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Abstract: 3-Lactams are the most widely prescribed class of antibiotics that inhibit penicillin-binding
proteins (PBPs), particularly transpeptidases that function in peptidoglycan synthesis. A major
mechanism of antibiotic resistance is the production of -lactamase enzymes, which are capable
of hydrolyzing (3-lactam antibiotics. There have been many efforts to counter increasing bacterial
resistance against 3-lactams. These studies have mainly focused on three areas: discovering novel
inhibitors against 3-lactamases, developing new (3-lactams less susceptible to existing resistance
mechanisms, and identifying non-[3-lactam inhibitors against cell wall transpeptidases. Drug discov-
ery in the B-lactam field has afforded a range of research opportunities for academia. In this review,
we summarize the recent new findings on both f-lactamases and cell wall transpeptidases because
these two groups of enzymes are evolutionarily and functionally connected. Many efforts to develop
new B-lactams have aimed to inhibit both transpeptidases and {3-lactamases, while several promising
novel 3-lactamase inhibitors have shown the potential to be further developed into transpeptidase
inhibitors. In addition, the drug discovery progress against each group of enzymes is presented in
three aspects: understanding the targets, screening methodology, and new inhibitor chemotypes. This
is to offer insights into not only the advancement in this field but also the challenges, opportunities,
and resources for future research. In particular, cyclic boronate compounds are now capable of
inhibiting all classes of 3-lactamases, while the diazabicyclooctane (DBO) series of small molecules
has led to not only new (3-lactamase inhibitors but potentially a new class of antibiotics by directly
targeting PBPs. With the cautiously optimistic successes of a number of new -lactamase inhibitor
chemotypes and many questions remaining to be answered about the structure and function of cell
wall transpeptidases, non-f3-lactam transpeptidase inhibitors may usher in the next exciting phase of
drug discovery in this field.

Keywords: 3-lactamase; 3-lactam; 3-lactamase inhibitor; resistance mechanisms; peptidoglycan; cell
wall transpeptidase

1. Introduction

-Lactam antibiotics contain a four-membered azetidinone ring and are divided into
four classes: penicillins, cephalosporins, carbapenems/penems, and monobactams [1].
These antibiotics target bacterial cell wall transpeptidases, which are enzymes that crosslink
cell wall pentapeptides during peptidoglycan synthesis. The 3-lactam ring covalently
inhibits the p p-transpeptidase activity of penicillin-binding proteins (PBPs) through acy-
lation of the enzyme’s catalytic serine, resulting in a stable acyl-enzyme complex that
prevents the formation of the 4—3 transpeptide cross links (Figure 1) [2,3]. 3-Lactams,
specifically carbapenems, can also target |, p-transpeptidases (Ldts), structurally distinct
enzymes responsible for creating 3—3 transpeptide cross-links via a catalytic cysteine [4,5].
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Figure 1. Bacterial cell wall biosynthesis. The polymerization of a bacterial cell wall peptidoglycan
layer consists of transglycosylation (1), transpeptidation (2,3). p p-Carboxypeptidases cleave between
the last two D-alanines of the pentapeptide (4), shortening it to a tetrapeptide. p p-Transpeptidases
and 1, p-transpeptidases create the 4—3 and 3—3 transpeptide linkages, respectively, cleaving the
terminal D-alanine in the pentapeptide or tetrapeptide. The box on the right shows the peptide
composition of NAM in Gram-negative bacteria and Gram-positive bacilli.

The use of B-lactams to treat infection has faced multiple mechanisms of resistance by
bacteria, including decreasing influx by downregulating porins, activating efflux pumps,
modifying the target, and inactivating the antibiotic by enzymatic degradation [6]. For
Gram-positive bacteria, 3-lactam-insensitive PBPs and Ldts, encoded by mobile genetic
elements or chromosomes, enable the bacteria to circumvent inhibition by these antibi-
otics [7]. The most prevalent means of resistance, especially for Gram-negative bacteria,
occurs via enzymatic degradation involving 3-lactamase enzymes [8]. 3-Lactamases hy-
drolyze the amide bond of the azetidinone ring, preventing the 3-lactam from targeting
PBPs. 3-Lactamases are categorized into four molecular classes: classes A, C, and D are
serine [3-lactamases (SBL), while class B enzymes are metallo-f3-lactamases (MBL), which
are further divided into three subclasses. The three classes of serine -lactamases differ
based on their overall sequence and the residues that act as the general base in catalysis,
yet all contain a nucleophilic serine that attacks the carbonyl carbon of the 3-lactam amide
bond, creating an acyl-enzyme intermediate (Figure 2a). The deacylation step involves the
nucleophilic attack from a water molecule that hydrolyzes the acyl-enzyme, releasing the
degraded (-lactam product. Both the acylation and deacylation steps proceed through a
tetrahedral high-energy state. In comparison, MBLs use at least one coordinated zinc ion
within their active site that can activate a water nucleophile for hydrolysis (Figure 2b) [9-11].
The reaction also involves a tetrahedral transition state (TS) without the formation of any
covalent intermediates.
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Figure 2. Different mechanisms of serine 3-lactamases and metallo-p3-lactamases. (a) Catalytic
mechanism of SBLs, where the catalytic serine forms an acyl-enzyme intermediate with H* provided
by a general acid, followed by a deacylation step to release a hydrolyzed 3-lactam; (b) Catalytic
mechanism of MBLs, which rely on coordinated zinc ions for the activation of a nucleophilic water to
hydrolyze substrate. H* is from the solution.

Throughout the years, cell wall transpeptidases and p-lactamases have provided
valuable model systems for academic researchers to study enzyme structure, function,
and inhibition. In the field of drug discovery, significant strides have been made in
understanding these important antibiotic targets, especially those related to small-molecule
binding, as well as in discovering novel chemotypes of inhibitors through the development
of new screening methods.

2. Targeting [3-Lactamases: Innovative Technologies and Promising Chemotypes

Among the four classes of 3-lactamases, class A 3-lactamases are the most frequently
observed and well-studied, consisting of many clinically important (3-lactamases such as
TEM, SHYV, CTX-M, and KPC-type enzymes [12]. In recent years, carbapenemases have
caused increasing concern due to their ability to hydrolyze nearly all 3-lactam antibiotics,
including carbapenems [13,14]. Carbapenemase enzymes are represented by KPC-2 (class
A), CMY-10 (class C), OXA-48 (class D), and NDM-1 (class B) [15-18]. While KPC-2 is the
predominant carbapenemase in clinical isolates, NDM-1 and OXA-48 have also caused
increasing concerns [19]. In addition, class B 3-lactamases generally have broad substrate
activity and include many clinically relevant carbapenemases such as VIM-2 and IMP-1 [20].

A major strategy to combat antibiotic resistance is the therapeutic combination of
-lactams with 3-lactamase inhibitors (BLIs) [21]. BLIs target 3-lactamases to prevent
-lactam hydrolysis, therefore keeping the antibiotic intact and capable of acting on PBPs.
FDA-approved BLIs include the classical inhibitors clavulanic acid, tazobactam, and sul-
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bactam, and the relatively new compounds avibactam and vaborbactam, all of which
are designed to be used in combination with a respective 3-lactam [22-24]. Unfortu-
nately, resistance to 3-lactam-BLI combinations has been identified both in the laboratory
and clinical settings, including against avibactam and vaborbactam, even before their
approval by the FDA [25-27]. Recent studies have demonstrated antibiotic resistance
against combination therapies involving the latest BLIs and against new (3-lactams, such as
durlobactam [28], relebactam [29,30], zidebactam [31], tazobactam [32], taniborbactam [33],
thiol-containing BLIs under development [34], and cefiderocol [35]. The resistance mecha-
nisms include upregulation of efflux, mutations in the (3-lactam target PBPs, and expression
of B-lactamases and mutants less susceptible to the specific BLI, such as KPC-109 [36],
NDM-9 [33], IMP-6 [34], and CMY-178 [37]. These resistance mutants highlight the need
for the antimicrobial field to constantly explore novel inhibitor chemotypes to counter
future resistance.

2.1. Understanding the B-Lactamase Targets

-Lactamases are among the most studied enzymes not only because of their biological
importance but also because of their well-behaved properties that make them amenable to
a variety of laboratory techniques. Unlike the larger and usually membrane-anchored cell
wall transpeptidases, many clinically important 3-lactamases are soluble and stable proteins
of approximately 300400 residues. Their relatively small size and well-behaved properties
enable analysis by both X-ray crystallography and NMR [38-42]. Many of these enzymes
yield crystals that routinely diffract to resolutions higher than 2 A and frequently atomic
(<1.2 A) or even subatomic (<0.8 A) resolutions, revealing hydrogen atom positions [43].
This has allowed easy characterization of the three-dimensional structures and their use in
structure-based inhibitor design. In addition, both SBLs and MBLs have been subjected
to time-resolved X-ray crystallographic analysis, where the catalytic reaction is tracked
inside the crystal step by step [44—47]. This vast amount of structural information provides
valuable resources for inhibitor discovery against these enzymes.

The active sites of the SBLs are highly similar between the three classes, all containing
the S-X-X-K motif with the catalytic serine. The substrate binding pocket is well defined
and relatively rigid, even though the dynamics of active site elements, especially the () loop
in class A enzymes, can play a role in substrate binding and catalysis [9]. Ligand-induced
conformational changes are usually small, except for a few cases seen in class C enzymes
where the rearrangement of the R2-loop has been observed [48]. These features reduce the
difficulty of modeling during structure-based inhibitor design. In comparison, the active
site of MBLs is more open and contains several flexible loops. Like KPC-2 carbapenemase,
MBLs such as NDM-1 contain a relatively large hydrophobic binding surface compared
with other 3-lactamases [49]. These features enable them to increase the binding affinity
for a wide range of 3-lactam substrates, but at the same time make them susceptible to
small-molecule inhibition.

Recent studies concerning 3-lactamases have focused on the MBL catalytic mecha-
nism, SBL-ligand interactions such as substrate profile and inhibitor mechanism during the
continuing evolution of SBL, and the impact of 3-lactamase expression on the host bacteria.
These experiments provide valuable insights into new inhibitor discoveries, especially
those related to mechanism-based inhibitors. For 3-lactam hydrolysis by MBLs, building
upon previous studies [50], crystallographic analysis combined with QM /MM calculations
suggests that during 3-lactam ring opening, protonation of the leaving group can occur
at the amide N via a metal-bound water or at C2 from a water in bulk solvent [51]. On a
cellular level, the fitness cost of MBL expression in different bacteria has been found to
contribute to the dissemination of these 3-lactamases, which can guide the development
of MBL inhibitors to treat specific bacterial infections [52]. This is reminiscent of the find-
ing that expression of OXA and ADC SBLs in Acinetobacter baumanni can cause cellular
defects [53,54], in contrast to the minimal fitness cost of AmpC production in Pseudomonas
aeruginosa [55]. Interactions with other bacterial proteins can also influence MBL evolu-
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tion. One study has shown that the availability of Zn(II) exerts evolutionary pressure on
MBLs because less ordered conformations of nonmetalated NDM-1 can be recognized by
periplasmic proteases, causing many NDM variants to contain hydrophobic mutations that
induce rigidity, thereby preventing protease detection [56].

The studies of 3-lactam hydrolysis by SBLs have focused on extended-spectrum f3-
lactamases (ESBLs) and carbapenemases in their interactions with extended-spectrum
-lactam antibiotics (e.g., ceftazidime) or carbapenems. The mechanism of class A SBLs
is commonly studied. A recent investigation of Mycobacterium tuberculosis BlaC revealed
an open and closed state of the active site, where the open state allows for hydrolysis of
ceftazidime but without the usual contribution of E166 [57]. Analysis of CTX-M-14 ESBL
demonstrated the contributions of specific residues to substrate binding and catalysis, eluci-
dating differences between (3-lactam classes. For example, () loop residues are required for
ampicillin and cefotaxime hydrolysis but not ceftazidime [58,59]. Further insights are pro-
vided by examination of the binding of 3-lactamase inhibitory protein (BLIP) to CTX-M-15,
which is associated with a change in the active site 103-106 loop, thus inducing a switch in
conformations, as well as controlling antibiotic hydrolysis and inhibitor susceptibility [60].
Most SBL carbapenemase studies have investigated KPC-2, revealing that the flexibility
of the Q) loop allows for broad-spectrum enzymatic activity [61], and that W105 controls
the transition between permissive and nonpermissive states [62]. Furthermore, it was
found that N170 blocks interactions between the carbapenem hydroxyethyl group and
catalytic water, and residues involved with the E166 base environment and the Q214-R220
active site loop placement are essential in the deacylation of carbapenems by KPC-2 [63,64].
Structural features involving protein flexibility of class D SBLs have also been studied [65].
Disruption in the 5-36 loop of OXA-160 and overall active-site plasticity of OXA 24/40
allow for catalytic efficiency [66], and the positioning of specific residues like V120 and Y211
contributes to the carbapenemase activity of OXA-48 [67,68]. In addition, class D enzymes
have been found to hydrolyze 13-methyl-substituted carbapenems through {3-lactone prod-
ucts [69]. QM /MM calculations were further employed to examine the substrate preference
of OXA-48 and demonstrate that the 13-methyl group of meropenem affects its hydrogen
bonding pattern with the diacylation water, resulting in a slower hydrolysis rate compared
with imipenem [70].

The binding of vaborbactam and avibactam to class A 3-lactamases has been widely
studied. Comparing vaborbactam binding to KPC-2 and CTX-M-14 reveals the insertion
of the exocyclic oxygen into the oxyanion hole of both enzymes, resembling an acylation
transition state mimic but with a more compact overall binding pose in KPC-2 [71]. In
contrast, avibactam forms a covalent acyl-enzyme with SBL, adopting the chair conforma-
tion of 570 in KPC-2s shallow active site [72]. The stability of this acyl-enzyme complex
appears to originate from the hindrance of proton transfer between the neutral states of
E166 and K73 [73], preventing E166 from activating the catalytic water while kinetically
favoring the recyclization of avibactam [74]. Compared with avibactam, desulfation of
another diazabicyclooctane (DBO) inhibitor, relebactam, in KPC-2 was not observed due
to the distance of active site waters from the sulfate group, indicating increased stability
of the relebactam-KPC-2 complex [75]. Structural features have also been identified that
contribute to resistance in clinical mutants against the ceftazidime-avibactam combination,
such as P104R/V240G in KPC-4 that allows for the suitable positioning of the 3-loop for
ceftazidime hydrolysis [76]. It was found that a resistant D179N variant of KPC-2 con-
tains a disruption in the salt bridge with R164 and a destabilized () loop, allowing for the
accommodation of ceftazidime [77].

2.2. Screening Methods for B-Lactamase Inhibitors

The 3-lactamase activity assay is well established, using nitrocefin or CENTA as
substrates [78]. When nitrocefin is hydrolyzed, a color change can be measured at an
absorption between 380 and 500 nm [79]. Umbelliferone-derived cephalosporins have also
been identified as fluorogenic substrates to be used in assays for MBLs, requiring a lower
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enzyme concentration and offering increased sensitivity and kinetic parameters compared
to traditional nitrocefin assays [80]. Additional screening methods include microscale
thermophoresis (MST) with a fluorescent label and label-free surface plasmon resonance
(SPR) [81,82]. Cell-based screens are yet another method of inhibitor screening against
[-lactamases. For example, a collection of naturally derived products from environmental
microorganisms was screened against an NDM-1-producing Escherichia coli strain [83]. One
promising hit, aspergillomarasmine A (AMA), was obtained, and its activity was confirmed
using a nitrocefin assay [84,85]. A more recent study performed cell-based screens with a
DNA-encoded triazine library (DECL) against OXA-48 [86]. Compound hits from DECL
screening were then synthesized without DNA tags and assessed by a nitrocefin assay. An
innovative luminescence-based assay has also been developed, coupling the activation of
the transcriptional factor AmpR following 3-lactam exposure to the transcription of the
bacterial luciferase luxCDABE operon, producing luminescence [87]. This enables inhibitor
testing against a specific 3-lactamase inside the cell, similar to other cell-based methods
capable of screening peptidoglycan-targeting compounds [88].

With the advancement of computational power, virtual screening has become an
increasingly popular technique in drug discovery [89]. This cost-effective and time-saving
method is frequently chosen by researchers to identify non-covalent inhibitors of SBLs
and MBLs, sometimes in conjunction with fragment-based approaches. Using the Specs
database of drug-like compounds, hits against CTX-M-15, KPC-2, NDM-1, and VIM-2 were
screened with FLAPdock, where top compounds were selected according to FLAP S-score,
chemical diversity, and hydrogen bond formation, and further tested in vitro [90]. An
ultra-large database screening led to the discovery of a 77 nM phenolate inhibitor of AmpC
(ZINC549719643) [89]. A useful technique is to couple virtual screening experiments with
NMR to test ligand binding. In one study, a fragment library for NDM-1 was created by
docking [91]. Then, using saturation transfer difference (STD) NMR to measure protein-
ligand interactions, mixtures of these fragments were screened in the presence of NDM-1 to
identify leads. A similar approach was used against VIM-2, where virtual screening of the
Vitas-M Laboratory library was performed using AutoDock Vina [92]. The top compounds
were tested with 'H CPMG NMR for their binding to VIM-2. Interestingly, the most potent
compounds inhibited VIM-2 without relying on chelation interactions.

An important aspect of inhibitor screening is the compound library. Whereas most
recent efforts have focused on synthetic molecules, natural products offer a valuable
source of privileged scaffolds [93,94]. Similar to AMA, the fungal metabolite, emerione A,
was found to inhibit NDM-1 with an ICgy of 12.1 uM [95]. Fisetin, a flavonoid found in
several fruits and vegetables, was found to be an inhibitor of MBLs [96]. While a related
flavonol derivative, taxifolin, was also shown to inhibit VIM-2-producing P. aeruginosa [97].
Isolates from Clutia myricoides, a plant originating in the Arabian Peninsula, were found to
have activity against ESBL-expressing Klebsiella pneumoniae strains [98]. Natural products,
particularly plant extracts, have thus proven effective sources to successfully uncover
[3-lactamase inhibitors.

For evaluating the antibacterial activity of new antibiotics, the United States Centers
for Disease Control and Prevention (CDC) and the Food and Drug Administration (FDA)
have developed an Antibiotic Resistance Isolate Bank that contains a collection of resistant
bacteria isolates that is free of charge to researchers [99]. The goal of the AR Isolate
Bank is to guide the development of antibiotics, diagnostic tests, and assays and study
pathogenic mechanisms of resistance. Additionally, the National Institutes of Health (NIH)
has multiple compound collections, including the Molecular Libraries Small Molecule
Repository (MLSMR), NExT diversity libraries, and other assorted libraries only found
at the National Center for Advancing Translational Sciences [100]. These resources are a
helpful starting point for a drug discovery campaign.
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2.3. Novel B-Lactamase Inhibitor Scaffolds

A wide range of (3-lactamase inhibitors have been developed over the years, as sum-
marized by several recent reviews [22,101,102]. Here, we highlight some representative
compounds. Whereas classical 3-lactamase inhibitors, such as clavulanate, were active
only against class A enzymes, the latest drug discovery efforts have focused on MBL
inhibitors [103] and cross-class activity compounds [104], including those active against
multiple classes of SBLs or even all classes (Figure 3). These novel inhibitor chemotypes

have led to new combination therapies targeting (3-lactam resistance and a better under-
standing of (3-lactamase activity.
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2.3.1. Serine B-Lactamase Inhibitors

The interactions between SBL inhibitors and target enzymes mimic three states of
the reaction: the non-covalent substrate/product complexes, the acyl-enzyme covalent
adduct, or the acylation/deacylation TS states. The most promising new chemotypes of SBL
inhibitors include boronic acid-based inhibitors and DBOs. Boronates and DBOs were also
found to target PBPs [128], and they will be further discussed in the subsequent section.

Boronic acids are known SBL inhibitors due to their ability to covalently and reversibly
bind to 3-lactamases in a competitive manner [129,130]. These compounds have been of
particular interest as acylation transition state analogs. The boron acts as an electrophile
to mimic the 3-lactam carbonyl carbon, forming a tetrahedral adduct with the catalytic
serine. In addition to cyclic boronates such as vaborbactam, alkyl boronic acids have been
extensively studied. For example, a series of inhibitors were synthesized to mimic func-
tional groups of certain (3-lactams, and specific modifications were identified within the
main scaffold that created compound 1 (Figure 3), with an ICsj of 0.08 uM against KPC-2
and 0.130 uM against SHV-1 [105]. Compound 2, a phenylboronic acid inhibitor deriva-
tive acting against KPC-2 SBL, was also identified from a small compound library [106].
Compound 2 had a K; of 0.032 pM and an MIC of < 0.06 ug/mL, which can act as a guide
for a new class of boronic acid inhibitors. In another study, boronic acid inhibitors were
developed to target class D enzymes while retaining activity toward class C [107]. The
benzyl sulfonamide derivative 3 has a K; of 4.4 pM against OXA-24/40 and 0.057 uM
against ADC-33.

While acylation transition state analogs are more common for boronic acid inhibitors,
researchers have been able to synthesize deacylation state analogs. The glycylboronic
acid, compound 4, binds to CTX-M-9 in a tetrahedral adduct mimicking the deacylation
transition state, with a Kj of 0.578 pM against CTX-M-9 [108]. Crystallography revealed
that the boronic acid oxygen replaces the catalytic water. It was found that the boron-
based proteasome inhibitor Ixazomib also mimics the deacylation transition state of (3-
lactam hydrolysis [109]. Though this is a promising lead for a repurposed drug, Ixazomib
only contained moderate inhibition towards CTX-M-14, with an ICs5q of 13 uM. Similar
boronic acid compounds have also been synthesized that display tetrahedral geometry,
with interactions mimicking the deacylation intermediate and displacing the catalytic
water [131,132].

Since their discovery in the early 2000s, the DBO class has been intensively researched
and modified. Avibactam was the first DBO approved by the FDA [133,134], where the DBO
amide group targets the SBL active-site serine via a carbamylation reaction [135]. Clinically
available durlobactam demonstrates broadspectrum activity against SBLs, including class
D OXA carbapenemases [136,137]. Substitutions in the side chain and the core rings of the
DBO scaffold have been explored to form specific interactions with certain (3-lactamases
or increase the overall reactivity. Triazolesubstituted DBO compound 5 showed a 64-fold
improvement in the MIC of aztreonam in KPC-2 and CTX-M-15-producing strains [110].
Although not as active as avibactam, it demonstrates how protein interactions involving
the DBO side chain can affect the compound’s activity.

Non-covalent compounds are of importance for 3-lactamase drug discovery and
functional study because they act as reversible competitive inhibitors and are also typi-
cally less toxic. Fragment screening of low-molecular-weight compounds against class D
OXA-48 was performed to identify potential inhibitor scaffolds [111]. The azobenzene-
based compound 6 inhibits OXA-58 with a K; of 1.7 uM and OXA-48 with a K of 7.9 uM.
Fragment-based virtual screening and subsequent optimization also led to the identification
of the aryl tetrazole scaffold, compound 7, that is a potent (K; of 0.085 uM) non-covalent
inhibitor towards CTX-M-14, proving that tetrazoles can act as a new chemotype for SBL
inhibitors [112]. Interestingly, the binding of this compound desolvates the enzyme active
site, altering the protonation states of Lys73 and Glu66 while promoting a short, low-barrier
hydrogen bond between Lys73 and Ser70 [138]. A more recent high-affinity non-covalent
-lactamase inhibitor is the aforementioned ZINC549719643, identified against AmpC
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directly from virtual screening of the ultra-large compound library [89]. It represents
one of the most active non-covalent inhibitors in vitro and demonstrates the potential of
ultra-large database screening.

2.3.2. Metallo-f3-Lactamase Inhibitors

Clinical 3-lactamase inhibitors utilize the catalytic serine of SBLs for their mode of
covalent inhibition. The lack of this catalytic serine in MBLs is the main reason why many
BLIs cannot target this enzyme class. Metallo-3-lactamases are evolutionarily distinct
from SBLs and differ in size and topology. Several boronate-based inhibitors, such as
taniborbactam, are effective against B1 MBLs and are currently in clinical trials [139,140].

Since MBLs belong to a group of metalloproteins, they can be effectively inhibited by
metal chelators. In one study, a class of pyridine-2-carboxylate chelating agents were investi-
gated, which are known inhibitors of zinc-containing enzymes [113]. The top compound (8),
had a K; of 34 nM against NDM-1. Crystallographic studies determined that the compound
removed Zn2 from B3 MBLs or mimicked the interaction of 3-lactam substrates in Bl active
sites. A dipicolinic acid scaffold was also identified by a metal-binding pharmacophore
(MBP) library targeting the Zn2 site of B1 MBLs [114]. Through a fragment-based drug
design approach, 2,6-dipicolinic acid (9) was developed with an ICsy of ~80 nM against
NDM-1 and was shown to form a stable NDM-1 Zn2 inhibitor ternary complex. Further-
more, a 1H-imidazole-2-carboxylic acid pharmacophore that targets Zn2 and positively
charged active site residues was used to identify compound 10, which has an ICs, value of
0.018 uM against VIM-2 and showed a 16-fold reduction in the MIC of meropenem [115].
This series was further developed to enhance potency by adding a 2-aminothiazole-4-
carboxylic acid core [141]. In addition, screening of a small molecule library towards IMP-1
led to the identification of 2,5-dimethyl-4-sulfamoylfuran-3-carboxylic acid (SFC) but lacked
significant activity towards NDM-1 and VIM-2 [116]. To improve activity, the core ring was
changed to a pyrrole to yield 2,5-diethyl-1-methyl-4-sulfamoylpyrrole-3-carboxylic acid
(11), with a K; of 0.26 uM against IMP-1, 0.84 pM against NDM-1, and 0.02 uM against VIM-
2. From a fluorescence-based screen of European Lead Factory (ELF) compounds against
NDM-1, indole carboxylates (InCs) were recently discovered as reversible, non-covalent
inhibitors that are structurally similar to carbapenems [117]. Compound 12, was identified
with pICsg values of 10.2 for NDM-1 and >9.2 for VIM-2, with some InCs from the same
study also showing moderate activity against SBLs.

Other studies have investigated additional metal-binding groups. A series of N-aryl
mercaptopropionamide derivatives were tested against clinically relevant MBLs [118].
Thiol-based lead compound 13 displayed an ICs of 4.0 uM against NDM-1 and 1.2 uM
against VIM-1 and showed a synergistic effect with imipenem, reducing the MIC 256-
fold against NDM-1-producing strains. Dipyridyl-substituted thiosemicarbazone (Dpc)
compound 14, a chemotherapeutic for lung cancer, was found to be a broad-spectrum
inhibitor of multiple MBLs [119]. 14 had an ICs of 0.021 pM against NDM-1, 0.28 uM
against IMP-1, and 0.11 uM against VIM-2. Molecular docking demonstrated that the sulfur
atom of thiosemicarbazone acts as the Zn binding group.

As described earlier [92], not all MBL inhibitors depend on metal interactions for their
binding affinity. Inhibitors with unique mechanisms have also been identified. Compound
15 represents a reversable covalent inhibitor for MBL, forming a covalent bond with the
amine group of Lys224 within the active site of NDM-1, and has a K; of 580 nM against
NDM-1 [120]. Another recent HTS campaign has identified an allosteric NDM-1 inhibitor,
16 [121], echoing other studies of allosteric regulation of SBL enzymatic activity [142,143].

2.3.3. Dual Action p-Lactamase Inhibitors

Bacteria are capable of producing multiple types of 3-lactamases, exacerbating the
clinical concern of antibiotic resistance. The aim of developing dual action inhibitors is to
target both SBLs and MBLs, but the evolutionary, structural, and mechanistic differences
between the two types of enzymes pose difficulties in designing dual inhibitors [104].
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Boronates are a promising lead scaffold for cross-class inhibition since they mimic the tetra-
hedral intermediate of 3-lactamase substrates (Figure 2). Taniborbactam, from Venatorx,
is a potent cross-class inhibitor with an ICsy of 0.03 uM against KPC-2, 0.02 uM against
VIM-2, and 0.42 uM against OXA-48 [144]. Another cyclic boronic acid, QPX7728 from
Qpex Biopharma, displays potent activity against SBLs and MBLs from all four classes,
with a K; of 0.29 nM against CTX-M-14, 32 nM against NDM-1, 8.5 nM against AmpC, and
0.28 nM against OXA-48 [122,123]. In combination with several 3-lactams, QPX7728 has
demonstrated broad-spectrum antibacterial activity, including against strains resistant to
other -lactam-BLI combinations.

In an attempt to develop dual-action inhibitors, researchers designed compounds
containing pharmacophores found in both SBL and MBL inhibitors, identifying 17 with
an «-aminoboronic acid and captopril motif [124]. In MBLs, 17 was a metal chelator, and
in SBLs, a covalent adduct was formed in KPC-2 between Ser70 and the boronic acid.
17 displayed a K; of 0.61 uM toward KPC-2, 0.44 pM against VIM-2, and 0.11 uM for
AmpC. Other noncyclic boronic acids were also found to be active against four classes
of 3-lactamases. Starting from benzo[b]thiopene-2-boronic acid derivatives, researchers
identified compound 18, with K; values ranging from 2.8 uM towards KPC-2, 5.9 uM
towards NDM-1, and 0.07 uM against AmpC [125,145].

Other unique dual action scaffolds include imino-analogues of (3-lactams, where
various aryl groups were substituted around the azetidinimine scaffold, resulting in a
phenol compound, 19, with a K; of 0.28 uM against KPC-2, 0.07 uM against NDM-1, and
0.07 uM for OXA-48 [126]. Additionally, a non-covalent heteroaryl phosphonate scaffold
was discovered through molecular docking, leading to compound 20, which inhibits KPC-2
with a Kj of 0.020 pM and 0.316 pM against VIM-2 [127].

3. Targeting Transpeptidases: Old Challenges and New Opportunities

Serine [3-lactamases evolved from PBPs, turning a suicide substrate back into a real
substrate [2,146]. Due to the evolutionary and functional relationship, SBLs, PBPs, and
Ldts share a number of active site features for ligand binding and interact similarly with
many SBL inhibitors (Figure 4). For example, avibactam and other DBO compounds
have been found to inhibit PBPs and Ldts to various degrees [128,147-150]. Boronic acid
compounds have also been shown to react with the catalytic serine of PBPs, like with other
peptidases [151-153]. The development of new BLIs thus offers new opportunities for
novel antibiotic discovery against cell wall transpeptidases.

3.1. Understanding the Transpeptidase Targets

Although (-lactams have been known to target PBPs for a long time, our knowledge
of these proteins, and to an even greater extent of Ldts, remains limited. This is partly
due to the remarkable broad-spectrum efficacy of 3-lactams, which may have reduced the
perceived value of these proteins as targets for novel antibiotic development. One of the
exceptions is the investigation of PBPs and Ldts and their roles in (3-lactam resistance. One
PBP receiving particular attention was methicillin-resistant Staphylococcus aureus (MRSA)
PBP2, shown to be able to discriminate against 3-lactam binding in favor of the peptide
substrate using an allosteric mechanism [154-159]. Other (3-lactam-insensitive PBPs include
PBP4 from Enterococcus faecalis and PBP5 from Enterococcus faecium [160,161]. Similarly, PBP
2x and PBP 2b, essential monofunctional transpeptidases during septal and peripheral
peptidoglycan synthesis in different strains of Streptococcus pneumoniae [162,163], have been
shown to confer antibiotic resistance through mutations [162,164]. In addition, a recent
study has suggested that Clostridioides difficile PBP2 is less susceptible to cephalosporins
than other -lactams [165]. Furthermore, some PBPs have been shown to exhibit significant
-lactamase activity and may contribute to -lactam resistance [166,167]. Aside from
PBPs, Ldts also play an important role in 3-lactam resistance. This is represented by
M. tuberculosis Ldt2, which is insensitive to most 3-lactams except carbapenems and has
been extensively studied in new antibiotic development [4,168,169].
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Figure 4. Active sites of representative 3-lactamases and transpeptidases. The catalytic serine and
cysteine are labeled in red, highlighting the similarities between SBLs and PBPs. (a) Class A SBL
KPC-2 in complex with avibactam (PDB 4ZBE); (b) Class B MBL NDM-1 in complex with imipenem
(PDB 5YPL); (c) Class C SBL AmpC in complex with avibactam (PDB 6LC8); (d) Class D SBL OXA-48
in complex with avibactam (PDB 4WMC); (e) P. aeruginosa PBP3 in complex with avibactam (PDB
7KIV); (f) Enterococcus faecium Ldtg, in complex with avibactam (PDB 6FJ1).

Compared with the vast amount of structural information concerning (3-lactamases,
the structures of most PBPs and Ldts remain unknown, including for many clinically impor-
tant bacterial pathogens. Whereas many [3-lactamases are plasmid-borne and exhibit few
variations among different bacteria, the peptidoglycan transpeptidases from each bacterial
species may have unique features. Most recently, two groups reported the identification
of highly conserved zinc-binding domains in C. difficile and A. baumannii PBP2, which
in C. difficile was found to be an essential transpeptidase for cell growth [165,170]. This
motif in PBP has never been observed in any other known PBP structures, but sequence
analysis has suggested its prevalence in many bacteria, particularly the Firmicutes [165].
The specific function of this motif in bacteria remains to be determined, demonstrating that
our knowledge of these enzymes can still be expanded.

As each bacterium has multiple PBPs and Ldts, one key challenge in rational drug
design against these enzymes is to determine which ones represent the best antibiotic target
and how polypharmacology may enhance antibiotic efficacy by inhibiting multiple proteins.
For many bacteria, the value of each PBP for drug discovery is only starting to be unraveled.
For example, some studies have identified PBP3 as an essential transpeptidase for P. aerugi-
nosa growth and therefore a key 3-lactam target (Figure 4) [171-173], while PBP2 may also
represent a good therapeutic target for novel antibiotic discovery [128]. Other researchers
used Bacillus subtilis cells to visualize and study PBP inhibition profiles of 3-lactam antibi-
otics in live cells, which allowed the determination of PBPs essential for the growth of the
microorganism and their roles in antibiotic resistance [174]. The advancement of artificial
intelligence has enabled the combination of a medium-throughput image-based assay with
machine learning to automatically analyze the activity and polyspecificity of 3-lactams
against E. coli cells [175]. Related PBP-occupancy experiments have been carried out for
various [3-lactams in other bacteria [176,177]. Novel assays have also been developed to
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simultaneously measure the outer membrane permeability of various 3-lactams against
carbapenem-resistant K. pneumoniae, Enterobacter cloacae, E. coli, and P. aeruginosa [178-181],
which offers important insights into the interactions between f3-lactams and PBPs in situ.
Furthermore, there has been increasing interest in improving treatment efficacy by tar-
geting multiple PBPs and potentially some 3-lactamases as well, by combining several
(-lactams [182,183]. In other cases, researchers used machine learning to optimize antibiotic
combinations of 3-lactams and other antibiotics, such as meropenem and polymyxin B [184].
To probe the targets and mechanisms of the actions of 3-lactams and -lactamase inhibitors,
a chemo-genetic approach was also recently employed by constructing a transposon mu-
tant library of Burkholderia cenocepacia and evaluating the mutant fitness after exposure
to cell-envelope-targeting antibiotics [185]. The studies offered valuable insights into the
cellular activities of avibactam, cefedericol, and other antibiotics, while also providing a
useful strategy to identify antibiotic targets and explore antibiotic combinations.

3.2. Screening Methods for Transpeptidase Inhibitors

The lack of efficient biochemical techniques to evaluate transpeptidase activity and
inhibition is one of the challenges facing the development of novel antibiotics. The most
widely employed method to assess the activity of antibiotics towards PBPs is a competition
assay using BOCILLIN FL, a fluorescent penicillin that binds to PBPs [186]. PBPs bound by
BOCILLIN FL can be visualized by gel electrophoresis. A novel and easier fluorescence
anisotropy assay has also been developed to measure the acylation rate of PBPs in the
absence or presence of inhibitors [187], although it is not applicable to all PBPs, even if they
react with BOCILLIN FL. Other similar probes include fluorescent carbapenems. Some
of these compounds have been developed for assaying carbapenemases [188,189], while
others can be useful for detecting and labeling PBPs and Ldts [190,191].

Another method used to determine transpeptidase activity for PBPs is to measure the
enzyme’s ability to hydrolyze an analog of the bacterial cell wall stem peptides, usually a
thioester of hippuric acid [152,192-195]. The released mercaptoacetate product can then be
quantified by colorimetric or fluorescent dyes. Ultra-performance liquid chromatography
and mass spectrometry (UPLC-MS) is another powerful analytical technique that provides
scientists with specific information about transpeptidase acylation by antibiotics. Cou-
pling mass spectrometry with liquid chromatography allows for the separation of reaction
components and the accurate mass determination of products. This method has been
applied by numerous scientists to monitor the acylation rate of carbapenems by M. tuber-
culosis | p-transpeptidase [4,196-198]. Similar experiments have been performed on PBPs
to analyze the crosslinking products using Lipid-II substrates labeled with a biotinylated
probe (biotin-D-Lys) and isolated directly from bacterial cells [199].

Computational methods have been a highly effective tool for BLI discovery. Similarly,
numerous in silico studies have been initiated to target PBPs in an attempt to tackle
the urgent threat of antimicrobial resistance. To identify promising lead compounds,
large libraries of commercially available small molecules are used to perform docking-
based virtual screening [200,201]. Additional computational methods such as structure-
activity relationship modeling, molecular dynamics simulations, and pharmacophore
modeling are applied to selected compounds with high predicted affinity towards drug
targets [202-207], even though the results from some of these computational efforts have
yet to be experimentally validated. Even when more traditional methods were used to
identify potential antimicrobial hits, such as cell-based screening of fungal metabolites or
high-throughput screening (HTS), the integration of computational methods like inverse
molecular docking proved instrumental. Indeed, docking allows the determination of a
metabolite’s target, the underlying mechanism of inhibition, and the binding pose adopted
by the compound in the active site of its target [208,209].

Experimental HTS has also been extensively applied to identify PBP inhibitors. In
one study, 30,000 compounds were screened against the MRSA USA3000 strain to identify
small-molecule inhibitors of S. aureus PBP4 [210]. Three compounds were identified to
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modulate PBP4 indirectly by limiting protein transcription, while two other compounds did
not impact PBP4 transcription and therefore were believed to affect the protein’s function.
Another study implemented high-throughput crystallography to explore the interactions
of a potent SBL inhibitor chemotype with P. aeruginosa PBP3 [152]. Protein crystals were
soaked with boron-containing fragments to obtain inhibitor-protein complexes. Crystal
structures revealed a covalent linkage between the boronic acid compounds and PBP3,
leading to the discovery of a novel scaffold as a potential PBP inhibitor.

3.3. New Transpeptidase Inhibitor Scaffolds

The drug discovery efforts against bacterial cell wall transpeptidases have used multi-
ple strategies, including: optimization of conventional (3-lactams to enhance membrane
permeability or resistance to 3-lactamase degradation; derivatizing non-f3-lactam scaffolds
such as y-lactam, boronic acid, DBO, and (3-lactone; and exploration of additional novel
chemotypes through in silico or experimental screening. Most of these experiments focus
on PBPs, while new carbapenems have been developed specifically against Ldts.

For new f-lactams, many studies have been carried out to improve the activity spec-
trum of carbapenems. For instance, building upon the traditional carbapenem scaffold, the
C6 hydroxyethyl group was replaced with a hydroxymethyl to prevent access to the deacy-
lating water and thus inhibit OXA-23 [211]. This resulted in 21 (Figure 5), which is 8-fold
more potent than meropenem towards A. baumannii and achieves OXA-23 inhibition by
preventing deacylation through the formation of a hydrogen bond between the C6 hydrox-
ymethyl and Lys82. Similarly, a C5a-methyl substitution of the carbapenem scaffold led to
compound 22 and displayed a 10-fold improved potency compared to meropenem against
M. tuberculosis [196]. The C5x-methyl carbapenem showed decreased hydrolysis by BlaC
but acylation rates of Ldtyj» comparable to meropenem. Likewise, penem modifications to
the C2 side chain led to the identification of 23 as a potent antimicrobial against Ldtygy of
M. tuberculosis [212]. Compound 23 was shown to have an MIC of 0.5 ug/mL against the
Mtb Hz;Rv strain. In exploring new avenues other than carbapenems or penems, a novel
monobactam called LYS228 (also known as BOS-228) has been developed, which showed
promising activity against carbapenem-resistant Enterobacteriaceae [213,214]. Other studies
identified additional monobactams showing promising activity against Gram-negative bac-
teria by targeting their PBPs [215,216]. The construction of 3-lactam-tetramic acid hybrids is
yet another example of the efforts made to optimize conventional (3-lactam antibiotics [217].
Among these compounds, 24 showed potent activity against the multi-drug-resistant (MDR)
S. aureus NRS70 strain (MIC values of 3.13 pg/mL).

Exploring siderophore-3-lactam conjugates led to the development of a novel siderophore
cephalosporin (25) that was demonstrated to be effective against ESKAPE pathogens [218].
Compound 25 consists of a dihydroxypyridone siderophore conjugated to a modified
aminothiazoylglycyl cephalosporin. This modification allows the drug to be more resistant
to hydrolysis by ESBLs and carbapenemases. The activity of 25 was also investigated in
combination with GT-055, a novel (3-lactamase inhibitor, against MDR bacteria such as
E. coli, S. aureus, and P. aeruginosa. Additionally, 25 showed good activity against other
biothreat bacterial pathogens, such as Burkholderia pseudomallei, in vitro and in vivo, with
an MIC value of 0.03 pug/mL. Similar to 25, a y-lactam siderophore antibiotic (26) effective
against MDR P. aeruginosa, K. pneumoniae, and Acinetobacter spp. was developed [219].
The preclinical evaluation showed that compound 26 targeted P. aeruginosa PBP3 and had
enhanced MICs, values (0.5 ng/mL vs. 198 Acinetobacter ssp. and 1 ug/mL vs. 98 CRAB
strains) when compared to meropenem.
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Figure 5. Four classes of 3-lactam antibiotics and recently developed novel cell wall transpeptidase
inhibitors. The compound name in the original publication is provided in parenthesis. (21 [211],
22 [196], 23 [212], LYS228 [213], 24 [217], 25 [218], 26 [219], 27 [152], 28 [220], ETX0462 [221], 29 [222],
30 [223]).

In addition to y-lactam as a new non-{-lactam chemotype, the structural similarities
between SBLs and PBPs were exploited to study the potential of boron-containing fragments
and vaborbactam against P. aeruginosa PBP3 [151]. Vaborbactam was shown to inhibit PBP3
with an ICsg value of 262 pM. Despite not being particularly potent, the inhibition suggested
the possibility of exploiting the boronic acid scaffold to develop novel PBP inhibitors able
to evade resistance mechanisms. As a result, a boron-containing fragment library was
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developed and analyzed to identify novel PBP inhibitors against P. aeruginosa [152]. The
study generated moderately potent PBP3 inhibitors, with compound 27 shown to target
key PBP active site residues, but no antibacterial activity was reported. Crystal structures
of S. pneumoniae PBP1 in complex with different boronic acid derivatives allowed for the
identification of 28, an alkyl boronic acid compound [220]. In vivo, the compound was
shown to target essential PBPs, displaying moderate antibacterial activity with an MIC
value of 32 pug/mL against MRSA. Additionally, DBO and related scaffolds have also been
explored to develop PBP inhibitors against Gram-negative pathogens. This effort has led to
extensive optimization of the DBO structure to identify WCK 5153 [128,150]. The binding
of the compound to P. aeruginosa PBP2 was confirmed via x-ray crystallography. However,
the compound showed relatively limited antimicrobial activity by itself. A recent study
identified another DBO derivative and PBP inhibitor, ETX0462, which represents the most
active and broad-spectrum DBO compound, both in vitro and in vivo, against P. aeruginosa
(MIC 0.5 pg/ML) and other bacteria [221]. This compound demonstrates the immense
potential of DBO compounds as a new class of antibiotics.

-Lactones represent another new class of potential PBP inhibitors due to the chemical
similarity between {3-lactones and (3-lactams [224]. These compounds have been used as
chemical probes to selectively target specific PBPs in S. pneumoniae [225,226]. A successful
example was compound 29, which was shown to bind to PBP2a in silico [222]. Further
insights into interactions between (3-lactones and PBP1b were provided by crystallography
and additional molecular docking studies. Novel PBP inhibitors with a non-f3-lactam
scaffold have also been identified through virtual screening against MRSA PBP2a [223].
This new oxadiazole-derived chemotype was shown to have bactericidal activity against
several Gram-positive bacteria. Among the best compounds derived from this study was
30, which was shown to have an MIC of 2 pug/mL against different antibiotic-resistant
strains of S. aureus. Investigating the mode of action of this compound revealed that it
inhibits peptidoglycan synthesis. Compound 30 was also shown to inhibit MRSA PBP2a
with an ICsp of 8 ug/mL. Further development of this lead led to the development of a
narrow-spectrum antibacterial effective against 101 strains of C. difficile with an MIC of
0.5 pg/mL [227].

4. Conclusions

In summary, both cell wall transpeptidases and (3-lactamases represent valuable an-
tibiotic targets and model systems for studying enzyme function and inhibition. The past
decade has seen exciting progress in drug discovery against both groups of enzymes. In
particular, we now have several new (-lactamase inhibitor scaffolds (e.g., DBOs, cyclic
boronates) that are clinically effective or under further development, including the cyclic
boronate ultrabroad-spectrum inhibitor active against all classes of 3-lactamases. Some
of these p-lactamase inhibitors, especially DBOs, also provide new chemical matter for
novel antibiotic development against transpeptidases. Such efforts are being facilitated by
new knowledge of the transpeptidase enzymes concerning their structure and in vitro and
in situ interactions with 3-lactams, as well as by advancements in screening technologies.
Important knowledge gaps remain, as the cell wall transpeptidases from each bacterium
may have unique features. Meanwhile, in comparison to many plasmid-borne 3-lactamases
that often make broad-spectrum inhibition desirable, most cell wall transpeptidases are
chromosome-encoded, and inhibitors targeting one essential cell wall transpeptidase can
have immense clinical potential. The cell wall transpeptidases will therefore offer a multi-
tude of opportunities for future drug discovery in our efforts to understand the function of
these proteins, develop new methodologies, and uncover novel inhibitors.
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