target effects using such a complex mixture, the validation of hits through a more defined assay 

system is an important consideration. 

These approaches have relied on the preparation of labeled lipid II through biosynthetic or 

chemical synthetic strategies. However, many PBPs tolerate simple substrate analogues, including 

those in which the carbohydrate backbone is simplified or absent, or in which the peptide chain is 

shortened [54,55]. In particular, the tripeptide Ac-L-Lys(Ac)-D-Ala-D-Ala has been commonly 

applied to monitor PBP transpeptidase and carboxypeptidase activity [56]. 

 

D-Amino Acid Incorporation 

 The terminal D-Ala in peptidoglycan peptide chains can be enzymatically substituted with 

other D-amino acids by PBPs and Ldts [46,57]. Following the formation of a covalent complex 

between the PBP transpeptidase domain and the donor peptide (Figure 5A), D-amino acids can act 

in place of the acceptor peptide, forming a peptide bond with the donor peptide [58]. The net result 

of this reaction is that the terminal D-Ala residue in the peptide is replaced with another D-amino 

acid. Lupoli et al. exploited this activity as the basis of a radioactivity assay, tracking the 

incorporation of [14C]-D-Ala into peptidoglycan by PBP1A and PBP1B from E. coli, as monitored 
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with paper chromatography [59]. Such an approach did not require measurement of the extent of 

peptide cross-link formation, thereby offering a greatly simplified measure of transpeptidase 

activity. 

 

 

 

Figure 5. PBP-catalyzed D-amino acid incorporation and D-Ala release. (A) The PBP 

nucleophilic serine reacts with the substrate peptide, releasing D-Ala. The resultant covalent 

peptide-enzyme complex can then react with labeled D-amino acids (e.g., isotopically labeled, 

fluorescently labeled), thereby incorporating the label into the substrate [58,60]. (B) The release 

of D-Ala during PBP-catalyzed transpeptidation and carboxypeptidation reactions can be 

monitored through a coupled enzyme assay [61]. D-Ala is oxidized to pyruvate by D-amino acid 

oxidase, resulting in the formation of hydrogen peroxide. Then, the hydrogen peroxide is used by 

horseradish peroxidase (HRP) to oxidize Amplex Red, forming the fluorescent resorufin product. 
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The PBP-mediated incorporation of D-amino acids into peptidoglycan is not limited to 

amino acids structurally resembling D-Ala [46,62]. Qiao et al. showed that PBP4 from 

Staphylococcus aureus can exchange functionalized D-Lys probes into the peptide chains present 

in peptidoglycan, also catalyzing this activity with monomeric lipid I and lipid II substrates (Figure 

5A) [62]. This activity was used as the basis of a transpeptidase assay, measuring the incorporation 

of a D-Lys-biotin conjugate into peptidoglycan [62]. Following the addition of D-Lys-biotin to a 

culture of S. aureus, the cell extract was measured by Western blot through a chemiluminescence 

assay. Addition of a conjugate of streptavidin and horseradish peroxidase (HRP) allowed the 

incorporation of the biotin tag to be measured, thereby providing an indication of transpeptidase 

activity. 

VanNieuwenhze and co-workers observed that PBPs are able to incorporate D-amino acids 

bearing side chain fluorophores (e.g, fluorescein, rhodamine) into peptidoglycan (Figure 5A), 

thereby allowing transpeptidase activity to be monitored through fluorescence measurements [63]. 

These fluorescent probes have provided exciting insights into peptidoglycan synthesis, allowing 

visualization of cell wall dynamics in live bacteria [63,64]. However, these procedures require 

washing steps to remove unincorporated amino acids for incorporation to be visualized. This was 

recently overcome through the use of rotor-fluorogenic D-amino acids (RfDAAs) to monitor 

transpeptidase activity [60]. The fluorescent signal of the RfDAAs is sensitive to their steric 

environment, such that their incorporation into peptidoglycan results in an increase in fluorescent 

intensity. 

While the RfDAAs were valuable probes for monitoring peptidoglycan synthesis in live 

bacteria, they were also shown to be useful for monitoring PBP transpeptidase activity in vitro 

[60]. PBP-mediated substitution of the terminal D-Ala residue of the Ac-L-Lys(Ac)-D-Ala-D-Ala 
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tripeptide with an RfDAA could be monitored in 96-well plate format through measurements of 

fluorescence intensity. This platform was used to show the inhibitory activity of the cephalosporin 

cefoxitin on the transpeptidase activity of PBP4 from S. aureus [60]. 

 

D-Ala Release (Carboxypeptidase, Transpeptidase) 

The transpeptidase and carboxypeptidase activities of PBPs result in the release of D-

alanine (Figure 3B, 3C, 5B), which has been used as the basis for several PBP assays. These 

activities can simply be monitored spectrophotometrically with simple meso-diaminopimelic acid 

(meso-Dap)-D-Ala-D-Ala and L-Lys-D-Ala-D-Ala tripeptide substrates [55]. However, highly 

sensitive fluorescence-based assays for D-Ala release have also been developed to monitor PBP 

activity. Gutheil et al. reported a coupled enzyme assay for measuring the release of D-Ala from a 

Ac-L-Lys(Ac)-D-Ala-D-Ala tripeptide by the E. coli carboxypeptidase PBP5 (Figure 5B) [61]. The 

D-Ala released from the substrate is oxidized by D-amino acid oxidase to form pyruvate and 

hydrogen peroxide. Then, the hydrogen peroxide is used by HRP to oxidize Amplex Red or 

QuantaBlu, yielding fluorescent products. These coupled assays were used to characterize the 

kinetic behaviour of PBP5, and monitor its inhibition by vancomycin. This highly sensitive 

approach is compatible with a microtiter plate format, allowing the detection of low picomole 

quantities of D-Ala. Several variations on this approach have since been applied by other groups 

[54,56,65]. 

 Adam et al. developed thioester-based probes which release a thiol upon reaction with the 

PBP transpeptidase nucleophilic serine, conceptually similar to the PBP-catalyzed release of D-

Ala from peptide substrates [66]. Hydrolysis (analogous to carboxypeptidation) or transacylation 

(analogous to transpeptidation) of these thioesters could be monitored spectroscopically, albeit 
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with the limited sensitivity associated with such measurements. However, release of the thiol could 

also be detected based on its reaction with 5,5ʹ-dithiobis-(2-nitrobenzoic acid) (DTNB) or 4,4ʹ-

dithiopyridine [67]. This colourimetric assay was applied to compare the kinetics of Streptomyces 

R61 D,D-peptidase in the crystalline and solution states. 

 

Endopeptidase Activity 

Assays for PBP endopeptidase activity often involve treatment of the bacterial 

peptidoglycan sacculus with purified enzyme. This may be monitored through a degradation 

approach similar to that shown in Figure 4A; for example, Stefanova et al. treated the PBP-

degraded bacterial sacculus with cellosyl, reduced the MurNAc sugar with sodium borohydride, 

and analyzed the extent of endopeptidase activity by LC-MS [56]. Alternatively, endopeptidase 

activity could more simply be monitored through a turbidometric assay, based on enzymatic 

degradation of peptide cross-links in (insoluble) purified peptidoglycan [65,68]. 

 

β-Lactam Binding and Hydrolysis 

 Several approaches for assaying PBP transpeptidase activity have focused on the specific 

interactions of PBPs with β-lactam antibiotics, which covalently modify the nucleophilic serine 

residue of the transpeptidase domain (Figure 3E). Some PBPs are capable of slowly hydrolyzing 

β-lactam antibiotics, and this enzymatic activity can be measured spectrophotometrically. 

Although chromogenic β-lactam substrates such as nitrocefin are used as the basis of a 

colourimetric enzyme assay [69], PBPs tend to hydrolyze β-lactams very slowly, limiting the 

sensitivity of a competition assay for inhibitor screening. 
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Figure 6. Fluorescent approaches for monitoring inhibition of the PBP transpeptidase 

domain. (A) Chemical structure of BOCILLIN FL, a penicillin derivative bearing a boron-

dipyrromethene (BODIPY) fluorophore. (B) Scheme showing a competition-based fluorescence 

polarization assay [70,71]. Binding of the fluorescent probe (here, BOCILLIN FL) to the PBP 

results in higher levels of fluorescence polarization. However, if an inhibitor targets the PBP active 

site, it blocks the fluorescent probe, decreasing the extent of fluorescence polarization. 

 

 Several fluorescently-labeled β-lactam antibiotics have been developed, including 

penicillins, cephalosporins, and carbapenems [72]. Many PBP inhibition studies have used 

BOCILLIN FL, a penicillin derivative bearing a boron-dipyrromethene (BODIPY) fluorophore on 

the amide side chain (Figure 6A). BOCILLIN FL is frequently used to profile the range of PBPs 

present in bacteria, as visualized through fluorescence-detected SDS-PAGE [73]. The competition 

of BOCILLIN FL with other β-lactam antibiotics for the PBP transpeptidase active site has been 
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used as a means of measuring the inhibitory potency of these other antibiotics, as measured by 

SDS-PAGE [73,74]. Related approaches have been applied using radioactively labeled β-lactam 

antibiotics (e.g., [125I]-labeled penicillin V) [75]. 

A microtiter format competition assay was developed by Stefanova et al., based on the 

interaction of an ampicillin-biotin conjugate with the active site of a PBP transpeptidase domain 

[76]. PBP1b and PBP5 from E. coli, and PBP1, PBP2, and PBP3 from Neisseria gonorrhoeae 

were immobilized in the wells of a microtiter plate, and treated with ampicillin-biotin conjugate 

alone, or in combination with an inhibitor. Following the washing out of unbound label, 

streptavidin conjugated to HRP was added, followed by the HRP substrates Amplex Red and 

hydrogen peroxide. Thus, the extent to which inhibitors compete with the ampicillin-biotin 

conjugate for the active site of the immobilized PBP could be fluorescently quantified, as was 

demonstrated with N. gonorrhoea PBP2 and ampicillin [76]. 

 

Fluorescence Polarization 

In addition to SDS-PAGE-based competition assays, fluorescently-labeled β-lactam 

antibiotics such as BOCILLIN FL have also been used in fluorescence polarization assays to 

screen PBP inhibitors. These approaches are based on the interaction of fluorophores with 

polarized light, where the extent to which the light emitted by the fluorophore retains the initial 

polarization is related to the apparent size of the fluorophore. The binding of a small molecule 

fluorophore to a protein greatly impacts the extent of polarization of the emitted light, and so 

fluorescence polarization measurements can be used to determine whether a fluorescently-labeled 

β-lactam is bound to the PBP transpeptidase active site (Figure 6B). Thus, these measurements can 

show whether or not an inhibitor can prevent the labeled β-lactam from binding to the PBP. The 
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application of fluorescence polarization to characterize PBPs and β-lactamases was recently 

reviewed [70]. 

Zhao et al. first developed a fluorescence polarization assay using BOCILLIN FL to 

compare the relative affinities of PBP2x from Streptococcus pneumoniae with penicillins, 

cephalosporins, and carbapenems [75]. Shapiro et al. used a similar assay to measure the acylation 

rate constants for PBP3 from Pseudomonas aeruginosa and Acinetobacter baumannii with 

aztreonam, meropenem, and ceftazidime [77]. The same group later measured the acylation rates 

of the PBP2 from P. aeruginosa with mecillinam, faropenem, and several carbapenems [78]. In 

addition to the penicillin-based probes, a fluorescein-labeled derivative of the carbapenem 

meropenem was used in a kinetic fluorescence polarization assay with PBP3 from an 

Acinetobacter sp., as well as the β-lactam sensor protein BlaR1 and the serine β-lactamases AmpC 

and OXA-24/40 [79]. Fluorescence polarization experiments are not limited to β-lactam-type 

probes, as Inglis et al. employed a boronic acid tracer with a fluorescein label [80]. This boronic 

acid bound reversibly with modest affinity to the active sites of PBP1b from S. pneumoniae and 

DacA (PBP5) and DacC (PBP6) from E. coli, and its displacement from the active sites of these 

enzymes by β-lactam antibiotics and other boronic acids could be monitored by fluorescence 

polarization [80].  

Fedarovich et al. reported a robust inhibitor screen for PBP2 from N. gonorrhoeae, based 

on a fluorescence polarization assay with BOCILLIN FL [71]. The assay was optimized for high-

throughput screening, with good signal-to-noise and Zʹ-factor values. The authors used this assay 

to screen a library of 50,000 compounds against purified PBP2, yielding 32 hits which 

demonstrated >50% inhibition of BOCILLIN FL binding. Of these, seven demonstrated 
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antimicrobial activity against N. gonorrhoeae isolates, including strains which were resistant to β-

lactam antibiotics. 

 

4. L,D-Transpeptidases 

Introduction 

 Some Ldts catalyze the formation of 3→3 peptide cross-links in peptidoglycan (Figure 1), 

while others catalyze the attachment of Braun’s lipoprotein to peptidoglycan [7,10,81]. Although 

Ldts are widespread, and many bacteria encode several homologs, they tend not to be functionally 

essential in most bacteria [81,82]. However, the peptidoglycan of some bacteria (notably, 

Mycobacterium tuberculosis) contains a large proportion of 3→3 cross-links [6], and antibiotics 

targeting Ldts have shown promise against mycobacteria [83,84]. In other bacteria, Ldts are not 

essential under lab conditions, but may represent a way of overcoming inhibition of PBP 

transpeptidases, leading to resistance against particular β-lactam antibiotics. This was first 

observed with ampicillin-insensitive mutants of Enterococcus faecium, which achieved ampicillin 

resistance through the use of an Ldt to form cell wall cross-links [85]. In E. coli, production of the 

Ldt YcbB in combination with elevated synthesis of the (p)ppGpp alarmone resulted in full bypass 

of PBP transpeptidase activity [86]. 
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Figure 7. Overview of L,D-transpeptidase structure and mechanism. (A) View of the 

transpeptidase domain (residues 251 – 407) of LdtMt2 (PDB 6RLG) [87], with ⍺-helices shown in 

blue and β-strands in yellow. The (truncated) protein termini are indicated with N and C. The inset 

shows the enzyme active site, representing the nucleophilic cysteine Cys354, the general base 

His336, and conserved hydrophobic residues as sticks. (B) Scheme showing the mechanism by 

which Ldts form 3→3 peptide cross-links. The structure of peptidoglycan shown corresponds to a 

form occurring in Gram-positive bacteria, containing L-Lys in the peptide chain. Note that the 

length of the glycan backbone, represented by hexagons, varies and is not fully represented in this 

figure. 
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 Due to their promise as antibiotic targets, particularly in mycobacteria, many structural 

studies of Ldts have recently been reported. Crystallographic and NMR studies reveal a conserved 

transpeptidase active site (Figure 7A) [87-89], with other more variable domains. The active site 

is centered around a cysteine nucleophile, with a nearby histidine residue acting as a general base 

[88]. This nucleophilic cysteine is present in a hydrophobic pocket, shielded by a conformationally 

dynamic active site “lid” [87]. 

While the donor peptides chains for PBP transpeptidases are pentapeptides, Ldts instead 

accept tetrapeptide substrates terminating in a single D-Ala residue [7]. Thus, Ldt transpeptidase 

activity first requires a carboxypeptidase to cleave D-Ala5 from the peptidoglycan peptide chain 

(Figure 1) [9]. Then, activated by a histidinyl residue [88], the active site cysteine nucleophilically 

attacks the peptide bond between residue 3 (generally L-Lys or meso-Dap, depending on the 

species) and D-Ala4, forming an covalent peptide-enzyme complex and releasing D-Ala (Figure 

7B). An amino group from the acceptor peptide (typically the side chain of the third residue) 

nucleophilically attacks the thioester carbonyl, forming a peptide cross-link. 

 The most widely studied inhibitors of the Ldts are the β-lactam antibiotics, which 

covalently acylate the Ldt nucleophilic cysteine residue and block transpeptidase activity [15,90]. 

Although Ldts are not efficiently acylated by many penicillins and cephalosporins, the carbapenem 

and penem classes of β-lactam antibiotic are potent inhibitors of certain Ldts [83,91]. The presence 

of a cysteine residue in the Ldt active site provides other strategies for inhibition, including reaction 

with disulfides and cysteine-targeting reagents [87,88,90]. 

 

Assays 
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 Given their non-essential role in many bacteria, relatively few approaches have thus far 

been reported for monitoring Ldt activity and inhibition. However, inhibitor discovery for Ldts is 

of interest due to their key role in peptidoglycan synthesis for M. tuberculosis [84]. As may be 

anticipated based on their mechanistic similarities to PBPs, many of the approaches applicable to 

PBPs may also be used to study Ldt transpeptidase activity, although the Ldt substrate differs in 

terms of the peptide length. In addition, the conserved Ldt cysteine nucleophile has been exploited 

in the development of several alternative strategies for monitoring Ldt activity. 

 

Transpeptidase Activity 

The in vivo formation of 3→3 cell wall cross-links by Ldts has been shown through similar 

degradation studies to those used with PBPs (Figure 4A). Following the treatment of purified 

peptidoglycan with a muramidase (and, often, sodium borohydride), the muropeptides generated 

may be analyzed by LC-MS [85]. In vitro assays have also been performed, using MS to monitor 

Ldt-mediated peptide cross-link formation with disaccharide tetrapeptide substrates [8]. Like 

PBPs, Ldts also accept simpler substrates; Mainardi et al. showed that Ldtfm from Enterococcus 

faecium accepts the dipeptide Ac-L-Lys(Ac)-D-Ala as a donor, forming transpeptidation products 

with D-amino acids and D-2-hydroxy acids as acceptors (Figure 8A) [7]. 

The exchange of D-Ala4 in peptidoglycan with other amino acids occurs in vivo, as shown 

through the incorporation of D-Met into muropeptides by LdtA and LdtB from Vibrio cholerae 

(Figure 8A) [57]. This transpeptidase activity was used in an in vitro assay detecting the 

incorporation of [14C]-D-Ala into donor peptides by Ldtfm, monitoring product formation by HPLC 

with scintillation counting. Similar to their approach for measuring PBP transpeptidase activity 

(Figure 5A), Hsu et al. used D-amino acid exchange activity as the basis of an L,D-transpeptidase 
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assay for LdtA from V. cholerae. Incorporation of a rotor-fluorogenic D-amino acid (RfDAA) into 

an Ac-L-Ala-D-iGlu-L-Lys(Ac)-D-Ala tetrapeptide by LdtA could be monitored based on 

fluorescence measurements (Figure 8A) [60]. 

 

 

 

Figure 8. Strategies for monitoring L,D-transpeptidase activity and inhibition. (A) Reaction 

of an Ldt cysteine nucleophile with a substrate analogue, releasing D-Ala. The resulting covalent 

complex may then react with a labeled D-amino acid (e.g., isotopically labeled, fluorescently 

labeled), resulting in the incorporation of that label into the substrate [46,60]. (B) Reaction of the 

Ldt nucleophilic cysteine with 5,5ʹ-dithiobis(2-nitrobenzoic acid) (DTNB), releasing the 

thionitrobenzoate chromophore [88,90]. (C) Reaction of the Ldt nucleophilic cysteine with a 

fluorogenic aryl sulfonate ester, releasing the fluorophore fluorescein [87,92,93]. 

 

Interactions with β-Lactams 
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 Although Ldts are resistant to inhibition by some classes of β-lactams, other β-lactams 

rapidly acylate the nucleophilic cysteine in the Ldt active site [7,15]. The acyl-enzyme complexes 

derived from β-lactams are often stable, although certain complexes undergo fragmentation 

reactions and/or slow hydrolysis [91]. The kinetics of β-lactam hydrolysis has been examined with 

several different Ldts, measured spectrophotometrically based on UV absorbance [94,95]. 

Degradation of the chromogenic β-lactam nitrocefin has also been used as part of a colourimetric 

assay for monitoring Ldt activity [84,96]. However, as with PBPs, the hydrolysis of β-lactams by 

Ldts tends to be prohibitively slow for assay development. 

 

Thiol-Selective Probes 

 The cysteine nucleophile in the Ldt active site has been shown to form disulfides with thiols 

[96], and to undergo exchange with disulfides [88,90]. This latter activity was used as the basis of 

colourimetric assay for LdtMt2 from M. tuberculosis, using 5,5ʹ-dithiobis-(2-nitrobenzoic acid) 

(DTNB; Ellman’s reagent) (Figure 8B) [90]. Reaction of DTNB with the Ldt cysteine results in 

the release of the thionitrobenzoate chromophore. The impact of inhibitors on the ability of the 

active site cysteine to react with DTNB was then used as the basis of a colourimetric competition 

assay, as demonstrated with a panel of β-lactam antibiotics [90]. 

 Inspired by the DTNB strategy, thiol-selective fluorogenic probes were used to develop a 

fluorescence-based LdtMt2 inhibition assay. Dinitrophenyl derivatives of fluorescein and 

benzoxadiazole fluorophores were shown to react with the LdtMt2 nucleophilic cysteine, arylating 

the cysteine residue, and releasing the fluorophore (Figure 8C) [92]. This assay was shown to be 

highly sensitive, using nanomolar concentrations of enzyme, and is amenable to high-throughput 

screening approaches. Using a competition strategy, these fluorogenic probes were applied to 
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screen a library of β-lactam antibiotics as LdtMt2 inhibitors, revealing potent inhibition by the 

carbapenem and penem antibiotic sub-classes [92]. A subsequent study using this assay showed 

that common cysteine-targeting reagents, such as ebselen, may represent promising scaffolds for 

developing potent LdtMt2 inhibitors [87]. 

 

5. Conclusions and Future Outlook 

Bacterial transpeptidases are established antibiotic targets, but the continuing emergence 

of multidrug resistant bacteria necessitates the discovery of new inhibitors for these enzymes. In 

this review, we have highlighted the diverse range of assays available for monitoring the activity 

and inhibition of PBP transpeptidases and Ldts. Although several factors complicate inhibitor 

discovery for PBPs and Ldts, particularly the complexity of their substrates, recent mechanistic 

insights have provided promising strategies for assay development. Many of these approaches have 

been validated with known antibiotics, but it is often unclear to what extent they have been applied 

to identify new transpeptidase inhibitors. 

Strategies used to screen other antibiotic targets are also worth applying to transpeptidases; 

for example, Wolan and co-workers recently developed an in vitro Förster resonance energy 

transfer (FRET)-based assay for the E. coli lipoprotein signal peptidase (Lsp), allowing the authors 

to screen >600,000 compounds, ultimately leading to antibiotic candidates with nanomolar level 

IC50 values [97]. As a complementary approach to in vivo and in vitro assays, computational 

screens of transpeptidase inhibitors have also shown promise [98-100]. Nonetheless, the arsenal 

of currently available PBP and Ldt assays represent a valuable resource for the discovery of new 

antibiotics, as many of these assays are amenable to the efficient high-throughput screening of 

libraries of natural products and synthetic compounds. 
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