M) Cneck tor updates

RSC

View Article Online
View Journal

Medicinal Chemistry

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: J. F. Hoff, K. E.
Goudar, K. Calvopifia, M. Beer, P. Hinchliffe, J. Shaw, C. L. Tooke, Y. Takebayashi, A. Cadzow, N. Harmer,
A. J. Mulholland, C. J. Schofield and J. Spencer, RSC Med. Chem., 2025, DOI: 10.1039/D5MD00512D.

RSC
Medicinal Chemistry

™ RovaL SOCIETY

a OF CHEMISTRY

¥® ROYAL SOCIETY
PN OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been accepted
for publication.

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

rsc.li/medchem



http://rsc.li/medchem
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5md00512d
https://pubs.rsc.org/en/journals/journal/MD
http://crossmark.crossref.org/dialog/?doi=10.1039/D5MD00512D&domain=pdf&date_stamp=2025-08-08

Page 1 of 38

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

{cc) X This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

RSC Medicinal Chemistry

View Article Online

Electrostatic interactions influence-: v os=osooosio
diazabicyclooctane inhibitor potency against
OXA-48-like B-lactamases

Joseph F. Hoff'T, Kirsty E. Goudar'f, Karina Calvopifia2, Michael Beer":3, Philip
Hinchliffe!, John M. Shaw', Catherine L. Tooke'#, Yuiko Takebayashi', Andrew F.
Cadzow5, Nicholas J. Harmer®, Adrian J. Mulholland?, Christopher J. Schofield? and
James Spencer'*

School of Cellular and Molecular Medicine, University of Bristol, Bristol, United
Kingdom, BS8 1TD, U.K.

2Chemistry Research Laboratory, Department of Chemistry and the Ineos Oxford
Institute of Antimicrobial Research, University of Oxford, 12 Mansfield Road, Oxford,
OX1 3TA, UK.

3Centre for Computational Chemistry, School of Chemistry, University of Bristol,
United Kingdom, BS8 1TS, U.K.

4Department of Life Sciences, 4 South, Claverton Down, University of Bath, BA2
7TAY, U.K.

SLiving Systems Institute, University of Exeter, Stocker Road, Exeter EX4 4QD, U.K.
TEqual contributions

*Corresponding author: E-mail: Jim.Spencer@bristol.ac.uk


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00512d

RSC Medicinal Chemistry Page 2 of 38

View Article Online
Abstract DOI: 10.1039/D5MD00512D

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Carbapenemases, B-lactamases hydrolysing carbapenem antibiotics, challenge the
treatment of multi-drug resistant bacteria. The OXA-48 carbapenemase is widely
disseminated in Enterobacterales, necessitating new treatments for producer strains.
Diazabicyclooctane (DBO) inhibitors, including avibactam and nacubactam, act on a
wide range of enzymes to overcome B-lactamase-mediated resistance. Here we
describe investigations on how avibactam and nacubactam inhibit OXA-48 and two
variants, OXA-163 and OXA-405, with deletions in the B5 — 6 loop neighbouring the
active site that modify activity towards different B-lactam classes. Nacubactam is ~80-
fold less potent than avibactam towards OXA-48, but this difference reduces in OXA-
163 and OXA-405. Crystal structures and molecular dynamics simulations reveal
electrostatic repulsion between Arg214 on the OXA-48 (35 — 6 active-site loop and
nacubactam, but not avibactam, effects absent from simulations of OXA-163 and
OXA-405, which lack Arg214. Crystallographic and mass spectrometry data
demonstrate that all three enzymes support desulfation of the bound DBOs. The
results indicate that interactions with Arg214 affect DBO potency, suggesting that
sequence variation in OXA-48-like B-lactamases affects reactivity towards inhibitors

as well as B-lactam substrates.
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Introduction DOI: 10.1038/DSMDO0S12D
Antimicrobial resistance (AMR) is a major increasing threat to global public health, with
~8.2 million associated annual deaths predicted by 2050'. The B-lactams (penicillins
and related agents) are the most commonly prescribed antibiotic class?3. In Gram-
negative bacteria, the dominant B-lactam resistance mechanism is production of f3-
lactamases* that hydrolyse the four-membered B-lactam ring (Fig. 1), so rendering B-
lactams inactive towards their cellular penicillin-binding protein (PBP) targets. -
Lactamases are divided, on the basis of sequence and structure, into four
mechanistically distinct classes (A to D) of which classes A, C and D are serine (3-
lactamases (SBLs) and class B zinc-dependent metallo-B-lactamases (MBLs)°. OXA-
48 is a class D SBL that uses a nucleophilic serine (Ser70) to hydrolyse B-lactams,
with a proximal post-translationally carbamylated lysine (Lys73) proposed to act as the

general base for both the acylation and deacylation steps of the reaction®.

OXA-48 is of particular clinical importance due to its prevalence in the
Enterobacterales order of bacteria, which includes two (Escherichia coli and Klebsiella
pneumoniae) of the three pathogens most commonly associated with global AMR-
related deaths in 20197. Worryingly, OXA-48 production causes failure of
carbapenems, the class of B-lactam antibiotics often reserved for the most serious
bacterial infections. Due to its widespread dissemination, OXA-48 is regarded as one
of the five most important acquired [(-lactamases responsible for carbapenem
resistance®®. Carbapenem resistant Enterobacterales are classed by the World Health

Organization as Critical Priority pathogens for global public health™©.

To circumvent B-lactamase-mediated antibiotic resistance, B-lactamase inhibitors
(BLIs) have been developed for co-administration with B-lactam antibiotics*. The
diazabicyclooctanes (DBOs) are one group of BLIs that have proven successful in
the clinic, with avibactam currently used in combination with the expanded-spectrum
oxyiminocephalosporin ceftazidime to treat multi-drug resistant bacterial infections
(Fig. 1)'". DBOs inhibit SBLs through reversible carbamoylation of the nucleophilic
serine, and apparently evade hydrolysis preferring to recyclise to release the intact
DBO12—14_

DBO inhibitors are of particular interest in the context of OXA-48, which is generally

poorly inhibited by more “classical” B-lactam-based inhibitors (tazobactam, clavulanic

3
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acid, sulbactam), but more effectively by avibactam®15. In all currently available crystals . ios
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structures of OXA-48 complexes, avibactam shows a very similar binding mode, and
appears to induce decarbamylation of the catalytic Lys73, even under basic
conditions, an observation which has been attributed to the potency of avibactam
inhibition towards class D carbapenemases®1416.17_Frohlich et al.’* demonstrated that
resistance to the ceftazidime:avibactam combination could be achieved in the
laboratory through just two amino acid changes in the OXA-48 active site, highlighting
the potential for changes in susceptibility to DBO combinations to emerge in clinical
OXA-48 variants, and the need for continued inhibitor development to guard against

such a possibility.

Following the development and introduction of avibactam'3, numerous additional DBO
inhibitors have been investigated, they mostly differ in the composition of the C2
substituent group on the core DBO scaffold'®-20, One such inhibitor, nacubactam,
differs from avibactam by the addition of a 1-aminoethoxy group on the C2 group (Fig.
1), and is currently in phase lll clinical trials in combination with the p-lactams cefepime
or aztreonam for the treatment of complicated urinary tract infections or uncomplicated
pyelonephritis (ClinicalTrials.gov identifier NCT05887908)%'. We have investigated
activity of nacubactam, in comparison with avibactam, towards OXA-48 and two
clinical variants, OXA-163 and OXA-405, that contain four amino acid deletions within
their B5 — B6 active site loops and show reduced carbapenemase activity but
enhanced hydrolysis of ceftazidime and other oxyiminocephalosporins?®-24, A
combination of in vitro inhibition assays, X-ray crystal structures of enzyme:DBO
complexes, and molecular dynamics simulations based upon these leads us to
conclude that electrostatic repulsion between the positively charged N atom of the
nacubactam C2 substituent and the side-chain of Arg214 on the 35 — 36 loop reduces
potency towards OXA-48, compared to avibactam. These effects are less pronounced
in the OXA-163 and OXA-405 variants, which lack Arg214. These data show that the
effects of variation between OXA-48-like B-lactamases extend to interactions with
DBO inhibitors, as well as classes of B-lactam substrates??-24. Crystal structures and
mass spectrometry provide evidence for desulfation of the DBO-derived carbamoyl-
enzyme intermediate to form a hydroxylamine-containing fragment, indicating that

class D SBLs can support an alternative breakdown pathway for DBOs.
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Resu"s DOI: lO.lOS;fSS%tI;gO%z;mDE
DBO interactions with OXA-48 and its 5 — 6 loop variants, OXA-163 and OXA-
405

In this work, we sought to investigate the effects of DBO inhibitors on naturally
occurring OXA-48 variants differing in their activity towards expanded-spectrum
oxyiminocephalosporin (e.g. ceftazidime) and carbapenem substrates. To understand
the effect of B5 — B6 loop composition on DBO inhibition, we undertook in vitro
inhibition experiments challenging OXA-48 and its naturally occurring variants, OXA-
163 and OXA-405, with the DBO inhibitors avibactam and nacubactam. Nacubactam
is distinguished from avibactam by an extended C2 substituent bearing a 1-
aminoethoxy group (Fig. 1). Both OXA-163 and OXA-405 have four amino acid
deletions within the 5 — B6 loop, including of residue Arg214. OXA-163 also has a

single amino acid substitution (Ser212Asp) adjacent to the deleted region.

Compared to avibactam, nacubactam is a weaker inhibitor of OXA-48, with respective
IC50 values of 0.26 yM and 19.9 pM, indicating a 77-fold difference in inhibition potency
(Table 1). Whilst avibactam remains more potent than nacubactam towards both OXA-
163 (ICs5p values 0.20 uM and 1.23 uM, respectively) and OXA-405 (ICsq values 0.99
MM and 10.6 pM, respectively) there are notable increases in nacubactam inhibition
potency compared to OXA-48 (16.2-fold for OXA-163, 1.9-fold for OXA-405).

Consequently, the differences in inhibition potencies between avibactam and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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nacubactam are reduced for the two variants (6.2- and 10.7-fold for OXA-163 and
OXA-405, respectively). Therefore, the extended 5 — 36 loop of OXA-48 appears to
be deleterious for the inhibition potency of nacubactam, compared to both OXA-163
and OXA-405.
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Table 1: Inhibitory Values (ICs) for Nacubactam and Avibactam Against QXAz 55

48-like B-lactamases.

IC,, values (uM) by inhibitor
95 % confidence 95 % confidence
Enzyme Nacubactam interval Avibactam interval Fold difference
OXA-48 19.91 [15.78, 25.22] 0.26 [0.20, 0.34] 76.6
OXA-163 1.23 [0.96, 1.58] 0.20 [0.16, 0.25] 6.2
OXA-405 10.60 [8.18, 13.72] 0.99 [0.79, 1.25] 10.7

Crystal structure of OXA-48:nacubactam carbamoyl-enzyme complex

To investigate the basis for these differences in DBO inhibition potency towards OXA-
48 and the two variants in more detail, we sought to determine crystal structures for
the respective complexes, comparing as appropriate with the uncomplexed structures.
A crystal structure of nacubactam bound to homodimeric OXA-48 was solved at 1.51
A resolution, from a crystal soaked with nacubactam for 30 min before freezing, with
a chloride ion positioned at the dimer interface, as observed previously (Fig. 2A, Table
S1A)?%. Continuous positive Fo-F; electron density between the ligand and Ser70
indicates the presence of a covalently bound nacubactam-derived carbamoyl-enzyme
complex (Fig. 2B). When overlaid with the structures of uncomplexed OXA-48 (1.38 A
resolution, Table S1A) and OXA-48 bound to avibactam (PDB 4S2K'4, 2.10 A), all
three structures have very similar backbones, as highlighted by the low Ca RMSD
(0.41 A and 0.53 A for superimposition of the OXA-48:nacubactam complex with the
uncomplexed and avibactam-bound structures, respectively (Fig. S1)). The avibactam
and nacubactam carbamoyl-enzyme complexes show a similar binding mode to OXA-
48, with the nacubactam C7 carbonyl group positioned within the oxyanion hole
formed by the backbone amides of residues Ser70 and Tyr211, as seen in -lactam-
derived acyl-enzyme complexes of OXA-48-like enzymes (Fig. 2C)8. Both complexes
also show the DBO sulfate group pointing towards the side chains of residues Arg250
and Thr209, with the side chain hydroxyl of Ser118 within hydrogen bonding distance
of the DBO NG6. Thus, binding of the DBO core is facilitated by complementary

electrostatic and hydrogen-bonding interactions, whilst the respective C2 substituents
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point out of the active site towards the OXA-48 B5 - 6 (residues 212 - 219).and: Q5500
(residues 144 - 163) loops.

One notable difference between the active site arrangements of these complexes is
the carbamylation status of Lys73, which is decarbamylated in both DBO-bound
structures (determined at pH values of 8.8 and 7.5 for the nacubactam and avibactam
complexes, respectively, Table S2), but remains carbamylated in the uncomplexed
enzyme (structure determined at pH 7.5, Fig. S1, Table S2)'4. An additional difference
is in the positioning of the side chain of residue Leu158 in the active-site Q-loop, which
adopts a g- x4 side-chain rotamer in the OXA-48:avibactam complex, whereas the t
rotamer is observed in uncomplexed and nacubactam-bound OXA-48 (Fig. 2C). It is
likely that Leu158 adopts this conformation to avoid steric clashes with the bulkier C2
substituent of nacubactam, compared to avibactam. As Leu158 is part of the so-called
‘deacylating water-channel’, differences are observed in solvent access to the
hydrophobic pocket in which Lys73 resides (Fig. 2D)82627, Surface views suggest that
when Leu158 is in the t-rotamer, as in the avibactam complex, this channel is open,
as evidenced by presence of a water molecule (W1) proximal to the C7 carbonyl of
the carbamoyl-enzyme complex. In contrast, when Leu158 adopts the g-rotamer,
observed when nacubactam is bound, the channel is closed, and the adjacent water

is modelled in dual occupancy with the Leu158 side-chain, due we infer to steric

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

clashes (Leu158 C582 is ~1.8 A away from this water molecule).

When OXA-48 is bound to nacubactam, in the active site of chain B, Arg214 of the Q-

loop adopts two conformations. In both conformations, the Arg214 side chain is poorly

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.
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resolved in the final 2F,-F; electron density map (Fig. S2). Thus, it is possible that the
side chain of Arg214 and the C2 tail nitrogen of nacubactam are electrostatically
repelled in crystallo due to clashing positive charges. Chain A of the nacubactam
complex, in contrast, does not show this effect, most likely due to a crystal packing
contact, whereby residue Glu132 from an adjacent molecule in a different asymmetric
unit can electrostatically interact with Arg214, thus holding it in place. Consequently,
the C2 tail group of nacubactam adopts a dual conformation in the chain A active site,
presumably as a result of electrostatic repulsion by the Arg214 side chain. Of note, in
these experiments OXA-48 was purified and crystallised under basic conditions
(purification buffer pH 8.4, crystallisation solution pH 8.8) but it is very likely that both

Arg214 and the nitrogen atom of the nacubactam C2 substituent are protonated at

7
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physiological pH. Indeed, the predicted pKa of Arg214 is 12.2 (PropKa websenver2®)s 2155
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and that of the nacubactam C2 aminoethoxy nitrogen 8.7 - 9.1 (AIMNet2/MolGpka

webservers2930, Fig. S3).

MM MD simulations of DBO-derived carbamoyl-enzyme complexes

To investigate the possibility that the differences between avibactam and nacubactam
binding affect the dynamic behaviour of OXA-48, molecular mechanics molecular
dynamics (MM MD) was used to simulate uncomplexed, avibactam- and nacubactam-
bound OXA-48. RMSD plots indicate all simulations were stable over total trajectories
of 1.5 ps (Fig. S4). Pairwise differences in average root mean-square fluctuation
(ARMSF) for each residue, across both active sites of the OXA-48 dimer, were then
calculated between the different simulations (Fig. 3). When comparing simulations of
the two DBO-bound complexes, three regions of the OXA-48, i.e. the Q- (residues 144
- 163), B5 — B6 (212 - 219) and B7 — a10 (240 - 247) loops, show noticeable changes
in ARMSF (Fig. 3A). When mapped onto the structure of OXA-48, these regions centre
around Arg214, which has an average ARMSF of +0.41 A. This indicates an increase
in mobility of this residue in the nacubactam complex, compared to the avibactam,
complex, consistent with our crystallographic evidence (above) of electrostatic clashes
between the nacubactam C2 substituent and the 5 — 6 loop (Fig. 2C). Indeed,
measuring the distance between Arg214 (C{) and the C2 amide nitrogen atoms of
each DBO inhibitor over the respective simulation trajectories reveals that this distance
is generally longer, with Arg214 adopting a more variable position, in the nacubactam-
, compared to the avibactam-bound, complex (Fig. S5). Simulations of the OXA-
48:nacubactam complex, in which the C2 aminoethoxy nitrogen was deprotonated
(Figs. S4, S5), do not show the same degree of repulsion of Arg214, suggesting that

the observed displacement is largely due to electrostatic effects.

Arg214 displacement by nacubactam results in an increase in flexibility across
adjacent loops in the OXA-48 active site, most notably within the 5 — 6 loop itself
and, by disruption of a salt bridge with Asp159, across the Q-loop (Fig. 3). This is
highlighted by a reduction in hydrogen bonding between Arg214 (Nn1) and Asp159
(081 and O62) side-chain atoms when nacubactam, compared to avibactam, is bound
to OXA-48 (Fig. S6). The B7 — a10 loop, which does not directly interact with bound
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DBO inhibitors in carbamoyl-enzyme complexes, appears to be destabilised By ios
increased movement of the B5 — B6 loop. When compared to simulations of
uncomplexed OXA-48, the nacubactam-bound complex shows similar RMSF
differences to those obtained from comparison with the avibactam complex. In
contrast, such differences are less prominent when the avibactam-bound structure is
compared with that of uncomplexed OXA-48, although the Arg214 RMSF increases
slightly in the former. However, this does not noticeably affect the stability of
neighbouring loops in the same way as was observed for nacubactam-bound,

compared to uncomplexed, OXA-48.

In simulations of OXA-48:nacubactam complex Leu158, located on the Q-loop,
predominantly adopts the g- x; rotamer, as observed in the crystal structure (Fig. S7A).
In contrast, in the avibactam-bound or uncomplexed structures the f-rotamer is
preferred. Conformation of the Leu158 side-chain is therefore specifically limited in the
nacubactam-bound complex, as a result of steric restrictions imposed by its larger C2
substituent, compared to that of avibactam, as observed in crystallo (Fig. 2D). Val120,
the other residue contributing to the OXA-48 deacylating water channel, consistently
adopts the t-rotamer, as observed in the crystal structures, in all simulations of the

uncomplexed and DBO-bound enzyme (Fig. S7B).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

DBO complexes with OXA-48 variants OXA-163 and OXA-405
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Crystal structures were obtained for OXA-163 and OXA-405, as uncomplexed

(cc)

enzymes and in the nacubactam- and avibactam-bound forms (Table S1B, C). Both
OXA-163 and OXA-405 assemble as homodimers in the asymmetric unit. Consistent
with their high overall sequence identities, they adopt very similar overall folds and
active site arrangements compared to OXA-48 (Fig. S8A, B). The exception is the
Ser70 nucleophile, which is in dual conformation in one of the two chains in the
crystallographic dimers of uncomplexed OXA-163 and OXA-405. The respective
protein backbones only differ at the 5 — 6 loop, which is truncated in the cases of
OXA-163 and OXA-405, compared to OXA-48 (Fig. S8C). Part of the OXA-405 37 —
a10 loop, which neighbours the 5 — 6 loop, could not be modelled due to weak
electron density, indicating that this loop is more mobile in uncomplexed OXA-405,

compared to the other enzymes. 37 — a10 loop flexibility coincides with the presence

9
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of an alternative side chain rotamer for Tyr211 in the OXA-405:nacubactam comfletsoron
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(Fig. S9). Lys73 is fully decarbamylated in all DBO-bound structures except the OXA-
405:avibactam (both chains), OXA-163:avibactam (only in chain A) and 16 hour OXA-
163:nacubactam (both chains) complexes, where Lys73 is modelled as partially
carbamylated (Table S3), in dual-occupancy with a free lysine side-chain that is

associated with either a water molecule or chloride ion (Fig. 4A, B).

In the carbamoyl-enzyme complexes with OXA-405 and OXA-163, both nacubactam
and avibactam adopt similar binding modes to those observed with OXA-48 (Fig. 4A,
B). These are characterised by complementary electrostatic interactions between the
DBO sulfate group and Arg250 (OXA-48 numbering) and positioning of their C2 tail
groups close to the B5 — B6 loop. The C2 substituent of avibactam is identically
positioned in all three enzyme complexes, whereas the additional 1-aminoethoxy
group of nacubactam appears more variably located across these structures. Indeed,
the unbiased electron density for this extended substituent of nacubactam is less well
defined compared to that for the C2 amide component common to the two DBOs,
suggesting that in all three enzymes the nacubactam C2 substituent is much more
flexible than is the case for avibactam (Fig. S10). A hydroxylamine desulfated
carbamoyl-enzyme was also modelled in dual occupancy with the intact avibactam-
and nacubactam-derived complexes of both OXA-163 and OXA-405 (Table S4). While
only the intact product could be confidently modelled in the crystal structure of OXA-
163:nacubactam obtained from a 4 hour soak, the desulfated species was built into
the carbamoyl-enzyme electron density in an additional structure of the same complex

determined after a 16 hour soaking time-period (Table S1B, Fig. S10).

Leu158 appears to adopt an alternative rotamer (g-) when avibactam is bound to OXA-
163 (chain B) and OXA-405 (both chains), compared to OXA-48 or chain A of the
OXA-163:avibactam complex where the t-rotamer is observed (Fig. 4A, B). In contrast,
when nacubactam is bound, Leu158 is in the g rotamer for OXA-48 and OXA-163 (4
hour soak), whilst in OXA-163 (16 hour soak) and OXA-405 complexes both rotamers
are observed across the two active sites. Thus, the relationship between the
conformation of Leu158, the composition of the 35 — 36 loop, and susceptibility to DBO

inhibition appears to be structurally complex in the context of OXA-48-like enzymes.

10
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MM MD simulations of intact DBO-bound OXA-163 and OXA-405 complexes. .\ 5soziss

MM MD simulations of uncomplexed, avibactam- and nacubactam-bound OXA-163
and OXA-405 were then run, using the same protocol as for OXA-48. RMSD plots
indicate all simulations to be stable over their respective trajectories (Fig. S4). ARMSF
analysis reveals no noticeable differences in the flexibility of the 5 — 6 loop between
simulations of avibactam- and nacubactam-bound OXA-163 and OXA-405 (Fig. 5C,
D). The Q-loop appears slightly more flexible in nacubactam-, compared to avibactam-
bound, OXA-163, although the difference is less marked than for OXA-48 (Fig. 3B).
The B7 — a10 loop, in contrast, is generally less mobile in both the nacubactam,

compared to the avibactam, complexes.

Ser118 is suggested to play an important role in DBO reactions with SBLs'*1.
Proposed reaction mechanisms for class D SBLs suggest that Ser118 can enable
deprotonation of the N6 atom of the DBO carbamoyl-enzyme to promote
intramolecular recyclisation, and may also contribute to activation of the
decarbamoylating water for hydrolysis®'2. The distances between the DBO N6 and
Ser118 Oy atoms were measured during our MM MD simulations, and the percentage
of simulation frames where this distance is within an arbitrarily selected 3.5 A cutoff
calculated (Fig. S11). No major differences in the percentage values were observed

between the two independently modelled active sites in the various dimeric

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

complexes. However, the simulations revealed that, in complexes of OXA-48, OXA-

163 and OXA-405, N6 of nacubactam was more frequently positioned close to the

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

Ser118 side chain than was the case for avibactam. This suggests that protonation of

(cc)

the nacubactam C2 tail group is required for positioning close to Ser118 and can

consequently affect the propensity for recyclisation.
DBO desulfation in OXA-48-like carbamoyl-enzyme complexes

We also considered the possibility of alternative DBO turnover pathways by OXA-48-
like B-lactamases, namely desulfation of the DBO N6 substituent, followed by
hydrolysis (Fig. 5A)3'-34. We used mass spectrometry to monitor time-dependent
carbamoylation and fragmentation of nacubactam- and avibactam-derived complexes
of OXA-48, OXA-163 and OXA-405 (Fig. 5B). Following 24 hour incubation with both
DBOs, for all three enzymes mass shifts associated with the formation of carbamoyl-

enzyme complexes with avibactam (+265 Da) and nacubactam (+325 Da) were
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identified. An additional peak corresponding to an 80 Da loss, relative,to:thes s
carbamoyl-enzyme, was also observed for both DBOs with these enzymes,
suggesting partial desulfation of the DBO carbamoyl-enzyme complexes to form an

N6 hydroxylamine-containing fragment.

We also see evidence of desulfation in our crystal structures of OXA-163 and OXA-
405 bound to both avibactam and nacubactam, indicated by negative F,-F;difference
density around the DBO sulfate group when only the intact carbamoyl-enzyme is
modelled (Figs. S12). The desulfated hydroxylamine group can form hydrogen bond
networks with the active sites of OXA-163 and OXA-405 via a water molecule,
observed in a similar position to an equivalent water in structures of the uncomplexed
enzymes, that is in dual occupancy with the intact carbamoyl-enzyme sulfate group
(Fig. S13). In contrast, we do not see carbamoyl-enzyme desulfation in crystal
structures of nacubactam complexes of OXA-48, or of OXA-163 after a shorter (4 hour)

soaking time (Fig. S10).
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Discussion DOI: 10.1038/DSMDO0S12D
OXA-48 has become one of the most commonly detected carbapenemases in
Enterobacterales globally, thus treatment options that circumvent p-lactam antibiotic
resistance as a result of OXA-48-production are of clinical importance®. DBO-based
BLlIs are an established option, and various efforts have been made to optimise their
activity, with multiple compounds having modified C2 substituents compared to
avibactam, the original DBO now available in the clinic*. The degree of modification to
the C2 substituent appears to correlate with intrinsic antibacterial, as well as B-
lactamase inhibitory, activity resulting from effects upon the ability to bind to both PBPs
and SBLs. This gives rise to the possibility of a ‘dual-action’ agent that would not
require combination with a B-lactam for treatment of antibiotic-resistant infections35-36,
Indeed, nacubactam, which compared to avibactam has an extended 1-aminoethoxy
group on its C2 substituent, has been shown to have some antimicrobial activity, which

has been attributed to its ability to inhibit PBP2 in Enterobacterales?'.

Our biochemical and structural studies comparing inhibition of OXA-48 and its
naturally occurring variants OXA-163 and OXA-405 by nacubactam, avibactam, have
clinically relevant implications for DBO mediated SBL inhibition. Importantly, the ICsq
values show nacubactam to be a substantially weaker inhibitor of OXA-48 than
avibactam, whereas differences in the potencies of the two DBOs decrease in OXA-
163 and OXA-405, which both have four amino acid deletions in the 5 — B6 active

site loop.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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We determined high-resolution crystal structures of uncomplexed, avibactam- and
nacubactam-bound OXA-48, OXA-163 and OXA-405 to investigate how differences in

the B5 — B6 loop composition relate to DBO potency. The structural studies reveal

(cc)

conformational variability of this loop only in the OXA-48:nacubactam complex, as a
result of electrostatic repulsion between the C2 tail nitrogen of the nacubactam 1-
aminoethoxy group and the side chain of Arg214. Although we do note the possibility
of the C2 tail nitrogen deprotonating upon binding, to avoid these electrostatic clashes

with Arg214, this would also likely be associated with a thermodynamic penalty?”.

MM MD simulations of these structures reveal increased flexibility of the 85 — 36 loop
in nacubactam-bound OXA-48, compared to the uncomplexed or avibactam-bound

enzyme, likely due to DBO-mediated electrostatic displacement of Arg214, which
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consequently appears to propagate flexibility in neighbouring active site Igops,.JHis5;oron
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effect has also been shown in a structure of an OXA-48 P68A mutant in complex with
the oxyimino-cephalosporin antibiotic ceftazidime (PDB 6Q5F), where the extra bulk
of the ceftazidime oxyimino group (Fig. 1) appears to disrupt the interaction between
Arg214 and Asp159. The authors suggest that this increases flexibility of the Q-loop,
as evidenced by a lack of electron density for this region in the crystal structure.
Therefore, it appears that Arg214 is an important determinant of OXA-48 active site
conformational flexibility, and its displacement may begin to explain the weaker ICsq
value of nacubactam towards OXA-48, compared to avibactam. Arg214 is considered
to contribute to the carbapenemase activity of OXA-48, possibly through its
stabilisation of the Q-loop38:3°, modifications to the active site electric field*°® and/or
hydration*'. The data presented here additionally support involvement of Arg214 in
DBO inhibition of OXA-48-like enzymes.

Note, however, that nacubactam potency is not fully restored to levels observed for
avibactam when Arg214 is deleted, as in OXA-163 and OXA-405, suggesting that
additional factors can affect DBO potency towards these enzymes. In MM MD
simulations of all three enzymes, we see a greater propensity for nacubactam,
compared to avibactam, to adopt a binding pose that may more readily facilitate DBO
recyclisation, as indicated by the closer proximity of the DBO N6 nitrogen and the
Ser118 side-chain oxygen. It is thus possible that, compared to avibactam,
nacubactam is more readily recyclised by OXA-48-related enzymes, therefore
reducing its inhibitory potency by reducing the lifetime of the carbamoyl-enzyme
complex. Indeed, kinetic parameters determined by Outeda-Garcia et al.*2 show an
approximately 37-fold decrease in enzyme:inhibitor residence time (t;,2) and 36-fold
increase in dissociation rate (ko) for nacubactam, compared to avibactam, against
OXA-48. These authors also demonstrate that other DBO inhibitors with extended C2
substituents containing ionisable nitrogen atoms (relebactam, zidebactam) have much
lower potencies against OXA-48, compared to avibactam (K; values of greater than
800 uM versus 3.8 uM for avibactam). Another study, on two other DBOs with similarly
modified C2 substituents, FPI-1465 and FPI-1602, also showed lower binding affinities
and complex residence times against OXA-48 (Fig. S14)35. These findings therefore
suggests that, in general, such extensions to the DBO C2 substituent are deleterious

to inhibitory potency against OXA-48.
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We observed desulfation of the DBO N6 substituent by both crystallographjcally..afits;orons
through mass spectrometry, suggesting that the DBO carbamoyl-enzyme complex
with OXA-48-like enzymes can be resolved through more than one pathway. These
results extend the observation of DBO desulfation to class D enzymes, showing that

desulfation can occur for DBO derived complexes with all SBL classes32-33,

We also see differences between the various complexes of OXA-48 family members,
in both crystal structures and in simulations, in the position of Leu158 in the
deacylating water channel. It appears that steric considerations, with respect to the
extended C2 1-aminoethoxy substituent of nacubactam, restrict the flexibility of
Leu158, thus resulting in a closed deacylating water channel when OXA-48 is bound
to nacubactam. This may affect solvent accessibility of the hydrophobic pocket in
which Lys73 resides, in turn influencing the carbamylation status of Lys73 due to the
requirement for water access to mediate lysine decarbamylation'243-45_Such an effect
has been observed in time-resolved crystallographic studies of avibactam
carbamoylation in the class D SBL CDD-1, that show corresponding movement of
Leu158 and release of carbon dioxide following Lys73 decarbamylation?®. The
consequence, for DBO susceptibility, of Leu158 side-chain position and Lys73
carbamylation status is likely to be complex due to the multiple DBO turnover
pathways that can occur in class D SBLs'2. The variability of Leu158 rotamers in our
crystal structures of DBO complexes with OXA-163 and OXA-405 highlights this.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

In conclusion, this work suggests a structural relationship between DBO inhibitory

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

potency and 35 - 36 active site loop composition in class D p-lactamases of the OXA-

(cc)

48 family. Our findings thus suggest that, while variants differ in susceptibility to
individual DBOs, rational design strategies, involving optimising C2 substituents to
make more favourable interactions with the active site, present one route to more
potent DBO inhibitors of OXA-48 family SBLs.
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Recombinant enzyme expression and purification

For crystallography and kinetic experiments, genes encoding the mature OXA-16323-
261 (GenBank HQ700343) and OXA-40523-2617 (GenBank KM589641) open reading
frames were codon-optimised and synthesised (Eurofins Genomics), amplified by
PCR and cloned into the pOPINF T7 expression vector by recombination (InFusion,
Takara) using the primers given in Table S5%. E. coli BL21-DE3 cells (Novagen) were
transformed with pOPINF-OXA-48(23-265) (previously cloned as described in Cahill et
al.*”), pOPINF-OXA-163(23-261) and pOPINF-OXA-405(23-261) by heat shock and grown
in 2X YT broth supplemented with 50 ug.mL-' carbenicillin (Fisher Scientific) for large
scale growth (37 °C, 180 rpm shaking). When the culture reached an ODgyg of 0.6 —
0.8, expression was induced by the addition of 0.5 mM IPTG (Calibre Scientific) and
left overnight at 18 °C, 180 rpm shaking. Cells were then pelleted by centrifugation
(6500 % g, 10 minutes) and resuspended in 50 mL of the respective purification buffer
(50 mM Tris pH 8.4, 0.25 M NaCl, 20% (v/v) glycerol (OXA-48); 150 mM HEPES pH
8.0, 0.4 M NaCl (OXA-163); or 150 mM HEPES pH 6.5, 0.4 M NaCl (OXA-405))
supplemented with 10 mM imidazole, 1 tablet of cOmplete™ EDTA-free protease
inhibitor cocktail (Roche, 05056489001), 1 yL Benzonase Endonuclease (Novagen,
70664) and 2 — 5 mg lysozyme (Sigma, 62971). All subsequent purification steps were
completed at 4 °C or on ice. Cells were lysed using a cell disruptor (Constant Systems)
at 25 kpsi and centrifuged at 100,000 x g for 1 hour. The soluble fraction was then
added to 4 mL Ni-NTA (nitrilotriacetic acid) beads (Qiagen, 1018244) pre-washed in
water, and incubated for 1 hour with rotation. The beads were washed once with 10
mL of the respective purification buffer supplemented with 10 mM imidazole, and once
more with 10 mL purification buffer supplemented with 20 mM imidazole. Protein was
then eluted and collected with the addition of 10 mL of the respective purification buffer
supplemented with 300 mM imidazole. NaCl was omitted from the elution step for
OXA-163 and OXA-405. The eluent was buffer-exchanged to reduce the imidazole
concentration to <50 mM using a 10 kDa cutoff Vivaspin Centrifugal Concentrator
(Sartorius, 10738231) and subsequently incubated overnight with 2 mg recombinant
6His-tagged 3C protease to cleave the enzyme purification tag*®. The mixture was run
through a second 10 mL Ni-NTA column to remove the 3C protease and cleaved

hexahistidine tags, and the eluent from this column collected, concentrated to 5 mL
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and loaded onto a 120 mL HiLoad 16/600 Superdex 75 size-exclusion column, (CyiiVa,ssoron
GE28-9893-33) equilibrated with OXA-48 purification buffer, or 0.1 M sodium
phosphate buffer at pH 8.0 or pH 6.5 for OXA-163 or OXA-405, respectively. Peak
fractions were collected (purity determined by SDS-PAGE*?), pooled and concentrated
to 11.5 mg.mL' (OXA-48), 7.7 mg.mL' (OXA-163) or 11.1 mg.mL' (OXA-405).
Enzyme concentration was measured using a NanoDrop spectrophotometer
(ThermoFisher) with extinction coefficients calculated using Expasy ProtParam®°.

Final samples were snap-frozen in liquid nitrogen and stored at -80 °C.
Ligand soaking and crystal structure determination

The structure of unliganded OXA-48 was determined using diffraction data collected
from crystals that grew in 0.1 M HEPES pH 7.5, 33% (v/v) PEG 400, identified from
Morpheus MemGold2 sparse matrix screen. OXA-48, OXA-163 and OXA-405 crystals
used for structure determination of nacubactam-bound complexes were grown in 0.1
M Tris pH 8.8 — 9.0, 20 — 50% (v/v) PEG 400 at 10 °C, whilst avibactam-bound and
unliganded structures of OXA-163 and OXA-405 were determined from crystals grown
in 0.1 M Tris pH 8.5 - 9.0, 28 — 32% (v/v) PEG 550 at 19 °C. Crystals were soaked
with either 2.5 - 5 mM nacubactam or 15 — 100 mM avibactam and either cryoprotected
with 20% (v/v) glycerol before freezing, or frozen directly by immersion in liquid

nitrogen. See Table S2 for further details on crystallisation and ligand soaking

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

experiments.
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X-ray diffraction data were collected at beamlines 103, 104 and 124 of Diamond Light
Source (Didcot, UK) or PROXIMA 2A beamline of SOLEIL (Paris, France) (see Table
S1 for X-ray collection and refinement statistics). Diffraction images were processed
using the in-house Xia2 dials and Xia2 3dii pipelines, or merged via AIMLESS (CCP4),

ensuring CCy, greater than 0.3552, 5% of reflections in each dataset were reserved

(cc)

to calculate Ry values. Phases for uncomplexed structures were solved by molecular
replacement in PhaserMR (Phenix) using an AlphaFold2 prediction as a search
model®354, Structures were then refined in phenix.refine using their respective
uncomplexed structure (with waters removed) as a starting model for one round of
rigid body fitting, followed by manual rebuilding and local refitting in Coot®>:. Ligands

were fitted into active site F,-F. difference density with ligand geometry restraints

17


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00512d

RSC Medicinal Chemistry Page 18 of 38

generated by Grade2%’. Figures of structures were generated in open-sourge, PyMOLSs s
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3.0.0 (Schrodinger) or Chimera 1.17.3 (UCSF)5%8.%9,
Enzyme kinetics

All enzyme kinetics experiments were performed in 50 mM HEPES pH 7.6, 50 mM
NaPO, buffer supplemented with 50 mM NaHCO; and 50 ug.mL-' bovine serum
albumin (BSA) in 96-well half area plates (Greiner, 675801). Nitrocefin hydrolysis was
determined with 1 nM enzyme, measuring changing absorbance at 486 nm over 10
mins (Ae 486 = 20,500 M-' cm™") using a Clariostar plate reader (BMG LabTech)°.
Steady-state parameters (Ky, keat) were calculated in Graphpad Prism v10.2 (Table
S6). ICx values were determined as described in Tooke et al.33, pre-incubating 1 nM
enzyme with differing concentrations of inhibitor diluted in kinetics buffer for 10 minutes
before adding 75 uM nitrocefin and measuring change in absorbance at 486 nm over

10 mins.
Mass spectrometry

Avibactam or nacubactam (10 uM) was individually added to OXA-48, OXA-163 or
OXA-405 (1 yM) in 50 mM Tris pH 7.5. Queued samples were then analysed with an
Acquity-UPLC system (Waters Corporation) coupled to a Xevo G2-S QTof mass
spectrometry system (Waters Corporation), using a ProSwiftTM RP-4H 1 mm 50 mm
column (Thermo Fisher Scientific). Samples were injected from the autosampler onto
the column in 95 % (v/v) water, 5 % (v/v) acetonitrile, 0.1 % (v/v) formic acid and eluted
using a gradient to 5% (v/v) water, 95 % (v/v) acetonitrile, 0.1 % (v/v) formic acid,
before being introduced into the ESI source. The retention times of all three enzymes
proteins were between 5 — 6 min. Data were analysed using MassLynx 4.1 (Waters

Corporation), with deconvolution using the MaxEnt1 algorithm until convergence.
Molecular dynamics simulations

Extended molecular mechanics/molecular dynamics (MM MD) simulations (1.5 ps)
were run for the uncomplexed, nacubactam- and avibactam- bound OXA-48, OXA-
163 and OXA-405 structures. As a starting point for MM MD simulations a previously
determined structure of OXA-48 bound to avibactam (PDB 4S2K') was re-refined in
phenix.refine%® with a chloride ion added to the dimer interface following inspection of

the F,-F. difference map, replacing the water originally modelled. As two dimers reside
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in the asymmetric unit of 4S2K, chains A and C were removed. Starting structures forssoiss
simulations of uncomplexed and nacubactam-bound OXA-405 had sections of the 37
— a10 loop that were not modelled in the final crystal structure (residues 237-242)
added using Fit Loop (by Rama Search) in Coot%6. The 4-hour soak structure of OXA-
163 bound to nacubactam was chosen for simulations over the 16-hour structure of
the same complex due to a better fit of the modelled ligand in the experimental electron
density (Table S4 and Fig. S10). All starting models had crystallographic precipitant
molecules removed, excepting the chloride ion found at the dimer interface of all
enzyme structures. For the relevant DBO-bound complexes, dual-occupancy
carbamylated Lys73 and desulfated carbamoyl-enzymes were removed from starting
structures. Amino acid protonation states were altered as predicted by PropKa, based
on a system at pH 7.428, Partial charges for avibactam, nacubactam and the
carbamylated active site lysine were calculated using the R.E.D webserver®'. Ligand
forcefields were generated using General Amber Force Field (GAFF) parameters and
the ff14SB MM forcefield was used for standard protein residues. Hydrogens were
added to each complex by tleap (Amber2062) and systems solvated within a TIP3P
water box83 whose edges were at least 10 A from any protein atoms, with sodium
counterions added to balance the overall system charge. All non-water atoms were

initially restrained (restraint weight of 100 kcal.mol-'.A2) for water minimisation (100

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

cycles of steepest descent followed by 200 cycles of conjugate gradient), followed by

minimisation of all hydrogen atoms, water molecules and chloride ions (1000 cycles

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

of steepest descent, 2000 cycles of conjugate gradient). Systems were then heated to

298 K over 20 ps of simulation using a Langevin thermostat, and system pressure was

(cc)

equilibrated to 1 atm over 500 ps with a Berendsen barostat, restraining just the Ca
atoms in both steps (restraint weights were 5 kcal.mol-'.A2). Production simulations
were run over 500 ns, repeating three times for a total sampling time of 1.5 ps for each
complex. All simulation analyses were performed using CPPTRAJ%4, with RMSD
values calculated relative to the first deposited simulation structure (at 0.4 ns),
excluding all hydrogen atoms and N-terminal residues up to and including Glu24 in

both chains of the homodimer.

Conflicts of Interest

19


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00512d

RSC Medicinal Chemistry Page 20 of 38

There are no conflicts of interest to declare. DO 10,1039 DMB00L 1o

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Acknowledgements

All simulations were conducted using the facilities of the Advanced Computing
Research Centre at the University of Bristol (http://www.bris.ac.uk/acrc/). The authors
thank Diamond Light Source (beamline 103, proposals 23269 and 31440) and the
SOLEIL (beamline PROXIMA 2A) synchrotrons, and the respective beamline

scientists, for their support collecting the X-ray diffraction data presented here. K.E.G.,

J.S. and C.J.S. acknowledge funding from the U.K. Biotechnology and Biological
Sciences Research Council (BBSRC, BB/W001187/1). M.B. and A.F.C. were
supported by the BBSRC-funded South West Biosciences Doctoral Training
Partnership (BB/T008741/10). J.F.H was supported by grant MR/W006308/1 for the
GW4 BIOMED2 DTP, awarded to the Universities of Bath, Bristol, Cardiff and Exeter
from the Medical Research Council (MRC)/UKRI. C.L.T., J.S. and A.J.M. thank the
Medical Research Council for support through the grant MR/T016035/1. This work is
part of a project that has received funding from the European Research Council under
the European Horizon 2020 research and innovation program (PREDACTED
Advanced Grant Agreement no. 101021207) to A.J.M. and J.S.

Abbreviations

BLI: B-lactamase inhibitor; DBO: diazabicyclooctane; MM MD: molecular mechanics
molecular dynamics; ESI-MS: electrospray ionisation mass spectrometry; OXA:
oxacillinase; RMSD: root mean-squared deviation; RMSF: root mean-squared

fluctuation; SBL: serine B-lactamase

Supplementary Information

Sequences of oligonucleotide primers; conditions, data processing and validation
statistics for crystallographic experiments; steady-state kinetic parameters for
hydrolysis of reporter substrate (nitrocefin); supplementary images of crystal

structures; analyses of molecular simulations.

20


http://www.bris.ac.uk/acrc/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00512d

Page 21 of 38 RSC Medicinal Chemistry

View Article Online
DOI: 10.1039/D5MD00512D

Author Contributions

J.F.H, KE.G.,, K.C.,, C.J.S. and J.S. conceived the experiments. J.F.H., KE.G. and
A.F.C. performed Ilaboratory experiments and crystallographic data
collection/processing, with supervision from C.L.T., P.H, JM.S., Y.T. and N.J.H. K.C.
performed mass spectrometry experiments. J.F.H. undertook molecular simulations
with training and supervision from M.B. and A.J.M. J.F.H. and K.E.G. drafted the

manuscript, with revisions by J.S. and input from and final approval by all authors.

Data availability statement

Supporting data (sequences of oligonucleotide primers; conditions, data processing
and validation statistics for crystallographic experiments; steady-state kinetic
parameters for hydrolysis of reporter substrate (nitrocefin); supplementary images of
crystal structures; analyses of molecular simulations) are provided in Supplementary
Information. Structure factors and coordinates for all crystal structures presented here
have been deposited with the Protein Data Bank (PDB) with the following accession
numbers: uncomplexed OXA-48 (9H11), OXA-48 in complex with nacubactam (9H12),
uncomplexed OXA-163 (9H13), OXA-163 in complex with avibactam (9H14), OXA-
163 in complex with nacubactam (4 hour soak) (9H15), OXA-163 in complex with
nacubactam (16 hour soak) (9HPV), uncomplexed OXA-405 (9H16), OXA-405 in
complex with avibactam (9H17), OXA-405 in complex with nacubactam (9H18). Data

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

(cc)

from Molecular Dynamics simulations will be made freely available at the University of
Bristol Research Data Repository (https://data.bris.ac.uk/). Analysis scripts will be

made available upon request.

21


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00512d

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

{cc) X This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

References

(1)

RSC Medicinal Chemistry

Naghavi, M.; Vollset, S. E.; Ikuta, K. S.; Swetschinski, L. R.; Gray, A. P.; Wool,
E. E.; Aguilar, G. R.; Mestrovic, T.; Smith, G.; Han, C.; Hsu, R. L.; Chalek, J.;
Araki, D. T.; Chung, E.; Raggi, C.; Hayoon, A. G.; Weaver, N. D.; Lindstedt, P.
A.; Smith, A. E.; Altay, U.; Bhattacharjee, N. V.; Giannakis, K.; Fell, F_;
McManigal, B.; Ekapirat, N.; Mendes, J. A.; Runghien, T.; Srimokla, O.;
Abdelkader, A.; Abd-Elsalam, S.; Aboagye, R. G.; Abolhassani, H.; Abualruz,
H.; Abubakar, U.; Abukhadijah, H. J.; Aburuz, S.; Abu-Zaid, A.; Achalapong, S.;
Addo, I. Y.; Adekanmbi, V.; Adeyeoluwa, T. E.; Adnani, Q. E. S.; Adzigbli, L. A,;
Afzal, M. S.; Afzal, S.; Agodi, A.; Ahlstrom, A. J.; Ahmad, A.; Ahmad, S.;
Ahmad, T.; Ahmadi, A.; Ahmed, A.; Ahmed, H.; Ahmed, |.; Ahmed, M.; Ahmed,
S.; Ahmed, S. A.; Akkaif, M. A.; Awaidy, S. A.; Thaher, Y. A.; Alalalmeh, S. O,;
AlBataineh, M. T.; Aldhaleei, W. A.; Al-Gheethi, A. A. S.; Alhaji, N. B.; Ali, A.; Ali,
L.; Ali, S. S.; Ali, W.; Allel, K.; Al-Marwani, S.; Alrawashdeh, A.; Altaf, A.; Al-
Tammemi, A. B.; Al-Tawfiq, J. A.; Alzoubi, K. H.; Al-Zyoud, W. A.; Amos, B.;
Amuasi, J. H.; Ancuceanu, R.; Andrews, J. R.; Anil, A.; Anuoluwa, I. A.; Anvari,
S.; Anyasodor, A. E.; Apostol, G. L. C.; Arabloo, J.; Arafat, M.; Aravkin, A. Y_;
Areda, D.; Aremu, A.; Artamonov, A. A.; Ashley, E. A.; Asika, M. O.; Athari, S.
S.; Atout, M. M. W.; Awoke, T.; Azadnajafabad, S.; Azam, J. M.; Aziz, S;
Azzam, A. Y.; Babaei, M.; Babin, F.-X.; Badar, M.; Baig, A. A.; Bajcetic, M.;
Baker, S.; Bardhan, M.; Bargawi, H. J.; Basharat, Z.; Basiru, A.; Bastard, M.;
Basu, S.; Bayleyegn, N. S.; Belete, M. A.; Bello, O. O.; Beloukas, A.; Berkley, J.
A.; Bhagavathula, A. S.; Bhaskar, S.; Bhuyan, S. S.; Bielicki, J. A.; Briko, N. |.;
Brown, C. S.; Browne, A. J.; Buonsenso, D.; Bustaniji, Y.; Carvalheiro, C. G.;
Castaneda-Orjuela, C. A.; Cenderadewi, M.; Chadwick, J.; Chakraborty, S.;
Chandika, R. M.; Chandy, S.; Chansamouth, V.; Chattu, V. K.; Chaudhary, A.
A.; Ching, P. R.; Chopra, H.; Chowdhury, F. R.; Chu, D.-T.; Chutiyami, M.; Cruz-
Martins, N.; Silva, A. G. da; Dadras, O.; Dai, X.; Darcho, S. D.; Das, S.; Hoz, F.
P. D. la; Dekker, D. M.; Dhama, K.; Diaz, D.; Dickson, B. F. R.; Djorie, S. G,;
Dodangeh, M.; Dohare, S.; Dokova, K. G.; Doshi, O. P.; Dowou, R. K.; Dsouza,
H. L.; Dunachie, S. J.; Dziedzic, A. M.; Eckmanns, T.; Ed-Dra, A.;
Eftekharimehrabad, A.; Ekundayo, T. C.; Sayed, I. E.; Elhadi, M.; EI-Huneidi,
W.; Elias, C.; Ellis, S. J.; Elsheikh, R.; Elsohaby, I.; Eltaha, C.; Eshrati, B.;
Eslami, M.; Eyre, D. W.; Fadaka, A. O.; Fagbamigbe, A. F.; Fahim, A.; Fakhri-
Demeshghieh, A.; Fasina, F. O.; Fasina, M. M.; Fatehizadeh, A.; Feasey, N. A,;
Feizkhah, A.; Fekadu, G.; Fischer, F.; Fitriana, |.; Forrest, K. M.; Rodrigues, C.
F.; Fuller, J. E.; Gadanya, M. A.; Gajdacs, M.; Gandhi, A. P.; Garcia-Gallo, E.
E.; Garrett, D. O.; Gautam, R. K.; Gebregergis, M. W.; Gebrehiwot, M.;
Gebremeskel, T. G.; Geffers, C.; Georgalis, L.; Ghazy, R. M.; Golechha, M;
Golinelli, D.; Gordon, M.; Gulati, S.; Gupta, R. D.; Gupta, S.; Gupta, V. K,;
Habteyohannes, A. D.; Haller, S.; Harapan, H.; Harrison, M. L.; Hasaballah, A.
[.; Hasan, |.; Hasan, R. S.; Hasani, H.; Haselbeck, A. H.; Hasnain, M. S_;
Hassan, I. |.; Hassan, S.; Tabatabaei, M. S. H. Z.; Hayat, K.; He, J.; Hegazi, O.
E.; Heidari, M.; Hezam, K.; Holla, R.; Holm, M.; Hopkins, H.; Hossain, M. M;
Hosseinzadeh, M.; Hostiuc, S.; Hussein, N. R.; Huy, L. D.; Ibanez-Prada, E. D ;
Ikiroma, A.; llic, I. M.; Islam, S. M. S.; Ismail, F.; Ismail, N. E.; lwu, C. D.; lwu-
Jaja, C. J.; Jafarzadeh, A.; Jaiteh, F.; Yengejeh, R. J.; Jamora, R. D. G,;
Javidnia, J.; Jawaid, T.; Jenney, A. W. J.; Jeon, H. J.; Jokar, M.; Jomehzadeh,
N.; Joo, T.; Joseph, N.; Kamal, Z.; Kanmodi, K. K.; Kantar, R. S.; Kapisi, J. A;;

22

Page 22 of 38

View Article Online
DOI: 10.1039/D5MD00512D


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00512d

Page 23 of 38 RSC Medicinal Chemistry

Karaye, |I. M.; Khader, Y. S.; Khajuria, H.; Khalid, N.; Khamesipour, F. Khan, A ssosiss
Khan, M. J.; Khan, M. T.; Khanal, V.; Khidri, F. F.; Khubchandani, J.; Khusuwan,
S.; Kim, M. S;; Kisa, A.; Korshunov, V. A.; Krapp, F.; Krumkamp, R.; Kuddus,
M.; Kulimbet, M.; Kumar, D.; Kumaran, E. A. P.; Kuttikkattu, A.; Kyu, H. H.;
Landires, I.; Lawal, B. K.; Le, T. T. T.; Lederer, I. M.; Lee, M.; Lee, S. W_;
Lepape, A.; Lerango, T. L.; Ligade, V. S.; Lim, C.; Lim, S. S.; Limenh, L. W.; Liu,
C.; Liu, X,; Liu, X,; Loftus, M. J.; Amin, H. |. M.; Maass, K. L.; Maharaj, S. B;
Mahmoud, M. A.; Maikanti-Charalampous, P.; Makram, O. M.; Malhotra, K.;
Malik, A. A.; Mandilara, G. D.; Marks, F.; Martinez-Guerra, B. A.; Martorell, M.;
Masoumi-Asl, H.; Mathioudakis, A. G.; May, J.; McHugh, T. A.; Meiring, J.;
Meles, H. N.; Melese, A.; Melese, E. B.; Minervini, G.; Mohamed, N. S;;
Mohammed, S.; Mohan, S.; Mokdad, A. H.; Monasta, L.; Ghalibaf, A. M.; Moore,
C. E.; Moradi, Y.; Mossialos, E.; Mougin, V.; Mukoro, G. D.; Mulita, F.; Muller-
Pebody, B.; Murillo-Zamora, E.; Musa, S.; Musicha, P.; Musila, L. A;
Muthupandian, S.; Nagarajan, A. J.; Naghavi, P.; Nainu, F.; Nair, T. S;;
Najmuldeen, H. H. R.; Natto, Z. S.; Nauman, J.; Nayak, B. P.; Nchanji, G. T;
Ndishimye, P.; Negoi, I.; Negoi, R. |.; Nejadghaderi, S. A.; Nguyen, Q. P;
Noman, E. A.; Nwakanma, D. C.; O’'Brien, S.; Ochoa, T. J.; Odetokun, I. A.;
Ogundijo, O. A.; Ojo-Akosile, T. R.; Okeke, S. R.; Okoniji, O. C.; Olagunju, A. T;
Olivas-Martinez, A.; Olorukooba, A. A.; Olwoch, P.; Onyedibe, K. I.; Ortiz-
Brizuela, E.; Osuolale, O.; Ounchanum, P.; Oyeyemi, O. T.; A, M. P. P.;
Paredes, J. L.; Parikh, R. R.; Patel, J.; Patil, S.; Pawar, S.; Peleg, A. Y.; Peprah,
P.; Perdigao, J.; Perrone, C.; Petcu, |.-R.; Phommasone, K.; Piracha, Z. Z,;
Poddighe, D.; Pollard, A. J.; Poluru, R.; Ponce-De-Leon, A.; Puvvula, J.; Qamar,
F. N.; Qasim, N. H.; Rafai, C. D.; Raghav, P.; Rahbarnia, L.; Rahim, F.; Rahimi-
Movaghar, V.; Rahman, M.; Rahman, M. A.; Ramadan, H.; Ramasamy, S. K;
Ramesh, P. S.; Ramteke, P. W.; Rana, R. K.; Rani, U.; Rashidi, M.-M.; Rathish,
D.; Rattanavong, S.; Rawaf, S.; Redwan, E. M. M.; Reyes, L. F.; Roberts, T.;
Robotham, J. V.; Rosenthal, V. D.; Ross, A. G.; Roy, N.; Rudd, K. E.; Sabet, C.
J.; Saddik, B. A.; Saeb, M. R.; Saeed, U.; Moghaddam, S. S.; Saengchan, W.;
Safaei, M.; Saghazadeh, A.; Sharif-Askari, N. S.; Sahebkar, A.; Sahoo, S. S,;
Sahu, M.; Saki, M.; Salam, N.; Saleem, Z.; Saleh, M. A.; Samodra, Y. L.; Samy,
A. M.; Saravanan, A.; Satpathy, M.; Schumacher, A. E.; Sedighi, M.; Seekaew,
S.; Shafie, M.; Shah, P. A.; Shahid, S.; Shahwan, M. J.; Shakoor, S.; Shalev, N.;
Shamim, M. A.; Shamshirgaran, M. A.; Shamsi, A.; Sharifan, A.; Shastry, R. P.;
Shetty, M.; Shittu, A.; Shrestha, S.; Siddig, E. E.; Sideroglou, T.; Sifuentes-
Osornio, J.; Silva, L. M. L. R.; Simdes, E. A. F.; Simpson, A. J. H.; Singh, A;;
Singh, S.; Sinto, R.; Soliman, S. S. M.; Soraneh, S.; Stoesser, N.; Stoeva, T. Z,;
Swain, C. K.; Szarpak, L.; Y, S. S. T.; Tabatabai, S.; Tabche, C.; Taha, Z. M.-A;;
Tan, K.-K.; Tasak, N.; Tat, N. Y.; Thaiprakong, A.; Thangaraju, P.; Tigoi, C. C.;
Tiwari, K.; Tovani-Palone, M. R.; Tran, T. H.; Tumurkhuu, M.; Turner, P.;
Udoakang, A. J.; Udoh, A.; Ullah, N.; Ullah, S.; Vaithinathan, A. G.; Valenti, M.;
Vos, T.; Vu, H. T. L.; Waheed, Y.; Walker, A. S.; Walson, J. L.;
Wangrangsimakul, T.; Weerakoon, K. G.; Wertheim, H. F. L.; Williams, P. C. M,;
Wolde, A. A.; Wozniak, T. M.; Wu, F.; Wu, Z.; Yadav, M. K. K.; Yaghoubi, S;
Yahaya, Z. S.; Yarahmadi, A.; Yezli, S.; Yismaw, Y. E.; Yon, D. K.; Yuan, C.-W,;
Yusuf, H.; Zakham, F.; Zamagni, G.; Zhang, H.; Zhang, Z.-J.; Zielinska, M.;
Zumla, A.; Zyoud, S. H. H.; Zyoud, S. H.; Hay, S. |.; Stergachis, A.; Sartorius,
B.; Cooper, B. S.; Dolecek, C.; Murray, C. J. L. Global Burden of Bacterial

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

{cc) X This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

23


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00512d

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

{cc) X This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

3)

(4)

()

RSC Medicinal Chemistry

Antimicrobial Resistance 1990-2021: A Systematic Analysis with Forggasts. {6\ 5soziss

2050. The Lancet 2024, 0 (0). https://doi.org/10.1016/S0140-6736(24)01867-1.
Bush, K.; Bradford, P. A. B-Lactams and -Lactamase Inhibitors: An Overview.
Cold Spring Harb Perspect Med 2016, 6 (8), a025247.
https://doi.org/10.1101/cshperspect.a025247.

Versporten, A.; Zarb, P.; Caniaux, |.; Gros, M.-F.; Drapier, N.; Miller, M.; Jarlier,
V.; Nathwani, D.; Goossens, H.; Koraqi, A.; Hoxha, |.; Tafaj, S.; Lacej, D.;
Hojman, M.; Quiros, R. E.; Ghazaryan, L.; Cairns, K. A.; Cheng, A.; Horne, K.
C.; Doukas, F. F.; Gottlieb, T.; Alsalman, J.; Magerman, K.; Marielle, G. Y.;
Ljubovic, A. D.; Coelho, A. A. M.; Gales, A. C.; Keuleyan, E.; Sabuda, D.;
Boswell, J. L.; Conly, J. M.; Rojas, A.; Carvajal, C.; Labarca, J.; Solano, A;;
Valverde, C. R.; Villalobos-Vindas, J. M.; Pristas, |.; Plecko, V.; Paphitou, N.;
Shagqiri, E.; Rummukainen, M.-L.; Pagava, K.; Korinteli, I.; Brandt, T.; Messler,
S.; Enimil, A.; losifidis, E.; Roilides, E.; Sow, M. S.; Sengupta, S.; George, J. V,;
Poojary, A.; Patil, P.; Soltani, J.; Jafarpour, Z.; Ameen, H.; Fitzgerald, D.; Maor,
Y.; Chowers, M.; Temkin, E.; Esposito, S.; Arnoldo, L.; Brusaferro, S.; Gu, Y_;
El-Hajji, F. D.; Kim, N. J.; Kambaralieva, B.; Pavare, J.; Zarakauska, L.; Usonis,
V.; Burokiene, S.; lvaskeviciene, |.; Mijovic, G.; Duborija-Kovacevic, N.;
Bondesio, K.; Iregbu, K.; Oduyebo, O.; Raka, D.; Raka, L.; Rachina, S.; Enani,
M. A.; Al Shehri, M.; Carevic, B.; Dragovac, G.; Obradovic, D.; Stojadinovic, A.;
Radulovic, L.; Wu, J. E.; Wei Teng Chung, G.; Chen, H. H.; Tambyah, P. A;;
Lye, D.; Tan, S. H.; Ng, T. M.; Tay, H. L.; Ling, M. L.; Chlebicki, M. P.; Kwa, A.
L.; Lee, W.; Beovi¢, B.; Dramowski, A.; Finlayson, H.; Taljaard, J.; Ojeda-
Burgos, G.; Retamar, P.; Lucas, J.; Pot, W.; Verduin, C.; Kluytmans, J.; Scott,
M.; Aldeyab, M. A.; McCullagh, B.; Gormley, C.; Sharpe, D.; Gilchrist, M.;
Whitney, L.; Laundy, M.; Lockwood, D.; Drysdale, S. B.; Boudreaux, J.;
Septimus, E. J.; Greer, N.; Gawrys, G.; Rios, E.; May, S. Antimicrobial
Consumption and Resistance in Adult Hospital Inpatients in 53 Countries:
Results of an Internet-Based Global Point Prevalence Survey. The Lancet
Global Health 2018, 6 (6), €619-e629. https://doi.org/10.1016/S2214-
109X(18)30186-4.

Tooke, C. L.; Hinchliffe, P.; Bragginton, E. C.; Colenso, C. K.; Hirvonen, V. H.
A.; Takebayashi, Y.; Spencer, J. B-Lactamases and -Lactamase Inhibitors in
the 21st Century. Journal of Molecular Biology 2019, 431 (18), 3472-3500.
https://doi.org/10.1016/j.jmb.2019.04.002.

Ambler, R. P. The Structure of Beta-Lactamases. Philos Trans R Soc Lond B
Biol Sci 1980, 289 (1036), 321-331. https://doi.org/10.1098/rstb.1980.0049.
Hirvonen, V. H. A.; Spencer, J.; van der Kamp, M. W. Antimicrobial Resistance
Conferred by OXA-48 -Lactamases: Towards a Detailed Mechanistic
Understanding. Antimicrobial Agents and Chemotherapy 2021, 65 (6),
10.1128/aac.00184-21. https://doi.org/10.1128/aac.00184-21.

Murray, C. J. L.; Ikuta, K. S.; Sharara, F.; Swetschinski, L.; Aguilar, G. R.; Gray,
A.; Han, C.; Bisignano, C.; Rao, P.; Wool, E.; Johnson, S. C.; Browne, A. J,;
Chipeta, M. G.; Fell, F.; Hackett, S.; Haines-Woodhouse, G.; Hamadani, B. H.
K.; Kumaran, E. A. P.; McManigal, B.; Achalapong, S.; Agarwal, R.; Akech, S.;
Albertson, S.; Amuasi, J.; Andrews, J.; Aravkin, A.; Ashley, E.; Babin, F.-X.;
Bailey, F.; Baker, S.; Basnyat, B.; Bekker, A.; Bender, R.; Berkley, J. A.; Bethou,
A.; Bielicki, J.; Boonkasidecha, S.; Bukosia, J.; Carvalheiro, C.; Castaneda-
Orjuela, C.; Chansamouth, V.; Chaurasia, S.; Chiurchiu, S.; Chowdhury, F.;
Donatien, R. C.; Cook, A. J.; Cooper, B.; Cressey, T. R.; Criollo-Mora, E.;

24

Page 24 of 38


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00512d

Page 25 of 38

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

{cc) X This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

RSC Medicinal Chemistry

Cunningham, M.; Darboe, S.; Day, N. P. J.; Luca, M. D.; Dokova, K.; o, 10 1050/memb000ih
Dramowski, A.; Dunachie, S. J.; Bich, T. D.; Eckmanns, T.; Eibach, D.; Emami,
A.; Feasey, N.; Fisher-Pearson, N.; Forrest, K.; Garcia, C.; Garrett, D.;
Gastmeier, P.; Giref, A. Z.; Greer, R. C.; Gupta, V.; Haller, S.; Haselbeck, A.;
Hay, S. |.; Holm, M.; Hopkins, S.; Hsia, Y.; Iregbu, K. C.; Jacobs, J.; Jarovsky,
D.; Javanmardi, F.; Jenney, A. W. J.; Khorana, M.; Khusuwan, S.; Kissoon, N.;
Kobeissi, E.; Kostyanev, T.; Krapp, F.; Krumkamp, R.; Kumar, A.; Kyu, H. H.;
Lim, C.; Lim, K.; Limmathurotsakul, D.; Loftus, M. J.; Lunn, M.; Ma, J.;
Manoharan, A.; Marks, F.; May, J.; Mayxay, M.; Mturi, N.; Munera-Huertas, T.;
Musicha, P.; Musila, L. A.; Mussi-Pinhata, M. M.; Naidu, R. N.; Nakamura, T.;
Nanavati, R.; Nangia, S.; Newton, P.; Ngoun, C.; Novotney, A.; Nwakanma, D ;
Obiero, C. W.; Ochoa, T. J.; Olivas-Martinez, A.; Olliaro, P.; Ooko, E.; Ortiz-
Brizuela, E.; Ounchanum, P.; Pak, G. D.; Paredes, J. L.; Peleg, A. Y.; Perrone,
C.; Phe, T.; Phommasone, K.; Plakkal, N.; Ponce-de-Leon, A.; Raad, M.;
Ramdin, T.; Rattanavong, S.; Riddell, A.; Roberts, T.; Robotham, J. V.; Roca,
A.; Rosenthal, V. D.; Rudd, K. E.; Russell, N.; Sader, H. S.; Saengchan, W.;
Schnall, J.; Scott, J. A. G.; Seekaew, S.; Sharland, M.; Shivamallappa, M.;
Sifuentes-Osornio, J.; Simpson, A. J.; Steenkeste, N.; Stewardson, A. J.;
Stoeva, T.; Tasak, N.; Thaiprakong, A.; Thwaites, G.; Tigoi, C.; Turner, C.;
Turner, P.; Doorn, H. R. van; Velaphi, S.; Vongpradith, A.; Vongsouvath, M.; Vu,
H.; Walsh, T.; Walson, J. L.; Waner, S.; Wangrangsimakul, T.; Wannapinij, P.;
Wozniak, T.; Sharma, T. E. M. W. Y.; Yu, K. C.; Zheng, P.; Sartorius, B.; Lopez,
A. D.; Stergachis, A.; Moore, C.; Dolecek, C.; Naghavi, M. Global Burden of
Bacterial Antimicrobial Resistance in 2019: A Systematic Analysis. The Lancet
2022, 399 (10325), 629-655. https://doi.org/10.1016/S0140-6736(21)02724-0.

(8) Pitout, J. D. D.; Peirano, G.; Kock, M. M.; Strydom, K.-A.; Matsumura, Y. The
Global Ascendency of OXA-48-Type Carbapenemases. Clin Microbiol Rev
2019, 33 (1), e00102-19. https://doi.org/10.1128/CMR.00102-19.

(9) Nordmann, P.; Dortet, L.; Poirel, L. Carbapenem Resistance in
Enterobacteriaceae: Here Is the Storm! Trends Mol Med 2012, 18 (5), 263-272.
https://doi.org/10.1016/j.molmed.2012.03.003.

(10) WHO Bacterial Priority Pathogens List, 2024: Bacterial Pathogens of Public
Health Importance to Guide Research, Development and Strategies to Prevent
and Control Antimicrobial Resistance; World Health Organization, 2024.
https://www.who.int/publications/i/item/9789240093461 (accessed 2024-10-24).

(11) Frohlich, C.; Sgrum, V.; Thomassen, A. M.; Johnsen, P. J.; Leiros, H.-K. S.;
Samuelsen, @. OXA-48-Mediated Ceftazidime-Avibactam Resistance Is
Associated with Evolutionary Trade-Offs. mSphere 2019, 4 (2),
10.1128/msphere.00024-19. https://doi.org/10.1128/msphere.00024-19.

(12) Thakkur, V.; Das, C. K.; Nair, N. N. Inhibition Mechanism of Class D [3-
Lactamases by Avibactam. ACS Catal. 2022, 12 (16), 10338—10352.
https://doi.org/10.1021/acscatal.2c02693.

(13) Ehmann, D. E.; Jahi¢, H.; Ross, P. L.; Gu, R.-F.; Hu, J.; Kern, G.; Walkup, G.
K.; Fisher, S. L. Avibactam Is a Covalent, Reversible, Non—3-Lactam (3-
Lactamase Inhibitor. Proceedings of the National Academy of Sciences 2012,
109 (29), 11663—11668. https://doi.org/10.1073/pnas.1205073109.

(14) King, D. T.; King, A. M.; Lal, S. M.; Wright, G. D.; Strynadka, N. C. J. Molecular
Mechanism of Avibactam-Mediated 3-Lactamase Inhibition. ACS Infect. Dis.
2015, 1 (4), 175—-184. https://doi.org/10.1021/acsinfecdis.5b00007.

25


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00512d

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

{cc) X This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

RSC Medicinal Chemistry

(15) Stewart, A.; Harris, P.; Henderson, A.; Paterson, D. Treatment of Infections BY.-\\5 oo

OXA-48-Producing Enterobacteriaceae. Antimicrobial Agents and
Chemotherapy 2018, 62 (11), 10.1128/aac.01195-18.
https://doi.org/10.1128/aac.01195-18.

(16) Zhou, Q.; Catalan, P.; Bell, H.; Baumann, P.; Cooke, R.; Evans, R.; Yang, J.;
Zhang, Z.; Zappala, D.; Zhang, Y.; Blackburn, G. M.; He, Y.; Jin, Y. An lon-Pair
Induced Intermediate Complex Captured in Class D Carbapenemase Reveals
Chloride lon as a Janus Effector Modulating Activity. ACS Cent. Sci. 2023, 9
(12), 2339-2349. https://doi.org/10.1021/acscentsci.3c00609.

(17) Lahiri, S. D.; Mangani, S.; Jahi¢, H.; Benvenuti, M.; Durand-Reville, T. F.; De
Luca, F.; Ehmann, D. E.; Rossolini, G. M.; Alm, R. A.; Docquier, J.-D. Molecular
Basis of Selective Inhibition and Slow Reversibility of Avibactam against Class
D Carbapenemases: A Structure-Guided Study of OXA-24 and OXA-48. ACS
Chem. Biol. 2015, 10 (2), 591-600. https://doi.org/10.1021/cb500703p.

(18) Papp-Wallace, K. M.; Nguyen, N. Q.; Jacobs, M. R.; Bethel, C. R.; Barnes, M.
D.; Kumar, V.; Bajaksouzian, S.; Rudin, S. D.; Rather, P. N.; Bhavsar, S.;
Ravikumar, T.; Deshpande, P. K.; Patil, V.; Yeole, R.; Bhagwat, S. S.; Patel, M.
V.; van den Akker, F.; Bonomo, R. A. Strategic Approaches to Overcome
Resistance against Gram-Negative Pathogens Using B-Lactamase Inhibitors
and B-Lactam Enhancers: Activity of Three Novel Diazabicyclooctanes WCK
5153, Zidebactam (WCK 5107), and WCK 4234. J. Med. Chem. 2018, 61 (9),
4067-4086. https://doi.org/10.1021/acs.jmedchem.8b00091.

(19) Davies, D. T.; Leiris, S.; Zalacain, M.; Sprynski, N.; Castandet, J.; Bousquet, J.;
Lozano, C.; Llanos, A.; Alibaud, L.; Vasa, S.; Pattipati, R.; Valige, R.; Kummari,
B.; Pothukanuri, S.; De Piano, C.; Morrissey, |.; Holden, K.; Warn, P;
Marcoccia, F.; Benvenuti, M.; Pozzi, C.; Tassone, G.; Mangani, S.; Docquier, J.-
D.; Pallin, D.; Elliot, R.; Lemonnier, M.; Everett, M. Discovery of ANT3310, a
Novel Broad-Spectrum Serine p-Lactamase Inhibitor of the Diazabicyclooctane
Class, Which Strongly Potentiates Meropenem Activity against Carbapenem-
Resistant Enterobacterales and Acinetobacter Baumannii. J. Med. Chem. 2020,
63 (24), 15802—-15820. https://doi.org/10.1021/acs.jmedchem.0c01535.

(20) Blizzard, T. A.; Chen, H.; Kim, S.; Wu, J.; Bodner, R.; Gude, C.; Imbriglio, J.;
Young, K.; Park, Y.-W.; Ogawa, A.; Raghoobar, S.; Hairston, N.; Painter, R. E;
Wisniewski, D.; Scapin, G.; Fitzgerald, P.; Sharma, N.; Lu, J.; Ha, S.; Hermes,
J.; Hammond, M. L. Discovery of MK-7655, a 3-Lactamase Inhibitor for
Combination with Primaxin®. Bioorganic & Medicinal Chemistry Letters 2014,
24 (3), 780-785. https://doi.org/10.1016/j.bmcl.2013.12.101.

(21) Morinaka, A.; Tsutsumi, Y.; Yamada, M.; Suzuki, K.; Watanabe, T.; Abe, T.;
Furuuchi, T.; Inamura, S.; Sakamaki, Y.; Mitsuhashi, N.; Ida, T.; Livermore, D.
M. OP0595, a New Diazabicyclooctane: Mode of Action as a Serine -
Lactamase Inhibitor, Antibiotic and B-Lactam ‘Enhancer.’ Journal of
Antimicrobial Chemotherapy 2015, 70 (10), 2779-2786.
https://doi.org/10.1093/jac/dkv166.

(22) Poirel, L.; Castanheira, M.; Carrér, A.; Rodriguez, C. P.; Jones, R. N.;
Smayevsky, J.; Nordmann, P. OXA-163, an OXA-48-Related Class D [3-
Lactamase with Extended Activity Toward Expanded-Spectrum Cephalosporins.
Antimicrobial Agents and Chemotherapy 2011, 55 (6), 2546—-2551.
https://doi.org/10.1128/aac.00022-11.

(23) Oueslati, S.; Retailleau, P.; Marchini, L.; Dortet, L.; Bonnin, R. A.; lorga, B. |.;
Naas, T. Biochemical and Structural Characterization of OXA-405, an OXA-48

26

Page 26 of 38


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00512d

Page 27 of 38

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

{cc) X This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

RSC Medicinal Chemistry

Variant with Extended-Spectrum B-Lactamase Activity. Microorganisms 201958, 5502155
(1), 24. https://doi.org/10.3390/microorganisms8010024.

(24) Dortet, L.; Oueslati, S.; Jeannot, K.; Tandé, D.; Naas, T.; Nordmann, P. Genetic
and Biochemical Characterization of OXA-405, an OXA-48-Type Extended-
Spectrum B-Lactamase without Significant Carbapenemase Activity.
Antimicrobial Agents and Chemotherapy 2015, 59 (7), 3823—-3828.
https://doi.org/10.1128/aac.05058-14.

(25) Lund, B. A.; Thomassen, A. M.; Nesheim, B. H. B.; Carlsen, T. J. O.; Isaksson,
J.; Christopeit, T.; Leiros, H.-K. S. The Biological Assembly of OXA-48 Reveals
a Dimer Interface with High Charge Complementarity and Very High Affinity.
The FEBS Journal 2018, 285 (22), 4214—4228.
https://doi.org/10.1111/febs.14643.

(26) Stewart, N. K.; Toth, M.; Stasyuk, A.; Vakulenko, S. B.; Smith, C. A. In Crystallo
Time-Resolved Interaction of the Clostridioides Difficile CDD-1 Enzyme with
Avibactam Provides New Insights into the Catalytic Mechanism of Class D -
Lactamases. ACS Infect. Dis. 2021, 7 (6), 1765-1776.
https://doi.org/10.1021/acsinfecdis.1c00094.

(27) Smith, C. A.; Stewart, N. K.; Toth, M.; Vakulenko, S. B. Structural Insights into
the Mechanism of Carbapenemase Activity of the OXA-48 B-Lactamase.
Antimicrob Agents Chemother 2019, 63 (10), e01202-19.
https://doi.org/10.1128/AAC.01202-19.

(28) Li, H.; Robertson, A. D.; Jensen, J. H. Very Fast Empirical Prediction and
Rationalization of Protein pKa Values. Proteins: Structure, Function, and
Bioinformatics 2005, 61 (4), 704—721. https://doi.org/10.1002/prot.20660.

(29) Anstine, D.; Zubatyuk, R.; Isayev, O. AIMNet2: A Neural Network Potential to
Meet Your Neutral, Charged, Organic, and Elemental-Organic Needs.
ChemRxiv October 12, 2023. https://doi.org/10.26434/chemrxiv-2023-296c¢h.

(30) Pan, X.; Wang, H.; Li, C.; Zhang, J. Z. H.; Ji, C. MolGpka: A Web Server for
Small Molecule pKa Prediction Using a Graph-Convolutional Neural Network. J.
Chem. Inf. Model. 2021, 61 (7), 3159-3165.
https://doi.org/10.1021/acs.jcim.1c00075.

(31) Ehmann, D. E.; Jahi¢, H.; Ross, P. L.; Gu, R.-F.; Hu, J.; Durand-Réville, T. F.;
Lahiri, S.; Thresher, J.; Livchak, S.; Gao, N.; Palmer, T.; Walkup, G. K.; Fisher,
S. L. Kinetics of Avibactam Inhibition against Class A, C, and D B-Lactamases.
Journal of Biological Chemistry 2013, 288 (39), 27960-27971.
https://doi.org/10.1074/jbc.M113.485979.

(32) Nukaga, M.; Papp-Wallace, K. M.; Hoshino, T.; Lefurgy, S. T.; Bethel, C. R;;
Barnes, M. D.; Zeiser, E. T.; Johnson, J. K.; Bonomo, R. A. Probing the
Mechanism of Inactivation of the FOX-4 Cephamycinase by Avibactam.
Antimicrobial Agents and Chemotherapy 2018, 62 (5), 10.1128/aac.02371-17.
https://doi.org/10.1128/aac.02371-17.

(33) Tooke, C. L.; Hinchliffe, P.; Lang, P. A.; Mulholland, A. J.; Brem, J.; Schofield,
C. J.; Spencer, J. Molecular Basis of Class A -Lactamase Inhibition by
Relebactam. Antimicrobial Agents and Chemotherapy 2019, 63 (10).
https://doi.org/10.1128/AAC.00564-19.

(34) Alsenani, T. A.; Viviani, S. L.; Papp-Wallace, K. M.; Bonomo, R. A.; van den
Akker, F. Exploring Avibactam and Relebactam Inhibition of Klebsiella
Pneumoniae Carbapenemase D179N Variant: Role of the Q Loop-Held
Deacylation Water. Antimicrobial Agents and Chemotherapy 2023, 67 (10),
e00350-23. https://doi.org/10.1128/aac.00350-23.

27


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00512d

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

{cc) X This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

RSC Medicinal Chemistry Page 28 of 38

(35) King, A. M; King, D. T.; French, S.; Brouillette, E.; Asli, A.; Alexander,J. A, NS coian
Vuckovic, M.; Maiti, S. N.; Parr, T. R. Jr.; Brown, E. D.; Malouin, F.; Strynadka,
N. C. J.; Wright, G. D. Structural and Kinetic Characterization of
Diazabicyclooctanes as Dual Inhibitors of Both Serine-3-Lactamases and
Penicillin-Binding Proteins. ACS Chem. Biol. 2016, 11 (4), 864—868.
https://doi.org/10.1021/acschembio.5b00944.

(36) Moya, B.; Barcelo, I. M.; Bhagwat, S.; Patel, M.; Bou, G.; Papp-Wallace, K. M.;
Bonomo, R. A.; Oliver, A. WCK 5107 (Zidebactam) and WCK 5153 Are Novel
Inhibitors of PBP2 Showing Potent “B-Lactam Enhancer” Activity against
Pseudomonas Aeruginosa, Including Multidrug-Resistant Metallo-B-Lactamase-
Producing High-Risk Clones. Antimicrobial Agents and Chemotherapy 2017, 61
(6), 10.1128/aac.02529-16. https://doi.org/10.1128/aac.02529-16.

(37) Onufriev, A. V.; Alexov, E. Protonation and pK Changes in Protein—Ligand
Binding. Quarterly Reviews of Biophysics 2013, 46 (2), 181-209.
https://doi.org/10.1017/S0033583513000024.

(38) Oueslati, S.; Retailleau, P.; Marchini, L.; Berthault, C.; Dortet, L.; Bonnin, R. A.;
lorga, B. I.; Naas, T. Role of Arginine 214 in the Substrate Specificity of OXA-
48. Antimicrob Agents Chemother 2020, 64 (5), e02329-19.
https://doi.org/10.1128/AAC.02329-19.

(39) Tooke, C. L.; Hinchliffe, P.; Beer, M.; Zinovjev, K.; Colenso, C. K.; Schofield, C.
J.; Mulholland, A. J.; Spencer, J. Tautomer-Specific Deacylation and Q-Loop
Flexibility Explain the Carbapenem-Hydrolyzing Broad-Spectrum Activity of the
KPC-2 B-Lactamase. J Am Chem Soc 2023, 145 (13), 7166—7180.
https://doi.org/10.1021/jacs.2¢c12123.

(40) Jabeen, H.; Beer, M.; Spencer, J.; van der Kamp, M. W.; Bunzel, H. A;;
Mulholland, A. J. Electric Fields Are a Key Determinant of Carbapenemase
Activity in Class A B-Lactamases. ACS Catal. 2024, 14 (9), 7166—-7172.
https://doi.org/10.1021/acscatal.3c05302.

(41) Hirvonen, V. H. A.; Mulholland, A. J.; Spencer, J.; van der Kamp, M. W. Small
Changes in Hydration Determine Cephalosporinase Activity of OXA-48 3-
Lactamases. ACS Catal. 2020, 10 (11), 6188-6196.
https://doi.org/10.1021/acscatal.0c00596.

(42) Outeda-Garcia, M.; Arca-Suarez, J.; Lence, E.; Rodriguez-Coello, A.; Maceiras,
R.; Blanco-Martin, T.; Guijarro-Sanchez, P.; Gonzalez-Pinto, L.; Alonso-Garcia,
l.; Garcia-Pose, A.; Muras, A.; Rodriguez-Pallares, S.; Lasarte-Monterrubio, C.;
Gonzalez-Bello, C.; Vazquez-Ucha, J. C.; Bou, G.; Beceiro, A. Advancements in
the Fight against Globally Distributed OXA-48 Carbapenemase: Evaluating the
New Generation of Carbapenemase Inhibitors. Antimicrobial Agents and
Chemotherapy 2025.

(43) Che, T.; Bonomo, R. A.; Shanmugam, S.; Bethel, C. R.; Pusztai-Carey, M.;
Buynak, J. D.; Carey, P. R. Carboxylation and Decarboxylation of Active Site
Lys 84 Controls the Activity of OXA-24 B-Lactamase of Acinetobacter
Baumannii: Raman Crystallographic and Solution Evidence. J. Am. Chem. Soc.
2012, 134 (27), 11206—11215. https://doi.org/10.1021/ja303168n.

(44) Golemi, D.; Maveyraud, L.; Vakulenko, S.; Samama, J.-P.; Mobashery, S.
Critical Involvement of a Carbamylated Lysine in Catalytic Function of Class D
B-Lactamases. Proceedings of the National Academy of Sciences 2001, 98
(25), 14280-14285. https://doi.org/10.1073/pnas.241442898.

28


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00512d

Page 29 of 38

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

{cc) X This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

RSC Medicinal Chemistry

(45) Li, J.; Cross, J. B.; Vreven, T.; Meroueh, S. O.; Mobashery, S.; Schlegel, H,-B:-\55oisn
Lysine Carboxylation in Proteins: OXA-10 B-lactamase. Proteins 2005, 61 (2),
246-257. https://doi.org/10.1002/prot.20596.

(46) Berrow, N. S.; Alderton, D.; Sainsbury, S.; Nettleship, J.; Assenberg, R.;
Rahman, N.; Stuart, D. |.; Owens, R. J. A Versatile Ligation-Independent
Cloning Method Suitable for High-Throughput Expression Screening
Applications. Nucleic Acids Research 2007, 35 (6), e45.
https://doi.org/10.1093/nar/gkm047.

(47) Cahill, S. T.; Cain, R.; Wang, D. Y.; Lohans, C. T.; Wareham, D. W.; Oswin, H.
P.; Mohammed, J.; Spencer, J.; Fishwick, C. W. G.; McDonough, M. A;;
Schofield, C. J.; Brem, J. Cyclic Boronates Inhibit All Classes of B-Lactamases.
Antimicrobial Agents and Chemotherapy 2017, 61 (4), 10.1128/aac.02260-16.
https://doi.org/10.1128/aac.02260-16.

(48) Cordingley, M. G.; Register, R. B.; Callahan, P. L.; Garsky, V. M.; Colonno, R. J.
Cleavage of Small Peptides in Vitro by Human Rhinovirus 14 3C Protease
Expressed in Escherichia Coli. Journal of Virology 1989, 63 (12), 5037-5045.
https://doi.org/10.1128/jvi.63.12.5037-5045.1989.

(49) Laemmli, U. K. Cleavage of Structural Proteins during the Assembly of the Head
of Bacteriophage T4. Nature 1970, 227 (5259), 680-685.
https://doi.org/10.1038/227680a0.

(50) Gasteiger, E.; Hoogland, C.; Gattiker, A.; Duvaud, S.; Wilkins, M. R.; Appel, R.
D.; Bairoch, A. Protein Identification and Analysis Tools on the Expasy Server.
In The Proteomics Protocols Handbook; Humana Press, 2005; pp 571-607.

(51) Winter, G. Xia2: An Expert System for Macromolecular Crystallography Data
Reduction. J Appl Cryst 2010, 43 (1), 186—190.
https://doi.org/10.1107/S0021889809045701.

(52) Evans, P. R.; Murshudov, G. N. How Good Are My Data and What Is the
Resolution? Acta Crystallogr D Biol Crystallogr 2013, 69 (Pt 7), 1204-1214.
https://doi.org/10.1107/S0907444913000061.

(53) Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.;
Tunyasuvunakool, K.; Bates, R.; Zidek, A.; Potapenko, A.; Bridgland, A.; Meyer,
C.; Kohl, S. A. A.; Ballard, A. J.; Cowie, A.; Romera-Paredes, B.; Nikolov, S.;
Jain, R.; Adler, J.; Back, T.; Petersen, S.; Reiman, D.; Clancy, E.; Zielinski, M;
Steinegger, M.; Pacholska, M.; Berghammer, T.; Bodenstein, S.; Silver, D.;
Vinyals, O.; Senior, A. W.; Kavukcuoglu, K.; Kohli, P.; Hassabis, D. Highly
Accurate Protein Structure Prediction with AlphaFold. Nature 2021, 596 (7873),
583-589. https://doi.org/10.1038/s41586-021-03819-2.

(54) McCoy, A. J.; Grosse-Kunstleve, R. W.; Adams, P. D.; Winn, M. D.; Storoni, L.
C.; Read, R. J. Phaser Crystallographic Software. J Appl Crystallogr 2007, 40
(Pt 4), 658-674. https://doi.org/10.1107/S0021889807021206.

(55) Adams, P. D.; Afonine, P. V.; Bunkdczi, G.; Chen, V. B.; Davis, |. W.; Echols,
N.; Headd, J. J.; Hung, L.-W.; Kapral, G. J.; Grosse-Kunstleve, R. W.; McCoy,
A. J.; Moriarty, N. W.; Oeffner, R.; Read, R. J.; Richardson, D. C.; Richardson,
J. S.; Terwilliger, T. C.; Zwart, P. H. PHENIX: A Comprehensive Python-Based
System for Macromolecular Structure Solution. Acta Cryst D 2010, 66 (2), 213—
221. https://doi.org/10.1107/S0907444909052925.

(56) Emsley, P.; Lohkamp, B.; Scott, W. G.; Cowtan, K. Features and Development
of Coot. Acta Cryst D 2010, 66 (4), 486-501.
https://doi.org/10.1107/S0907444910007493.

29


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00512d

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

{cc) X This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

RSC Medicinal Chemistry Page 30 of 38

(57) Smart, O. S.; Sharff, A; Holstein, J.; Womack, T. O.; Flensburg, C.; Keller, B s coian
Paciorek, W.; Vonrheln C,; Brlcogne G. Grade2 VerS|on 1.5.0, 202
https://grade. globalphasmg org/.

(58) The PyMOL Molecular Graphics System, Version 3.0, 2010.

(59) UCSF Chimera—A visualization system for exploratory research and analysis -
Pettersen - 2004 - Journal of Computational Chemistry - Wiley Online Library.
https://onlinelibrary.wiley.com/doi/10.1002/jcc.20084 (accessed 2024-12-16).

(60) O’Callaghan, C. H.; Morris, A.; Kirby, S. M.; Shingler, A. H. Novel Method for
Detection of B-Lactamases by Using a Chromogenic Cephalosporin Substrate.
Antimicrobial Agents and Chemotherapy 1972, 1 (4), 283—-288.
https://doi.org/10.1128/aac.1.4.283.

(61) Vanquelef, E.; Simon, S.; Marquant, G.; Garcia, E.; Klimerak, G.; Delepine, J.
C.; Cieplak, P.; Dupradeau, F.-Y. R.E.D. Server: A Web Service for Deriving
RESP and ESP Charges and Building Force Field Libraries for New Molecules
and Molecular Fragments. Nucleic Acids Research 2011, 39 (suppl_2), W511—
W517. https://doi.org/10.1093/nar/gkr288.

(62) Case, D. A.; Belfon, K.; Ben-Shalom, S. R.; Brozell, S. R.; Cerutti, D. S;
Cheatham, lll, T. E.; Cruzeiro, V. W. D.; Darden, T. A.; Duke, R. E.; Giambasu,
G.; Gilson, M. K.; Gohlke, H.; Goetz, A. W.; Harris, R.; I1zadi, S.; Izmailov, S. A_;
Kasavajhala, K.; Kovalenko, A.; Krasny, R.; Kurtzman, T.; Lee, T. S.; LeGrand,
S.; Li, P.; Lin, C.; Liu, J.; Luchko, T.; Luo, R.; Man, V.; Merz, K. M.; Miao, Y.;
Mikhailovskii, O.; Monard, G.; Nguyen, H.; Onufriev, A.; Pan, F.; Pantano, S.;
Qi, R.; Roe, D. R.; Roitberg, A.; Sagui, C.; Schott-Verdugo, S.; Shen, J.;
Simmerling, C. L.; Skrynnikov, N. R.; Smith, J.; Swails, J.; Walker, R. C.; Wang,
J.; Wilson, L.; Wolf, R. M.; Wu, X.; Xiong, Y.; Xue, Y.; York, D. M.; Kollman, P.
A. AMBER 2020, 2020.

(63) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein, M. L.
Comparison of Simple Potential Functions for Simulating Liquid Water. The
Journal of Chemical Physics 1983, 79 (2), 926—-935.
https://doi.org/10.1063/1.4458609.

(64) Roe, D. R.; Cheatham, T. E. |. PTRAJ and CPPTRAJ: Software for Processing
and Analysis of Molecular Dynamics Trajectory Data. J. Chem. Theory Comput.
2013, 9 (7), 3084-3095. https://doi.org/10.1021/ct400341p.

30


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00512d

Page 31 of 38 RSC Medicinal Chemistry

Fiqure quends DOI: lO.lOS;fE\DNS/?\;ItI;lgOOST‘ZmDE
Figure 1: B-Lactam Antibiotics and DBO B-lactamase Inhibitors. Representative
penicillin  (benzylpenicillin), carbapenem (meropenem) and cephalosporin
(ceftazidime) B-lactam antibiotics, with the B-lactam ring highlighted in red. DBO BLIs
used in this work are shown on the right, with the additional 1-aminoethoxy group of

nacubactam highlighted in blue. The core ring atoms of avibactam and the [-lactams

are numbered.

Figure 2: Crystal Structure Views of OXA-48 Bound to Nacubactam. (A) Crystal
structure of OXA-48 carbamoyl-enzyme complex with nacubactam. Different shades
of cyan represent different chains in the homodimer, chloride ion at the dimer interface
is shown as a green sphere. (B) Nacubactam-derived carbamoyl-enzyme complex,
mesh shows F,-F. electron density from refinement carried out in the absence of
ligand, contoured at 30. (C) Close-up of the chain B active site (cyan), overlaid with a
previously determined structure of OXA-48 bound to avibactam (PDB 4S2K'4, grey).
(D) Surface views of the deacylating water channel in DBO-bound OXA-48 complexes,
water molecules and chloride ions are represented as red and green spheres,
respectively. Leu158 x, (N-Ca-CB-Cy) and Val120 x, (N-Ca-CB-Cy1) rotamers are
highlighted in brackets; dashed line shows distance between the dual-occupancy
water molecule (W1) and Leu158 Co62.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Figure 3: RMSF Analysis of MM MD Simulations of OXA-48:DBO Carbamoyl-
Enzyme Complexes. (A) Difference between average residue RMSF (ARMSF) in

Open Access Article. Published on 08 August 2025. Downloaded on 8/11/2025 5:42:58 PM.

simulations of OXA-48:nacubactam and OXA-48:avibactam complexes, averaged

(cc)

across both chains of the protein homodimer, plotted against sequence. More positive
ARMSF values indicate greater fluctuation in nacubactam-, compared to avibactam-
bound, OXA-48. The OXA-48 Q- (yellow, residues 144 - 163), 5 — 36 (green, residues
212 - 219) and B7 — a10 (pink, residues 240 - 247) loops are highlighted on the graph
and OXA-48:nacubactam crystal structure. (B) Comparisons of ARMSF values,
coloured according to scale below, between DBO-bound and uncomplexed OXA-48
simulations, mapped onto the crystal structures of OXA-48 bound to nacubactam and

avibactam. Thicker and more red backbones indicate more positive ARMSF values.

Figure 4: Nacubactam and Avibactam Inhibition of Naturally Occurring OXA-48
Variants OXA-163 and OXA-405. (A) and (B) Chain B active site overlays of OXA-48
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(turquoise), OXA-163 (yellow/orange) and OXA-405 (pink) bound to (A) avibactamandss,-iss

(B) nacubactam. Residues are shown as sticks and numbered according to OXA-48,
hydrogen bonding interactions in OXA-48:DBO structures as dashed lines, chloride
ions as green spheres and waters as red spheres. Leu158 x rotamer form is shown
in brackets. (C) and (D) ARMSF analysis of MM MD simulations of (C) OXA-163 and
(D) OXA-405 complexes with nacubactam and avibactam, mapped onto crystal

structures of the respective nacubactam complexes.

Figure 5: Desulfation of Nacubactam- and Avibactam-derived Carbamoyl-
enzyme Complexes of OXA-48-like B-lactamases. (A) Structures of proposed DBO-
derived carbamoyl-enzyme fragments identified by electrospray ionisation mass
spectrometry (ESI-MS). The mass shifts (Da) of the respective nacubactam- and
avibactam-derived complexes are shown in brackets. (B) Mass spectra of OXA-48,
OXA-405 and OXA-163 as uncomplexed enzymes and following incubation with
nacubactam and avibactam at time-points ranging from 30 minutes to 24 hours. Peak

colours correspond to species highlighted in panel A.
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Data Availability Statement DOI: 10,1038/ DEMDO0S12D

Supporting data (sequences of oligonucleotide primers; conditions, data processing
and validation statistics for crystallographic experiments; steady-state kinetic
parameters for hydrolysis of reporter substrate (nitrocefin); supplementary images of
crystal structures; analyses of molecular simulations) are provided in Supplementary
Information. Structure factors and coordinates for all crystal structures presented here
have been deposited with the Protein Data Bank (PDB) with the following accession
numbers: uncomplexed OXA-48 (9H11), OXA-48 in complex with nacubactam (9H12),
uncomplexed OXA-163 (9H13), OXA-163 in complex with avibactam (9H14), OXA-
163 in complex with nacubactam (4 hour soak) (9H15), OXA-163 in complex with
nacubactam (16 hour soak) (9HPV), uncomplexed OXA-405 (9H16), OXA-405 in
complex with avibactam (9H17), OXA-405 in complex with nacubactam (9H18). Data
from Molecular Dynamics simulations will be made freely available at the University of
Bristol Research Data Repository (https://data.bris.ac.uk/). Analysis scripts will be
made available upon request.
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Figure 1: B-Lactam Antibiotics and DBO B-lactamase Inhibitors. Representative penicillin (benzylpenicillin),
carbapenem (meropenem) and cephalosporin (ceftazidime) B-lactam antibiotics, with the B-lactam ring
highlighted in red. DBO BLIs used in this work are shown on the right, with the additional 1-aminoethoxy
group of nacubactam highlighted in blue. The core ring atoms of avibactam and the B-lactams are

numbered.
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Figure 2: Crystal Structure Views of OXA-48 Bound to Nacubactam. (A) Crystal structure of OXA-48
carbamoyl-enzyme complex with nacubactam. Different shades of cyan represent different chains in the
homodimer, chloride ion at the dimer interface is shown as a green sphere. (B) Nacubactam-derived
carbamoyl-enzyme complex, mesh shows Fo-Fc electron density from refinement carried out in the absence
of ligand, contoured at 3a. (C) Close-up of the chain B active site (cyan), overlaid with a previously
determined structure of OXA-48 bound to avibactam (PDB 452K14, grey). (D) Surface views of the
deacylating water channel in DBO-bound OXA-48 complexes, water molecules and chloride ions are
represented as red and green spheres, respectively. Leu158 x1 (N-Ca-CB-Cy) and Val120 x1 (N-Ca-CB-Cy1)
rotamers are highlighted in brackets; dashed line shows distance between the dual-occupancy water
molecule (W1) and Leu158 Cd2.
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Figure 3: RMSF Analysis of MM MD Simulations of OXA-48:DBO Carbamoyl-Enzyme Complexes. (A)
Difference between average residue RMSF (ARMSF) in simulations of OXA-48:nacubactam and OXA-
48:avibactam complexes, averaged across both chains of the protein homodimer, plotted against sequence.
More positive ARMSF values indicate greater fluctuation in nacubactam-, compared to avibactam-bound,
OXA-48. The OXA-48 Q- (yellow, residues 144 - 163), B5 - B6 (green, residues 212 - 219) and 7 - al0
(pink, residues 240 - 247) loops are highlighted on the graph and OXA-48:nacubactam crystal structure. (B)
Comparisons of ARMSF values, coloured according to scale below, between DBO-bound and uncomplexed
OXA-48 simulations, mapped onto the crystal structures of OXA-48 bound to nacubactam and avibactam.

Thicker and more red backbones indicate more positive ARMSF values.
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Figure 4: Nacubactam and Avibactam Inhibition of Naturally Occurring OXA-48 Variants OXA-163 and OXA-
405. (A) and (B) Chain B active site overlays of OXA-48 (turquoise), OXA-163 (yellow/orange) and OXA-405
(pink) bound to (A) avibactam and (B) nacubactam. Residues are shown as sticks and numbered according
to OXA-48, hydrogen bonding interactions in OXA-48:DBO structures as dashed lines, chloride ions as green
spheres and waters as red spheres. Leu158 x1 rotamer form is shown in brackets. (C) and (D) ARMSF
analysis of MM MD simulations of (C) OXA-163 and (D) OXA-405 complexes with nacubactam and
avibactam, mapped onto crystal structures of the respective nacubactam complexes.
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Figure 5: Desulfation of Nacubactam- and Avibactam-derived Carbamoyl-enzyme Complexes of OXA-48-like
B-lactamases. (A) Structures of proposed DBO-derived carbamoyl-enzyme fragments identified by
electrospray ionisation mass spectrometry (ESI-MS). The mass shifts (Da) of the respective nacubactam-
and avibactam-derived complexes are shown in brackets. (B) Mass spectra of OXA-48, OXA-405 and OXA-
163 as uncomplexed enzymes and following incubation with nacubactam and avibactam at time-points
ranging from 30 minutes to 24 hours. Peak colours correspond to species highlighted in panel A.
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