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ABSTRACT

The rise of antimicrobial resistance (AMR) poses a critical threat to global health, mostly due to the proliferation of 3-lactamases, a class
of enzymes responsible for the inactivation of -lactam antibiotics. Among the most promising strategies to restore 3-lactam efficacy is
the use of (-lactamase inhibitors (BLIs), with boronic acid derivatives emerging as a pivotal and chemically versatile class. These
compounds act as transition-state analogs, forming reversible covalent bonds with the catalytic serine of serine f3-lactamases (SBLSs),
effectively mimicking the tetrahedral intermediate of 3-lactam hydrolysis. Their electron-deficient boron atom, combined with a tunable
scaffold, allows fine modulation of potency, selectivity, and pharmacokinetic properties. This review traces the evolution of boronic acid-
based BLIs from early phenylboronic acids to next-generation acyclic and cyclic derivatives, highlighting key structure-activity re-
lationships, binding mechanisms, and microbiological profiles. Clinically approved agents such as vaborbactam, as well as investiga-
tional compounds including taniborbactam, xeruborbactam, and benzoxaboroles, are discussed in the context of their therapeutic
relevance and spectrum of activity. Particular attention is given to their ability to inhibit class A and C enzymes, with ongoing efforts
aimed at extending coverage to class D and metallo-3-lactamases. Additionally, the review explores innovative approaches such as
kinetic target-guided synthesis and fragment-based design to expand the chemical space of boronic acid pharmacophores. Together,
these advances underscore the potential of boronic acid-based BLIs as powerful tools in overcoming {3-lactamase-mediated resistance
and developing next-generation antimicrobial therapies.

1 | Introduction

1.1 |

pathogens driving this crisis, resistant Gram-negative bacteria are
of particular concern, as both genetic mutations and horizontal

f-Lactamase-Mediated Resistance gene transfer (HGT) have contributed to the emergence of

The alarming rise of antimicrobial resistance (AMR) is pushing
modern medicine toward a post-antibiotic era, an undesirable
scenario in which antibiotics may no longer be effective for the
treatment of common bacterial infections [1, 2]. Among the

multidrug-resistant, extensively drug-resistant, and pandrug-
resistant (MDR, XDR, and PDR) pathogens [3]. These organisms
are responsible for a substantial proportion of healthcare-
associated infections and an increasing number of community-
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acquired infections [4]. Notably, carbapenem-resistant Acineto-
bacter baumannii [5], oxyimino-cephalosporin-resistant En-
terobacterales [6], particularly Klebsiella pneumoniae and
Escherichia coli, and carbapenem-resistant Enterobacterales are
among the pathogens most frequently associated with severe and
difficult-to-treat infections, often accompanied by high morbidity
and mortality [7-9]. These resistant bacteria compromise the
efficacy of multiple chemically distinct classes of antibiotics,
including B-lactams, which remain the most widely used agents
for the treatment of both common and severe bacterial infections
[10]. B-Lactams exert their antibacterial effect through quasi-
irreversible acylation of the catalytic serine residue of penicillin-
binding proteins (PBPs, EC 3.4.16.4), a family of bacterial DD-
transpeptidases essential for peptidoglycan biosynthesis and cell-
wall integrity [11-14]. Gram-negative bacteria can counteract
f-lactam antibiotic activity through several mechanisms, including
reduced outer-membrane permeability (porin mutation) [13, 15],
active efflux (overexpression of efflux pumps), target modification
(PBP mutation), and, most importantly, enzymatic drug hydrolysis
by B-lactamases (Figure 1) [16-21].

B-Lactamases (EC 3.5.2.6) are a conserved yet evolutionarily
diverse family of bacterial hydrolases capable of inactivating
B-lactam antibiotics by cleaving their characteristic four-
membered ring [22]. By efficiently neutralizing $-lactams before
target engagement, {3-lactamases represent the most successful
bacterial strategy for overcoming this antibiotic class and are
therefore a central focus of inhibitor development [23]. In

Gram-positive bacteria, 3-lactamases are typically secreted into
the extracellular milieu or associated with the cell surface [24],
whereas in Gram-negative organisms they are generally local-
ized in the periplasm, where they can intercept -lactams before
the antibiotics reach the PBP targets [25]. Notably, some en-
zymes, such as NDM-1 and selected OXA-type carbapenemases,
deviate from this pattern, as they can be lipidated, associated
with the outer membrane, and exported in outer membrane
vesicles, thereby contributing to enzyme stability and dissemi-
nation of resistance [26, 27].

Given broad-spectrum penicillins and cephalosporins remain
among the most widespread antibiotics, the extensive dissemina-
tion of B-lactamase-producing Gram-negative bacteria poses a
major threat to human and animal health, complicating anti-
microbial stewardship and resistance containment across clinical,
veterinary, and agricultural settings [28]. This threat is further
amplified by the spread of extended-spectrum @-lactamases
(ESBLs), which hydrolyze oxyimino-cephalosporins [29], and by
the emergence of carbapenemases, which confer resistance to
penicillins, cephalosporins, monobactams, and carbapenems [30].

B-Lactamases can be classified according to the Ambler scheme
into four distinct classes (A, B, C, and D) based on amino acid
sequence homology and active-site architecture [31, 32]. A
further macro-categorization originates from the active site
residue/atoms responsible for the catalytic properties of these
hydrolases and defines classes A, C, and D as serine
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FIGURE 1 | Schematic representation for the main molecular mechanisms associated with @-lactams resistance in Gram-negative bacteria.

Figure 1 was prepared by the authors based on a relevant reference [16]. [Color figure can be viewed at wileyonlinelibrary.com]
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B-lactamases (SBLs), whereas class B enzymes comprise the
entire metallo-f-lactamases (MBLs) domain [31]. This distinc-
tion is mechanistically important as SBLs share key catalytic
and evolutionary features with PBPs, the physiological targets of
B-lactam antibiotics. Both PBPs and SBLs react with -lactams
through acylation of an active-site serine residue, reflecting
their common evolutionary origin from ancestral DD-peptidases
[22, 33-35]. However, whereas in PBPs the resulting acyl-
enzyme complex is long-lived and undergoes very slow deacy-
lation, thereby blocking peptidoglycan cross-linking and
impairing cell-wall biosynthesis, SBLs have acquired the ability
to efficiently catalyze the hydrolysis of S-lactams by accelerating
the breakdown of the acyl-enzyme intermediate [33]. In con-
trast, MBLs catalyze $3-lactam hydrolysis via a metal-dependent
mechanism, wherein one or two zinc ions coordinate and
activate a water molecule responsible for attack on the 3-lactam
ring [23, 36]. The mechanistic relationships between PBPs,
serine f-lactamases, and metallo-f-lactamases are summarized
in Scheme 1. This mechanistic divergence is highly relevant for
inhibitor design, since most classical @-lactamase inhibitors
primarily target SBLs, whereas the development of compounds
active against both SBLs and MBLs remains a major challenge.

In addition to the Ambler classification, the Bush-Jacoby (also
known as Bush-Jacoby-Medeiros) functional classification
groups f-lactamases according to substrate profile and inhibitor
susceptibility (Figure 2) [42]. In the context of this review,
Ambler classification is used as the primary organizational
framework because it aligns more directly with catalytic
mechanism and inhibitor design, while the corresponding
Bush-Jacoby groups for the principal enzymes discussed are
summarized in Table 1 [42].

Excellent reviews comprehensively covering the evolution,
clinical relevance, structural diversity, localization and bio-
genesis of 3-lactamases have been published, offering valuable
insights into their role in antibiotic resistance and therapeutic
challenges [22, 23, 27, 30, 36, 38, 42, 44, 45].

1.2 | pB-Lactamase Inhibitors: Current and
Evolving Landscape

To overcome the hydrolytic activity of f-lactamases, two main
strategies have been pursued [46, 47]. The first involves
designing novel or structurally optimized {-lactam antibiotics
with improved resistance to enzymatic degradation [23, 38,
47, 48]. While this approach has led to significant advances,
such as the development of expanded-spectrum cephalosporins
and carbapenems, it is inherently constrained by the limited
chemical space that can be explored, due to structural

modifications being confined to the same region of the §-lactam
scaffold. This limitation, in turn, contributes to the ongoing
challenge of resistance mediated by @-lactamases [49]. More-
over, the high costs, extended timelines, and substantial
resources required for the R&D efforts often render this strategy
not very practical and viable [49].

A more targeted and widely adopted strategy to combat
B-lactamase-mediated resistance involves the development of
specific inhibitors directed against $-lactamases [28, 50]. These
molecules, known as f-lactamase inhibitors (BLIs), typically
exhibit little to no intrinsic antibacterial activity on their own
and function as adjuvants [47]. When co-administered with
B-lactam antibiotics, they protect the antibiotic from enzymatic
degradation, thereby restoring its antibacterial efficacy [28, 50,
51]. These inhibitors have become a cornerstone of treatment
strategies against multidrug-resistant Gram-negative bacteria,
leading to various approved f-lactam/BLI combinations and
several others currently in clinical trials as summarized in
Chart 1 [46, 52-54]. These inhibitors are generally classified
into three major classes based on their structure and mecha-
nism of action [47].

1.2.1 | B-Lactam-Derived BLIs

The “first generation” of BLIs, initially reported in 1976 with
the discovery of clavulanic acid, also includes sulbactam, and
tazobactam (see Chart 1, orange dash-dot box) [47]. Recently,
enmetazobactam, a N-methylated derivative of tazobactam
(formerly known as AAI101, Allecra Therapeutics), has also
been approved [55]. These f-lactam-derived molecules act as
mechanism-based inhibitors of serine f-lactamases by acylating
the catalytic serine residue to form covalent acyl-enzyme
complexes. These intermediates can subsequently rearrange
into stabilized inhibitory species, including bridged or conju-
gated forms, that are poorly susceptible to deacylation [47, 56,
57]. Though they offered significant clinical benefit when first
introduced, these classical inhibitors primarily target class A
B-lactamases and are less effective against class C and class D
enzymes [49]. Structurally related to penicillins or cephalo-
sporins, these compounds therefore act as “suicide substrates,”
trapping the enzyme in long-lived inactive forms [38]. For ex-
ample, clavulanic acid, a naturally occurring oxapenem, has
been widely used in combination with amoxicillin, while sul-
bactam and tazobactam have been co-formulated with ampi-
cillin and piperacillin, respectively [49]. While classical
inhibitors laid the foundation, the emergence of ESBLs and
carbapenemases, such as KPCs and MBLs, necessitated the
development of broader-spectrum and more structurally diverse
inhibitors [49]. More recently, cefepime/enmetazobactam has
demonstrated efficacy against ESBL- and OXA-48-producing

SCHEME 1 | Comparison of the catalytic mechanism of f-lactams in PBPs, class A serine {3-lactamases, and metallo-f-lactamases (MBLs). (A)

PBPs are acylated by -lactams at the catalytic serine, generating a long-lived acyl-enzyme complex, which undergoes slow deacylation relative to

SBLs, ultimately resulting in inhibition of peptidoglycan cross-linking. (B) Class A SBLs also form a serine-linked acyl-enzyme intermediate, but
efficiently deacylate it through activation of a catalytic water molecule, thereby hydrolyzing and inactivating the antibiotic. (C) Class B f-lactamases
hydrolyze B-lactams through a Zn(II)-dependent mechanism in which an activated water/hydroxide nucleophile attacks the f-lactam carbonyl
directly, without formation of a serine-linked acyl-enzyme intermediate and proceeds through an anionic intermediate [37]. B = General basic
residue; A = General acidic residue; Res = General residue. Scheme 1 was prepared by the authors based on relevant references [38-41]. [Color figure

can be viewed at wileyonlinelibrary.com]
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FIGURE 2 | Spectrum of activity for the -lactamase groups subdivided by the Bush-Jacoby classification. Ambler's class A: green; class B:

orange; class C: blue; class D: purple. [Color figure can be viewed at wileyonlinelibrary.com]

Enterobacterales, with improved activity relative to piperacillin/
tazobactam [49, 55, 58].

1.2.2 | Diazabicyclooctane (DBO)-Based BLIs

A major breakthrough in -lactamase inhibition came with the
development of diazabicyclooctane (DBO)-based {-lactamase
inhibitors (Chart 1, blue dash-dot box) [59]. Avibactam
(AVE1330A and NXL104), the first approved DBO in 2015,
pioneered a novel inhibitory mechanism by forming a reversible
covalent bond with the catalytic serine of SBLs [60]. This
reversibility indicates the pharmacophore is not hydrolyzed
during inhibition, allowing avibactam to retain its inhibitory
activity over multiple catalytic cycles, although irreversible
inhibition occurs in class D enzymes and desulfation in class A
KPC-2 [61-63]. Avibactam exhibits broad-spectrum activity
against class A (i.e., TEM, SHV, and KPCs), some class C
(AmpC), and limited class D enzymes (no inhibition on OXA-
24/40) [49, 64]. 1t is approved in combination with ceftazidime,
and aztreonam/avibactam also extends coverage against MBL-
producing Enterobacterales [53, 65]. Subsequent DBOs deve-
loped include relebactam (MK-7655), nacubactam (OP0595,
RO7079901, or RG6080), and zidebactam (WCK5107) [49]. Re-
lebactam, featuring a piperidine moiety, is used in combination
with imipenem-cilastatin and targets mainly class A and C
enzymes [66-68]. Nacubactam and zidebactam display dual
modes of action, combining @-lactamase inhibition with direct
binding to PBPs, thereby enhancing antibacterial activity.
Notably, zidebactam is characterized primarily by high-affinity
binding to PBP2, which underpins its distinctive §-lactam en-
hancer profile [69-71]. Both are under clinical development:
nacubactam with meropenem (Phase 1), and zidebactam with
cefepime (Phase 3) for cUTIs and pyelonephritis [46, 72].
Durlobactam (formerly ETX2514) is a next-generation DBO
engineered for enhanced rigidity and affinity, especially toward
class D carbapenemases, while retaining its inhibitory spectrum
against class A and C B-lactamases [73-75]. Combined with
sulbactam (Xacduro, FDA approved), is approved for hospital-
acquired and ventilator-associated bacterial pneumonia caused
by the A. baumannii-calcoaceticus complex, although its com-
plex synthesis presents manufacturing challenges [49, 53, 75].
New-generation DBOs in clinical pipelines include ETX1317
(prodrug ETX0282) [76, 77], funobactam (XNW4107) [78, 79],
pralurbactam (FL058) [80], and ANT3310 [81]. These agents
demonstrate promising broad-spectrum inhibition of class A, C,

and D enzymes, with some showing activity against Myco-
bacterium abscessus and KPC- or OXA-producing En-
terobacterales [46, 82-85]. Most are under phase 1-3 trials in
combination with f-lactams to treat serious Gram-negative
infections [46, 52, 78, 79, 81, 85]. Despite their major clinical
impact, resistance to DBO-based inhibitors is an emerging
concern, particularly in class A enzymes. In KPC enzymes,
resistance-associated substitutions include D179N and S130G in
KPC-2, as well as D179Y in KPC-2 and KPC-3-derived variants
identified in K. pneumoniae [86]. In addition, the combined
L169Q/S130G substitutions in CTX-M-15, evaluated in an E. coli
background, markedly impaired inhibition by avibactam. These
alterations can reduce DBO susceptibility by affecting inhibitor
recognition or acylation. Importantly, however, these substitu-
tions often impose a fitness or catalytic cost on the enzyme, so
the resulting resistance phenotype may be accompanied by
reduced B-lactam hydrolytic efficiency or partial restoration of
B-lactam susceptibility [86].

1.2.3 | Boronic Acid-Based BLIs

Boronic acid derivatives represent a key advancement in the field of
BLIs, owing to their distinctive mechanism of action (Figure 3) [47].
These compounds act as acylation or deacylation transition-state
analogs, mimicking the high-energy tetrahedral intermediate
formed during B-lactam hydrolysis [38]. Through this mimicry,
boronic acid inhibitors establish a reversible covalent (dative) bond
with the catalytic serine residue of SBLs, effectively blocking the
enzyme active site [87, 88]. Importantly, despite this covalent mode
of action, boronic acids can achieve remarkable selectivity for
B-lactamases over other serine hydrolases, including mammalian
serine proteases, owing to the complementary architecture of the
B-lactamase active site and the tailored interactions established by
the inhibitor scaffold [89]. Several structural features contribute to
the effectiveness of boronic acids. First, boron shares strategic
chemical characteristics with the f-lactam carbonyl group: both
function as electrophilic centers susceptible to nucleophilic attack
[90]. Second, the geometry and stereochemical arrangement of the
substituent corresponding to the R; side chain relative to the
reactive center are often closely conserved between f(-lactams and
boronic acids. In many boronic acids mimicking the (-lactam
scaffold, the carbon adjacent to the electrophilic boron center bears
an amide functionality closely resembling the C(6) or C(7) side
chains of penicillins and cephalosporins respectively, including their
stereochemical configuration. This structural and stereochemical
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TABLE 1 | Ambler and Bush-Jacoby classes categorization for the principal f-lactamases discussed in this review.
Ambler class  Bush-Jacoby class Substrates B-lactamase Organism UniProt ID
A 2a P PC1* Not reported in this review
2b P, NSC TEM-1 Escherichia coli P62593
SHV-1 Klebsiella pneumoniae POAD64
2be P, NSC, ESC, M SHV-5 K. pneumoniae POA3M1
SHV-12 K. pneumoniae H6UQL7
CTX-M-9 E. coli QIL5C8
CTX-M-14 E. coli QIL5C7
CTX-M-15 E. coli A0A223A5J4
CTX-M-96 K. pneumoniae Q6ZXB6
TEM-10 Klebsiella oxytoca Q48388
TEM-43 K. pneumoniae 034176
TEM-116 E. coli Q79DR3
2br P SHV-10* Not reported in this review
2c P, CR CARB-1* Not reported in this review
2f P, NSC, ESC, KPC-2 K. pneumoniae Q9F663
CB, M KPC-3 [43] K. pneumoniae Q93DC4
SME-2 Serratia marcescens P52682
GES-5 K. pneumoniae QO9HDO
FRI-1 Enterobacter cloacae N.A.
BKC-1 K. pneumoniae AOAOF6QEYS8
B 3a P, NSC, ESC, CB IMP-1 S. marcescens P52699
NDM-1 K. pneumoniae C7C422
VIM-1 K. pneumoniae Q5GNO09
VIM-2 Pseudomonas aeruginosa Q9K2NO
L1 Stenotrophomonas P52700
maltophilia
GOB-18 Elizabethkingia Q4JRB6
meningoseptica
3b CB Sth-I Serratia fonticola QI9RMI1
CphA Aeromonas hydrophila P26918
C 1 NSC AmpC E. coli P00811
AmpC (PAO1) P. aeruginosa P24735
P99 E. cloacae P05364
CMY-2 K. pneumoniae Q48434
ADC-7 Acinetobacter baumannii Q6DRA1
ADC-30 A. baumannii A7XMS81
ADC-33 A. baumannii A7Y407
PDC-3 P. aeruginosa P24735
PDC-11 P. aeruginosa DOEJY2
MOX-1 E. coli Q51578
le NSC, ESC GC1* Not reported in this review
D 2d P OXA-1 E. coli P13661
OXA-10 P. aeruginosa P14489
2de P, ESC, M OXA-15* Not reported in this review
2df P, CB OXA-23 A. baumannii Q9L4P2
OXA-24/40 A. baumannii Q8RLA6
(Continues)
6 Medicinal Research Reviews, 2026

85UBD 17 SUOWILIOD dAIIR.D 3|ged!|dde ay) Aq peussnob ae sapie YO ‘8sn Jo Sa|ni 10} Akig1]8UlUO AB|IAA UO (SUONIPUOD-pL



TABLE 1 | (Continued)

Ambler class  Bush-Jacoby class Substrates

B-lactamase

Organism UniProt ID

OXA-48 K. pneumoniae Q6XECO

Abbreviations: CB = Carbapenems, CR = Carbenicillin, ESC = expanded-spectrum cephalosporin, L1 = is a tetramer, M = Monobactam, NSC = Narrow-Spectrum

Cephalosporins, P = Penicillins.
*Not reported in this review.

conservation enables boronic acids to faithfully reproduce the ori-
entation with which @-lactam side chains are presented to the en-
zyme active site, thereby preserving the recognition elements
required for productive binding. These parallels make boronic acids
well-suited to occupy and inhibit the active site of f-lactamases.
From a chemical standpoint, boron is an electron-deficient Lewis
acid with an empty p orbital, rendering it highly electrophilic. In
boronic acids, the B-O bond displays partial double bond character
and a short bond length, contributing to overall molecular stability.
Unlike peptide bonds or $-lactam rings, B-O bonds are not readily
hydrolyzed by bacterial enzymes, making boronic acids more
resistant to enzymatic degradation [91]. In solution, boronic acids
typically exist in a trigonal planar geometry (sp? hybridization), with
the empty p orbital positioned perpendicular to the plane. Upon
nucleophilic attack, such as that mediated by the hydroxyl group of
the catalytic serine, boron undergoes rehybridization to an sp® state,
forming a tetrahedral anionic intermediate. This transition enables
boronic acids to mimic both the electrophilic f-lactam carbonyl
group and the tetrahedral intermediate formed during (-lactam
hydrolysis, thereby underpinning the potent inhibitory activity and
selectivity of boron-based inhibitors [91]. Notably, a growing body of
biochemical, pharmacological, and clinical evidence accumulated
over the past decades has also helped to dispel earlier concerns
regarding boron-associated toxicity, supporting boronic acid deri-
vatives as a viable and generally well-tolerated class of compounds
for B-lactamase inhibitor development [92].

Unlike f-lactam-based inhibitors or DBOs, boronic acid inhibitors
possess flexible chemical scaffolds, which allows for fine-tuning of
pharmacodynamic properties and broad-spectrum coverage [87, 93].
The approval of vaborbactam (herein compound 59), a cyclic bor-
onate used in combination with meropenem (Vabomere) [94],
marked a major milestone, particularly due to its high efficacy
against class A @-lactamases like KPC and some class C enzymes
(see Chart 1) [95]. While vaborbactam does not inhibit metallo-
fB-lactamases, its ability to restore carbapenem efficacy in KPC-
producing Enterobacterales highlights the clinical value of bor-
onates. The design, properties, and activity profiles of all clinically
relevant and investigational boronic acid-based BLIs will be com-
prehensively described and discussed in detail in the following
sections of this review.

2 | Discussion
2.1 | Acyclic Boronic Acid Derivatives
2.1.1 | Acetamide, Carboxamido, and Glycineboronic Acid

A biomimetic approach to design potent inhibitors: The concept
of using acyclic boronic acids as BLIs (Chart 2) was first
introduced in the 1990s, when Martin et al. rationally designed
a novel inhibitor by incorporating functional groups from

B-lactam antibiotics into an acyclic boronic acid scaffold
[96-98]. Leveraging crystallographic data of the E. coli TEM-
1:PenG acyl-enzyme complex (Figure 4A, PDB: 1FQG)
[98-100], structure-based design led to the development of (1R)
—1-acetamido-2-(3-carboxyphenyl)ethane boronic acid (1), a
transition-state analogue of the high energy intermediate
observed in the SBLs catalytic mechanism of $3-lactam hydrol-
ysis [101]. Compound 1 exhibited potent inhibition of class A
TEM-1, with a K; of 110 nM [97]. Authors proposed that one of
the oxygen atoms linked to the boron adduct sits in the oxya-
nion hole forming a direct H-bond interaction with S70 and the
nitrogen from the main chain of A237, therefore resembling the
position of the carbonyl oxygen atom in the acyl-enzyme
complex (Figure 4B, PDB: 1IERM) [97]. The second oxygen has
the role to replace the deacylating water and to form strong
hydrogen bonds to the E166 carboxylate and N170 amide side
chains. Furthermore, a detailed review of the mechanism of
acyclic boronic acid as class A f-lactamase covalent inhibitors
was provided in this manuscript, suggesting a central role for
K73 in the deacylation step of -lactam hydrolysis [97]. In
detail, K73 acts as a proton shuttle between E166 and S70
during deacylation, as evidenced by a strong hydrogen bond
(2.7 A) with E166. That is also supported by the distance greater
than 4 A between E166 and S70.

Although the inhibitory profile of compound 1 was not ini-
tially evaluated against other B-lactamases, and micro-
biological data were lacking, this seminal work laid the
foundation for subsequent scaffold optimization by the same
group [102]. Using a rational design approach, Ness and co-
worker developed two deacylation transition state analogue
derivatives: (1R)—1-phenylacetamido-2-(3-carboxyphenyl)eth-
ylboronic acid (compound 2) and (1R)—1-acetamido-2-(3-
carboxy-2-hydroxyphenyl)ethylboronic acid (compound 3). To
enhance the potency of the parent compound 1, structural
modifications were introduced to strengthen energetically
favorable interactions within the TEM-1 active site. In com-
pound 2, the side chain acetamido group was replaced with a
phenylacetamido moiety, mimicking the R-group of PenG and
enhancing van der Waals and hydrophobic contacts with res-
idues 235-238. This modification resulted in a 20-fold
improvement in inhibitory potency (K;=5.9nM). Instead,
compound 3 resembles the structure of 1, with the incorpo-
ration of a phenolic hydroxyl group in o-position to increase
hydrogen bonding, particularly with residue S130, leading to a
10-fold improvement in activity (K;=13nM) relative to its
parent compound. This biomimetic approach capitalizes on
the structural and electronic similarities between the $-lactam
carbonyl group and the boron atom (as discussed in
Section 1.2.3), effectively combining the boronic acid phar-
macophore ability to target the nucleophilic serine of class A
SBLs with the well-established side chain recognition features
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Green = Active. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 | Comparison between (A) boronic acids and (B) f-lactams chemical rehybridization and mechanism after binding with a nucleo-

philic entity. [Color figure can be viewed at wileyonlinelibrary.com]

of B-lactam substrates. Crystallographic analysis of the TEM-1
complexes with compounds 2 and 3 (PDBs: 1ERO and 1ERQ,
respectively) revealed additional unanticipated interactions,
including hydrogen bond formation, displacement of active-
site water molecules, and side chain rearrangements
(Figure 5A). Interestingly, this study was the first to propose
compound 3 might induce formation of a cyclic boronate ester,
thereby laying the groundwork for subsequent work on bicy-
clic boronates described in Section 2.3.3. However, the crystal
structure shown in Figure 5B did not reveal the bicyclic bor-
onate form of compound 3. Compound 2 inhibitory profile
against class A f-lactamases was further confirmed by Rojas
et al., demonstrating potent inhibition towards clinically rel-
evant SHV-1 (IC5, =200 nM) and KPC-2 (IC5,=70nM) [103].

In a seminal study, Caselli et al. investigated the energetic
factors governing -lactamase recognition of f-lactam by cor-
relating affinities of properly derivatized acylglycineboronic
acids with binding energy [89]. By decorating eight acylglyci-
neboronic acids with side chains from penicillins and cepha-
losporins, they generated a series of potent boronic acid
transition state inhibitors (BATSIs) and laid the basis for future
inhibitors design (Table 2). Interestingly, the differential bind-
ing energies (44G) among the BATSIs provided insights into
key enzyme-inhibitor interactions, as confirmed by X-ray crys-
tal structures. To quantify the contribution of different R, side
chains to enzyme binding, AAG values were calculated by
comparing each boronic acid derivative to the reference com-
pound (acetamidomethyl)boronic acid. This approach allowed

the authors to assess how individual side chains enhance or
weaken binding affinity. The reversible nature of boronic acid
inhibition enabled structural comparisons with acyl-enzyme
intermediates, revealing how R; recognition evolves from the
transition state to the covalently bound ground state. These
binding differences were functionally validated by evaluating
the inhibitory activity of each derivative against a representative
class C SBL, E. coli AmpC.

Crystal structures of E. coli AmpC in complex with glycine-
boronic acids bearing cloxacillin (compound 4) and cephalothin
(compound 5) R;-side chains suggested the amide group (C6-C7
in B-lactams) is essential for binding, contributing 3.2 kcal/mol
to the free energy (Figure 6). Interestingly, compounds 6 and 7,
carrying the nafcillin and ceftazidime side chains respectively,
were the most potent. Compound 6 had a K; of 33nM for
AmpC, while compound 7 reached 20nM for AmpC and
390 nM for TEM-1. Both enhanced ceftazidime and cefotaxime
activity against resistant E. cloacae and S. aureus strains, dem-
onstrating a promising spectrum of activity against both Gram-
negative and -positive bacteria. These boronic acids also showed
high selectivity over serine proteases like a-chymotrypsin,
B-trypsin, and elastase.

An additional study by Chen et al. employed boronic acids as
powerful molecular probes to uncover key details of -lactamase
recognition and catalytic mechanisms [104]. Whereas glycine-
boronic acids bearing penicillin and cephalosporins R; side chains
can act as acylation transition-state analogues, chiral glycineboronic
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FIGURE 4 | (A) Crystal structures of PenG (PDB: 1FQG) in complex with Escherichia coli TEM-1 (UniProt ID: P62593); (B) Crystal structures of
compound 1 (PDB: 1IERM) in complex with E. coli TEM-1. TEM-1 ribbon and carbon atoms depicted in light blue, ligand carbon atoms in magenta,

oxygen in red, nitrogen in blue, sulfur in yellow, boron in amaranth pink. Blue dashes represent hydrogen bonds, water molecules are represented by

red spheres. MC indicates the protein main chain. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 | Crystal structures Escherichia coli TEM-1 (UniProt ID: P62593) in complex with: (A) compound 2 (PDB: 1ERO) and (B) compound 3
(PDB: 1ERQ). Color code and graphical conventions are as in Figure 4. [Color figure can be viewed at wileyonlinelibrary.com]

acids with a supplementary R, side chains behave as deacylation
transition-state analogues (Scheme 2). Moreover, in this report it
was confirmed these derivatives form reversible, fast-on/fast-off
adducts with SBLs.

Further advances in BATSI design against class C f-lactamases
were later achieved using a structure-based approach. Building
on prior work that identified key AmpC “hot spots” [105], and

pursuing a biomimetic approach, a series of m-carboxy-
phenylglycylboronic acids were developed to enhance inhibi-
tor binding [106]. Following the same rationale as for glycine-
boronic acids, side chains (R;) from cephalothin and cloxacillin
were introduced, while a m-carboxyphenyl group (R,) was
placed at the same boron-bearing carbon atom. This led to
compound 8, a highly potent AmpC inhibitor (K;=1nM),
showing a 300-fold improvement over the parent molecule
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TABLE 2 | Some of the most relevant BATSIs reported in Caselli et al. [89] AAG= Differential free energy of binding relative to

(acetamidomethyl)boronic acid at 25°C.
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o %)J\OH
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l @]l H
HO”™ ™ “OH HN—C ] B

S %o B on

Compound 7
B-Lactam side chain Cloxacillin Cephalothin Nafcillin Ceftazidime
K; AmpC (uM) 0.15 0.32 0.033 0.020
AAGg; (kcal/mol) 2.85 2.40 3.75 4.04

Note: A positive value indicates improved affinity. In pink are highlighted the scaffold portions relevant to the AAG calculations.
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FIGURE 6 | Crystal structures Escherichia coli AmpC (UniProt ID: P00811) in complex with: (A) compound 4 (PDB: 1FSY) and (B) compound 5
(PDB: 1FSW). Color code and graphical conventions are as in Figure 4. [Color figure can be viewed at wileyonlinelibrary.com]

lacking the R, group. Crystal structure analysis of the AmpC-8
complex highlights the critical role of the C3(4)" acidic group in
target recognition (Figure 7A). The carboxylate contributes
significantly to binding, as confirmed by comparison with
compound 9, which lacks the group and exhibits a K; of 35nM
(Figure 7B). Although structural differences between the 8- and
9-AmpC complexes are minimal, the carboxylate enhances
binding free energy by 2.1 kcal/mol, underlining its key role in
inhibitor recognition. In microbiological assays, compound 8
slightly outperformed 9, reducing ceftazidime MIC values by 8-
to 32-fold against strains from C. freundii, E. coli, E. cloacae, and
Pseudomonas aeruginosa. Compound 8, and more broadly this
inhibitor series, also displayed high selectivity for AmpC over
representative serine proteases, being 5 orders of magnitude
more selective than versus a-chymotrypsin and showing no
measurable inhibition of f-trypsin below 1 mM. Since residue
N289 is not conserved across class C (-lactamases, as in P99
enzyme from E. cloacae, Morandi et al. investigated whether
mutations at this position would affect compound 8 inhibitory
activity. Compound 8 showed a slightly reduced potency

(Ki=17nM) against the AmpC N289A mutant. To address this,
a structure-based optimization was undertaken using 8 as the
starting point, resulting in compound 10 [107]. The design of
compound 10 was aimed to generate a scaffold that could
interact with the carboxylate subsite formed by N343, N346 and
T316, replacing the interaction with N289. Although 10 retained
high affinity for wt AmpC (K; = 1 nM) and improved binding to
the N289A mutant (K;=2.8nM), it did not outperform 8.
Crystal structure of the AmpC-10 complex revealed that the
inhibitor carboxylate interacted only with N343 (Figure 7C).

In the years that followed, boronic acids gained increasing
attention as BLIs. While initially employed as molecular probes
to investigate the mechanistic details of f-lactamase catalysis,
their role evolved significantly once it became evident that boron-
containing compounds were not inherently toxic to humans [92].
As a result, boronic acids transitioned from academic curiosities
to viable drug candidates, sparking interest from the pharma-
ceutical industry and prompting the development of more potent,
selective, and pharmacologically optimized inhibitors. This
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formed during the f-lactamase-catalyzed hydrolysis of a penicillin. [Color figure can be viewed at wileyonlinelibrary.com]

growing interest translated into broader testing against clinically
significant B-lactamases, including those responsible for wide-
spread resistance. Thus, further structural and biochemical
analysis of compound 8 were conducted with the clinically rel-
evant class C enzyme ADC-7 [108]. Compound 8 potently in-
hibited ADC-7 (K; = 21 nM), enhancing ceftazidime activity up to
eightfold in E. coli DH10B expressing blaapc.7. Interestingly, in
the ADC-7:8 complex (PDB: 5W13), compound 8 adopted two
conformations: one forming hydrogen bonds with N340 and
N343, and another engaging S315 [109]. Compound 8 also
showed potent activity against class A enzymes SHV-1 and
KPC-2 (ICso =400 nM and 600 nM, respectively) [103]. Beyond
its B-lactamase inhibitory profile, compound 8 was later also
identified as a promising P. aeruginosa biofilm inhibitor, sup-
pressing biofilm formation, virulence factors, and quorum
sensing-related autoinducer molecules [110].

Among the 10 BATSIs discussed in this subsection (Table 3),
compound 8 stands out as the most promising, exhibiting na-
nomolar inhibitory activity against both class C and class A
f-lactamases, including AmpC, ADC-7, SHV-1, and KPC-2. Its
potent biochemical profile and ability to enhance {-lactam
efficacy, alongside anti-biofilm and anti-virulence effects in
P. aeruginosa, highlight its therapeutic potential. However, the

lack of potency against class B and D combined with a good, yet
not exceptional, microbiological profile underscores the need
for further scaffold optimization to address target variability.

2.1.2 | Sulfonylaminomethyl Boronic Acid

A bioisosteric approach for BATSIs: In 2010, Merck researchers
introduced 4,7-dichloro-1-benzothien-2-yl sulfonylaminomethyl
boronic acid (compound 11) as the first BATSI to exhibit
inhibitory activity against class D (-lactamases (Figure 8) [111].
Notably, compound 11 inhibited OXA-24/40 with an ICs, of
5.6 uM and demonstrated a broader inhibitory profile, showing
activity against class A TEM-1 (ICs5o=1.1uM) and SHV-5
(IC50=10.57uM), class C AmpC (IC50=1.2uM) and P99
(ICs0 =0.62 uM). Additionally, compound 11 was able to lower
the MIC of imipenem against an A. baumannii strain over-
expressing serine f(-lactamases (CL6188), underscoring its
potential as a broad-spectrum BLI scaffold.

Shortly after, Eidam et al. introduced a novel series of sulfon-
amide boronic acids as BLIs, inspired by a bioisosteric approach
applied to the acylglycyl boronic acid scaffold presented in
section 2.1.1 [112]. Their rationale was based on two key
observations: first, in the structure of compound 8, the
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FIGURE 7 | Crystal structures E. coli AmpC (UniProt ID: P00811) in complex with: (A) compound 8 (PDB: 1MXO), (B) compound 9 (PDB:
1MY8) and (C) compound 10 (PDB: 2RCX). Color code and graphical conventions are as in Figure 4. [Color figure can be viewed at

wileyonlinelibrary.com]|

TABLE 3 | Spectrum of activity of acetamido, carboxamido and glycineboronic acid compounds 1-10 against various {3-lactamases.

Compound

Ki/ICso (1M)

Ambler Class A

p-Lactamase TEM-1 SHV-1 KPC-2 AmpC ADC-7
UniProt ID P62593 POAD64 Q9F663 P00811 Q6DRA1
1 0.110 — — — —

2 0.006 0.200 0.070 — —

3 0.013 — — — —

4 — — — 0.150 —

5 — — — 0.320 —

6 — — — 0.033 —

7 — — — 0.200 —

8 — 0.400 0.600 0.001 0.021
9 — — — 0.035 —
10 — — — 0.001 —

Note: ICs, values are denoted in bold, while K; are denoted in normal character.

carboxamide oxygen and nitrogen form hydrogen bonds with
N152 and the backbone carbonyl of A318 in AmpC; second,
noncovalent -lactamase inhibitors bearing sulfonamide moie-
ties had shown similar interactions within the AmpC active site
[113]. Guided by these insights, they synthesized and tested 10
sulfonamide boronic acids, leading to the identification com-
pound 12 (Figure 9), bearing a PenG side chain, which dis-
played high potency against E. coli AmpC (K; =70 nM).

Interestingly, the authors observed that replacing a carbox-
amide with a sulfonamide group in these scaffolds led up to
23-fold improvement in affinity. An important finding from this

series was that simpler sulfonamide side chains correlated with
higher inhibitory activity; an inverse trend compared to the
carboxamide-based boronic acids discussed in Section 2.1.1.
These sulfonamide boronic acids exhibited strong synergy with
oxyimino- cephalosporins. In strains overproducing class C
B-lactamases (E. coli, E. cloacae, C. freundii, P. aeruginosa,
K. pneumoniae), they successfully restored the efficacy of cefta-
zidime and cefotaxime, reducing significantly MIC values. Later,
structural studies of AmpC bound to compound 13 (K ampc =
1.3nM) showed that sulfonamide boronic acids maintain
important interactions, such as hydrogen bonds between the
sulfonamide group and residues N152 and Q120, while adopting

14
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a distinct geometry and polarity compared to carboxamide ana-
logues (Figure 10A) [114]. A similar interaction pattern was
observed in the ADC-7:13 complex, where additional contacts
with N221, S320, and T319 were identified (Figure 10B). Com-
pound 13 also demonstrated potent activity against other class C
variants, including ADC-7 (K;=160nM) and ADC-33 (K;=57
nM) [115]. These data were also validated in E. coli DH10B cells
expressing blaapc.7, where compound 13 reduced the MIC of
ceftazidime by up to 64-fold, significantly enhancing its micro-
biological efficacy. Importantly, representative sulfonamide
boronic acids from this series showed no measurable inhibition
of a-chymotrypsin or cruzain at 100 uM, supporting the selec-
tivity of this scaffold beyond @-lactamase inhibition. Beyond class
C enzymes, 13 also showed activity against class A and D SBLs:
13 inhibited SHV-1 and KPC-2 with ICs, values of 430 nM and
200 nM, respectively [103]. Surprisingly, as for compound 11, its
activity has been recently validated against class D OXA-24/40
(Kj=4.4uM) [115]. However, when 13 was tested in

Compound 11

FIGURE 8 | Structure of the a-sulfonylaminomethyl boronic acid 11.

§""0H
o)

Compound 12

FIGURE 9 | Structure of the a-sulfonylaminomethyl boronic acid 12.

combination with various cephalosporins and carbapenems
against A. baumannii strains, including OXA-24-expressing iso-
lates (pWH1266) and clinical strains carrying different OXAs,
significant MIC improvement was not observed. Similarly, in A.
baumannii ATCC17978 with an ADC knockout and blagxa-24/—40
constructs, 13 could restore susceptibility levels only negligibly.
Additional analogues bearing a-alkyl substitutions (not shown
here) were synthesized using the OXA-24/40:13 crystal structure
as a reference, although none outperformed compound 13
(Figure 10C).

Eidam et al. further optimized compound 13 scaffold using a
fragment-based approach, leading to the development of two of
the most potent BATSIs to date: compounds 14 and 15 [114].
Building on previous fragment-screening and defragmentation
studies, the authors identified three anionic fragments that
occupied the same region as the carboxylate group of compound
13, but in a more favorable orientation, allowing improved in-
teractions with the backbone amides of G320 [116, 117]. Re-
placing the carboxylic acid with a tetrazole moiety at the
p-position of a phenyl ring yielded, amongst others, to 14 (2-
chloro-4-tetrazolyl benzene sulfonamide boronic acid) exhibit-
ing an extraordinary 02nM K; for AmpC and 15
(2-trifluoromethyl-4-tetrazolyl benzene sulfonamide boronic
acid), which displayed an even more effective 0.05 nM K; for the
same enzyme (Figure 11). X-ray structures of AmpC in complex
with 14 and 15 revealed van der Waals interactions between the
trifluoromethyl or chloro substituents and the backbone car-
bonyls of A318 and T319.

Microbiological testing showed that both compounds, in com-
bination with cefotaxime or ceftazidime, reduced MIC values in
50% of AmpC-overexpressing clinical isolates. Further evalua-
tion of 15 demonstrated a remarkable K; of 0.45 nM also against
the cephalosporinase ADC-7 [118]. When tested in E. coli
DHI10B expressing blaspc.; and in the MDR clinical strain

2N o H O\H
HO_ /L\;/ﬂ\/; \\’N“/B‘OH
o)
Compound 13
A B C
N w221
R261 M223

0
'}
- , w221

&Qa (MC)

s219 @ @ v

°®

s81 /<

S128

FIGURE 10 | (A) Crystal structures E. coli AmpC (UniProt ID: P00811) in complex with compound 13 (PDB: 4E3I). (B) Crystal structures
A. baumannii ADC-7 (UniProt ID: Q6DRA1) in complex with compound 13 (PDB: SWAE). (C) Crystal structures A. baumannii OXA-24/40 (UniProt
ID: Q8RLAG6) in complex with compound 13 (PDB: 8CUL). Color code and graphical conventions are as in Figure 4. [Color figure can be viewed at

wileyonlinelibrary.com]|
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A. baumannii M9, 15 lowered CAZ MICs by up to 32-fold and
8-fold, respectively. Moreover, those fragment-optimized sul-
fonamide boronates retained potent target selectivity, with
affinity for AmpC generally 5-6 orders of magnitude greater
than the one observed for representative serine proteases.

From the BATSIs described in this subsection, compound 13
emerged as a promising sulfonamide boronic acid inhibitor,
showing potent activity against class C f-lactamases and nota-
ble synergy with 3rd generation cephalosporins. Its optimized
derivative, compound 15, with picomolar inhibitory affinity and
selective inhibition across class Cs, represents one of the most
potent BATSI developed to date (Table 4). Despite its impressive
performance in vitro against class C, 15 activity is less consistent
against class D enzymes and ineffective against metallo-

N~ N-N
N NI
NT N~
oo Ho Lo
s s
2 NH [_ & NH
c o CFO |
. OH )
5 [IB,OH
OH OH

FIGURE 11 | Structural overlay of Escherichia coli AmpC (UniProt
ID: P00811) in complex with compound 14 (PDB: 4E3N; light-blue
ribbon and magenta ligand) and compound 15 (PDB: 4E3M; pink rib-
bon and orange ligand). The two protein structures were superimposed
by Ca-atom alignment. All other color codes and graphical conventions
are as described in Figure 4. [Color figure can be viewed at
wileyonlinelibrary.com]

B-lactamases, limiting its potential as a truly broad-spectrum
solution.

2.1.3 | a-/B-Triazolyl Boronic Acids

Click chemistry application for novel BATSIs: To broaden the
chemical space and simplify the synthetic pathways, Caselli
et al. developed a-amido-B-triazolylethanboronic acids as a
novel class of BATSIs [119]. Unlike previous synthetic routes
limited by early stage insertion of the m-carboxyphenyl group,
this approach leveraged the copper-catalyzed azide-alkyne
cycloaddition (CuAAC) to install a substituted triazole moiety
in the late steps of the synthetic pathway. The triazole moiety
was chosen to replace the m-carboxybenzyl group due to its
strong dipole and preserved aromaticity. Using three different
R; chains (acetyl, phenylacetyl, and 2-thienyl-2-acetyl groups)
Caselli et al. synthesized 14 derivatives, identifying compound
16 and compound 17 as potent inhibitors (Figure 12). For class
C, 16 showed K; values of 140 nM for P99 and 35 nM for PDC-3,
while 17 exhibited K; values of 84 nM and 68 nM, respectively.
Moreover, both compounds restored cefotaxime activity in
E. coli strains overproducing P99 or PDC-3, reducing MICs up
to 32-fold. These compounds demonstrated also to be excellent
class A inhibitors, exhibiting nanomolar potency against clini-
cally relevant KPC-2 (ICso = 80 nM for 16 and ICs5, = 40 nM for
17) and SHV-1 (ICso = 130 nM for 16 and ICs, = 140 nM for 17)
[103]. Consistent with its favorable biochemical profile against
KPC-2 and SHV-1, compound 16 exhibited strong cellular
activity in antimicrobial susceptibility assays. In combination
with cefepime, and to a lesser extent with ceftazidime, cepha-
lothin, or ertapenem, it restored susceptibility in a broad panel
of E. coli strains producing KPC, SHV, TEM, and CTX-M
B-lactamases, with the cefepime/16 combination emerging as
the most effective overall.

The inhibitory profile for those compounds was supported with
structural studies, which revealed key triazole-mediated inter-
actions and conformational flexibility within KPC-2 and SHV-1
active sites (Figure 13). Interestingly, beyond the conserved
interactions typically observed for boronic acids bearing a
cephalothin-derived R; side chain, the triazole scaffold of
compound 16 allows the inhibitor to adopt multiple confor-
mations (see Figure 13A) within the KPC-2 active site, enabling
a distinctive C-H---O hydrogen-bond interaction with S130
at 2.9 A.

TABLE 4 | Spectrum of activity of sulfonylaminomethyl boronic acid compounds 11-15 against various f-lactamases.
Compound Ki/ICso (uM)
Ambler class A ¢ D
p-Lactamase TEM-1 SHV-1 SHV-5 KPC-2 P99 An}pC ADC-7 ADC-33  O0XA-24/40
UniProt ID Q6LBN9 PO0AD64 P95675 Q9F663 P05364 P24735 P00811 Q6DRA1  A7Y407 Q8RLA6
11 1.1 — 0.570 — 0.620 1.2* — — 5.6
12 — — — — — 0.070 — — —
13 — 0.430 — 0.200 — 0.0013 0.160 0.057 4.4
14 — — — — — 0.0002 — — —
15 — — — — — 0.00005 0.00045 — —

Note: For AmpC, UniProt ID P24735 refers to the Pseudomonas aeruginosa enzyme, with the corresponding values marked by an asterisk, whereas UniProt ID P00811
refers to Escherichia coli AmpC. ICs, values are shown in bold, K, values in regular type, and dashes indicate that no value was reported.

16

Medicinal Research Reviews, 2026

- 1lUes 0[0OIN AQ L6002 POW/Z00T OT/I0PACY" 8|1’ ARG [oUIUO//SIY LLO1 PopeO|UMOQ ‘0 ‘8ZTT860T

'sdny) suoRIPUOD pue SWwB L 841 38S *[9202/60/80] U0 ArigIBUIUO AB|IM ' 0RURIY,Q *|q1G BUBISIS 0UBD BI|ILT ¥ JBUBPON IPNIS AISBAIUN

102" MM A

85UBD 17 SUOWILIOD dAIIR.D 3|ged!|dde ay) Aq peussnob ae sapie YO ‘8sn Jo Sa|ni 10} Akig1]8UlUO AB|IAA UO (SUONIPUOD-pL


http://wileyonlinelibrary.com

The broad profile of 16 and 17 was further expanded to class C
cephalosporinase ADC-7, with K; values of 44nM (16) and
46 nM (17), and also restoring ceftazidime MICs up to 32-fold in
E. coli strains carrying blaypc.7 [109]. Crystal structure of ADC-
7:16 and ADC-7:17 complexes were determined to assess the
essential recognition properties for these inhibitor (Figure 14)
[108, 109]. As per other similar compounds, the R, side chain of
both 16 and 17 forms H-bonds through their amide oxygen with
the side chain nitrogen of Q120 and N152, while also interacting
with the main chain amide nitrogen and oxygen of S315. The
first boron hydroxyl group is located within the oxyanion hole
forming hydrogen bonding interaction with the main chain
oxygens and nitrogens of catalytic S64 and S315, while
the second boron hydroxyl group interact through H-bonding
with the hydroxy group of Y150 and a water molecule. The R,
side-chain of 16 and 17 is instead involved in H-bonds through
its carboxytriazole group with R340, a characteristic residue
from ADC-7.

m %NM

HO OH

Compound 16

In another study, the affinity of 16 for MOX-1, a plasmid-
mediated CMY-type class C f-lactamase, was evaluated and
compared with one of aztreonam (ATM) to gain knowledge for
a better design of future inhibitors [120]. Against MOX-1,
however, 16 showed weaker affinity (K; = 560 nM) compared to
aztreonam (K; =10nM), due to tighter binding and structural
rearrangements induced by aztreonam sulfonate group. Still, 16
lowered MICs of aztreonam and ceftazidime by 8- to 16-fold in
E. coli strains overexpressing MOX-1. Compound 16 also dem-
onstrated excellent activity against CTX-M-96, a CTX-M-15-type
variant, with an ICs, of 2 nM, a value 40 times better than class
A carbapenemase KPC-2 [121]. Despite similar acylation and
deacylation kinetics across both enzymes, CTX-M-96 binding
was stronger, therefore explaining the greater affinity. In the
same study, compound 18, an analogue of 16, was designed by
replacing the thiophene ring with a 5-mercapto-1,3,4-thiadiazol-
2-amine moiety to improve its pharmacological properties
(Figure 15). Compound 18 exhibited ICs, values of 4nM for

o
OH

WWN\

HO OH

Compound 17

FIGURE 12 | Structures of the a-amido-3-triazolylethanboronic acids 16 and 17.

oy
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o OHN N OH

Compound 16
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FIGURE 13 | (A) Crystal structures Klebsiella pneumoniae KPC-2 (UniProt ID: Q9F663) in complex with compound 16 (PDB: 5EEC). In this case,
compounds 16 assumes different conformations, and is presented as a superimposition of orange and pink ligands. (B) Crystal structures
K. pneumoniae SHV-1 (UniProt ID: POAD64) in complex with compound 16 (PDB: 5EE8). Color code and graphical conventions are as in Figure 4.

[Color figure can be viewed at wileyonlinelibrary.com]
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Crystal structures A. baumannii ADC-7 (UniProt ID: Q6DRAL1) in complex with: (A) compound 16 (PDB: 4U0X). (B) compound 17

(PDB: 5W14). All other color code and graphical conventions are as in Figure 4. [Color figure can be viewed at wileyonlinelibrary.com]

N-N
HN— WL N 0
ST NN A
Qo BoN=N  OH

Compound 18

FIGURE 15 |

(A) Crystal structures Klebsiella pneumoniae KPC-2 (UniProt ID: Q9F663) in complex with compound 18 (PDB: 7UTB). (B) Crystal

structures A. baumannii ADC-30 (UniProt ID: A7XMS81) in complex with compound 18 (PDB: 8FQW). Color code and graphical conventions are as

in Figure 4. [Color figure can be viewed at wileyonlinelibrary.com]

CTX-M-96 and 135nM for KPC-2, though it had slower acyla-
tion rates, but similar off rates compared to 16. Crystal struc-
tures of KPC-2 in complex with 16 and 18, along with docking
models of their binding to CTX-M-96, revealed a conserved

network of hydrogen bonds involving S70, S130, N132, N170,
and S237 with both enzymes (Figure 15A). A follow-up study
focused on 18 and 16 activities against ADC-type 3-lactamases.
Both compounds retained low-nanomolar inhibitory affinity

18
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values against seven ADC variants, with the strongest inhibition
against ADC-30 (K; = 58 nM for 18 and K; = 28 nM for 16) [122].
Moreover, 18 restored susceptibility to multiple cephalosporins,
including ceftazidime, cefiderocol, cefotaxime, and ceftolozane,
when tested in E. coli strains overexpressing various ADCs.
Crystal structures of 18 in complex with six ADC variants
(herein shown in complex with ADC-30: PDB 8FQW) revealed
a consistent binding mode, underscoring the scaffold adapta-
bility despite active site variability (Figure 15B).

Recently, Rojas et al. advanced the development of 16 and 18 by
demonstrating potent in vitro bactericidal activity when com-
bined with cefepime [123]. Encouraging results were observed
also in vivo, where the cefepime/18 combination achieved an
approximate 3-log;, CFU reduction in lung infection model
using male mice infected intranasally with multidrug-resistant
KPC-producing K. pneumoniae KPC-Kpn-1. Notably, these data
demonstrated this combination possess comparable bactericidal
activity and in vivo efficacy as the clinically available BL/BLIs
ceftazidime-avibactam.

The same group further expanded their library of triazole-based
boronic acids by designing a new series of 1,2,3-triazol-
1-ylmethaneboronic acids (Figure 16) [124]. Among them,
compound 19 exhibited the highest affinity for KPC-2, with an
excellent K; of 1 nM [125]. In addition, when tested in Klebsiella
strains producing KPC-2, compound 19 reduced cefepime MICs

from 32 to 4 pg/mL. Another derivative from this series, com-
pound 20, was even more effective against KPC-producing
Klebsiella strains, lowering cefepime MICs to 0.5 pug/mL,
although exhibiting a slightly lower affinity for the KPC-2 en-
zyme (K;=30nM). The click-chemistry platform was also
applied to design 26 a-triazolylmethaneboronic acids targeting
ADC-7 [126]. Herein, structural analysis on compound 21
served as model (K;=6.1uM for ADC-7, PDB: 5WAG) to
understand the role of the triazole moiety in amide-binding site
recognition, therefore indicating a-triazole BATSIs as amide
bioisosters active against ADC-7 [118]. The optimization work
yielded compound 22, the most active analogue (K; =90 nM).
Furthermore, at 4 ug/mL, 22 was able to lower ceftazidime
MICs by eightfold in E. coli overexpressing blapc.7 or blacyy-o,
and by twofold in P. aeruginosa strains containing the blappc
gene. Interestingly, the crystal structure of 22 in complex with
ADC-7 (PDB: 6TZJ) showed no interaction between the sul-
fonamide and the enzyme. Instead, a key cation-m interaction
was observed between the tolyl group and R340. These results
highlight the triazole-based boronates versatility in overcoming
class C f-lactamase resistance and demonstrate their promise
for broad-spectrum inhibitor development.

Successful application of click chemistry to boronic acids has
laid the basis for the development of a plethora of potent
BATSIs derived from this versatile reaction (Table 5). Com-
pounds 16 and 18 stand out for their broad-spectrum inhibition,

NC
/,O \\ ’/O
o-S o
HN\>\\ HN‘% HOJS\\ /@HN
N, N. N 3\\
N’Nj NN 3 NN N
B B B
B B B. B
HO™  OH HO™  "OH HO™  "OH HO ° OH
Compound 19 Compound 20 Compound 21 Compound 22

FIGURE 16 | Structure for a-triazolylmethaneboronic acids 19-22.
TABLE 5 | Spectrum of activity of sulfonylaminomethyl boronic acid compounds 16-22 against various f-lactamases.

Compound Ki/ICso (M)

Ambler Class A ¢

f-Lactamase SHV-1 KPC-2 CTX-M-96 ADC-7 ADC-30 P99 PDC-3 MOX-1

UniProt ID POADo64 QI9F663 Q6ZXB6 Q6DRA1 A7XMS81 P05364 P24735 Q51578

16 0.130 0.080 0.002 0.044 0.028 0.140 0.035 0.560

17 0.140 0.040 — 0.046 — 0.084 0.068 —

18 — 0.135 0.004 — 0.058 — — —

19 — 0.001 — — — — — —

20 — 0.030 — — — — — —

21 — — — 6.1 — — — —

22 — — — 0.090 — — — —
Note: 1Cs, values are denoted in bold, while K; are denoted in normal character.
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low nanomolar potency, and demonstrated in vivo efficacy,
particularly against class A and C f-lactamases. However,
despite their strong performance, both compounds still fall
short in effectively targeting class D and metallo-B-lactamases,
underscoring the need for further optimization to achieve truly
pan-B-lactamase inhibition.

2.1.4 | Thiol-Containing Acyclic Boronic Acids

Thiol insertion to achieve broad-spectrum inhibitors: The BATSIs
described in the previous subsections did not hold any potential
to target both SBLs and MBLs simultaneously. To address the
growing threat posed by MBLs, Wang et al. employed a
structure-based design strategy to develop a novel class of thiol-
containing acyclic boronic acids as broad-spectrum dual-action
inhibitors (Figure 17) [127].

By combining a boronic acid warhead with metal-binding phar-
macophores (MBPs), they synthesized (2'S)-(1-(3’-mercapto-2'-
methylpropanamido)-methyl)boronic acid (compound 23) as a

e
(e] (0]
HS/\:)J\HAQ/OH HS/\E)kH $/OH
B OH : OH

Compound 23 Compound 24

FIGURE 17 | Structure for the (1-(3’-mercaptopropanamido)
methyl)boronic acids 23 and 24.

prototype dual inhibitor. To validate this design, three control
analogues lacking either the thiol or boronic acid groups were
also synthesized. Compound 23 demonstrated sub-micromolar
activity against VIM-2 (K;=760nM), a clinically relevant sub-
class B1 MBL, and showed promising activity against subclass B2
Sth-1 (K;=7.34uM) and subclass B3 GOB-18 (K;=2.23 uM).
Conversely, compound 23 exhibited poor activity against clini-
cally relevant class B1 NDM-1 (K; = 67.13 uM). For SBLs, 23 in-
hibited KPC-2 (class A, K;=2.70uM) and AmpC (class C,
K; = 6.46 uM), but was significantly less effective against TEM-1
(class A, K;=40.97 uM) and OXA-48 (class D, K;=70.19 uM).
Structural studies of 23 in complex with VIM-2 (Figure 18A) and
KPC-2 (Figure 18B) clarified its dual mechanism. In VIM-2, the
thiol group acts as a zinc-chelating moiety, displacing the zinc-
bridging hydroxide and coordinating both Zn>* ions. The ami-
docarbonyl and boronic acid groups form stabilizing hydrogen
bonds with N233 and R228, respectively. In KPC-2, the boronic
acid forms a covalent adduct with S70, typical of BATSIs, while
additional stabilizing interactions are formed with T237, N170,
E166, and N132.

Guided by these insights, the authors optimized compound 23
model scaffold to develop 24, a more potent dual-action inhib-
itor (Table 6). Compound 24 showed improved inhibition of
VIM-2 (K; =440 nM), Sfh-1 (K;=260nM), and GOB-18 (K;=
130 nM). Activity against SBLs also improved, with K;= values
of 610 nM for KPC-2 and 110 nM for AmpC. However, 24, as the
parent compound, retained weak activity against NDM-1 (K; =
37.95 uM) and class D, in particular OXA-48 (K; > 300 uM). In
microbiological assays, both 23 and 24 reduced meropenem
MICs against resistant strains, including E. coli BAA-2340

(0]
HS/\E)kH/\a,OH

OH

Compound 23

FIGURE 18 | Crystal structures of compound 23 in complex with (A) Pseudomonas aeruginosa VIM-2 (UniProt ID: Q9K2NO; PDB: 6J8R) and
(B) Klebsiella pneumoniae KPC-2 (UniProt ID: Q9F663; PDB: 6J8Q). In VIM-2, the two Zn(II) ions are shown as gray spheres and are coordinated by
the indicated catalytic residues. Gray dashed lines represent metal-coordination interactions. Compound 23 chelates the dinuclear metal center

through its thiol group. In the deposited KPC-2 structure, compound 23 is not observed as a tetrahedral serine adduct. Residues labeled in red are key

catalytic residues. All other color codes and graphical conventions are as in Figure 4. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 6 | Spectrum of activity of (1-(3’-mercaptopropanamido)methyl)boronic acids 23 and 24 against various -lactamases.
Compound K; (WM)
Ambler class A Bl B2 B3 C D
g-Lactamase TEM-1 KPC-2 VIM-2 NDM-1 Sth-1 GOB-18 AmpC OXA-48
UniProt ID P62593 Q9F663 QI9K2NO C7C422 QI9RMI1 Q4JRB6 P00811 Q6XECO0
23 40.9 2.7 0.760 67.1 7.3 2.2 6.4 70.2
24 — 0.610 0.440 37.9 0.610 0.130 0.110 > 300

expressing blaypm-1, blakpc2, and blasmpc, highlighting their
potential as lead candidates for further development. Notably,
representative inhibitors from this series showed no apparent
inhibition of human ACE-2 and displayed weak off-target
activity across serine hydrolases in both E. coli and HEK293T
cell lysates, supporting a favorable selectivity profile. Moreover,
these compounds potentiated meropenem against clinical iso-
lates without apparent cytotoxicity in HEK293T and MCF-7
cells at concentrations up to 100 pM.

2.2 | Aryl Boronic Acid Derivatives
2.2.1 | Phenylboronic Derivatives

From borate ions to template-based discovery: Investigations on
the potential inhibitory activity of borate ions/boronic acids
against f-lactamases dates back to 1971, when Dobozy et al.
discovered that borate ions could reversibly inhibit 3-lactamase
I (TEM-1) [128]. Kiener and Waley exploited these findings and
unveiled the reversible competitive inhibition of a class A
B-lactamase from Bacillus cereus (K;=1.2-4mM) using boric
acid (compound 25), phenyl boronic acid (compound 26) and
m-aminophenylboronic acid (compound 27) (Chart 3 and
Figure 19) [129, 130]. Interestingly, authors debated whether
compound 27, and consequently boronic acid, could be
reversible covalent inhibitors for -lactamases, considering the
ability of this class of compounds to form covalent adduct with
chymotrypsin and subtilisin, two serine proteases [131-133].
Further studies conducted by Waley's laboratory on aryl boronic
acids elucidated the mechanism of binding through a tetrahe-
dral intermediate between a boronic acid and the f-lactamase
complex, revealing its covalently and reversible nature
[101, 134, 135].

Building on these findings, further evaluation of aryl boronic
acids as selective inhibitors against class C f-lactamases led to a
remarkable improvement in inhibitory potency (Figure 20).
Among 12 compounds tested, 3-iodoacetamidophenylboronic
acid (28) emerged as the most potent, exhibiting K; values of
23 uM against AmpC and 2.4uM against the Pseudomonas-
derived f-lactamase (PDC) [134]. Microbiological assays con-
firmed its synergistic activity with cephalosporin C, reducing
the MIC up to fourfold against the P. aeruginosa strain, a
promising indication of its adjuvant potential. While investi-
gating the role of B-lactamases in the hydrolysis and aminolysis
of acyclic depsipeptides, Pazhanisamy et al. identified
m-(dansylamidophenyl)-boronic acid (29) as an effective class C
-lactamase inhibitor, with K; values of 600 nM for P99 and

1.3uM for AmpC [136-139]. Building on this, Usher et al.
applied a structure-based design approach, leading to the dis-
covery of more potent aryl boronic acid inhibitors targeting
AmpC [140]. A key insight was the hydrogen bond formed
between the boronic acid and the backbone carbonyl of A318,
which was shown to stabilize the transition state of the enzyme-
inhibitor complex. Starting from the AmpC:27 crystal structure
(PDB: 3BLS, K; = 7.3 uM for AmpC), a series of analogues were
designed through iterative structural modeling, enzymatic as-
says, and microbiological evaluation [141]. A simple amino-to-
nitro substitution yielded m-nitrophenylboronic acid (30) with
improved potency (K;j=1.7puM), while the symmetrical
4,4'-biphenyldiboronic acid (31) achieved sub-micromolar
activity (K; =200nM) against AmpC. Among the reported
inhibitors, the benzo[b]thiophene-based derivative (compound
43) stood out as the most potent and will be discussed in detail
in Section 2.2.2.

Structure-based and rational design of novel phenyl boronic acid
inhibitors: To elucidate whether larger m-functionalized aryl
boronic acids could access unexploited regions in AmpC, Tondi
et al. applied structure-based design combined with parallel
synthesis to develop new inhibitors [142]. Out of 28 candidates,
compounds 32 and 33 showed markedly improved activity
against AmpC, with K; values of 83 nM and 60 nM, respectively,
over 100-fold better than the parent compound 27 (Figure 21).
Similar trends were observed for other class C enzymes,
including E. cloacae P99, with a K; of 250 nM for compound 32
and a K; of 450 nM for derivative 33. However, both compounds
showed reduced potency against class A enzymes such as
S. aureus PC1 and TEM-1, with Kj values in the low micromolar
range. As for other boronic acid-based BLIs, compound 32
demonstrated high selectivity for AmpC over other serine pro-
teases showing over 200-fold preference versus chymotrypsin,
trypsin and elastase. Both 32 and 33 effectively restored amox-
icillin activity against Gram-positive strains like S. epidermidis
and S. aureus, although they had surprisingly limited effects on
Gram-negative {3-lactamase producers. The crystal structure of
AmpC-32 revealed conserved recognition interactions, particu-
larly quadrupole-dipole contacts between the boronic acid and
residues N152 (first phenyl ring) and Y221 (sulfonamide
nitrogen), highlighting their importance for future design. To
further enhance binding and pharmacokinetics, a small, polar
carboxylic acid was introduced at the para-position, and the
[phenylsulfonyl)thiophene]—2-sulfonamido side chain was kept
in meta [143]. This led to compound 34, a validated lead
showing strong inhibition of AmpC (K; =26 nM) and improved
pharmacological properties. The AmpC:34 complex revealed an
additional H-bond interaction with Q120, not seen in AmpC:32.
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CHART 3 | List of aryl boronic acids presented in Section 2.2. [Color figure can be viewed at wileyonlinelibrary.com]
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Later, in a parallel effort to target KPC-2, Celenza et al. used
compound 26 (K; = 7.6 uM for KPC-2) as a model compound for
optimization [144]. This led to the development of phenyl
boronic acids 35 and 36, bearing ortho-carboxyalkyl groups.
Both acted as slow, reversible, time-dependent inhibitors. Their
affinities for KPC-2 were improved, with K; values of 2.43 uM
(35) and 1.13pM (36), and they restored f-lactam activity in
KPC-2-expressing clinical isolates, reducing MICs from 1024 to
0.25 ug/mL, without cytotoxicity. Crystal structures of KPC-2
with 35 and 36 revealed familiar m-stacking interactions with
W105, typical of phenyl boronic inhibitors (Figure 22). These
analogues also showed activity against class A carbapenemase

. Qo

HO’B\OH HO/B\OH HO’B\OH

Compound25 Compound26 Compound 27

FIGURE 19 | Early compounds used for studying boronic acid
properties as BLIs.
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HO™ " OH HO" " “OH

Compound 28 Compound 29

H
o )
/,S N/
AON
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GES-5 [145]. Specifically, compound 35 inhibited GES-5 with a
K; of 110 nM, and compound 36 displayed an inhibitory affinity
of 1.83uM for the same enzyme, therefore supporting the
importance of the carboxylate chain inserted in o-position.
Interestingly, those analogues revealed modest activity against
class C AmpC, displaying a K; of almost 42 uM for compound 35,
and a K; of 76 uM for compound 36. Other compounds men-
tioned in the article, bearing meta-substitutions were inactive
against class A, although being effective inhibitors against
AmpC, highlighting a key structure-activity relationship.

Diaza- and triazole-based phenyl boronic acid inhibitors: As per
other cases previously described in this review, compound 27
(m-aminophenylboronic acid) served as a base for virtual
screening models. By exploiting this, Buzzoni et al. developed
a new family of phenyl boronic acids featuring meta-aza sub-
stitutions [146]. Among them, compounds 37 and 38 showed
good inhibitory activity against E. coli AmpC, with K; values of
300nM and 450nM, respectively (Figure 23). However,
their synergy with ceftazidime was modest, reducing the
MIC by only twofold in Gram-negative strains over-
expressing AmpC.

NO,
HO, OH
B HO OH

HO™ ™ "OH

Compound 30 Compound 31

FIGURE 20 | Further derivatization of aryl boronic acids as BLIs leading to nM potency against class C f-lactamases.
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FIGURE 21 | (A) Crystal structures of E. coli AmpC (UniProt ID: P00811) in complex with compound 32 (PDB: 1GA9). (B) Structure of
compound 33. (C) Crystal structures of E. coli AmpC (UniProt ID: P00811) in complex with compound 34 (PDB: 3BM6) All other color code and
graphical conventions are as in Figure 4. [Color figure can be viewed at wileyonlinelibrary.com]
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Q\/\I(OH OH
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o
HO'B\OH ©

Compound 36

FIGURE 22 | Crystal structures Escherichia coli KPC-2 (UniProt ID:
AOAOHA4IUKS) in complex with compound 35 (PDB: 5LL7, light blue
ribbon and ligand in magenta) and compound 36 (PDB: 5MGI, pink
ribbon and ligand in orange). In the deposited KPC-2 structures, both
compounds are not observed as a tetrahedral serine adduct. All other
color code and graphical conventions are as in Figure 4. [Color figure
can be viewed at wileyonlinelibrary.com]

E. coli AmpC has often served as a benchmark f-lactamase for
evaluating phenyl boronic acid inhibitors. To extend the
application of these scaffolds to other SBLs, Zhou et al. designed
a series of triazole-based phenyl boronic acids with activity
against KPC-2 (Figure 28) [147]. Earlier, compound 30
(m-nitrophenylboronic acid) had been reported as one of the
first boronates to form a stable acyl-enzyme complex with
KPC-2 (Ky=1uM) [148]. Using this structure and click
chemistry strategies, the team synthesized novel triazole ana-
logues to explore structure-activity relationships. Susceptibility
testing and in silico docking revealed that meta-substituted de-
rivatives showed superior KPC-2 inhibition compared to their
para-substituted counterparts. Building on these findings, a
second-generation series of triazole boronates was developed
[149]. Compounds 39 and 40 emerged as the most promising,
inhibiting KPC-2 with excellent K; values of 32 and 38 nM,
respectively. Moreover, both analogues were able to reverse
cefotaxime resistance in KPC-2-producing bacteria, reducing
MICs to below 0.06 ug/mL. The study also highlighted the
correlation of boronate acidity (pK, range 5.98-10.0) in pre-
dicting KPC-2 binding affinity, suggesting pK, can be a tunable
property in the future development of this class of compounds.
Importantly, selected phenylboronic acids from this series were
well tolerated in HEK-293 cells, maintaining > 80% viability
after 24 h at 5 and 50 pg/mL, both in the presence and absence
of cefotaxime.

These compounds were further explored in a notable study by
Santi et al., who applied in situ click chemistry to generate
novel triazole-based boronates [150]. In this kinetic target-
guided synthesis (KTGS) approach, KPC-2 and AmpC served as
protein templates to catalyze azide-alkyne cycloadditions.

Zz=Z

o

T

P

/1

b4

o
T

B

_B.
HO™~ ~OH HO™~ “OH

Compound 37 Compound 38

FIGURE 23 | Structures of the meta-aza phenylboronic acids 37
and 38.

Starting with 3-azidomethylphenyl boronic acid and a
90-member alkyne library, the screening yielded compounds 41
and 42 (Figure 24). Notably, compound 41 was the first reported
1,5-disubstituted triazole P-lactamase inhibitor, selected by
AmpC and displaying a K; of 130 nM. Similarly, compound 42
was selected by KPC-2, showing a K; of 730 nM. While this
study marked the first KTGS application to both boronic acids
and B-lactamase inhibition, it also outlined limitations and
room for further optimization.

This section highlights major advances in aryl and triazole-
based boronic acid derivatives, with compounds 34, 39, and 40
standing out for their nanomolar inhibition of class C (AmpC)
and class A (KPC-2) enzymes, respectively (Table 7). While
these inhibitors showcase excellent potency and structure-
guided design, many still suffer from limited activity across
multiple f-lactamase classes or lack further validation, under-
scoring the need for broader-spectrum efficacy and translational
studies.

2.2.2 | Bengo[b]Thiophene Derivatives

As previously described in Section 2.2.1, starting from the
crystallographic structure of compound 27 in complex with
AmpC, Weston et al. designed a novel class of aryl boronic acids
bearing the boronic acid functionality in position 2 of a ben-
zothiophene ring using a structure-based approach [141].
Compound 43 (benzo|b]thiophene-2-boronic acid, BZBTH2B),
emerged as the best out of 36 commercially available deriva-
tives, exhibiting a strong affinity of (K; =27 nM) against chro-
mosomally encoded AmpC. When tested in combination with
the cephalosporin-derivative ceftazidime, compound 43 was
able to potentiate the activity of the -lactam by up to 64-fold
against several resistant strains of bacteria [151]. This promising
scaffold was used as model for studies focused on the interac-
tion between AmpC active site and 43, confirming that this
inhibitor acts as acyl-enzyme transition state analogue and
forms as a transient covalent bond with the catalytic serine S64
(Figure 25). Interestingly, the unconventional benzothiophene
ring revealed a series of unexpected interactions with AmpC,
including a n—m interactions with Y221, a n—dipole interactions
with N52 and the hydrogen bond between the boronic acid 02
atom and the hydroxyl of Y150 [152]. However, although being
one of the first boronic-acid derivative discovered to be active
at nM concentration against class C f-lactamases, compounds
43 exhibited poor solubility and permeability to cells.
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FIGURE 24 | Structures and inhibitory affinity of the triazolyl-based boronic acids 39-42.
TABLE 7 | Spectrum of activity of phenylboronic acid derivatives 28-42 against various f-lactamases.
Compound Ki (kM)
Ambler class A ¢
p-Lactamase KPC-2 GES-5 AmpC P99
UniProt ID Q9F663 AOAOH4IUKS* QO09HDO P00811 P24735* P05364
28 — — 23 —
29 — — 1.3 —
30 — — 1.7 —
31 — — 0.200 —
32 — — 0.083 0.250
33 — — 0.060 0.450
34 — — 0.026 —
35 2.43% 0.110 42* —
36 1.13* 1.83 76* —
37 — — 0.300 —
38 — — 0.450 —
39 0.032 — — —
40 0.038 — — —
41 — — 0.140 —
42 0.760 — — —

Note: For KPC-2, UniProt ID Q9F663 refers to the Klebsiella pneumoniae enzyme, whereas AOAOH4IUKS refers to the Escherichia coli-expressed enzyme; values associated
with the latter are marked by an asterisk. For AmpC, UniProt ID P24735 refers to the Pseudomonas aeruginosa enzyme, with the corresponding values also marked by an

asterisk, whereas P00811 refers to E. coli AmpC.

Venturelli et al. conducted an in-depth investigation into the
impact of C5 substituents on the affinity and pharmacokinetic
properties of compound 43 and derivatives [152]. While none of
the new compounds surpassed the parent compound in terms
of AmpC binding affinity, several displayed significantly im-
proved solubility and permeability. Notably, these derivatives
also enhanced the antibacterial activity of ceftazidime against
resistant strains. Building on this work, the same group applied
structure-based drug design to develop a new derivative,
compound 44 (Figure 26) [153]. This molecule features a
2-carboxyvinyl side chain at position 3 of the benzothiophene
ring, specifically designed to engage the conserved carboxylate-
binding pocket in SBLs. Compound 44 exhibited potent, broad-
spectrum inhibition of both class A (K; =40 nM for both TEM-1
and CTX-M-9) and class C enzymes. The carboxylate moiety
enabled critical hydrogen bonding with R276 in CTX-M-9 (PDB:
4LEN) and R244 in TEM-1 (PDB: 1NXY). However, despite its
promising enzymatic profile, the compound proved unstable

under microbiological assay conditions and could not be eval-
uated further in cell-based models.

Further derivatization of the benzo[b]|thiophene-2-boronic acid
scaffold (43) at C5 and C7 positions led to the development of
six compounds with broad-spectrum activity against clinically
and epidemiologically relevant 3-lactamases from classes A to D
(see Figure 26) [154]. Compounds 45, 46, and 47, functionalized
at C5, demonstrated a broad-spectrum profile by displaying
excellent affinity for class C AmpC and micromolar inhibition
of key class A (KPC-2, GES-5), class B (NDM-1, VIM-2), and
class D (OXA-24) enzymes. In contrast, compounds 48, 49, and
50, modified at C7, exhibited reduced activity against AmpC,
but comparable or improved inhibition across the other classes
(Table 8). The loss of AmpC affinity was attributed to steric
hindrance from bulkier C7 substituents, which likely disrupted
n—7 interactions with Y221, a key residue for binding. With the
exception of the cyclic boronic acids, presented in the next
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section, compounds 45-50 (excluding compound 46) represent
the only example of acyclic and phenyl boronic acids active
against MBLs, therefore holding promises for future develop-
ment of broad-spectrum analogues. Importantly, this series of
boronic acids was also evaluated for use in phenotypic diag-
nostic assays, demonstrating strong potential in agar-diffusion
combination tests for rapid detection of 3-lactamase-producing
clinical isolates [155, 156].

Among the boronic acid derivatives evaluated in this sub-
section, the original compound 43 (benzo[b]thiophene-
2-boronic acid, BZBTH2B) stands out for its potent nanomolar
inhibition of AmpC and its ability to significantly potentiate
ceftazidime activity. However, its poor solubility and perme-
ability have limited its therapeutic potential. Subsequent deri-
vatives, including C3-functionalized compound 44 and C5-
functionalized analogues 45, 46 and 47, improved solubility and

Compound 43

FIGURE 25 | Crystal structures Escherichia coli AmpC (UniProt ID:
P00811) in complex with compound 43 (PDB: 1C3B). All other color
code and graphical conventions are as in Figure 4. [Color figure can be
viewed at wileyonlinelibrary.com]|

broadened inhibition profiles across all f-lactamase classes
(A-D). Yet, challenges encountered in the refinement process,
including metabolic instability and loss of AmpC affinity in C7-
substituted variants, highlights the need for further optimiza-
tion to balance potency, selectivity, and pharmacokinetics for
these derivatives.

2.2.3 | Other Aromatic Boronic Acids

In a recent study, more than 30 aromatic boronic acid derivatives,
including para-, meta-, and ortho-phenylenediboronic acids, were
systematically evaluated for their class A and C f-lactamase
inhibitory activity, with a focus on clinically relevant KPC and
AmpC enzymes (Figure 27) [157]. Among them, ortho-
phenylenediboronic acid (compound 51) emerged as the most
potent compound, significantly restoring carbapenem activity in
KPC-producing strains (up to 16-fold MIC reduction) and demon-
strating strong synergy in checkerboard assays (Fractional inhibi-
tory concentration (FIC) index: 0.1-0.32). Interestingly, different
substitution patterns on the phenylene scaffold conferred distinct
activity profiles. Para-substituted derivatives effectively potentiated
both carbapenems and ceftazidime against KPC and AmpC pro-
ducers, respectively, while meta-substituted analogues were more
selective toward ceftazidime/AmpC combinations. Notably, these
diboronic acids outperformed simple phenylboronic acid in potency
and showed minimal toxicity in human fibroblasts, making them
promising scaffolds for further development. However, the intro-
duction of bulky, lipophilic groups (i.e. CFs, I, SiMe;) generally
reduced efficacy, suggesting that future optimization should favor
hydrophilic modifications, such as amides or peptide-like residues.
This study underscores the therapeutic potential of multi-boronate
inhibitors and lays a solid foundation for next-generation
{B-lactamase inhibitors targeting both class A and class C enzymes.

In a continued effort to identify potent -lactamase inhibitors, a
novel class of boron-containing molecules, 2-carboxyquinoline
boronic acids, was developed as selective inhibitors of class A
carbapenemase KPC-2 (Figure 27) [158]. These compounds
were inspired by structural similarities to cephalosporin
hydrolytic products and were designed to leverage the unique
transition-state mimicry of boronic acids. Among the

(@)
OH
5 2 g OH - OH OH o™ OH
- T T
6 s’ oH s’ ©H S OH e S OH
7
Compound 43 Compound 44 Compound 45 Compound 46
OH OH OH pH
IS OH >L S OH S OH S OH
O_ NH
0" o HO™ SO X g
(@)
Compound 47 Compound 48 Compound 49 Compound 50
FIGURE 26 | Structures of benzo[b]thiophene-2-boronic acid derivatives 43-50. In the structure of compound 43, the carbon numberings are

displayed in red. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 8 | Spectrum of activity of benzo[b]thiophene derivatives 43-50 against various f-lactamases.
Compound K; (uM)
Ambler class A B C D
B-Lactamase KPC-2 TEM-1 CTX-M-9 GES-5 NDM-1 AmpC 0XA-24/40
UniProt ID Q9F663 P62593 Q9L5C8 Q09HDO C7C422 P00811 Q8RLAG6
43 — 50 50 — — 0.027 —
44 —_ 0.04 0.04 — — 0.09 —
45 2.8 — — 8.9 5.9 0.07 67
46 — — — 24 — 0.04 —
47 4.4 — — 15 5.5 0.05 96
48 3.2 — — 17 3.2 1.3 27
49 4.9 — — 0.16 3 0.42 16
50 1.4 — — 5.7 11 1.4 64
oH and it functions by inhibiting fungal leucyl-tRNA synthetase,
B ~F thereby disrupting pfotein synthesis and leading .to fl.mgal cell
@[ “OH P OH death [161, .162]. Cr}sal).orole, marketed as Eucrisa, is a nF)n—
B’OH N steroidal topical I.nedlcatlol} .approved for the treatment of. mild-
St HO”B\OH (o) to-moderate atop%c d.er.rnatltls [16%]. It acts as a ph9sphod1ester—
ase 4 (PDE4) inhibitor, reducing the production of pro-
Compoun d51 Compoun d52 inflammatory cytokines. Currently, other clinical candidates for

FIGURE 27 | Structures of ortho-phenylenediboronic acid 51 and
2-carboxyquinoline boronic acids derivative 52.

synthesized derivatives, compound 52, bearing a fluorine at
position 3 and a boronic acid at position 8, demonstrated the
strongest inhibition, with an excellent ICs, of 8.3 nM for KPC-2.
For other @-lactamase classes, the authors observed negligible
activity against other class A, B, C, and D, although the testing
was performed until 2 uM. Importantly, SAR analysis revealed
the 2-carboxy, 8-borono, and 3-fluoro substituents are essential
for potent inhibition for this scaffold. Molecular docking sug-
gested 52 engages KPC-2 in n-n stacking with W105, a unique
interaction absent in other (-lactamases, possibly explaining its
selectivity. Importantly, 52 restored the activity of meropenem
and ceftazidime up to 256-fold in KPC-2-producing K. pneu-
moniae, and exhibited low cytotoxicity and hemolytic activity,
marking it as a promising biocompatible and highly selective
inhibitor for the treatment of KPC-driven antibiotic resistance.

2.3 | Cyclic Boronic Acid Derivatives
2.3.1 | Benzoxaborole Derivatives

Benzoxaboroles, first identified in the late 1950s, have garnered
significant attention in recent decades due to their unique
chemical properties, including intrinsic reactivity, metabolic
stability, and low toxicity [159]. These attributes have positioned
them as promising scaffolds in the development of various
therapeutic agents, including dermatological, oncological and
antimicrobial agents [91, 160]. Notably, C5-functionalization of
the benzoxaborole ring has led to the development of Tavaborole
and Crisaborole [161, 162]. Tavaborole (brand name Kerydin) is a
topical antifungal agent used for the treatment of onychomycosis

this class have been developed as antitrypanosomiasis, anti-
malaria and antituberculosis drugs.

In 2011, efforts from Anacor and Naeja Pharmaceuticals lead to
the development of novel benzoxaborole-based BLIs targeting
class C B-lactamases P99 and CMY-2 [164]. Herein, the authors
explored benzoxaboroles as boron-containing scaffolds, due to
their improved pharmacokinetic properties over classical
boronic acids. Through a structure-activity relationship study of
Cé6-substituted benzoxaboroles, the authors identified com-
pound 53 (Chart 4), a pyrazine-substituted benzoxaborole
bearing a p-carboxylic acid, as a potent and selective inhibitor of
class C B-lactamases (Figure 28). Compound 53 exhibited a K; of
20 nM against P99 and 20 nM for CMY-2. A drastic reduction in
the inhibitory affinity was observed for class A TEM-1 (K; =
20.4uM) and CTX-M-9a (K;> 32 uM). Microbiological testing
revealed compound 53 restored ceftazidime efficacy in E. cloa-
cae and E. coli strains overexpressing P99 or CMY-2, reducing
MICs from > 128 ug/mL to as low as 0.5-1 ug/mL. In addition,
herein it was demonstrated the importance of oxygen-
containing linkers at C6. Furthermore, it was observed that
small polar groups at the meta-position on the phenyl ring
optimized binding to class A enzymes, while carboxylates at the
para-position strongly enhanced class C inhibition.

Based on this work, McKinney et al. reported the rational
design, synthesis, and evaluation of over thirty novel
benzoxaborole-based derivatives [165]. By integrating crystal-
lographic analysis, computational docking, and SAR optimiza-
tion, the authors identified a series of promising derivatives,
with compound (rac)-54 and the enantiomer (R)-54, as the most
potent broad-spectrum inhibitors of SBLs (Figure 28).
Remarkably, compound (R)-54 activity spanned from class A
ICso =26 nM for KPC-2, to class C ICs, =12 nM for P99, and
finally to class D ICs, =88 nM for OXA-24/40.
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CHART 4 | List of cyclic boronic acids presented in Section 2.3. [Color figure can be viewed at wileyonlinelibrary.com]
pH
OH N._O B
! HoN = b
N__©O B 2 ‘<\N is/ o
HOWHIN/ OH
O (@]
Compound 53 Compound (rac)-54 Compound (R)-54
FIGURE 28 | Structures of benzoxaborole-containing derivatives 53, (rac)-54 and (R)-54.
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FIGURE 29 | (A) Crystal structures Pseudomonas aeruginosa AmpC (UniProt ID: P24735) in complex with compound (R)-54 (PDB: 4WZ4).
(B) Crystal structures P. aeruginosa OXA-10 (UniProt ID: P14489) in complex with compound (R)-54 (PDB: 4WZ5). All color code and graphical
conventions are as in Figure 4. [Color figure can be viewed at wileyonlinelibrary.com]

QH /OH
B, B,
. O
OH L OH
7
(e} (0]

Compound (R)-55  Compound (S)-55

FIGURE 30 | Structures of chiral 3-substituted benzoxaboroles (R)-
55 and (S)-55.

Both compounds were able to restore ceftazidime efficacy up to
256-fold in E. coli and C. freundii. However, activity in
K. pneumoniae, A. baumannii, and P. aeruginosa remained
limited, likely due to poor permeability. Crystallographic stud-
ies using compound (R)-54 in complex with AmpC or OXA-10
revealed a similar orientation of the inhibitor in the two en-
zymes, while confirming key interactions, such as -7 stacking
and H-bonding with their respective catalytic residues
(Figure 29). Although compound (rac)-54 and (R)-54 out-
performed the clinical BLI tazobactam in specific strains, its
pharmacokinetic limitations precluded further development
without structural refinement.

Later, Xiao et al. described a structure-based design approach to
introduce a chiral center in C3 position via asymmetric Morita-
Baylis-Hillman reaction and design novel chiral benzoxaboroles
[166]. The two most promising enantiomers identified, namely
compounds (R)-55 and (S)-55, demonstrated broad-spectrum
inhibitory activity clinically relevant carbapenemases, effectively
targeting both MBLs and SBLs (Figure 30). Interestingly, (R)-55
demonstrated a promising affinity for class A KPC-2 (IC5, = 3.1 uM)
and OXA-48 (ICs, =15.8 uM), while not exhibiting any activity on

class Cs and Bs. A more pronounced activity was observed when
(S)-55 was tested against KPC-2 (IC5o=480nM), OXA-48
(ICsp=14.1puM) and surprisingly MBL VIM-2 (ICs,=12.1 uM).
Both compounds significantly potentiated meropenem activity
against K. pneumoniae and E. coli isolates producing KPC-2, TEM-1,
and AmpC, with the greatest effect observed at an inhibitor con-
centration of 100 uM [166].

Structural insights from the KPC-2:(S)-55 and the OXA-48:(R)-
55 complexes confirmed covalent bond formation between the
boron atom and the catalytic S70, consistent with a BATSI
mechanism (Figure 31). Notably, the binding mode of these
compounds closely resembled that of ring-opened carbapenems,
further supporting their BATSI-like behavior. The study also
suggested that future optimization should focus on functiona-
lization at the C6 position to enhance potency and spectrum.

The potential of C3-substituted benzoxaboroles as broad-
spectrum {-lactamase inhibitors was further investigated, with
the identification of compounds 56 and 57 as the most prom-
ising candidates (Figure 32) [167]. Compound 56 demonstrated
excellent potency, with an ICs, of 86 nM against class A KPC-2,
and maintained micromolar-level activity against representative
enzymes from classes B (Sfh-1, subclass BII), C, and D. Both
compounds were able to significantly lower the MICs of mer-
openem in clinical isolates expressing KPC-2, effectively
restoring antibiotic susceptibility. Importantly, neither 56 nor
57 exhibited cytotoxic effects in HEK293T cells at concentra-
tions up to 100uM. Liang et al. recently continued
their promising work on benzoxaboroles as BLIs by optimiz-
ing 3-substituted benzoxaboroles through the introduction
of a methacrylic acid moieties at the C3 position [168].
Among several analogues synthesized and tested, compound
58 exhibited the best cross-class inhibition, exhibiting
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FIGURE 31 | (A) Crystal structures Klebsiella pneumoniae XPC-2 (UniProt ID: Q9F663) in complex with compound (S)-55 (PDB: 7E9A).
(B) Crystal structures K. pneumoniae OXA-48 (UniProt ID: Q6XECO) in complex with compound (R)-55 (PDB: 7DML). In the deposited OXA-48
structure, compound (R)-55 is not observed as a tetrahedral serine adduct. All color code and graphical conventions are as in Figure 4. [Color figure

can be viewed at wileyonlinelibrary.com|

/

Compound 56

FIGURE 32 | Structures of the benzoxaborole 56, 57 and 58.

sub-micromolar activity for both SBLs and MBLs (Figure 32).
Compound 58 displayed an ICs, of 590 nM against KPC-2, an
ICso of 470 nM against OXA-48, and ICsy of 430 nM for clini-
cally relevant VIM-2. Moreover, compound 58 stood out for its
ability to restore meropenem efficacy against multiple
multidrug-resistant Gram-negative pathogens. Structural
analyses of the VIM-2 and OXA-48 complexes with different
analogues revealed binding modes comparable to those of other
bicyclic boronates.

Transition of benzoxaboroles into -lactamase inhibitors, par-
ticularly through structure-guided design and functionalization
at C3 and C6, has revealed their capacity to selectively and
potently inhibit SBLs and, to a lesser extent, MBLs. Among the
most notable examples, compounds (R)-54 and 58 stand out for
their nanomolar cross-class inhibition, including class D OXA-

Compound 57

Compound 58

24/40 and class A KPC-2 (Table 9). However, the overall clinical
potential of these agents remains hindered by pharmacokinetic
liabilities, particularly limited permeability in Gram-negative
strains like K. pneumoniae and P. aeruginosa, and ability to off-
target binding. Future development should focus on improving
cell penetration, possibly through tuning polarity or transporter
affinity, while retaining key binding features. This class holds
promises for next-generation broad-spectrum (-lactamase inhibi-
tors, particularly if such structural optimizations can overcome
current barriers to in vivo efficacy.

2.3.2 | Monocyclic Boronic Acid Derivatives

The first clinically approved boronic acid as BLI: Monocyclic
boronates emerged as a potent class of boron-based BLIs with
the development of vaborbactam (compound 59, formerly
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TABLE 9 | Spectrum of activity of benzoxaborole derivatives 53-58 against various (3-lactamases.
ICso (M)
B-lactamase (class, UniProt ID) 53 (S)-54 (R)-54 (S)-55 (R)-55 56 57 58
TEM-1 (A, P62593) 20.4 0.01 < 0.005 — — 1.5 6.9 —
CTX-M-15 (A, A0A223A5]4) — < 0.005 <0.005 — — — — —
KPC-2 (A, QIF663) — 0.041 0.026 0.48 3.08 0.086 0.41 0.59
NDM-1 (B, C7C422) — — — > 600 550 9.1 224 6.8
VIM-2 (B, Q9K2NO0) — — — 12.1 > 600 > 100 17.3 0.43
IMP-1 (B, P52699) — — — 142 > 600 — — —
Shf-I (B, Q9RMI1) — — — — — 3.8 2.5 —
AmpC (C, P24735%, P00811) — <0.008% 0.012% 185 134 22.6 18.7 —
CMY-2 (C, Q48434) 0.02 — — — — — — —
P99 (C, P05364) 0.02 0.36 0.067 — — — — —
OXA-10 (D, P14489) — 3.1 3.9 — — — — —
OXA-24/40 (D, Q8RLA6) — 0.17 0.088 — — — — —
OXA-48 (D, Q6XEC0) — 0.21 0.12 14.1 225 2.3 54 0.47

Note: The superscript a is referred to the Uniprot ID P24735, reported in the first column.

H
N

m R o
\s O __B.®©

HO™ O OH

Compound 59

FIGURE 33 | Vaborbactam (compound 59) chemical structure.

RPX7009), a selective inhibitor of class A and C serine
B-lactamases (Figure 33) [169]. The design of vaborbactam
centers on a cyclic a-acylaminoboronic acid scaffold, which
promotes a conformationally constrained geometry favorable
for enzyme binding [169]. This strategy enhances both potency
against SBLs and selectivity over mammalian serine hydrolases,
supporting its advancement through preclinical and clinical
development. Structurally, vaborbactam binds analogously to
other boronic acid, through a reversible bond to the catalytic
serine residue of -lactamases, forming a covalent tetrahedral
adduct that mimics the transition state of f-lactam hydrolysis.
The molecule features a cephalothin R; amide side chain
moiety, well-characterized for its favorable interactions within
SBLs active sites, and a (S)-configured carboxymethyl substit-
uent at the 3-position of the boronate ring, a key recognition
element for anchoring within the enzyme substrate-binding
pocket.

As depicted in Table 10 the spectrum of activity for va-
borbactam includes excellent inhibition for class A, including
carbapenemases and class C SBLs [88, 169, 170]. However,
modest inhibition against class D and only weak activity against
class B MBLs limits its scope of inhibition [170, 171]. Moreover,
extensive kinetic evaluation and biochemical characterization
revealed compound 59 acts as a powerful progressive in-
activator of different -lactamases [171].

Vaborbactam, when combined with {3-lactams like cefepime or
meropenem, restores antibiotic activity against Enterobacteriaceae

producing class A and C serine (-lactamases, notably KPC en-
zymes [169]. Whole-cell assays demonstrate strong correlation
with biochemical inhibition data, though factors such as porin loss
(e.g., OmpK35/36 mutations) and efflux mechanisms can influ-
ence activity [169, 173]. In combination with meropenem, va-
borbactam demonstrated good in vitro activity also against
Klebsiella spp. and Citrobacter spp. producing KPC enzymes, with
less activity in strains lacking porins or overexpressing efflux
pumps [173]. Since 2017, Vabomere, a 1:1 combination of mer-
openem/vaborbactam, has been approved for treatment in
complicated urinary tract infections, complicated abdominal
infections, and hospital-acquired pneumonia [174]. Several ex-
cellent reviews and articles cover the extensive microbiological,
pharmacological, pharmacokinetic and evolution of resistance for
this combination [175-180]. Structural analysis aided to gain un-
derstanding for the binding of vaborbactam with class A KPC-2
and CTX-M-14 (Figure 34) [181]. Despite their similarity, com-
pound 59 displayed different bindings mode within those en-
zymes, denoting a rather compact binding in KPC-2.

Despite its approval, vaborbactam remains the only notable
example of monocyclic boronic acids, whereas bicyclic boronic
acids, presented in the next section, acids have taken a signif-
icant advancement due to their cross-class inhibition ability.

2.3.3 | Bicyclic Boronic Acid Derivatives

The evolution of benzoxaborinine as potent scaffold for BLIs
design: In the last 15 years, Protez Pharmaceuticals first and
later Venatorx Pharmaceuticals introduced and evolved bicyclic
boronates (2-hydroxy-3,4-dihydro-2H-benzo[e] [1,2] oxabor-
inine) as chemical entity possessing potent cross-class inhibi-
tory properties against f-lactamases [182]. In this context, the
benzoxaborinine moiety, described by Ness et al., when they
reported that compound 3 might exchange into a cyclic bor-
onate ester, emerged as a key pharmacophore for designing
broad-spectrum (-lactamase inhibitors [102]. Seminal studies
conducted by Brem et al. and Cahill et al. using different
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TABLE 10 |

Spectrum of activity of vaborbactam (59) against various f-lactamases.

B-lactamase (class, UniProt ID) Ki/IC50/Kiapp (WM)

B-lactamase (class, UniProt ID) Ki/ICs0/Kiapp (WM)

KPC-2 (A, QIF663) 0.069 (0.09)
KPC-3 (A, Q93DC4) 0.050
BKC-1 (A, AOAOF6QEYS) 0.018

FRI-1 (A, N.A.) [172] 0.17

SME-2 (A, P52682) 0.042
CTX-M-14 (A, Q9L5C7) 0.033
CTX-M-15 (A, AOA223A5]4) 0.044 (0.42)

SHV-5 (A, POA3M1) 0.44

SHV-12 (A, H6UQL7) 0.029
TEM-10 (A, Q48388) 0.110
TEM-43 (A, 034176) 1.04
TEM-116 (A, Q79DR3) 6

IMP-1 (B, P52699) 126
NDM-1 (B, C7C422) 631
VIM-1 (B, Q5GN09) 398
VIM-2 (B, Q9K2N0) 316

CphA (B, P26918) 631

L1 (B, P52700) 336

AmpC (C, P00811) 5

P99 (C, P05364) 0.053

CMY-2 (C, Q48434) 0.099
OXA-1 (D, P13661) 7.9
0XA-23 (D, Q9L4P2) 66
OXA-48 (D, Q6XEC0) 14

ICs values are denoted in bold, K; are denoted in normal character, while apparent Ki (Ki,pp) values are in italic.

H

o~ A~ N A
< (R) :
\_s it 8ol
(oJae] OH
Compound 59

FIGURE 34 |

(A) Crystal structures of Vaborbactam (59) in complex with (A) Klebsiella pneumoniae KPC-2 (UniProt ID: Q9F663, PDB: 6V7I)

and (B) E. coli CTX-M-14 (UniProt ID: Q9L5C7, PDB: 6V7H). All color code and graphical conventions are as in Figure 4. [Color figure can be viewed

at wileyonlinelibrary.com]

compounds, including derivative 60, previously described in
Protez's patents, demonstrated bicyclic boronates were able to
cross-class inhibition targeting both SBLs and MBLs (Table 11)
[39, 183].

Importantly, those reports demonstrated bicyclic boronic acids
were able to mimic the common tetrahedral intermediate
observed in the (-lactam hydrolysis process catalyzed by SBLs
and MBLs (see Scheme 1). Surprisingly, it was also reported an
inhibitory activity against PBP 5 (dacA from E. coli), a non-
essential PBP via the same mechanism. When tested in com-
bination with meropenem against different strains of

Enterobacterales overexpressing MBLs and SBLs, compound 60
could reduce the MIC up to 128-fold and did not exhibit any
cytotoxicity in human HEK293 cells.

Efforts aimed to exploit the versatility of biciclyc boronates lead
to the development of taniborbactam (compound 61, VNRX-
5133), a potent P-lactamase inhibitor with a partial broad-
spectrum scope (Figure 35) [182, 184]. Belonging to the class of
compound synthesized by Protez/Venatorx, taniborbactam
scaffold maintains the pharmacophore 2-hydroxy-3,4-dihydro-
2H-benzo[e] [1,2] oxaborinine framework and the carboxylic
group in position 8, while the 4-(aminomethyl) benzamido

32
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TABLE 11 | Spectrum of activity of compound 60 against various
B-lactamases.

HoN ¥
N

OHO/B\O
O~ OH
Compound 60
g-lactamase (class, UniProt ID) ICs¢ (uM)
KPC-2 (A, Q9F663) 0.030
CTX-M-15 (A, A0A223A5J4) 0.013
TEM-1 (A, P62593) 0.003
TEM-116 (A, Q79DR3) 0.003
IMP-1 (B, P52699) 1
NDM-1 (B, C7C422) 0.029
VIM-1 (B, Q5GN09) 0.085
VIM-2 (B, Q9K2N0) 0.003
CphA (B, P26918) > 100
AmpC (C, P00811) 0.12
0XA-23 (D, Q9L4P2) 3.3
OXA-48 (D, Q6XECO) 2.6
\WH
HoN \/\u,O %6-B o
O~ ©OH
Compound 61

FIGURE 35 | Taniborbactam (compound 61) structure.

group of compound 60 is replaced by an aliphatic cyclohexyl
and a flexible ethylene diamino group [182]. Those moieties
were observed to play a pivotal role in improving compound 61
affinity for different BLs and its microbiological profile, by
improving physicochemical properties and permeability for
Gram-negative outer membrane [182].

Unsurprisingly, structural studies confirmed compound 61
behave analogously to other boronic acids, employing its tet-
rahedral form, hybridized sp3, to mimic the high-energy tetra-
hedral intermediate of the g-lactam hydrolysis process [184]. In
SBLs, such as CTX-M-15 and OXA-10, taniborbactam forms
the canonical covalent bond with the S70, and its boron-bound
hydroxyl mimics the oxyanion, while interacting with key res-
idues including N132, N104, T235, and T237 (Figure 36A,B). In
MBLs, such as VIM-2 and NDM-1, the boron atom coordinates
with the active-site zinc ions (Znl and Zn2), with additional
stabilizing hydrogen bonds formed by the amine side chain and
conserved residues, including E149 (Figure 36C,D).

An interesting phenomenon was observed in the crystal struc-
ture in complex with NDM-1, where taniborbactam assumes a
tricyclic form due to rearrangement of the acylamino side-chain
carbonyl group with boron combined with the associated loss of
water/hydroxide (Figure 36D) [184]. Compared to previous

boronic acid presented herein, taniborbactam demonstrated a
superior cross-class inhibitory profile as BLI (Table 12)
[182, 184, 185]. Biochemically, taniborbactam displays
nanomolar-range inhibition against many clinically relevant
B-lactamases. It effectively inhibits class A carbapenemases
(e.g., KPC-2), class C cephalosporinases (e.g., AmpC), and even
class D OXA-48 [185, 186]. More notably, taniborbactam
demonstrates potent activity against class B1 MBLs (e.g., NDM
and VIM), a feature not achieved by monocyclic inhibitors, such
as vaborbactam [184]. Moreover, its fast-on/slow-off kinetics
favor prolonged engagement with the enzyme, enhancing its
stability and efficacy in vivo [182].

In microbiological assays, taniborbactam (compound 61) dis-
played potent synergistic activity when combined with cefepime
or meropenem [174, 182, 185, 187, 188]. Notably, cefepime/
taniborbactam achieved MIC values as low as 0.12-1 ug/mL
against Enterobacterales producing class A (e.g., KPC), class C
(e.g., CMY-2), and class D (e.g., OXA-48/163) {-lactamases,
while also significantly lowering MICs against MBL producers,
particularly those overexpressing NDM-1, NDM-5, and VIM-2
[185, 187, 188]. Importantly, this BL/BLI combination restored
cefepime activity against resistant strains of E. coli and K.
pneumoniae, including MDR isolates, with > 512-fold reduc-
tions in MIC observed [187, 188]. Moreover, taniborbactam
was highly effective in in vivo infection models and exhibited
remarkable target specificity, with also no cytotoxicity in
mammalian cell lines (HeLa, MRC-5, 3T3) [185]. No intrinsic
antibacterial activity was observed as well as off-target effects in
a 129-assay pharmacological panel, except for the intended
B-lactamase inhibition [182, 187]. Currently, in phase III,
Cefepime-taniborbactam demonstrated superiority to mer-
openem for the treatment of cUTI, with a safety profile similar
to that of meropenem [52, 189]. An increasing number of report
and reviews and articles are covering the extensive micro-
biological, pharmacological, pharmacokinetic and evolution of
resistance for this combination [189-191].

Addressing the need for next-generation BLIs with ultrabroad-
spectrum activity, Xeruborbactam (compound 62, QPX7728),
developed by Qpex Biopharma, emerged as a groundbreaking
compound (Figure 37) [192]. Derived from oxaborinin scaffold
[102], Xeruborbactam was rationally engineered to overcome
the limitations of earlier boronic acid-based inhibitors, such as
vaborbactam, lacking activity against class B and D enzymes
[192]. Xeruborbactam was optimized to fine-tune the inhibitor
spectrum, metabolic stability, and permeability, with decora-
tion, such as the incorporation of a cyclopropane ring to
increase conformational rigidity, and the insertion of electron-
withdrawing substituents (fluorine) proving to improve binding
interactions and reduce metabolic liability. These refinements
yielded a molecule with enhanced bioavailability, stability, and
potency, suitable for both intravenous and oral administration
[192]. The structural basis for this potent broad-spectrum
inhibitor are in line with previous boronic acid BLIs, therefore
supporting Xeruborbactam mimics the tetrahedral transition
state of B-lactam hydrolysis by forming a covalent adduct with
the catalytic serine in SBLs. Other relevant interaction for the
stability of this compound includes CH-m contacts between the
electron-deficient aromatic ring (bearing the fluorine, carbox-
ylate, and boronate substituents) and side chains such as Y211,
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Compound 61

Tricyclic Taniborbactam-NDM-1 complex

FIGURE 36 | Crystal structures of taniborbactam (61) in complex with: (A) Escherichia coli CTX-M-15 (UniProt ID: AOA223A5J4; PDB: 6SP6);
(B) Pseudomonas aeruginosa OXA-10 (UniProt ID: P14489; PDB: 6RTN); (C) P. aeruginosa VIM-2 (UniProt ID: Q9K2NO; PDB: 6SP7); and
(D) Klebsiella pneumoniae NDM-1 (UniProt ID: C7C422; PDB: 6RMF). In the VIM-2 and NDM-1 complexes, Zn(II) ions are shown as gray spheres
and are coordinated by the indicated catalytic residues, while gray dashed lines denote metal-coordination interactions. The unexpected tricyclic

taniborbactam adduct observed in the NDM-1 complex is shown in the orange box. All other color codes and graphical conventions are as in Figure 4.

[Color figure can be viewed at wileyonlinelibrary.com]

1102, and L1247 (OXA-48), while the cyclopropane group en-
gages in hydrophobic interactions with W105 and V120. These
interactions are key to the inhibitor tight binding and its
marked stereoselectivity, indeed the (3R,4S)-stereoisomer is far
more potent than its enantiomer. In MBLs, compound 62 binds
by coordinating Zn1 through the tetrahedral boronate and en-
gaging Zn?2 via its carboxylate and phenolic oxygens. This dual-
zinc coordination mimics the tetrahedral intermediate formed
during (B-lactam hydrolysis and is highly conserved
among MBLs.

The biochemical profile of compound 62 revealed excellent
inhibitory properties for all classes of f-lactamases, while
retaining the canonical mechanism of action observed in other
bicyclic boronates (Table 13) [192, 193]. Thus, xeruborbactam
display sub-nM inhibition for carbapenemases, cephalospor-
inases and nM activity against MBLs and class D [88].

More remarkably, further characterization on xeruborbactam
microbiological profile revealed its ability to restore the activity
of a wide range of intravenous (i.e., meropenem, ceftazidime,
cefepime) and oral (e.g., ceftibuten, tebipenem) 3-lactam anti-
biotics against strains harboring ESBLs, AmpC-type cephalos-
porinases, KPC, OXA, and NDM/VIM carbapenemases
[193-199]. The meropenem/xeruborbactam combination ex-
hibits particularly attractive microbiological profiles in
carbapenem-resistant Enterobacterales, even in the presence of
multiple resistance mechanisms [199]. Compound 62 has
demonstrated excellent pharmacokinetic properties, with high
metabolic stability, low clearance, and good oral bioavailability
[193-195, 197, 198]. In preclinical models, xeruborbactam was
effective in restoring f-lactam efficacy in infection models
involving resistant E. coli, K. pneumoniae, and P. aeruginosa.
The compound does not inhibit human serine or metallopro-
teases, except cathepsin A, which remains under evaluation.
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Holding great promises, xeruborbactam is currently under-
going Phase I clinical trials in combination with the {3-lactam
QPX2014 (structure not yet disclosed), showing promise as a
versatile, pan-f-lactamase inhibitor for treating severe infec-
tions caused by MDR Gram-negative pathogens. Lately, given
the oral bioavailability of xeruborbactam is limited to only
20% in monkeys (50% in rats and dogs), an orally bioavailable
prodrug of compound 62, named QPX7831, has been developed
to reach optimal properties across all key attributes [200].

The collective efforts from Burns and others at Venatorx
Pharmaceuticals lead to the development of ledaborbactam
(VNRX-5236, compound 63) and its orally bioavailable prodrug

TABLE 12 | Spectrum of activity of taniborbactam (61) against
various f3-lactamases.

B-lactamase (class, UniProt ID) Ki/ICso (1M)

KPC-2 (A, QIF663) 0.004
CTX-M-15 (A, AOA223A5]4) 0.017
SHV-5 (A, POA3M1) 0.003
TEM-116 (A, Q79DR3) 0.12
IMP-1 (B, P52699) 2.51
NDM-1 (B, C7C422) 0.01
VIM-1 (B, Q5GN09) 0.0079
VIM-2 (B, Q9K2NO0) 0.0005
CphA (B, P26918) 2.51
L1 (B, P52700) >10
AmpC (C, P00811) 0.032
OXA-48 (D, Q6XEC0) 0.42

1C5, values are denoted in bold, while K; are denoted in normal character.

ledaborbactam etzadroxil (VNRX-7145, compound 64), two
potent bicyclic boron-based BLIs (Figure 38) [201]. Interest-
ingly, ledaborbactam and its prodrug compound 64 demon-
strated potent inhibitory affinity for Ambler class A, C, and D
B-lactamases and to be capable of restoring antibacterial activity
of the 3rd generation oral cephalosporin ceftibuten [202]. From
a biochemical point of view, ledaborbactam inhibits class A
KPC-2 (ICso=80nM), SHV-5 (ICso=126 nM) and CTX-M-15
(ICso=20nM), class C P99 (ICso=14nM) and CMY-2
(ICso =10 nM) and class D OXA-48 (ICs, = 317 nM) [201, 202].

The well-characterized microbiological profile demonstrates
that, in combination with ceftibuten, compound 63 possess
potent in vitro activity (MICyq < 2 mg/L) and effectively restores
B-lactam efficacy in multidrug-resistant urinary and systemic
infection models [201, 203, 204]. It shows consistent activity
against Enterobacterales strains producing ESBLs, KPCs,
AmpC, and OXA-48-like enzymes, even in isolates resistant to
commonly prescribed oral agents, such as nitrofurantoin or
fosfomycin [202-205]. In vivo, the ceftibuten/64 combination
provides robust protection in murine models of septicemia and
urinary tract infection, supporting its continued development as
an oral treatment for resistant Gram-negative infections [206].
Currently, Ceftibuten/64 combination has completed Phase I
and is moving to the next phases.

Recently, KSP-1007 (compound 65) was reported by Sumitomo
Pharma and Kitasato University as a novel bicyclic boronate
BLI developed to address the critical need for effective therapies
against carbapenem-resistant Gram-negative bacteria [207].
Chemically, KSP-1007 features a benzoxaborinine-8-carboxylic
acid core, with a single functionalization in position 7, that
being a 1-[(2R)—2-amino-2-(1H-imidazol-4-yl)acetyl]azetidin-
3-yl}oxy) moiety. Biochemically, KSP-1007 demonstrates low

FIGURE 37 | Crystal structures of xeruborbactam (62) in complex with: (A) Klebsiella pneumoniae KPC-2 (UniProt ID: Q9F663; PDB: 6V1J);
(B) K. pneumoniae OXA-48 (UniProt ID: Q6XECO0; PDB: 6V10); and (C) Pseudomonas aeruginosa VIM-2 (UniProt ID: Q9K2NO; PDB: 6V1P). In the
VIM-2 complex, the two Zn(II) ions are shown as gray spheres and are coordinated by the indicated catalytic residues, while gray dashed lines denote
metal-coordination interactions. All other color codes and graphical conventions are as in Figure 4. [Color figure can be viewed at

wileyonlinelibrary.com]|
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TABLE 13 | Spectrum of activity of xeruborbactam (62) against
various f-lactamases.

TABLE 14 | Spectrum of activity of KSP-1007 (65) against various
B-lactamases.

B-lactamase (class, UniProt ID) K; (M)
KPC-2 (A, Q9F663) 0.0019
CTX-M-14 (A, Q9L5C7) 0.00029
SHV-12 (A, H6UQL7?) 0.00074
TEM-10 (A, Q48388) 0.00066
IMP-1 (B, P52699) 0.22
NDM-1 (B, C7C422) 0.032
VIM-1 (B, Q5GN09) 0.008
AmpC (C, P00811) 0.0085
OXA-48 (D, Q6XEC0) 0.00028
OHOIO\/? OHO]B:)j? o)
HO” “OH HO o/\o)J\C
Compound 63 Compound 64

FIGURE 38 | Ledaborbactam (compound 63) and its etzadroxil
prodrug (compound 64) structures.

apparent inhibition constants (K,,,) across all four Ambler
classes of f-lactamases, including KPCs, OXA-48-like, NDM,
and IMP variants (Table 14).

Notably, it displays stronger inhibition of carbapenemases than
taniborbactam and remains active in the presence of human
plasma, indicating limited interference from protein binding, an
issue that compromises other inhibitors. Microbiologically,
KSP-1007 significantly potentiates meropenem activity, reduc-
ing MIC values by >8-fold across a wide spectrum of
carbapenemase-producing pathogens. In vitro, meropenem/
KSP-1007 outperformed or matched investigational and
approved agents like cefepime/taniborbactam, cefiderocol,
and aztreonam/avibactam, particularly against challenging
strains harboring MBLs or PBP3 mutations. It showed strong
bactericidal activity (MBC/MIC < 4) and demonstrated superior
efficacy in murine systemic and urinary tract infection models.
Unlike other BL/BLI combinations, MEM/KSP-1007 also dis-
played promising activity against cefiderocol-resistant A. bau-
mannii and was unaffected by serum protein binding,
reinforcing its potential as a broad-spectrum, next-generation
carbapenem-based therapeutic. More recently, Takemoto et al.
further characterized the pharmacological behavior of KSP-
1007 in combination with meropenem in a neutropenic murine
thigh infection model using carbapenemase-producing En-
terobacterales and A. baumannii [208]. Their results identified
the percentage of the dosing interval during which the free
KSP-1007 concentration remained above a threshold concen-
tration (%fT > CT) as a key PK/PD index, with activity being
enhanced by more frequent dosing and showing limited
dependence on peak exposure. Importantly, the MEM/KSP-
1007 combination retained bactericidal efficacy against highly
resistant strains, and preliminary lung infection data indicated

NH
A
HO”E(O\/?\OL NH;
O~ OH
Compound 65
B-lactamase (class, UniProt ID) Kiapp (LM)
KPC-2 (A, Q9F663) 0.00146
KPC-3 (A, Q93DC4) 0.00219
CTX-M-14 (A, Q9L5C7) 0.000153
CTX-M-15 (A, A0A223A5]4) 0.000066
SHV-5 (A, POA3M1) 0.127
SHV-12 (A, H6UQL?) 0.053
TEM-10 (A, Q48388) 0.0069
IMP-1 (B, P52699) 0.512
NDM-1 (B, C7C422) 0.126
VIM-1 (B, Q5GN09) 0.350
VIM-2 (B, Q9K2NO0) 1.21
PDC-11 (C, DOEJY2) 0.00079
0XA-23 (D, Q9L4P2) 0.00407
0OXA-48 (D, Q6XECO0) 0.000861

Only apparent K; (Kiapp) values were reported for this compound.

good pulmonary penetration, with epithelial lining fluid/plasma
AUC ratios of 68%-100%, further supporting the clinical
development of compound 65 as a meropenem partner against
carbapenemase-producing Gram-negative pathogens.

3 | Conclusions

In this review, we have presented the historical development of
boronic acid-based {-lactamase inhibitors, from the earliest
reports in the “70 up to the most recent advancements. Initial
doubts and concerns about boron-based compounds have been
progressively addressed through extensive studies demonstrat-
ing their potent inhibitory activity alongside favorable selec-
tivity profiles and low toxicity [92]. This progress has been made
possible by the unique properties of boron, an electron-deficient
atom that is not commonly recognized by bacterial resistance
mechanisms. The electrophilicity of boron, combined with the
overall architecture of boronic acids, promotes the formation of
a reversible covalent bond with the nucleophilic catalytic serine
residue of SBLs or, in the case of MBLs, with a hydroxide ion in
their active site. Once bound to these targets, boronic acids
undergo a structural transformation from a trigonal planar, sp*
hybridized state to a tetrahedral, sp>-hybridized intermediate.
This rearrangement effectively mimics the tetrahedral inter-
mediate of B-lactam hydrolysis, thereby inhibiting f-lactamase
activity with high potency. This mode of action has guided the
design of tailored inhibitors over the years, with the 65 com-
pounds presented herein representing some of the most
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representative examples of boron-based BLIs. While the vast
majority of early reports focused on phenylboronic acid deri-
vatives, the field emphasis subsequently shifted toward acyclic
boronic acids and, more recently, toward cyclic boronates. This
evolution reflects significant progress in boron chemistry,
including the incorporation of stereogenic carbon centers
adjacent to the boron pharmacophore, the advent of click
chemistry, and the growing expertise in synthesizing complex
bicyclic boronates, all of which collectively enable fine-tuning of
both potency and selectivity. Today, boronic acids have become
a flexible and chemically tractable scaffold for developing BLIs
with sub-nanomolar potency, broad spectrum of activity across
multiple Ambler classes, and desirable selectivity profiles.
Nevertheless, to date, vaborbactam (59), in combination with
meropenem (Vabomere), stands as the only clinically approved
representative, a powerful combination against KPC-producing
Enterobacterales. The impressive progress made with bicyclic
boronates, as discussed in Section 2.3-3. has fostered a growing
pipeline of new BATSIs, including taniborbactam (61), xer-
uborbactam (62), ledaborbactam (63), and KSP1007 (65).
Importantly, these compounds collectively demonstrate broad
spectrum activity against MBLs, and class D OXA-type {-lac-
tamases, a feature largely missing from the acyclic boronic acids
(described in Section 2.1) and phenylboronic acids (described in
Section 2.2), which predominantly target class A and C f-lac-
tamases. While most boronic acids do not exhibit intrinsic
antibacterial activity, their potent synergy with B-lactams,
desirable PK/PD properties, and strong barrier to resistance,
stemming from their unique mechanisms of action, make them
exceptionally attractive as combination therapy components.
Yet, when compared to other classes of -lactamase inhibitors,
boronic acids still harbor significant untapped potential, espe-
cially considering the opportunity to modify and fine-tune their
structures in the vicinity of the boron pharmacophore. This
versatility is exemplified by the design of novel acyclic com-
pounds, which enable extensive structure-activity relationship
optimization to maximize binding affinities and spectrum of
activity. Nevertheless, the growing class of cyclic boronic acids
holds the scepter for the promising avenue to develop broad-
spectrum BLIs. The continued expansion and optimization of
their spectrum of activity, combined with their favorable safety
profiles, hold great promise for extending the utility of g-lactam
antibiotics in the face of evolving resistance mechanisms. At the
bacterial level, most boronic acid-based BLIs discussed in this
review have been developed and evaluated against clinically
relevant Gram-negative pathogens, particularly @-lactamase-
producing Enterobacterales such as K. pneumoniae, E. coli,
E. cloacae, C. freundii, and S. marcescens, as well as P. aerugi-
nosa and A. baumannii. Nevertheless, the antibacterial potential
of boronic acid scaffolds is not restricted to Gram-negative
bacteria, as selected inhibitors have also shown activity against
Gram-positive pathogens and Mycobacterium tuberculosis
[209, 210]. In the organisms considered here, boronic acid-
based BLIs have restored the activity of partner f-lactams
against strains producing class A and C enzymes and, for newer
bicyclic boronates, selected class D carbapenemases and MBLs.
However, broad-spectrum in this context primarily refers to
f-lactamase class coverage rather than uniform activity against
all bacterial species, since microbiological efficacy also depends
on the partner antibiotic, membrane permeability, efflux,
target alterations, and the overall resistance background of each

strain. Moreover, the effects of these inhibitors and their com-
binations on the intestinal microbiome remain insufficiently
characterized and represent an important area for future
investigation. As we move forward, the rational design of new
compounds, supported by growing structural and biochemical
knowledge, will remain a key strategy for delivering broad-
spectrum, clinically relevant BLIs. Furthermore, innovative
techniques, such as kinetic target-guided synthesis or the ex-
ploration of large libraries of fragments made accessible
through click chemistry, may enable the discovery of previously
unforeseen and potent compounds. Together, this review aims
to underscore the significance of boronic acid-based inhibitors
as powerful tools in the ongoing battle against antimicrobial
resistance.
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