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13C-Carbamylation as a mechanistic probe for the
inhibition of class D p-lactamases by avibactam
and halide ions¥}

Christopher T. Lohans, 2@ David Y. Wang,? Christian Jorgensen, &
Samuel T. Cahill, ©2 lan J. Clifton, &2 Michael A. McDonough, €22 Henry P. Oswin,
James Spencer,© Carmen Domene,*® Timothy D. W. Claridge, €2 Jirgen Brem*?
and Christopher J. Schofield (& *?

C

The class D (OXA) serine p-lactamases are a major cause of resistance to -lactam antibiotics. The class D
enzymes are unique amongst f-lactamases because they have a carbamylated lysine that acts as a
general acid/base in catalysis. Previous crystallographic studies led to the proposal that p-lactamase
inhibitor avibactam targets OXA enzymes in part by promoting decarbamylation. Similarly, halide ions are
proposed to inhibit OXA enzymes via decarbamylation. NMR analyses, in which the carbamylated lysines
of OXA-10, -23 and -48 were **C-labelled, indicate that reaction with avibactam does not ablate lysine
carbamylation in solution. While halide ions did not decarbamylate the **C-labelled OXA enzymes in the
absence of substrate or inhibitor, avibactam-treated OXA enzymes were susceptible to decarbamylation
mediated by halide ions, suggesting halide ions may inhibit OXA enzymes by promoting decarbamylation of
acyl-enzyme complex. Crystal structures of the OXA-10 avibactam complex were obtained with
bromide, iodide, and sodium ions bound between Trp-154 and Lys-70. Structures were also obtained
wherein bromide and iodide ions occupy the position expected for the ‘hydrolytic water’ molecule. In con-
trast with some solution studies, Lys-70 was decarbamylated in these structures. These results reveal clear
differences between crystallographic and solution studies on the interaction of class D B-lactamases with
avibactam and halides, and demonstrate the utility of **C-NMR for studying lysine carbamylation in solution.

The class D serine f-lactamases have proliferated exten-
sively, and represent the largest f-lactamase class with >400

The development of antibiotic resistance in bacteria represents a
major threat to human health. The f-lactamases enable resis-
tance to p-lactam antibiotics (e.g., penicillins, cephalosporins,
and carbapenems) by catalyzing p-lactam hydrolysis."?
f-Lactamases are organized into four classes based on sequence
homology, structure, and enzyme mechanism.> The serine
f-lactamases (SBLs; classes A, C, and D) employ a mechanism
involving a nucleophilic serine residue, whilst the metallo-
f-lactamases (MBLs; class B) use one or two active site zinc ions
to activate f-lactam substrates and water to enable hydrolysis.

“Department of Chemistry, University of Oxford, Oxford, OX1 3TA, UK.

E-mail: christopher.schofield@chem.ox.ac.uk, jurgen.brem@chem.ox.ac.uk;

Fax: +44 (0)1865 285002; Tel: +44 (0)1865 275625

bDepartment of Chemistry, King’s College London, London, SE1 1DB, UK

“School of Cellular and Molecular Medicine, University of Bristol, Bristol, BS8 1TD,
UK

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
c70b01514c¢

6024 | Org. Biomol. Chem., 2017, 15, 6024-6032

variants described.”” Some OXA variants impart resistance to
late generation p-lactam antibiotics, including carbapenems.®
OXA enzymes are associated with clinically relevant Gram-
negative bacteria,’ and the production of OXA enzymes by
Gram-positive bacteria has been recently described.’

The first crystal structure of OXA-10 revealed a similar
overall fold to class A and C f-lactamases;’ a subsequent
OXA-10 structure showed that Lys-70 was carbamylated.®® Lys-
70 is located in a hydrophobic pocket, which is proposed to
lower the pK, of the protonated lysine e-amino group.'’
OXA-10 lysine carbamylation is stabilised by hydrogen bonds
between the carbamyl group and the nucleophilic serine
(Ser-67), the side chain of Trp-154, and a water molecule.® In
addition to their use of a carbamate in catalysis, OXA enzymes
are unusual in that they are inhibited by halide ions."*

Carbamylated Lys-70 acts as a general acid/base in the two-
step mechanism by which OXA enzymes catalyze f-lactam
hydrolysis (Fig. 1)."° In the acylation step, the nucleophilic
serine reacts with the substrate f-lactam, leading to formation
of an acyl-enzyme intermediate (Fig. 1A). Nucleophilic attack

This journal is © The Royal Society of Chemistry 2017
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of water onto the acylated serine residue then produces the
hydrolyzed p-lactam (Fig. 1B). The carbamylated lysine of the
OXA enzymes is proposed to be involved in both steps, de-
protonating the nucleophilic serine and the ‘hydrolytic’ water.'?

B-Lactamase inhibitors are used clinically to preserve and
extend the utility of p-lactam antibiotics. The recently approved
p-lactamase inhibitor avibactam has a diazabicyclooctane core,
unlike previous generations of inhibitors which contain a
B-lactam ring (Fig. S17).">*® Avibactam prevents substrate
hydrolysis by acylating the nucleophilic serine (Fig. 1C), and is
released from the enzyme either by irreversible hydrolysis or
reversible  reformation of avibactam (Fig. S2%)."*'°
Importantly, the hydrolysis of avibactam by OXA enzymes is
disfavoured."” Crystallographic analyses have led to the propo-
sal that OXA-bound avibactam disfavours carbamylation, ratio-
nalising its disfavoured hydrolysis.'®

Protein carbamylation may be characterised in solution
using NMR spectroscopy. As lysine carbamylation is reversible,
the carbamylated residue can be site-specifically labelled using
3C-labelled bicarbonate.'®'*° Efficient '*C incorporation can
be achieved by dialysing the OXA enzyme against a low pH
buffer (to effect decarbamylation), then dialysing against a
higher pH buffer containing NaH"*CO;."%*" Despite the poten-
tial utility of a selectively introduced NMR active nucleus in
the OXA active site, this approach has been little used in
mechanistic and inhibition studies.’

During ongoing investigations into the interactions of avi-
bactam with the different classes of p-lactamases,'>>* we devel-
oped an assay for screening OXA enzyme inhibitors.*®> While
previous work suggests that carbamylation promotes deacyl-
ation of the OXA : avibactam complex,'” we found that the inhi-
bition of OXA-23 and OXA-48 by avibactam is largely independent
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of the concentration of added sodium bicarbonate. However, as
indicated above, crystallographic studies have led to the proposal
that reaction with avibactam causes decarbamylation of OXA
enzymes and so contributes to the extent of inhibition."®>*

To clarify the role of lysine carbamylation in avibactam
inhibition, we *C-labelled clinically relevant OXA enzymes
and used "C-NMR spectroscopy to investigate the impact of
avibactam. In combination with X-ray crystallographic and
kinetic analyses, as well as modelling studies, the NMR results
contribute to a detailed understanding of the mechanism of
avibactam inhibition. The results also inform on the interplay
between halides and OXA lysine carbamylation, and clarify the
mechanism by which halides inhibit the OXA enzymes.

Experimental
13C labelling of OXA enzymes

OXA-10, OXA-23, and OXA-48 were produced and purified as
described,**® and "C labelled according to the reported pro-
tocol.'® Purified enzyme (Fig. S31) was dialyzed (10000
MWCO) overnight against degassed 25 mM sodium acetate
(pH 4.5), then overnight against 50 mM sodium phosphate
(pH 7.4), 1 mM NaH"’CO; (Sigma-Aldrich). Enzymes were then
dialyzed overnight against 50 mM sodium phosphate (pH 7.4),
10 mM NaH'CO;, aliquoted, and frozen in liquid N,. The
buffers used for OXA-10 dialysis were supplemented with
0.1 mM ethylenediaminetetraacetic acid (EDTA).

Fluorometric kinetic assays
Kinetic
formed

and inhibition analyses and UV-vis studies were per-
using a fluorogenic assay monitoring FC5 hydrolysis
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Fig. 1 Outline catalytic mechanism for the class D OXA p-lactamases. Proposed mechanism for the (A) acylation and (B) hydrolysis steps of OXA
catalysis with a penicillin substrate, and (C) the reversible acylation reaction of avibactam with an OXA enzyme. Residue numbering is based on

OXA-10; the carbamylated lysine is indicated (KCX).
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(5 uM) by OXA-10 (1 nM), OXA-23 (12.5 nM), and OXA-48
(12.5 nM), adapted from a previous protocol for OXA-10.***’
Inhibitors and enzymes were pre-incubated for 0, 10, 30, 60
and 360 minutes in the appropriate buffer (either 50 mM MES,
pH 6.0, 100 mM sodium phosphate, pH 7.4, or 50 mM Tris
phosphate, pH 8.5, supplemented with 0.01% Triton X-100,
with and without 50 mM sodium bicarbonate). The inhibitory
activity of iodide was studied using OXA-23 (5 nM), FC5 (from
781 nM to 100 pM) and Nal (from 500 pM to 250 mM), in
100 mM sodium phosphate, pH 7.4, 50 mM sodium bicarbon-
ate and 0.01% Triton X-100.

NMR spectroscopy

3C-NMR spectra were acquired using a Bruker AVIII HD 600
spectrometer equipped with a BB-F/'H Prodigy N, cryoprobe.
3C spectra consisted of 2048 scans, using a 2.0 s relaxation
delay, and were processed with a 10 Hz line broadening.
Unless stated otherwise, samples consisted of OXA enzyme
(0.6 to 0.8 mM) prepared in 50 mM sodium phosphate, pH 7.4,
10 mM NaH"CO; with 10% D,0; OXA-10 samples were sup-
plemented with 0.1 mM EDTA. Avibactam was tested at a con-
centration of 15 mM. '"H NMR datasets were acquired on a
Bruker Avance III 700 MHz spectrometer with a TCI inverse
cryoprobe. The 'H spectra used 16 scans and a 2.0 s relaxation
delay. All experiments were measured at 298 K.

The impact of OXA-10, OXA-23 and OXA-48 on avibactam
was monitored by incubating 400 pM avibactam and 150 nM
enzyme, with or without 10 mM NaHCO3;, in 50 mM Tris-d44,
pH 7.5, 10% D,0O at room temperature for 4 h. The impact of
avibactam on the activity of OXA-10, OXA-23 and OXA-48 was
monitored using 75 nM enzyme, 100 pM or 10 mM avibactam
and 4 mM ampicillin in 50 mM Tris-d;; pH 7.5, 10% D,O.
Ampicillin was either added directly to the enzyme avibactam
mixture, or following 1 h pre-incubation. The impact of fluo-
ride, chloride, bromide and iodide on ampicillin hydrolysis
was measured similarly. Reactions consisted of 75 nM enzyme,
50 mM or 500 mM of sodium halide, and 10 mM ampicillin in
50 mM Tris-d;; pH 7.5, 10% D,0.

X-ray crystallography

OXA-10 was buffer exchanged into 50 mM sodium phosphate,
pH 7.4 (with or without 50 mM NaHCOj;), and sitting drops
were set up using the PACT premier broad screen (Molecular
Dimensions). The structures published herein used the follow-
ing conditions for crystallisation: PDB 5MMY - 0.1 M HEPES,
PH 7.0, 20% PEG 6000; PDB 5MOX - 0.2 M sodium citrate tri-
basic dihydrate, 0.1 M Bis-Tris propane, pH 7.5, 20% w/v PEG
3350; PDB 5MNU - 0.2 M NaBr, 0.1 M Bis-Tris propane,
PH 6.5, 20% w/v PEG 3350; PDB 5MOZ - 0.2 M Nal, 20% w/v PEG
3350. Crystals were cryoprotected using well solution diluted
to 25% (v/v) glycerol before being flash cooled in liquid nitro-
gen. Data for OXA-10 were collected at Diamond Light Source
synchrotron beamline 104 at 100 K. Data were indexed, inte-
grated and scaled using Mosflm and Scala, respectively.*® The
OXA-10 structures were solved by molecular replacement using
Phaser®® using PDB 5FQ9*’ as a search model. Iterative cycles
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of fitting and refinement continued using COOT** and
PHENIX?® until Ry and Rgee no longer converged. Data col-
lection and refinement statistics are provided in Table S2.7

Results and discussion
Kinetic characterization

To study the inhibition of OXA enzymes by avibactam, we
developed assays employing nitrocefin and FC5 as substrates
(Table S11).>*?” We chose to work with OXA-10, a well-charac-
terised enzyme first identified in Pseudomonas isolates,® as
well as OXA-23 and OXA-48 that have broader substrate scopes
and which are of clinical importance.® In the absence of added
sodium bicarbonate, OXA-23 and OXA-48 were strongly inhib-
ited by avibactam, while relatively poor OXA-10 inhibition was
observed (Table 1, Fig. S41). While the addition of sodium
bicarbonate (50 mM) did not substantially impact on avibac-
tam-mediated inhibition of OXA-23 and OXA-48 (Table 1), the
extent of OXA-10 inhibition was increased by >100 fold.
Furthermore, the extent of inhibition for the three OXA
enzymes was enhanced according to the extent of pre-incu-
bation with avibactam (Table 1).

The kinetics governing the interaction of OXA-10 and
OXA-48 with avibactam have been previously examined."” The
poor inhibition of OXA-10 by avibactam may reflect a relatively
slow reaction rate, as compared to OXA-48 (k,/K; values of 1.1 +
0.1 x10' M™* s™" and 1.4 + 0.1 x 10> M~ " s, respectively)."”
Given that OXA-48 is likely fully acylated within 5 min in these
conditions,"” the continuing decrease in ICs, after 30 min pre-
incubation was unexpected. Potential enzymatic reaction of
the avibactam complex to a more stable inhibitory complex is
possible, but as yet there is no evidence for this. No OXA-cata-
lysed degradation of avibactam was observed by "H-NMR spec-
troscopy within limits of detection (Fig. S57)."”

The potential impact of lysine carbamylation on the time
dependent effect was next considered. While addition of
bicarbonate did not change the extent of OXA-23 and OXA-48
inhibition by avibactam, it did increase the extent of OXA-10
inhibition (Table 1). Sodium bicarbonate has previously been
observed to promote deacylation of the avibactam complex with
OXA-10 by recyclisation.”” Taken together, these results suggest
that the reaction rate of avibactam with OXA-10 is more sensitive

Table 1
OXA-48

Inhibitory activity of avibactam against OXA-10, OXA-23, and

Avibactam ICs, (pM)

0 min 10 min 30 min 60 min
OXA-10 (no NaHCO3) >100 19.7 11.18 10.01
OXA-10 (50 mM NaHCO3) 0.4452 0.1735 0.0424 0.0217
OXA-23 (no NaHCO,) 0.544 0.0535  0.0175  0.0362
OXA-23 (50 mM NaHCO3) 1.781 0.0870 0.170 0.0870
OXA-48 (no NaHCO3) 1.624 0.550 0.123 0.0601
OXA-48 (50 mM NaHCO3) 0.593 0.496 0.141 0.0566

This journal is © The Royal Society of Chemistry 2017
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to the concentration of carbon dioxide, and, thus to lysine
carbamylation, than are either OXA-23 or OXA-48.

Impact of avibactam on OXA carbamylation

To monitor the interplay between carbamylation and the inter-
action with avibactam, we **C-labelled the carbamylated lysine
residue of the three OXA variants.'® By "*C-NMR, all three
showed signals consistent with lysine “C-carbamylation
(Fig. 2A)."° Labelled OXA-23 was buffer exchanged to remove
most of the labelled bicarbonate/carbon dioxide, resulting in
loss of signal; the *C-signal was restored upon adding more
3C-bicarbonate (Fig. 2B). Titration of OXA-48 with "*C-bicar-
bonate showed labelling was saturated with only a moderate
excess (e.g., 10:1) of "*C-bicarbonate (Fig. 2C). The impact of
pH on the extent of carbamylation of OXA-23 was then exam-
ined (Fig. 2B). In the presence of an excess of '*C-bicarbonate
(10 mM), the '*C-carbamylated lysine peak intensity was
greater at higher pH. When the majority of the *C-bicarbonate
was removed by buffer exchange, the trend was reversed
(Fig. 2B), i.e., carbamylation was enhanced in a lower pH
buffer, possibly due to the pH-dependence of the equilibrium
between bicarbonate and carbon dioxide.*

Addition of avibactam to the “*C-labelled OXA enzymes in
the presence of 10 mM "*C-bicarbonate resulted in a decrease
(5-20%) in the "*C signal, which was shifted by 0.2 to 0.6 ppm
(Fig. 2A). As all three enzymes are likely fully reacted with avi-
bactam under the conditions used,"” this suggests that reac-
tion with avibactam decreases, but does not ablate the extent
of lysine carbamylation. *C-Bicarbonate (10 mM) was added
to decarbamylated OXA-48 which had been pre-incubated
with avibactam (Fig. 2D); the resulting *C-carbamylated lysine
peak was of a similar intensity to that for OXA-48 without

A OXA-10 OXA-23 OXA-48

L .
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avibactam, demonstrating lysine carbamylation is reversible
following reaction with avibactam. The impact of avibactam on
the carbamylation status of OXA-48 was stable, with no change
observed over 10 hours (Fig. 2E).

The impact of avibactam on OXA-48 carbamylation was
explored at different pH values (Fig. 2F). In the presence of
10 mM "C-bicarbonate, the '*C signal decreased at lower pH
values. When excess '*C-bicarbonate was removed via buffer
exchange, no signal was observed for avibactam-treated OXA
at any pH tested. Collectively, these results suggest that
avibactam destabilizes OXA enzyme carbamylation. This may
arise through the loss of a hydrogen bond donor upon
carbamoylation of Ser-67 with avibactam, by steric effects, or
by an increase in the lysine side chain pK, due to dipolar inter-
actions with avibactam.>*

These results do not explain the impact of sodium bicar-
bonate on the inhibition of OXA-10 by avibactam when com-
pared to OXA-23 and OXA-48 (see above). The "*C-NMR data
suggest that OXA-10 is carbamylated with only a mild (10:1)
excess of bicarbonate, and is likely fully carbamylated in the
absence of added bicarbonate at the enzyme concentrations
(<20 nM) used for the inhibition assays.

Impact of halide ions on OXA carbamylation

Like avibactam,'® halide ions are proposed to hinder carbamyl-
ation of OXA enzymes."** To examine the impact of halide
ions on lysine carbamylation, *C-labelled OXA-23 was treated
with NaF, NaCl, NaBr, and Nal (Fig. 3). No decarbamylation
was observed at 50 mM halide, while only 500 mM fluoride
shifted and broadened the signal, potentially due to a pH
effect. Unexpectedly, the extent of carbamylation was
enhanced in the presence of 50 mM halide (Fig. 3).

B OXA-23

OXA-23 OXA-23
pH 6.0 pH 7.4 pH 8.5
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Fig. 2 C-NMR reveals the impact of avibactam on OXA carbamylation status. (A) **C-NMR (150 MHz) spectra for OXA-10, OXA-23 and OXA-48
labelled with 10 mM NaH**COs (black), and the impact of avibactam addition (15 mM; red) at pH 7.4. (B) Impact of pH on *C-labelling of OXA-23 in
10 mM NaH*COs before (black) and after buffer exchange which removes most of the NaH*COs (red). The impact of adding further NaH*CO5
(final concentration 9.3 mM) following buffer exchange was tested at pH 7.4 (blue). (C) Impact of NaH**CO3 concentration on OXA-48 carbamyl-
ation, starting with unlabelled enzyme (black), 2.5 mM NaH*COs (red), and 5 mM NaH*COj (blue) at pH 7.4. (D) Spectra resulting from incubation
of OXA-48 with avibactam (15 mM; red) or buffer (black) prior to adding NaH**CO3 (10 mM). (E) Impact of avibactam (15 mM) on carbamylation after
2 h (black) and 10 h incubation (red). (F) Impact of pH on **C-labelling of the avibactam OXA-48 complex (15 mM avibactam) in 10 mM NaH**CO;
(black), or after buffer exchange which removes most of the NaH**COx (red).
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Fig. 3 '®C-NMR solution studies on the impact of halide ions on OXA lysine carbamylation status. >*C-NMR (150 MHz) spectra showing the effect
of increasing (A) sodium fluoride, (B) sodium chloride, (C) sodium bromide, and (D) sodium iodide concentrations (black, 0 mM; red, 50 mM; blue,
500 mM) on lysine carbamylation of OXA-23 in the absence and in the presence of avibactam (15 mM).

To investigate whether reaction of the nucleophilic serine
changes the impact of halides on carbamylation, OXA-23 was
treated with avibactam and 50 mM or 500 mM of the sodium
halides (Fig. 3). At 50 mM, sodium fluoride and sodium chlo-
ride slightly enhanced carbamylation, sodium bromide had no
effect, and sodium iodide decreased the extent of carbamyl-
ation. At 500 mM, a decrease in signal was observed, with the
extent of decarbamylation increasing with the halide size.
A similar trend was observed for the inhibitory activity of halide
ions on OXA-10 (Fig. S12t). Analysis of the kinetics of inhi-
bition of OXA-23 by iodide using FC5 as a reporter substrate
suggests a mixed mode of inhibition (IC5, = 75.2 mM; K; =
34 mM; Fig. S131). This is consistent with the (at least) dual
effects of halides promoting carbamylation in the absence of
Ser-70 modification, but decreasing carbamylation in the avi-
bactam-modified complex. The sensitivity of OXA-40 to halide
ions is likely influenced by a phenylalanine residue located on
an active site loop; replacement of this residue with tyrosine
results in increased susceptibility to inhibition by halide ions.*?
As OXA-23 has a phenylalanine in this position (i.e., Phe-152), it
may be expected to be relatively insensitive to halide ions. Our
BC-NMR results suggest that OXA-10, which has a tyrosine
residue at this position, is more easily decarbamylated by
sodium bromide than OXA-23 (Fig. S147}). Preliminary experi-
ments suggest that alkali metal ions (e.g., sodium, potassium)
do not impact on OXA carbamylation (Fig. S157).

Previous crystallographic studies show chloride and iodide
ions bound between decarbamylated Lys-70 and Trp-154 of
OXA-10 V117T (PDB 2WGV)** and OXA-163 (PDB 4S2M)"!
(Fig. S10 and S117). This observation led to the suggestion that
halide ions inhibit OXA enzymes via promoting decarbamyla-
tion.""*> However, our NMR data only showed halide ion
induced decarbamylation when OXA-23 was treated with avi-
bactam. It is possible that reaction of the nucleophilic serine
may destabilize carbamylation such that halide ions cause dec-
arbamylation. Thus, halide ions may inhibit OXA enzymes by
selectively promoting decarbamylation of the acyl-enzyme
complex during substrate turnover. However, given that crystal-
lography indicates multiple halides bind to the OXA enzymes,
other factors may be involved (Fig. S107).

Crystallography and modelling

To investigate the structural basis for the impact of avibactam
and halides on OXA carbamylation, we carried out crystallo-

6028 | Org. Biomol. Chem., 2017, 15, 6024-6032

graphic analyses using OXA-10.>” Datasets for crystals obtained
from precipitants covering a broad range of pH values and
halide ion content were screened. Four datasets were selected
for refinement based on the presence of different ions and
small molecules bound in the active site. All crystals were of
the space group P2,2,2,, and contain two protein molecules in
the asymmetric unit (chains A and B). Small structural differ-
ences exist between chains A and B in all four structures,
notably in the conformation of the active site residue Leu-155.

The refined OXA-10 structure obtained in the absence of avi-
bactam (1.88 A, PDB 5MMY; Fig. 4B) indicated full carbamylation
of Lys-70, and a molecule of 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES) present at the active site of chain A, but
not chain B. The other three crystal structures, showing
complexed avibactam in both chains, did not show lysine car-
bamylation. Indeed, no lysine carbamylation was observed in any
of the electron density maps derived from initial crystals obtained
in the presence of avibactam (data not shown).

In chain A of the OXA-10 HEPES complex (Fig. 4B), Ser-67 is
observed in two conformations, while in chain B (which does
not contain HEPES) Ser-67 is observed in a single confor-
mation, positioned to form a hydrogen bond to Lys-70
(Fig. S77). Unexpectedly, the positioning and conformation of
the bound HEPES molecule is similar to that of the avibactam
enzyme complex (Fig. 4 and S67), with the conformation of the
HEPES piperazine ring resembling that of the avibactam piperi-
dine core. While the HEPES sulfonate group is slightly off-set
relative to the avibactam sulfate group (sulfur atoms differ by
1 A), both are positioned to interact with Arg-250 and Thr-206.

A structure of the OXA-10:avibactam complex, crystallised
in the absence of added halide ions or sodium bicarbonate,
indicated the presence of either a sodium ion or carbon
dioxide bound between Lys-70 Ne and Trp-154 Nel in the two
chains (1.41 A, PDB 5MOX; Fig. 4C). Two additional structures
were obtained by crystallising the OXA-10 : avibactam complex
with 50 mM sodium bicarbonate, and 0.2 M sodium bromide
or iodide. The resulting structures had either bromide (1.56 A,
PDB 5MNU) or iodide (1.34 A, PDB 5MOZ) ions bound in the
active site and elsewhere (Fig. 4D, E and S10, S117). The posi-
tions of the bromide ion in the active site differed between the
two chains, either positioned between Lys-70 Ne and Trp-154
Nel (chain A; Fig. 4D) or in a position proposed for the ‘hydro-
Iytic’ water molecule (chain B; Fig. 4D). In the OXA-10 structure
obtained in the presence of sodium iodide, an iodide ion was

This journal is © The Royal Society of Chemistry 2017
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observed in chain A positioned between Lys-70 Ne and Trp-154
Nel. However, chain B has iodide ions bound in two different
positions in the active site, with one ion positioned in the
same position as chain A (30% occupancy) and the other in
the proposed position of the ‘hydrolytic’ water molecule (70%
occupancy; Fig. 4E).

The conformations of avibactam in the three different
OXA-10: avibactam complex structures resemble those pre-
viously reported (Fig. 4).'® In particular, the avibactam sulfate
group is positioned to form a ‘bidentate’ salt bridge inter-
action with Arg-250, and to hydrogen bond with the side chain
of Thr-206. The rate of recyclisation of the avibactam-derived
OXA complex likely depends on the conformation of avibactam
(Fig. 5A). The orientations of the sulfate and amide groups (on
N6 and C2, respectively; numbering from Fig. 1C) seen in our
structures differ from a previously reported OXA-10 avibactam
complex structure (PDB 4S20; Fig. 5B and S81)."® The nucleo-
philic nitrogen in the structures described herein is positioned

This journal is © The Royal Society of Chemistry 2017

such that nucleophilic attack on the carbonyl of carbamoylated
Ser-67 is stereoelectronically favourable (i.e., it is close to the
ideal Biirgi-Dunitz trajectory),'®**?° whereas this nitrogen
adopts an unfavourable orientation for recyclisation in the pre-
viously reported structure.'®

Considered with the solution data, the lack of carbamyl-
ation seen in these structures suggests that carbamylation of
the OXA : avibactam complex may be disfavoured by the crystal-
line state, consistent with previous crystallographic studies of
avibactam with OXA enzymes.'®** At pH 6.5 and 7.5, crystal
structures of the OXA-48 : avibactam complex (PDB 452], 4S2K)
were not carbamylated, while only partial carbamylation was
seen at pH 8.5 (PDB 4S2N).'® Another reported structure
suggests partial carbamylation of the OXA-48:avibactam
complex at pH 7.5 in two out of eight molecules in the asym-
metric unit (PDB 4WMC).>* Only bound carbon dioxide was
observed adjacent to the decarbamylated lysine residue for the
OXA-24 : avibactam complex (PDB 4WM9),>* while the avibac-

Org. Biomol. Chem., 2017, 15, 6024-6032 | 6029
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ground indicates structures observed by NMR spectroscopy and a blue background corresponds to crystallographically observed complexes.

tam complex structure with OXA-10 (PDB 4S20) did not show
carbamylation or bound carbon dioxide.'® The carbon dioxide
in these prior structures is apparently positioned so as to
‘m-stack’ with the adjacent Trp-154 side chain, whilst in our
OXA-10 structure, the carbon dioxide binds in a position appar-
ently poised for reaction with (non-protonated) Lys-70 (Fig. S9F).

The differences in carbamylation observed between the
crystalline and solution states for the OXA enzymes are similar
to differences observed in the carbamylation status of the

6030 | Org. Biomol Chem., 2017, 15, 6024-6032

BlaR1 f-lactam sensor proteins. Like the OXA enzymes, BlaR1
uses a carbamylated lysine residue to catalyse nucleophilic
attack of a serine residue onto a f-lactam substrate; however,
BlaR1 then undergoes decarbamylation, preventing deacylation
and stabilising the acyl-enzyme complex.*® BlaR1 carbamyl-
ation was initially observed by spectroscopy (including NMR),*”
but early crystal structures of BlaR1 (without substrate) did not
show carbamylation.*®*° However, in a more recent crystal
structure, carbamylation of BlaR1 was observed.*®

This journal is © The Royal Society of Chemistry 2017
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The carbamylation status of lysine has ramifications for the
mechanism of avibactam inhibition. Recyclisation of avibac-
tam from OXA-10 is accelerated in the presence of bicarbon-
ate,"” likely dependent on lysine carbamylation. Additionally,
decarbamylation was proposed to limit avibactam hydrolysis.®
However, our results indicate that the carbamylation status is
largely maintained despite the presence of avibactam, thus,
reduced carbamylation may not account for the lack of avibac-
tam-catalysed hydrolysis. Instead, the lack of avibactam hydro-
lysis has been proposed to arise from non-productive position-
ing of a potential ‘hydrolytic’ water molecule,** consistent with
our solution data.

Our crystal structures of the OXA-10:avibactam complex
reveal two different active site binding modes for halide ions.
Structures with bromide or iodide ions bound between Lys-70
and Trp-154 (e.g., chain A in Fig. 4D and E) resemble those
described previously (Fig. $9,7).”'"** QM/MM calculations
were performed to investigate the protonation state of the Lys-
70 e-amino group in these OXA-10:avibactam complexes
(Fig. S16, Tables S3-S57). The calculations for all six systems
examined (i.e., with bound carbon dioxide, sodium ions, the
two different bromide ion -configurations, and the two
different iodide ion configurations) suggest that the lysine
e-amino group is likely neutral.

Reaction of the OXA nucleophilic serine with avibactam pre-
vents the serine from acting as a hydrogen bond donor to the
carbamylated lysine residue. This may allow halide ions to
effect decarbamylation, likely by occupying a position as seen
in chain A of Fig. 4D. The OXA-avibactam complex is expected
to resemble the acyl-enzyme complex formed during substrate
hydrolysis (Fig. 1). These results suggest that halides inhibit
the OXA enzymes in part by promoting the decarbamylation of
the acyl-enzyme complex. This mechanism is in agreement
with the mixed inhibition mode observed for iodide and
OXA-23 (Fig. $137).

The observation of bromide and iodide ions adjacent to the
carbonyl of the modified nucleophilic serine (e.g., chain B of
Fig. 4D and E) is unprecedented. This site is expected to be
occupied by the ‘hydrolytic’ water, and so binding of halide
ions at this site may inhibit hydrolysis. Our analyses suggest
that OXA inhibition by halide ions may involve two distinct
mechanisms, i.e., displacement of a hydrolytic water molecule,
and decarbamylation of the acyl-enzyme complex. Halide ions
do not cause decarbamylation of OXA enzymes in solution
when the nucleophilic serine is not reacted, suggesting that
the observation of halide ions between Lys-70 and Trp-154 may
arise primarily during crystallographic analysis. A summary of
our proposals for the behaviour of OXA enzymes with avibac-
tam in solution and crystalline states is given in Fig. 5C.

Conclusions

The combined biophysical analyses on the OXA enzymes, both
in solution and in the crystalline state, inform on the relation-
ship between avibactam-mediated inhibition, lysine carbamy-

This journal is © The Royal Society of Chemistry 2017
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lation status, and halide ion binding. Given that lysine carbamyl-
ation is sensitive to salts, small molecules and structural pertur-
bations, *C-labelling of the Lys-70 carbamyl group is an efficient
solution method to monitor behaviour of this catalytically impor-
tant residue. ">*C-NMR could be a valuable tool not only for
further mechanistic studies on the OXA enzymes, but also for the
development of novel OXA inhibitors. In this regard, developing
successors to avibactam that react with OXA enzymes and then
efficiently displace CO, is of interest, perhaps in a manner
analogous to that of f-lactam sensing by BlaR.*

The general importance of lysine carbamylation is begin-
ning to be more fully appreciated, and the number of proteins
bearing this post-translational modification is growing. Given
the historical reliance on crystallography to identify carbamyl-
ation, the number of proteins with carbamylated lysines is
likely underestimated. Computational studies suggest that
>1% of proteins in the Protein Data Bank (PDB) have a carba-
mylated lysine.”® However, care must be taken when monitor-
ing protein carbamylation using ">C-NMR, as carbamylation of
residues other than lysine (e.g., the N-terminus) can occur.*’
Many carbamylated proteins are potential antibiotic targets,
including enzymes involved in bacterial cell wall biosynthesis
(e.g., alanine racemase, MurD, MurF).*>** Given that studying
carbamylation by "*C-NMR is inexpensive, requiring only “*C-
labelled sodium bicarbonate and access to an NMR spectro-
meter capable of measuring >C spectra, the use of NMR to
study carbamylation is likely to grow.
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