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B-Lactamases, which hydrolyse B-lactam antibiotics, are key determinants of antibiotic resistance.
Predicting the sites and effects of distal mutations in enzymes is challenging. For B-lactamases, the
ability to make such predictions would contribute to understanding activity against, and development of,
antibiotics and inhibitors to combat resistance. Here, using dynamical non-equilibrium molecular
dynamics (D-NEMD) simulations combined with experiments, we demonstrate that intramolecular
communication networks differ in three class A SulpHydryl Variant (SHV)-type B-lactamases. Differences
in network architecture and correlated motions link to catalytic efficiency and B-lactam substrate
spectrum. Further, the simulations identify a distal residue at position 89 in the clinically important
Klebsiella pneumoniae carbapenemase 2 (KPC-2), as a participant in similar networks, suggesting that
mutation at this position would modulate enzyme activity. Experimental kinetic, biophysical and
structural characterisation of the naturally occurring, but previously biochemically uncharacterised, KPC-

29890 mytant with several antibiotics and inhibitors reveals significant changes in hydrolytic spectrum,

Received 20th May 2024

Accepted 18th September 2024 specifically reducing activity towards carbapenems without effecting major structural or stability

changes. These results show that D-NEMD simulations can predict distal sites where mutation affects
DO 10.1039/d4sc03295k enzyme activity. This approach could have broad application in understanding enzyme evolution, and in
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lactamases, with class A being the largest and most widely
disseminated.®* This includes numerous enzyme groups,
including the widely distributed SHV (SulpHydryl Variant) and
KPC (Klebsiella pneumoniae carbapenemase) families, and

Introduction

Antimicrobial resistance (AMR) is a growing global healthcare
crisis, associated with 4.95 million deaths in 2019.* B-Lactams

account for approximately 65% of all antibiotic usage in
humans worldwide” and are vital components of our antibiotic
arsenal. There are four major B-lactam classes: penicillins,
cephalosporins (including oxyiminocephalosporins such as
ceftazidime), carbapenems, and monobactams (Fig. S1f). In
Gram-negative bacteria (such as E. coli), which are leading
causes of antibiotic-resistant infections worldwide, the primary
mechanism of B-lactam resistance is the expression of B-lacta-
mases,”> enzymes that hydrolyse the B-lactam ring to abolish
antibacterial activity® (Fig. 1). There are four classes (A-D) of B-
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collectively has activity against all clinically used B-lactam
antibiotics.* Single and multiple amino acid substitutions
expand the B-lactamase spectrum of activity to cover new -
lactams and/or reduce susceptibility to B-lactamase inhibitors
that are co-administered with B-lactams to treat resistant
infections.” While, in some cases, it is clear that individual
mutations exert their effects by altering active site structure,®
others are situated far from the active site and the reasons for
their (often profound) effects upon activity are obscure.
Understanding and predicting the effects of B-lactamase
mutations will inform more effective B-lactam use and drive the
development both of new B-lactam antibiotics and of more
effective B-lactamase inhibitors.

Remote mutations are well known to influence the behaviour
of both natural and designed enzymes,”® yet understanding of
structure and function is still largely concentrated on active
sites and binding interfaces. Understanding the roles of resi-
dues in distal regions will expand the scope of rational protein
design.® Furthermore, the ability to effectively predict and
identify the impact of mutations remote from active sites and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 B-Lactam hydrolysis catalysed by class A B-lactamases. Substrate shown is a generalised carbapenem. Acylation (dashed arrows) catalysed
by Glu166 (a) or Glul66/Lys73 (b) general bases forms the covalent acyl-enzyme (c). Deacylation requires nucleophilic attack of the deacylating
water molecule (DW, red), activated by proton transfer to Glul66, on the acyl-enzyme carbonyl, to regenerate the enzyme and liberate the

hydrolysed B-lactam (d).3

ligand/protein binding regions should aid therapeutic devel-
opment for multiple clinical pathologies e.g. cancer,” HIV/
AIDS'™" and mental health disorders.””> There have been
previous attempts to employ path calculation methods to
interrogate the conformational ensembles of proteins and also
to predict residues key to catalysis, through the analysis of
equilibrium simulations or static structures.”*** Here, we
employ dynamical non-equilibrium molecular dynamics (D-
NEMD) simulations, an emerging computational technique
that applies the Kubo-Onsager relation'®” to measure the
linear response of a protein to a perturbation that pushes the
system out of equilibrium. These simulations can reveal allo-
steric communication networks within proteins.'*>* In the D-
NEMD approach, an external perturbation (e.g. deletion of
a bound ligand) is applied to an equilibrium simulation. This
enables the response of the protein to the perturbation to be
directly measured by comparing the equilibrium trajectory with
multiple parallel non-equilibrium simulations (Fig. S2t).*® This
conceptually simple but powerful approach enables computing
of the time-dependent dynamic response of the protein, with
assessment of statistical significance. D-NEMD simulations
have recently been applied to identify structural communica-
tion pathways in a range of biomolecular systems.'*** D-NEMD
simulations of the B-lactamase enzymes KPC-2 and TEM-1
previously deleted an allosterically bound ligand as the
applied perturbation, identifying a network of residues that link
the allosteric site to the active site.”® Here, we apply D-NEMD to
show that such networks differ between point variants of the
SHV f-lactamase with diverse activities towards different -
lactam substrates; and to identify a site in the KPC-2 -

© 2024 The Author(s). Published by the Royal Society of Chemistry

lactamase where we would predict mutation to affect activity
through communication with the active site. Using steady- and
pre-steady state kinetics, circular dichroism spectroscopy and
high-resolution X-ray crystallography, we reveal that a single
predicted mutation, situated within a distal loop, significantly
impacts the KPC-2 activity spectrum. This work highlights the
effectiveness of D-NEMD simulations as a method to identify
previously uncharacterised mutations, distant from enzyme
active sites, that affect activity.

Experimental methods
Model set up

For SHV-1, the crystal structure of the S70C mutant bound to
sulbactam (PDB ID 4FH2 (ref. 24)) was used with the Cys70
residue mutated back to Ser70 in WinCoot 0.9.8.1 and modelled
into the Serine 70 electron density from the uncomplexed
structure of SHV-1 (PDB ID 1SHV*). The SHV-2 and SHV-38
structures were generated using AlphaFold Colab*® and the
sulbactam structure modelled into the active site region, using
the electron density from the structure of the SHV-1 S70C
complex. Protonation states were assigned using the PropKa
program at pH 7.4.>

The KPC-2°%°" mutant structure was created using Alpha-
Fold Colab,*® and the compound 2 ligand modelled into the
active site using the electron density map of the compound 2:
KPC-2 complex (PDB ID 6D16 (ref. 28)) in WinCoot 0.9.8.1.%°

All complexes were set up for molecular dynamics simula-
tions using GROMACS 2019.1 * using the Amber ff14SB force-
field*' for the protein and the GAFF parameters for the ligands.**

Chem. Sci., 2024, 15, 1723217244 | 17233
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Ligand atoms were parameterised using the ACPYPE server®
and RESP charges calculated using the R. E. D. server.** Each
system was solvated using TIP3P* water in a cubic box with 10 A
distance between the edge and the solute. Na* and ClI~ counter
ions to a concentration of 180 mM were added to neutralise the
system. Each system was minimised by steepest descent for 10
000 steps, to relieve bad contacts. The system was initially
equilibrated in the NVT ensemble over 500 ps with restraints on
all heavy atoms (force constant of 1000 k] mol " nm ™), using V-
rescale temperature coupling. Two coupling groups were used
(protein and ligand, water and ions) with a coupling constant of
0.05 ps. The next step of equilibration was performed for 500 ps
in the NPT ensemble using Berendsen pressure coupling, V-
rescale temperature coupling (same two coupling groups as NVT
equilibration but with a coupling constant of 0.1 ps). All Ca
atoms and ligand heavy atoms were restrained in this equili-
bration stage with a force constant of 1000 k] mol ! nm ™. A
second 500 ps NPT ensemble equilibration was then performed
using Berendsen pressure coupling®® with restraints only on
ligand heavy atoms (100 k] mol " nm ™ force constant) and the
same V-rescale temperature coupling parameters as the
previous NPT equilibration step. 250 ns production simulations
were run in the NPT ensemble using Parrinello-Rahman pres-
sure coupling® and the same V-rescale temperature coupling
parameters. In the production simulations, the neighbours list
was updated every 40 steps. All hydrogen bonds were con-
strained to their equilibrium lengths with the LINCS algorithm,
except for the water molecules, which were kept rigid with the
SETTLE algorithm.

Five 250 ns equilibrium MD simulations were run in the
GROMACS 2019.1 software package with each of the prepared
SHV-1, SHV-2, SHV-38, KPC-2 and KPC-29%°" gystems.*® The
simulations were considered fully equilibrated for the D-NEMD
approach after 50 ns (Fig. S1 and S27).

Dynamical nonequilibrium MD (D-NEMD) simulations

To study signal propagation between the active site and the rest
of the protein, 200, 5 ns long, dynamical nonequilibrium
simulations were performed for SHV-1, SHV-2, SHV-38, KPC-2
and KPC-29%°P, These simulations drive, and allow for the
characterisation of, rapid conformational changes in the system
and permit mapping of the communication networks within the
proteins using the Kubo-Onsager approach. At each 5 ns time
point, from 50 ns to 250 ns, a structure file of the entire system
was extracted, resulting in 40 conformations per replicate and
thus 200 starting conformations per system. The ligand atoms
(bound to the active site of each system) were then deleted. The
resulting non-equilibrium system was run for 5 ns in the
GROMACS 2019.1 software package in identical conditions to
the 250 ns MD simulations described above. The ‘null pertur-
bation’ was performed by randomising the velocities (main-
taining a Boltzmann distribution) at each 5 ns time point,
instead of deleting the ligand atoms. The resulting ‘null per-
turbed’ system was run for 5 ns in the GROMACS 2019.1 soft-
ware package in identical conditions to the 250 ns original
equilibrium simulation.
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The distance between the two systems at equivalent time
points (e.g. 55 ns on the equilibrium MD simulation, compared
to the last frame of the 5 ns non-equilibrium MD trajectory
obtained starting from the conformation extracted at the 50 ns
time point on the equilibrium MD simulation) was calculated
for each Ca in the protein. This was done for each system after
10 ps, 50 ps, 100 ps, 500 ps, 1 ns, 3 ns and 5 ns of simulation. Ca
deviation values were averaged over all 200 non-equilibrium
simulations per system and the standard deviations and stan-
dard error of the mean calculated. The Ca deviation plot for the
5 ns time points was used to identify communication networks
in all systems. The statistical significance of differences
between systems in Ca deviation of individual residues was
calculated using the Student's t-test, with the cut-off set at p =
0.05. False discovery rate corrections were applied using the
Benjamini and Hochberg method implemented in GraphPad
Prism 9.3.1 (GraphPad Software, La Jolla, CA, USA; https://
www.graphpad.com) and set at a 5% cut-off.*®

Protein expression and purification

G89D and E166Q mutations of KPC-2 were produced by site
directed mutagenesis of the previously constructed pET28a-
KPC-2 vector* The primers used to generate the E166Q
mutant were 5'-TCA GCT CCA GCT GCC AGC GGT CCA G-3’ and
5’-CTG GAC CGC TGG CAG CTG GAG CTG A-3' and site directed
mutagenesis was performed using the QuikChange II XL
Lightning Site-Directed Mutagenesis Kit, following the manu-
facturer's instructions (Agilent Genomics). Proteins were
subsequently expressed and purified as previously described.*®

Steady-state kinetics

Antibiotic hydrolysis was measured at 25 °C in kinetics buffer
(10 mM HEPES, pH 7.5 and 150 mM NacCl, 100 pg per mL bovine
serine albumin (BSA)). Steady-state kinetic parameters were
calculated by measuring the hydrolysis of B-lactam antibiotics
(ampicillin Aeyzs = —900, cefotaxime Aeys, = —7660, ceftazi-
dime Aégyes = —7445, meropenem Acyy; = —11500).3
Hydrolysis was followed using Greiner half area 96-well plates
and a BMG CLARIOstar Plus microplate reader. GraphPad
Prism 9.3.1 (GraphPad Software, La Jolla, CA, USA; https://
www.graphpad.com) was used to calculate kinetic parameters.
Initial rates of antibiotic hydrolysis measured across a range
of antibiotic concentrations were used to calculate steady-
state parameters according to the Michaelis-Menten equation.
The k.../Ky value for cefotaxime was additionally calculated by
fitting the complete hydrolysis curve using the following
equation:

A=A +(Ag — Ar)e™
ICs, values were calculated by following the initial rate of
nitrocefin hydrolysis (200 pM) at 486 nM (Agge = 20

500 M~' em™!),* after a 10 minute pre-incubation of enzyme
and inhibitor. Both inhibitors were dissolved in kinetics buffer.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Pre-steady-state kinetics

Pre-steady state kinetics were measured by mixing meropenem
with KPC-2 or KPC-29%°" (both 10 nM concentration) in an Applied
Photophysics SX20 stopped-flow spectrometer connected to
a photodiode array detector in kinetics buffer. Data were fitted from
0.005 to 0.3 s for both 5 repeats of each of KPC-2 : meropenem and
KPC-29%°: meropenem. &, and k_, were calculated from the
gradient and the y-intercept of the ks vs. substrate concentration
curves. Kp, is calculated using the following equation:

k.
Kp=—
D k

Circular dichroism (CD)

Protein samples were prepared to a concentration of 20 uM in
potassium phosphate buffer (100 mM, pH 7.6). The CD spectra
were obtained using a JASCO J-1500 spectrophotometer. For
thermal melt experiments, CD signal was measured at 220 nm
between 5-95 °C, changing the temperature 1 °C per minute. A
full CD spectrum at 25 °C for each protein was also recorded,
measuring between 200-250 nm. Eight spectra were obtained
for each protein and the results averaged to give the final
spectra (Fig. S61). Here, we report CD results as mean residual
ellipticity (MRE) which was obtained from the raw data using
the equation reported in Hutchins et al.*

Crystallisation and ligand soaking

Crystals were grown at 20 °C using sitting drop vapor diffusion
in CrysChem 24-well plates (Hampton Research), with wells
equilibrated against 500 pL crystal buffer (5% (v/v) ethanol with
1.8-2.0 M NH,(SO,),). Drops consisted of 1 uL of crystal seed
(generated from crushed KPC-2 crystals), 2 pL protein (30 mg
per mL aliquots), and 1 pL of crystallisation reagent.*

KPC-29%°P crystals were soaked in mother liquor supple-
mented with 30 mM avibactam for 4 hours, before being brief
exposure to mother liquor supplemented with 25% (v/v) glycerol
and flash frozen in liquid nitrogen. For the meropenem and
imipenem acylenzyme structures, crystals were soaked in
mother liquor supplemented with 100 mM meropenem for 2.5
hours and 30 mM imipenem for 2.5 hours, respectively, before
being briefly soaked in mother liquor with 25% (v/v) glycerol
and flash frozen in liquid nitrogen.

X-ray diffraction data collection and structural determination

Diffraction data were collected at Diamond Light Source on
beamline 103 (Table S1}), using an Eiger2 XE 16M detector with
an exposure time of 0.004 s per image.

In all cases the images were indexed and integrated using the
Dials* and Xia2 (ref. 45) processing pipelines at Diamond Light
Source. Phases were calculated using Fourier transform in PHE-
NIX* with KPC-2"'°*? with the meropenem ligand removed (PDB
ID 8AKL*) as the starting structure. The structure was completed
with iterative rounds of refinement in PHENIX* and manual
model building in Wincoot.> All ligand restraints were calculated
using the Grade web server (https://grade.globalphasing.org/).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

Communication networks differ between single-point variants
of SHV B-lactamases

The SHV family of class A B-lactamases includes enzymes with
broad-spectrum, extended-spectrum and carbapenemase
activity.”® Broad spectrum B-lactamases efficiently hydrolyse
penicillins, the most commonly prescribed antibiotics in the
UK, and some early-generation cephalosporins.*” Extended-
spectrum f-lactamases (ESBLs) further hydrolyse the later
generation oxyiminocephalosporins, widely used antibiotics
that are on the World Health Organization's list of essential
medicines. Carbapenemases turn over carbapenem antibiotics,
previously considered ‘last resort’ B-lactams. Many single-point
variants of the broad-spectrum parent enzyme, SHV-1 (Fig. 2a)
have altered activity profiles. For example, SHV-2 (SHV-1°23%9)
and SHV-38 (SHV-1*'*®Y) have increased activity against oxy-
iminocephalosporins and carbapenems, classing them as
extended-spectrum and carbapenemase enzymes, respectively
(Table S1t).**** We used D-NEMD simulations to investigate
how single-point variations may affect internal communication
networks in SHV enzymes. We compared the structural and
dynamic responses of SHV-1, SHV-2 and SHV-38 to the removal
of a non-covalent active site ligand (sulbactam, Fig. S1t). Ca
deviations after 5 ns of non-equilibrium simulation were
compared with the equivalent time points of the unperturbed
system, averaged over 200 non-equilibrium simulations (5
equilibrium simulations (Fig. S2 and S3t) with non-equilibrium
simulations started from snapshots taken every 5 ns from 50 ns
to 250 ns). These deviations reveal communication networks
that differ between the variants (Fig. 2b, ¢ and S47).

The networks identified from the D-NEMD Co deviations
show connections of multiple regions to the active site in all
three SHV variants (Fig. S51). For all three enzymes, the o8-0.9
loop (residues 193-200) and 10 (residues 215-230) helix and
part of the Q-loop (residues 171-180) all show significant D-
NEMD Co deviations, with moderate deviations also evident
for the a3 and @4 helices (Fig. S5T). However, both SHV-2 and
SHV-38 show different structural responses to the perturbation,
compared to SHV-1. The average difference in deviation
between SHV-1 and SHV-2 is —0.02 nm, and between SHV-1 and
SHV-38 is —0.0005 nm. The response of SHV-2 is greater than
that of either SHV-1 or SHV-38 in multiple regions, including
the Q-loop (residues 171-180) that borders the catalytic site
(Fig. 2a, b and S4, S51). SHV-2 therefore has more tightly
correlated movements, and is more responsive to active site
perturbation, than either SHV-1 or SHV-38. Our data indicate
that the G238S substitution in SHV-2, that is considered to
facilitate cephalosporin hydrolysis through local expansion of
the active site, also exerts a more generalised effect upon
enzyme dynamics via the intramolecular network.> While SHV-
1 and SHV-38 have similar response amplitudes, there are
multiple significant differences at specific positions. For
example, there is a large deviation at residue 175 in SHV-1,
whereas the corresponding peak in SHV-38 is at residue 178.
Hence, while the same regions are involved in the

Chem. Sci., 2024, 15, 1723217244 | 17235
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Fig.2 Residue deviations in SHV-1, -2 and -38 from D-NEMD simulations. (a) Cartoon of SHV-1 B-lactamase, showing positions of mutations in
SHV-2 (SHV-1G238S, pink) and SHV-38 (SHV-1 A146V, red), and part of the Q-loop (residues 171-180, yellow) close to the active site. Sulbactam
ligand is shown as sticks. (b) Per-residue deviations calculated using the Kubo-Onsager relation*®*” for SHV-1 (red), SHV-2 (blue) and SHV-38
(green). Residues 146 (red bar), 171-180 (yellow bar) and 238 (pink bar) are highlighted. Deviations are calculated by averaging Ca. RMSD values
between perturbed (i.e. after removal of bound sulbactam ligand) and unperturbed systems 5 ns after perturbation for each residue (c) differ-
ences in deviations 5 ns after perturbation, highlighting the effect of mutations on the communication network. Plots show SHV-1 vs. SHV-2
(purple) and SHV-1 vs. SHV-38 (yellow). Negative values indicate that SHV-2 or SHV-38 have greater Ca. deviations than SHV-1 at specified
residues. Error bars (one standard error of difference) are displayed above and below difference plots (lighter shading). Symbols show 1 — P values
=0.95 (right axis, indicating statistical significance) for differences in deviation for SHV-1vs. SHV-2 (blue squares) and SHV-1vs. SHV-38 (orange
triangles). Values highlighted with a navy (SHV-1 vs. SHV-2) or orange (SHV-2 vs. SHV-38) outline remain significant after false discovery rate
corrections.

communication networks within each SHV enzyme, the precise
architecture of each network differs between variants (Fig. 2c
and S4, S571).

The results presented here indicate that individual point
mutations influence the global dynamic behaviour of the
enzyme through changes to correlated motions. In turn, these

17236 | Chem. Sci, 2024, 15, 17232-17244

changes in dynamical networks can apparently affect activity.
The results indicate that the precise architecture of such
networks (i.e. the locations of nodes showing statistically
significant deviations between equilibrium and
equilibrium simulations) reflect activity towards specific types
of B-lactam substrate (ie. oxyiminocephalosporins for the

non-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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extended-spectrum SHV-2 enzyme and carbapenems in the case
of SHV-38). Such networks provide a mechanism by which
remote regions of proteins are connected to regions of direct
functional interest, such as the active site, with the implication
that changes within them can modulate activity.

Predicting sites of mutation that affect enzymatic activity

The KPC-2 B-lactamase is an enzyme that efficiently hydrolyses
carbapenems, the most potent B-lactam antibiotics, active
against the broadest range of Gram-positive and Gram-negative
bacteria of any B-lactam class.” Previous D-NEMD simulations
revealed a network of residues that connect an allosteric ligand
binding site to the KPC-2 active site region, providing first
indications that these simulations can identify distal regions
that modulate enzyme activity.>® We use D-NEMD simulations
here to identify regions significantly affected by a perturbation,
in this case removal of an orthosteric ligand (heteroaryl phos-
phonate, compound 2,® Fig. S1t); such regions potentially
contain sites distant from the active site that affect activity
(either turnover or substrate spectrum). To verify that the
calculated networks were not simply capturing random motions
of the system at equilibrium, a comparison of the networks
calculated by D-NEMD simulations with a control simulation
comprising a ‘null’ perturbation (where atomic velocities within
the Boltzmann distribution were randomised but bound ligand
was retained) was performed (Fig. S61). Comparison of the
networks calculated from the D-NEMD approach, and those
calculated from the ‘null’ perturbation, provides greater strin-
gency in discriminating significant structural responses to the
perturbation from natural fluctuations.*

KPC-2 and SHV p-lactamases have highly similar global
structures (RMSD of 1.5 A, over 241/265 Co, atoms). However,
the networks calculated after active site ligand removal differ
between the two enzymes. Deviations are observed in the KPC-2
02-B4 (residues 81-93) and «11-B7 (residues 226-236) loops,
but neither region showed prominent deviations in the SHV
variants (Fig. 2 and S57). The participation of the «2-f4 loop in
the dynamical networks in KPC-2 indicates strongly correlated
behaviour between this distal region of the protein and the
active site, despite these being relatively far apart (26.3 A
distance between the Ca atoms of the catalytic Ser70 and Gly89
in the a2-p4 loop). Previous application of the D-NEMD
approach, removing an allosteric ligand from a binding site
distant from the KPC-2 active site, also identified the a2-B4 loop
as part of a dynamic network connecting the allosteric site to
the active site.”® Taken together, these results indicate that this
region, identified by the D-NEMD approach, is one where
mutation may modulate enzymatic activity.

To test whether the D-NEMD approach could be used to
predict regions in which mutations would modulate enzymatic
activity, we searched the B-lactamase database® to identify
naturally occurring KPC variants carrying sequence poly-
morphisms in the a2-B4 loop. Our search identified KPC-59 as
containing a single mutation within the «2-f4 loop (glycine to
aspartate substitution at position 89 (G89D) compared to the
parent KPC-2 enzyme); but kinetic characterizations of KPC-59

© 2024 The Author(s). Published by the Royal Society of Chemistry
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are so far unreported. Accordingly, the properties of KPC-
26890 were investigated by both D-NEMD simulations and
experimental kinetic and structural characterisation of the
purified recombinant enzyme.

A model of KPC®®*P was first generated using ColabFold®®
and compound 2 positioned in the active site using ligand
coordinates after superposition with the KPC-2 complex (PDB
ID 6D16 (ref. 28)). For D-NEMD simulations, 200 non-
equilibrium simulations of KPC-2°%°" were performed, in
which compound 2 was removed from the active site, and the
responses were compared against results for the same pertur-
bation in KPC-2 (Fig. 3). Multiple statistically significant
changes in the response amplitudes of specific regions of KPC-2
and KPC-29%°" are observed (Fig. 3b and $8%): e.g., at position
234 (a highly conserved residue involved in the catalytic
mechanism of KPC-2 and other class A p-lactamases).”*** The
magnitudes of the differences in deviations between KPC-2 and
KPC-29%9" are smaller than those between SHYV variants (Fig. 2),
consistent with the greater rigidity and stability of KPC enzymes
compared to other class A B-lactamases.*® The differences in
calculated residue networks indicate that a glycine to aspartate
substitution at position 89 affects the intramolecular commu-
nication network within KPC-2. This provides support for the
initial D-NEMD prediction (above) that the G89D mutation
affects activity.

To test this prediction, the KPC-2°%°" mutant was generated
and purified from recombinant E. coli. Circular dichroism (CD)
spectroscopy thermal melting experiments on the purified
mutant protein indicated that the mutation does not adversely
affect global stability, conferring a slight (1.1 °C) increase in
melting temperature (Ty,) (Fig. S107).

Strikingly, steady-state kinetic measurements (Table 1) reveal
significant changes to the hydrolytic profile of KPC-29%°P
compared to that of wild-type KPC-2. Notably, while KPC-2 has
strong carbapenemase activity, the G89D mutation results in
a 100-fold decrease in catalytic efficiency (k../Ky, Table 1)
towards meropenem and a 10-fold decrease for imipenem
(Fig. S1t). There is also a 10-fold decrease in the rate of turnover
of the 1st generation cephalosporin cephalothin (Fig. S171). This
substantial decrease in carbapenem and cephalothin-hydrolysing
activity is combined with an increase in catalytic rate (kca(, Table
1) for hydrolysis of the 3rd generation oxyiminocephalosporin
cefotaxime (Fig. S1t). Moreover, Ky values for the oxy-
iminocephalosporins ceftazidime and cefotaxime showed
significant increases compared to the parent enzyme KPC-2. In
contrast, KPC-29%°" is somewhat more active against penicillin.
These data show the G89D mutation to affect KPC-catalysed
hydrolysis of specific f-lactam substrates, rather than exerting
a general effect upon enzymatic activity. This highlights the
ability of the D-NEMD approach to identify residues that modu-
late activity (and can increase this towards some substrates),
rather than those that are directly catalytic, purely structurally
significant or affect global stability, for which mutation would be
expected to abolish activity towards all substrates.

To confirm the direct impact of the G89D mutation on B-
lactam turnover, rather than binding, the interactions of KPC-2
and KPC-2°%°" with the carbapenem meropenem were
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Fig. 3 Residue deviations for KPC-2 and KPC-2%8°P from D-NEMD simulations. Deviations are calculated from the differences in Ca. positions
between perturbed and unperturbed systems (nonequilibrium vs. equilibrium simulations at equivalent time points) for each residue using the
Kubo—-Onsager relation.***” Ca. deviations were then averaged over all 200 simulations (non-equilibrium simulations started from snapshots of 5
equilibrium simulations taken every 5 ns from 50 ns to 250 ns, Fig. S2 and S77). (a) Residue deviations for KPC-2 5 ns after deletion of the active
site ligand rendered onto KPC-2 crystal structure (PDB ID 6D16 (ref. 28)). (b) Difference in average residue deviations between KPC-2 and KPC-
25890 5 s after deletion of the active site ligand rendered onto KPC-2 crystal structure (PDB ID 6D16). Positive values (red) indicate where Ca
deviations were greater in KPC-2, negative values (blue) indicate where Ca. deviations were greater in KPC-2%8°C_ Many difference values are

statistically significant, due to the large number of replicates obtained using the D-NEMD approach (Fig. S2 and S8+). The KP

CE89P structure was

created using the ColabFold tool? (Fig. S91). The active site ligand (compound) is shown in stick form to highlight the active site region.

investigated in pre-steady state kinetic assays under pseudo-
first order conditions, monitoring tryptophan fluorescence as
previously performed with OXA-48 B-lactamase.”” These experi-
ments showed that the forward and reverse rate constants k,
and k_, for meropenem binding, and the derived K, values, (3.7
and 5.9 uM for KPC-2 and KPC-29%°| Fig. $117), are similar for
the two enzymes, indicating that the G89D substitution does
not affect meropenem binding. This shows that the 100-fold

17238 | Chem. Sci,, 2024, 15, 17232-17244

decrease in activity caused by this mutation is likely due to
a change in the rate of the reaction on the enzyme, suggesting
the G89D substitution has an impact on the active site chem-
istry and thus is a catalysis-modulating mutation.

Point variants of B-lactamases can also affect the efficacy of
mechanism-based inhibitors, that are used -clinically in
combination with susceptible B-lactams,*® either through
changes in binding interactions or changes in turnover

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Steady-state kinetic parameters for hydrolysis of a range of B-lactam substrates (Fig. S1) by KPC-2 and its G89D variant. Standard errors

for keat and Ky values are shown in parentheses

kcat (sil) KM (HM] kcat/KM (571 “Mil)
B-Lactam antibiotic B-Lactam class KPC-298°P KPC-2 KPC-268P KPC-2 KPC-298°P KPC-2
Ampicillin Penicillin 160 (5.83) 82.3 (3.92) 201 (36.3) 271 (44.7) 0.79 0.3
Cephalothin Cephalosporin 10.8 (0.32) 112 (2.78) 45.1 (3.71) 41.6 (3.41) 0.24 2.68
Ceftazidime Cephalosporin 2.7 (0.36) 1.9 (0.12) 1340 (220) 533 (69) 2x107° 3.5 x107°
Cefotaxime Cephalosporin 523 (176) 75.8 (6.61) 2470 (942) 199 (29) 0.21 (0.149) 0.38
Meropenem Carbapenem 0.2 (1 x 1072 21.5 (0.12) 7.9 (1.57) 7.1 (1.01) 0.03 3.00
Imipenem Carbapenem 2.8 (0.12) 22 (0.43) 68.9 (10.2) 72 (3.2) 0.04 0.31

“ keat/Ky value calculated from analysis of complete progress curves. This was done for cefotaxime due to the large errors resulting from a high Ky,

value.

capability.>***® The combination of ceftazidime with the
reversible, diazabicyclooctane (DBO) inhibitor avibactam is
effective against most KPC-producing organisms, which gener-
ally evade the action of mechanism-based B-lactam inhibitors
such as clavulanic acid. However, KPC variants are now
emerging that reduce susceptibility of producer organisms to
ceftazidime-avibactam. Accordingly, we investigated the in vitro
potency of selected DBO inhibitors against KPC-29%°". No
significant change was observed in the ICs, value of avibactam
(Fig. S11) against the KPC-29%°® mutant compared to the wild-
type enzyme (12.2 nM vs. 10 nM for KPC-2).** However, the
G89D mutation decreases potency of inhibition by the bulkier
DBO inhibitor zidebactam (Fig. S17), with a 10-fold increase in
IC5, value (0.7 nM vs. 0.06 nM for KPC-2).

To investigate the basis of these changes in the activity
spectrum of KPC-29%°" we determined X-ray crystal structures
of the uncomplexed enzyme (Fig. S12 and S131) and of its
covalent complexes with the carbapenems imipenem and
meropenem and with avibactam (Table S27). The crystal struc-
ture of uncomplexed KPC-2°%°" revealed that, consistent with
CD data, the mutation does not affect the global structure of the
enzyme (Co. RMSD 0.07 A to uncomplexed KPC-2, PDB ID 5UL8
(ref. 62)) (Fig. 4a, b and ESI Note 17).

To capture the structures of carbapenem-derived acyl-enzyme
complexes, and thus probe why the G89D substitution reduces
catalytic efficiency towards carbapenems, the isosteric Glu166 to
GIn166 substitution was made in KPC-29%°" and the purified
recombinant protein crystallised and challenged with imipenem
and meropenem. The E166Q substitution renders class A B-lac-
tamases deacylation-deficient but does not change their global
structure (Fig. S13f) or prevent acylation by B-lactams.**
Diffraction data resolved meropenem- and imipenem-derived
acyl-enzyme complexes with KPC-29%9P/E1¢%Q o high resolution
(1.09 A and 1.03 A, respectively, Table S2 and Fig. 16, S171).
Carbapenem acyl-enzymes are known to tautomerise through
migration of the double bond in the 5-membered pyrroline ring,
making possible observation of multiple tautomers and stereo-
mers in the same crystal structure (ESI Note 2 and Fig. S16,
S171).7% Accordingly, the KPC-29%P/E16Q meropenem acyl-
enzyme was modelled in the A1-(2R) and A2 configurations,
unlike in the meropenem derived acyl-enzyme of KPC-2F'°6?
where only the A1-(2R) tautomer was modelled (PDB ID 8AKL).*

© 2024 The Author(s). Published by the Royal Society of Chemistry

The imipenem-derived KPC-2%8P/E169Q complex was modelled in

both the A1-(2R) and A1-(2S) forms, as is also observed in the
KPC-2%'°°? acyl-enzyme complex with imipenem (PDB ID
8AKK).*” We have previously shown that the different tautomers
have different propensities to deacylate, with the initial state (A2)
being more deacylation competent than A1 stereomers.*” There is
no difference in the orientations of the ligands in either the
imipenem- or meropenem-derived acyl-enzyme KPC-2987"/F166Q
complexes compared to the previously deposited meropenem-
and imipenem-derived KPC-25'%°? acyl-enzyme complexes (PDB
ID 8AKL, 8AKK,"” Fig. S18f) other than the additional A2
tautomer modelled into the meropenem derived KPCE89P/E6Q
acyl-enzyme. Overall, analysis of the KPC-2689P/E66Q
carbapenem-derived acyl-enzyme complexes indicates that the
covalent binding orientation of carbapenem substrates is not
affected by the G89D mutation.

In both KPC-2689P/E169Q; carbapenem-derived acyl-enzyme
structures reported here, residues (165-170) in the catalytically
essential Q-loop are highly flexible, shown e.g. by multiple
conformations of Gln166 and high B-factors (Fig. S19 and S207).
The multiple conformations of Gln166 include an ‘out’
conformation (Fig. 4d and S207) in the imipenem-derived acyl-
enzyme complex, where the GIn166 side chain faces bulk
solvent rather than the bound carbapenem. This ‘out’ confor-
mation of residue 166 is adopted when KPC-2 forms acyl-
enzyme complexes with substrates that deacylate poorly.****
Multiple studies of a range of class A B-lactamases show that the
conformational stability of the Q-loop in B-lactam derived acyl-
enzyme complexes correlates strongly with the ability to turn
over that substrate,*>*” %% suggesting that the high mobility of
the Q-loop contributes to the reduced activity of KPC-295°P
towards carbapenems. B-Factor (adjusted, B'-factor) analysis of
KPC-2 acyl-enzyme complexes with different p-lactam
substrates from previous studies highlights a negative correla-
tion between the stability of the «2-p4 loop (containing residue
89, Fig. 3) and the stability of the Q-loop (Fig. S217), i.e. struc-
tures with high B'-factors for the «2-f4 loop have low B'-factors
for the Q-loop.***”*> In both acyl-enzyme structures of KPC-
29890 presented here, the o2-B4 loop forms extra hydrogen
bonds, between residues D89 and Q87, that are not observed in
equivalent KPC-2 complexes (Fig. 4e and f). These hydrogen
bonds result in lower B'-factors for residues in the «2-p4 loop,

Chem. Sci., 2024, 15, 1723217244 | 17239
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Fig.4 Crystal structures of the KPC-28°P mutant compared with KPC-2. (a) Active sites of uncomplexed (apo) KPC-28°P (magenta, this work)
and KPC-2 (PDB ID 5UL8,%2 blue). Residues implicated in catalysis are shown as sticks, and the deacylating water molecule (DW) as a red sphere.
(b) a2-B4 loops of KPC-2%8°P (magenta) and KPC-2. The additional hydrogen bond between D89 and Q86 in the KPC-2%8°P structure is
highlighted (black, dashed line). (c) Active site of the KPC-258°P/EL86Q - meropenem acyl-enzyme (side chain carbon atoms in grey, A2 tautomer
in cyan and A1-(2R) in green, Fig. S15-S177). Hydrogen bonds between the enzyme and meropenem are shown (black, dashed lines). (d) Active
site of the KPC-2C89P/ELe6Q - iminenem acyl-enzyme (side chain carbon atoms tan, A1-(2R) tautomer in red and A1-(2S) tautomer in pink,
Fig. S14-S171). Hydrogen bonds are those observed in the KPC-2C89P/E166Q - maropenem complex (distances between atoms differ, Fig. S16+).
Note multiple conformations of GIn166 in both KPC-2G89P/EL66Q . carpapenem complexes, in particular the ‘out’ conformation of GIn166 in the

KPC- 2689D/E166C} .

imipenem acyl-enzyme. (e) Architecture of the a2-p4 loop in KPC-

2GBID/EISOQ : maropenem acyl-enzyme complex (grey)

and the KPC-2G89P/EL66Q - iminenem acyl-enzyme complex (tan). (f) «2—B4 loop in the KPC-2C89P/EL86Q : meropenem derived acyl-enzyme

complex (grey) and the KPC-2G89D/EL66Q .

which, combined with the observed instability/high mobility of
the Q-loop, is consistent with the observed inverse correlation
between the two loops (ESI Note 2 and Fig. S217).

A water molecule is positioned for deacylation in both crystal
structures of carbapenem-derived acyl-enzyme complexes of
KPC-2689P/E166Q (| Fig, 1 and 4c, d). This deacylating water
molecule (DW) is required to resolve the covalent complex
formed between antibiotics and class A B-lactamases.®*”:¢7:%%
Appropriate positioning and orientation of the DW, e.g. through
interaction with the side chains of residues 166 and 170 (Fig. 4

17240 | Chem. Sci, 2024, 15, 17232-17244

imipenem derived acyl-enzyme complex (tan) and KPC-2 : meropenem (PDB 8AKL, blue).*”

and S16t) promotes turnover of f-lactam acyl-enzymes.**”® The
high resolution of the acyl-enzyme complexes presented here
allows for refinement of occupancies, including for active site
water molecules. While the meropenem-derived KPC-29%"/
E166Q acyl-enzyme complex contains a water molecule in the
DW position, it is refined at low occupancy (0.58) compared to
the structure of the parent KPC-25'°®?: meropenem at similar
resolution (occupancy 1.00, PDB 8AKL*). In contrast, in the
imipenem-derived KPC-29%°P/F166Q acyl_enzyme complex (a
substrate for which, compared to meropenem, KPC-29%" has

© 2024 The Author(s). Published by the Royal Society of Chemistry
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an increased catalytic rate (Table 1)), the DW could be refined at
full occupancy (1.00) with a lower B-factor (Table S31). However,
the existence of multiple conformations of Glu166 indicates
that stable hydrogen bonding between this residue and DW
only occurs in a fraction of the imipenem derived acyl-enzyme
population. Thus, increased flexibility of the Q-loop in acyl-
enzymes of KPC-2°%°" can reduce the stability/occupancy of
DW, or reduce stable interactions with Glu166, consequently
impairing deacylation.

We also determined the crystal structure of the covalent
complex of KPC-29%°" with the DBO inhibitor avibactam.
Consistent with previous studies of DBO inhibitors, bound
avibactam is observed as a mixture of the sulphated and
desulphated forms (Fig. S22-S24+).**7* Structural comparisons
showed the orientations of bound avibactam, and its interac-
tions with the KPC-29%°P active site, to be near-identical to those
observed in the wild-type structure, consistent with the minimal
difference in ICs, values (Fig. S231). These data highlight the
selective impact of the G89D substitution on activity of KPC-2
towards substrates/inhibitors, further strengthening the
conclusion that networks identified by D-NEMD contribute to
specificity as well as overall catalytic activity.

Conclusion

Here, we combine simulations and experiments to identify
functionally important differences in the dynamics of B-lacta-
mase enzymes. Simulations indicate sites of distal mutations
likely to affect activity, with this prediction validated by exper-
iment. In our initial investigations, D-NEMD simulations
identify communication networks that differ between SHV
variants. The extended-spectrum SHV-2 variant, with efficient
activity against the broadest range of substrates, shows the
greatest per-residue deviations. The precise architecture of
intramolecular networks may reflect differences in the activity
spectrum of the enzyme variants against specific substrates, as
evidenced by differences in per-residue deviations between the
SHV-1 and SHV-38 variants, which differ in activity towards
carbapenems. Second, the communication networks identified
by D-NEMD identify regions in p-lactamase enzymes that affect
activity, in particular residues remote from the enzyme active
site. Simulations of KPC-2 identified the «2-B4 loop as
a participant in an allosteric network that connects distal
regions of the protein to the active site. Thus, using the D-
NEMD approach we predicted that mutation in this region
may modulate enzymatic activity. Experimental character-
isation of the (previously unstudied) KPC29%°" variant
substantiates this conclusion and supports the importance of
intramolecular communication networks to activity:** we show
that this mutation selectively changes activity towards specific
B-lactams, in particular reducing carbapenem hydrolysis. Our
identification of the a2-p4 loop as part of a dynamic network in
KPC-2, extending the findings of our previous study applying D-
NEMD to study removal of an allosteric ligand from KPC-2,*
and our subsequent experimental validation of the prediction
that mutations in this region modulate KPC-2 activity, then
implies the possibility that this might present a binding site for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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novel inhibitors of class A B-lactamases. Of note, previous
studies have reported crystal structures of class A B-lactamases
with ligands bound at a site that includes the «2-B4 loop,
supporting the potential of this region as a druggable site at
which to target class A p-lactamases.>*”

The data presented here demonstrate that the D-NEMD
technique can identify distal positions that affect turnover of
specific B-lactams by class A B-lactamases. Such information
may help to predict possible regions where point mutations,
that modulate the spectrum of activity of KPC-2 and related
enzymes, may occur. This significantly extends previous
evidence that identified networks linking a putative allosteri-
cally binding ligand to the TEM-1 and KPC-2 active sites,*
indicating that these networks module catalytic activity of the
respective enzymes. This knowledge should also guide antibi-
otic and inhibitor drug development aimed at pre-empting and
overcoming resistance, potentially by targeting regions that
form significant nodes in intramolecular communication
networks with allosteric inhibitors. The D-NEMD approach
should be a valuable tool to identify dynamic intramolecular
interactions that affect protein structure and function, and is
likely to find application in areas including drug discovery,
rational enzyme and de novo protein design.

Data availability

All raw MD simulations data (including equilibrium and non-
equilibrium simulations) will be made freely available at the
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data.bris.ac.uk/). Analysis scripts will be made available upon
request.

Author contributions

MB, ASFO, JS and AJM conceived the experiments. MB per-
formed all simulations and wet-lab experiments. ASFO provided
supervision for the simulations and aided in data interpreta-
tion. CLT provided supervision in site directed mutagenesis,
protein purification and crystal trials and contributed to data
interpretation. PH contributed to data interpretation and
supervision of wet lab experiments. YTAL assisted in site-
directed mutagenesis, protein purification, crystal trials, and
steady-state kinetics experiments as part of an undergraduate
research project. BB performed the ‘null perturbation’ simula-
tions on KPC-2. MB wrote the manuscript with input and edits
from ASFO, CLT, PH, JS and AJM.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

MB was supported by the BBSRC-funded South West Biosci-
ences Doctoral Training Partnership [BB/T008741/10]. ASFO
thanks the Biotechnology and Biological Sciences Research
Council for support through BBSRC grants BB/W003449/1 and

Chem. Sci., 2024, 15, 1723217244 | 17241


https://data.bris.ac.uk/
https://data.bris.ac.uk/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc03295k

Open Access Article. Published on 30 September 2024. Downloaded on 6/23/2026 4:18:47 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

BB/X009831/1. 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. The authors
thank Marc W. van der Kamp for discussion about the work and
providing feedback. All simulations were conducted using the
facilities of the Advanced Computing Research Centre at the
University of Bristol (https://www.bris.ac.uk/acrc/). The authors
thank the Diamond Light Source (beamline 103, proposals
23269 and 31440) and the beamline scientists for their service
that enabled the X-ray diffraction data presented here to be
collected. The authors would like to thank Prof. Shozeb Haider
for useful discussions on the manuscript and suggesting the
inclusion of ref. 72.

References

1 C.J. L. Murray, K. S. Ikuta, F. Sharara, et al., Global burden of
bacterial antimicrobial resistance in 2019: a systematic
analysis, Lancet, 2022, 399, 629-655, DOI: 10.1016/S0140-
6736(21)02724-0.

2 D. M. Livermore and N. Woodford, The beta-lactamase
threat in  Enterobacteriaceae, = Pseudomonas and
Acinetobacter, Trends Microbiol., 2006, 14, 413-420, DOI:
10.1016/j.tim.2006.07.008.

3 C. L. Tooke, P. Hinchliffe, E. C. Bragginton, et al, B-
Lactamases and f-Lactamase Inhibitors in the 21st
Century, J. Mol. Biol., 2019, 431, 3472-3500, DOI: 10.1016/
j.jmb.2019.04.002.

4 W. Eiamphungporn, N. Schaduangrat, A. A. Malik, et al,
Tackling the Antibiotic Resistance Caused by Class A B-
Lactamases through the Use of B-Lactamase Inhibitory
Protein, Int. J. Mol Sci.,, 2018, 19, 2222, DOI: 10.3390/
ijmsl9082222.

5 T. Palzkill, Structural and Mechanistic Basis for Extended-
Spectrum Drug-Resistance Mutations in Altering the
Specificity of TEM, CTX-M, and KPC B-lactamases, Front.
Mol. Biosci., 2018, 5, 1-19, DOI: 10.3389/fmolb.2018.00016.

6 E. I. Chudyk, M. Beer, M. A. L. Limb, et al, QM/MM
Simulations Reveal the Determinants of Carbapenemase
Activity in Class A B-Lactamases, ACS Infect. Dis., 2022, 8,
1521-1532, DOIL: 10.1021/acsinfecdis.2c00152.

7 X. Wang, X. Zhang, C. Peng, et al, D3DistalMutation:
a Database to Explore the Effect of Distal Mutations on
Enzyme Activity, J. Chem. Inf. Model., 2021, 61, 2499-2508,
DOL: 10.1021/acs.jcim.1c00318.

8 S. Osuna, The challenge of predicting distal active site
mutations in computational enzyme design, Wiley
Interdiscip. Rev.: Comput. Mol. Sci., 2021, 11, e1502, DOI:
10.1002/wems.1502.

9 B. E. Eckenroth, J. B. Towle-Weicksel, A. A. Nemec, et al,
Remote Mutations Induce Functional Changes in Active
Site Residues of Human DNA Polymerase B, Biochemistry,
2017, 56, 2363-2371, DOIL: 10.1021/acs.biochem.6b01287.

17242 | Chem. Sci, 2024, 15, 17232-17244

View Article Online

Edge Article

10 H. Ohtaka, A. Schon and E. Freire, Multidrug Resistance to
HIV-1 Protease Inhibition Requires Cooperative Coupling
between Distal Mutations, Biochemistry, 2003, 42, 13659-
13666, DOI: 10.1021/bi0350405.

11 F. Liu, P. I. Boross, Y.-F. Wang, et al., Kinetic, Stability, and
Structural Changes in High-resolution Crystal Structures of
HIV-1 Protease with Drug-resistant Mutations L24I, I50V,
and G73S, J. Mol. Biol., 2005, 354, 789-800, DOIL: 10.1016/
j.jmb.2005.09.095.

12 S. Tyukhtenko, G. Rajarshi, I. Karageorgos, et al., Effects of
Distal Mutations on the Structure, Dynamics and Catalysis
of Human Monoacylglycerol Lipase, Sci. Rep., 2018, 8,
1719, DOI: 10.1038/s41598-017-19135-7.

13 A. Romero-Rivera, M. Garcia-Borras and S. Osuna, Role of
Conformational Dynamics in the Evolution of Retro-
Aldolase Activity, ACS Catal., 2017, 7, 8524-8532, DOI:
10.1021/acscatal.7b02954.

14 N. Wu, S. N. Yaliraki and M. Barahona, Prediction of Protein
Allosteric Signalling Pathways and Functional Residues
Through Paths of Optimised Propensity, J. Mol. Biol., 2022,
434, 167749, DOI: 10.1016/j.jmb.2022.167749.

15 J. Wang, A. Jain, L. R. McDonald, et al., Mapping allosteric
communications within individual proteins, Nat. Commun.,
2020, 11, 3862, DOI: 10.1038/s41467-020-17618-2.

16 G. Ciccotti and M. Ferrario, Non-equilibrium by molecular
dynamics: a dynamical approach, Mol Simul., 2016, 42,
1385-1400, DOI: 10.1080/08927022.2015.1121543.

17 G. Ciccotti, G. Jacucci and I. R. McDonald, “Thought-
experiments” by molecular dynamics, J. Stat. Phys., 1979,
21, 1-22, DOI: 10.1007/BF01011477.

18 A. S. F. Oliveira, G. Ciccotti, S. Haider, et al., Dynamical
nonequilibrium molecular dynamics reveals the structural
basis for allostery and signal propagation in biomolecular
systems, Eur. Phys. J. B, 2021, 94, 144, DOI: 10.1140/epjb/
$10051-021-00157-0.

19 G. Cottone, G. Lattanzi, G. Ciccotti, et al., Multiphoton
Absorption of Myoglobin-Nitric Oxide Complex: Relaxation
by D-NEMD of a Stationary State, J. Phys. Chem. B, 2012,
116, 3397-3410, DOI: 10.1021/jp212148x.

20 H. T. H. Chan, A. S. F. Oliveira, C. J. Schofield, et al,
Dynamical Nonequilibrium Molecular Dynamics
Simulations Identify Allosteric Sites and Positions
Associated with Drug Resistance in the SARS-CoV-2 Main
Protease, JACS Au, 2023, 3, 1767-1774, DOIL 10.1021/
jacsau.3c00185.

21 M. Castelli, F. Marchetti, S. Osuna, et al., Decrypting
Allostery  in ~ Membrane-Bound K-Ras4B  Using
Complementary In Silico Approaches Based on Unbiased
Molecular Dynamics Simulations, J. Am. Chem. Soc., 2024,
146, 901-919, DOI: 10.1021/jacs.3¢11396.

22 B. Kamsri, P. Kamsri, A. Punkvang, et al., Signal Propagation
in the ATPase Domain of Mycobacterium tuberculosis DNA
Gyrase from  Dynamical-Nonequilibrium  Molecular
Dynamics Simulations, Biochemistry, 2024, 63, 1493-1504,
DOI: 10.1021/acs.biochem.4¢00161.

23 I. Galdadas, S. Qu, A. S. F. Oliveira, et al., Allosteric
communication in class A B-lactamases occurs via

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://www.bris.ac.uk/acrc/
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1016/j.tim.2006.07.008
https://doi.org/10.1016/j.jmb.2019.04.002
https://doi.org/10.1016/j.jmb.2019.04.002
https://doi.org/10.3390/ijms19082222
https://doi.org/10.3390/ijms19082222
https://doi.org/10.3389/fmolb.2018.00016
https://doi.org/10.1021/acsinfecdis.2c00152
https://doi.org/10.1021/acs.jcim.1c00318
https://doi.org/10.1002/wcms.1502
https://doi.org/10.1021/acs.biochem.6b01287
https://doi.org/10.1021/bi0350405
https://doi.org/10.1016/j.jmb.2005.09.095
https://doi.org/10.1016/j.jmb.2005.09.095
https://doi.org/10.1038/s41598-017-19135-7
https://doi.org/10.1021/acscatal.7b02954
https://doi.org/10.1016/j.jmb.2022.167749
https://doi.org/10.1038/s41467-020-17618-2
https://doi.org/10.1080/08927022.2015.1121543
https://doi.org/10.1007/BF01011477
https://doi.org/10.1140/epjb/s10051-021-00157-0
https://doi.org/10.1140/epjb/s10051-021-00157-0
https://doi.org/10.1021/jp212148x
https://doi.org/10.1021/jacsau.3c00185
https://doi.org/10.1021/jacsau.3c00185
https://doi.org/10.1021/jacs.3c11396
https://doi.org/10.1021/acs.biochem.4c00161
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc03295k

Open Access Article. Published on 30 September 2024. Downloaded on 6/23/2026 4:18:47 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

cooperative coupling of loop dynamics, eLife, 2021, 10,
€66567, DOI: 10.7554/eLife.66567.

24 E. A. Rodkey, S. M. Drawz, J. M. Sampson, et al., Crystal
Structure of a Preacylation Complex of the B-Lactamase
Inhibitor Sulbactam Bound to a Sulfenamide Bond-
Containing Thiol-B-lactamase, J. Am. Chem. Soc., 2012, 134,
16798-16804, DOI: 10.1021/ja3073676.

25 A. P. Kuzin, M. Nukaga, Y. Nukaga, et al., Structure of the
SHV-1 B-Lactamase, Biochemistry, 1999, 38, 5720-5727,
DOLI: 10.1021/bi990136d.

26 M. Mirdita, K. Schiitze, Y. Moriwaki, et al, ColabFold:
making protein folding accessible to all, Nat. Methods,
2022, 19, 679-682, DOI: 10.1038/s41592-022-01488-1.

27 M. H. M. Olsson, C. R. Sendergaard, M. Rostkowski, et al.,
PROPKA3: Consistent Treatment of Internal and Surface
Residues in Empirical pKa Predictions, J. Chem. Theory
Comput., 2011, 7, 525-537, DOI: 10.1021/ct100578z.

28 O. A. Pemberton, P. Jaishankar, A. Akhtar, et al., Heteroaryl
Phosphonates as Noncovalent Inhibitors of Both Serine-
and Metallocarbapenemases, J. Med. Chem., 2019, 62,
8480-8496, DOI: 10.1021/acs.jmedchem.9b00728.

29 P. Emsley, B. Lohkamp, W. G. Scott, et al., Features and
development of Coot, Acta Crystallogr., Sect. D: Biol.
Crystallogr., 2010, 66, 486-501, DOI:  10.1107/
$0907444910007493.

30 P. Bauer, B. Hess and E. Lindahl, GROMACS 2019.1 Source
Code. 2019.1 ed.: Zenodo, 2019.

31 C. Tian, K. Kasavajhala, K. A. A. Belfon, et al., ff19SB: Amino-
Acid-Specific Protein Backbone Parameters Trained against
Quantum Mechanics Energy Surfaces in Solution, J. Chem.
Theory Comput., 2020, 16, 528-552, DOIL 10.1021/
acs.jctc.9b00591.

32 J. Wang, R. M. Wolf, J. W. Caldwell, et al., Development and
testing of a general amber force field, J. Comput. Chem., 2004,
25, 1157-1174, DOI: 10.1002/jcc.20035.

33 A. W. Sousa da Silva and W. F. Vranken, ACPYPE -
AnteChamber PYthon Parser interfacE, BMC Res. Notes,
2012, 5, 367, DOI: 10.1186/1756-0500-5-367.

34 E. Vanquelef, S. Simon, G. Marquant, et al., 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 Res., 2011, 39, W511-
W517, DOI: 10.1093/nar/gkr288.

35 W. Jorgensen, J. Chandrasekhar, J. Madura, R. W. Impey and
M. L. Klein, J. Chem. Phys., 1983, 79, 926.

36 H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren,
et al.,, Molecular dynamics with coupling to an external
bath, J. Chem. Phys., 1984, 81, 3684-3690, DOI: 10.1063/
1.448118.

37 M. Parrinello and A. Rahman, Polymorphic transitions in
single crystals: A new molecular dynamics method, J. Appl.
Phys., 1981, 52, 7182-7190, DOI: 10.1063/1.328693.

38 Y. Benjamini and Y. Hochberg, Controlling the False
Discovery Rate: A Practical and Powerful Approach to
Multiple Testing, J. Roy. Stat. Soc. B, 1995, 57, 289-300.

39 C. L. Tooke, P. Hinchliffe, R. A. Bonomo, et al., Natural
variants modify Klebsiella pneumoniae carbapenemase

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

(KPC) acyl-enzyme conformational dynamics to extend
antibiotic resistance, J. Biol. Chem., 2021, 296, 100126,
DOL: 10.1074/jbc.RA120.016461.

40 C. L. Tooke, P. Hinchliffe, P. A. Lang, et al., Molecular Basis
of Class A [-Lactamase Inhibition by Relebactam,
Antimicrob. Agents Chemother., 2019, 63, 20190923, DOI:
10.1128/aac.00564-19.

41 C. Cantu III and T. Palzkill, The Role of Residue 238 of TEM-
1 PB-Lactamase in the Hydrolysis of Extended-spectrum
Antibiotics, J. Biol. Chem., 1998, 273, 26603-26609, DOI:
10.1074/jbc.273.41.26603.

42 A. M. Queenan, W. Shang, R. Flamm, et al., Hydrolysis and
inhibition profiles of beta-lactamases from molecular
classes A to D with doripenem, imipenem, and
meropenem, Antimicrob. Agents Chemother., 2010, 54, 565-
569, DOI: 10.1128/AAC.01004-09.

43 G. H. Hutchins, C. E. Noble, A. Bunzel, et al., An expandable,
modular de novo protein platform for precision redox
engineering, Proc. Natl Acad. Sci. U. S. A., 2023, 120,
€2306046120, DOI: 10.1073/pnas.2306046120.

44 G. Winter, D. G. Waterman, J. M. Parkhurst, et al., DIALS:
implementation and evaluation of a new integration
package, Acta Crystallogr., Sect. D: Struct. Biol., 2018, 74,
85-97, DOI: 10.1107/52059798317017235.

45 G. Winter, xia2: an expert system for macromolecular
crystallography data reduction, J. Appl. Crystallogr., 2010,
43, 186-190, DOI: 10.1107/S0021889809045701.

46 P. D. Adams, P. V. Afonine, G. Bunkoczi, et al., PHENIX:
a comprehensive Python-based system for macromolecular

structure solution, Acta Crystallogr.,, Sect. D: Biol
Crystallogr., 2010, 66, 213-221, DOIL  10.1107/
$0907444909052925.

47 C. L. Tooke, P. Hinchliffe, M. Beer, et al., 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, 7166-7180, DOI:
10.1021/jacs.2¢12123.

48 A. Liakopoulos, D. Mevius and D. Ceccarelli, A Review of SHV
Extended-Spectrum B-Lactamases: Neglected Yet
Ubiquitous, Front. Microbiol., 2016, 7, 1-27, DOIL: 10.3389/
fmicb.2016.01374.

49 Community pharmacy quality scheme 2020-22: findings and
recommendations from the antimicrobial stewardship
initiatives, Report no. PRN00052, 03/01/2023, 2023.

50 T. Naas, S. Oueslati, R. A. Bonnin, et al, Beta-lactamase
database (BLDB) - structure and function, J. Enzyme Inhib.
Med. Chem., 2017, 32, 917-919, DOIL  10.1080/
14756366.2017.1344235.

51 M. Nukaga, K. Mayama, A. M. Hujer, et al, Ultrahigh
resolution structure of a class A beta-lactamase: on the
mechanism and specificity of the extended-spectrum SHV-
2 enzyme, J. Mol. Biol., 2003, 328, 289-301, DOI: 10.1016/
$0022-2836(03)00210-9.

52 K. M. Papp-Wallace, A. Endimiani, M. A. Taracila, et al.,
Carbapenems: past, present, and future, Antimicrob. Agents
Chemother., 2011, 55, 4943-4960, DOI: 10.1128/aac.00296-
11.

Chem. Sci., 2024, 15, 1723217244 | 17243


https://doi.org/10.7554/eLife.66567
https://doi.org/10.1021/ja3073676
https://doi.org/10.1021/bi990136d
https://doi.org/10.1038/s41592-022-01488-1
https://doi.org/10.1021/ct100578z
https://doi.org/10.1021/acs.jmedchem.9b00728
https://doi.org/10.1107/s0907444910007493
https://doi.org/10.1107/s0907444910007493
https://doi.org/10.1021/acs.jctc.9b00591
https://doi.org/10.1021/acs.jctc.9b00591
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1186/1756-0500-5-367
https://doi.org/10.1093/nar/gkr288
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.328693
https://doi.org/10.1074/jbc.RA120.016461
https://doi.org/10.1128/aac.00564-19
https://doi.org/10.1074/jbc.273.41.26603
https://doi.org/10.1128/AAC.01004-09
https://doi.org/10.1073/pnas.2306046120
https://doi.org/10.1107/S2059798317017235
https://doi.org/10.1107/S0021889809045701
https://doi.org/10.1107/S0907444909052925
https://doi.org/10.1107/S0907444909052925
https://doi.org/10.1021/jacs.2c12123
https://doi.org/10.3389/fmicb.2016.01374
https://doi.org/10.3389/fmicb.2016.01374
https://doi.org/10.1080/14756366.2017.1344235
https://doi.org/10.1080/14756366.2017.1344235
https://doi.org/10.1016/s0022-2836(03)00210-9
https://doi.org/10.1016/s0022-2836(03)00210-9
https://doi.org/10.1128/aac.00296-11
https://doi.org/10.1128/aac.00296-11
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc03295k

Open Access Article. Published on 30 September 2024. Downloaded on 6/23/2026 4:18:47 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

53 W.Ke, C. R. Bethel, J. M. Thomson, et al., Crystal structure of
KPC-2: insights into carbapenemase activity in class A beta-
lactamases, Biochemistry, 2007, 46, 5732-5740, DOI: 10.1021/
bi700300u.

54 F. Lenfant, R. Labia and J. M. Masson, Replacement of lysine
234 affects transition state stabilization in the active site of
beta-lactamase TEM1, J. Biol. Chem., 1991, 266, 17187-
17194.

55 L. M. Ellerby, W. A. Escobar, A. L. Fink, et al., The role of
lysine-234 in beta-lactamase catalysis probed by site-
directed mutagenesis, Biochemistry, 1990, 29, 5797-5806,
DOI: 10.1021/bi00476a022.

56 S. C. Mehta, K. Rice and T. Palzkill, Natural Variants of the
KPC-2 Carbapenemase have Evolved Increased Catalytic
Efficiency for Ceftazidime Hydrolysis at the Cost of
Enzyme Stability, PLoS Pathog., 2015, 11, €1004949, DOIL:
10.1371/journal.ppat.1004949.

57 C. Frohlich, H. A. Bunzel, K. Buda, et al, Epistasis arises
from shifting the rate-limiting step during enzyme
evolution of a B-lactamase, Nat. Catal., 2024, 7, 499-509,
DOI: 10.1038/s41929-024-01117-4.

58 M. D. Barnes, M. L. Winkler, M. A. Taracila, et al., Klebsiella
pneumoniae Carbapenemase-2 (KPC-2), Substitutions at
Ambler Position Asp179, and Resistance to Ceftazidime-
Avibactam: Unique Antibiotic-Resistant = Phenotypes
Emerge from f-Lactamase Protein Engineering, mBio,
2017, 8, 20171031, DOI: 10.1128/mBi0.00528-17.

59 R. A. Fritz, J. H. Alzate-Morales, ]J. Spencer, et al., Multiscale
Simulations of Clavulanate Inhibition Identify the Reactive
Complex in Class A B-Lactamases and Predict the
Efficiency of Inhibition, Biochemistry, 2018, 57, 3560-3563,
DOI: 10.1021/acs.biochem.8b00480.

60 J. Findlay, L. Poirel, M. Juhas, et al, KPC-Mediated
Resistance to Ceftazidime-Avibactam and Collateral Effects
in Klebsiella pneumoniae, Antimicrob. Agents Chemother.,
2021, 65, €0089021, DOI: 10.1128/aac.00890-21.

61 J. C. Vazquez-Ucha, J. Arca-Suarez, G. Bou, et al., New
Carbapenemase Inhibitors: Clearing the Way for the f-
Lactams, Int. J. Mol. Sci., 2020, 21, 9308, DOI: 10.3390/
ijms21239308.

62 O. A. Pemberton, X. Zhang and Y. Chen, Molecular Basis of
Substrate Recognition and Product Release by the Klebsiella
pneumoniae Carbapenemase (KPC-2), J. Med. Chem., 2017,
60, 3525-3530, DOI: 10.1021/acs.jmedchem.7b00158.

17244 | Chem. Sci,, 2024, 15, 17232-17244

View Article Online

Edge Article

63 M. Kalp and P. R. Carey, Carbapenems and SHV-1 beta-
lactamase form different acyl-enzyme populations in
crystals and solution, Biochemistry, 2008, 47, 11830-11837,
DOI: 10.1021/bi800833u.

64 A. Lucic, P. Hinchliffe, T. R. Malla, et al., Faropenem reacts
with serine and metallo-f-lactamases to give multiple
products, Eur. J. Med. Chem., 2021, 215, 113257, DOIL:
10.1016/j.ejmech.2021.113257.

65 D. Shcherbinin, A. Veselovsky, M. Rubtsova, et al., The
impact of long-distance mutations on the Q-loop
conformation in TEM type B-lactamases, J. Biomol. Struct.
Dyn., 2020, 38,  2369-2376, DOL  10.1080/
07391102.2019.1634642.

66 H. Yi, J. M. Choi, ]J. Hwang, et al., High adaptability of the
omega loop underlies the substrate-spectrum-extension
evolution of a class A B-lactamase, PenL, Sci. Rep., 2016, 6,
36527, DOI: 10.1038/srep36527.

67 E. 1. Chudyk, M. A. Limb, C. Jones, et al, QM/MM
simulations as an assay for carbapenemase activity in class
a beta-lactamases, Chem. Commun., 2014, 50, 14736-14739.

68 V. H. A. Hirvonen, K. Hammond, E. I. Chudyk, et al., An
Efficient Computational Assay for B-Lactam Antibiotic
Breakdown by Class A B-Lactamases, J. Chem. Inf. Model.,
2019, 59, 3365-3369, DOI: 10.1021/acs.jcim.9b00442.

69 Y. He, J. Lei, X. Pan, et al., The hydrolytic water molecule of
Class A B-lactamase relies on the acyl-enzyme intermediate
ES* for proper coordination and catalysis, Sci. Rep., 2020,
10, 1-13, DOI: 10.1038/541598-020-66431-w.

70 F. Fonseca, E. I. Chudyk, M. W. van der Kamp, et al., The
Basis for Carbapenem Hydrolysis by Class A B-Lactamases:
A Combined Investigation using Crystallography and
Simulations, J. Am. Chem. Soc., 2012, 134, 18275-18285,
DOI: 10.1021/j2304460j.

71 N. P. Krishnan, N. Q. Nguyen, K. M. Papp-Wallace, et al.,
Inhibition of Klebsiella B-Lactamases (SHV-1 and KPC-2)
by Avibactam: A Structural Study, PLoS One, 2015, 10,
€0136813, DOI: 10.1371/journal.pone.0136813.

72 K. M. Papp-Wallace, M. A. Taracila, J. A. Gatta, et al., Insights
into B-Lactamases from Burkholderia Species, Two
Phylogenetically  Related yet Distinct Resistance
Determinants, J. Biol. Chem., 2013, 288, 19090-19102, DOTI:
10.1074/jbc.M113.458315.

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1021/bi700300u
https://doi.org/10.1021/bi700300u
https://doi.org/10.1021/bi00476a022
https://doi.org/10.1371/journal.ppat.1004949
https://doi.org/10.1038/s41929-024-01117-4
https://doi.org/10.1128/mBio.00528-17
https://doi.org/10.1021/acs.biochem.8b00480
https://doi.org/10.1128/aac.00890-21
https://doi.org/10.3390/ijms21239308
https://doi.org/10.3390/ijms21239308
https://doi.org/10.1021/acs.jmedchem.7b00158
https://doi.org/10.1021/bi800833u
https://doi.org/10.1016/j.ejmech.2021.113257
https://doi.org/10.1080/07391102.2019.1634642
https://doi.org/10.1080/07391102.2019.1634642
https://doi.org/10.1038/srep36527
https://doi.org/10.1021/acs.jcim.9b00442
https://doi.org/10.1038/s41598-020-66431-w
https://doi.org/10.1021/ja304460j
https://doi.org/10.1371/journal.pone.0136813
https://doi.org/10.1074/jbc.M113.458315
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc03295k

	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k
	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k
	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k
	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k
	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k
	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k
	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k
	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k
	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k
	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k
	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k

	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k
	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k
	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k

	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k
	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k
	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k
	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k
	Dynamical responses predict a distal site that modulates activity in an antibiotic resistance enzymeElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc03295k


