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inhibitors against extensively drug resistant Stenotrophomonas maltophilia.

Running Title: g-Lactamase inhibitors versus S. maltophilia.

Karina Calvopifial, Philip Hinchliffe 1, Jurgen Bren?, Kate J. Heesom, Samar
Johnsont, Ricky Cain?, Christopher T. Lohans’, Colin W. G. Fishwick?, Christopher J.

Schofielc?, James Spencér and Matthew B. Avisont*.

1School of Cellular & Molecular Medicine, University of Bristol, Bristol, United

Kingdom.

2Department of Chemistry, University of Oxford, Oxford, United Kingdom.
3Bristol University Proteomics Facility, Bristol. United Kingdom.

4 School of Chemistry, University of Leeds, Leeds. United Kingdom.

Correspondence to: School of Cellular & Molecular Medicine, University of Bristol,
Biomedical Sciences Building, University Walk. Bristol BS81TD, United Kingdom.

bimba@bris.ac.uk.

Word count for the abstract75

Word count for the text: 5498



22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

ABSTRACT

Clavulanic acid and avibactam are clinically deployed sering-lactamase inhibitors
important as a defence against antibacterial resistance. Bicyclic boronates are retign
discovered inhibitors of serine and some metall@-lactamases. Here were show that
avibactam and abicyclic boronate inhibit L2 (serine -lactamase) but not L1 (metallof-
lactamasg from the extensively drug resistant human pathogen Stenotrophomonas
maltophilia. Both inhibitors bind L2 by covalent attachment to the nucleophilic serineand
reverse ceftazidime resistance in S. maltophilia because, unlike clavulanic adidey do
not induce L1 production. Ceftazidime/inhibitor resistant mutants hyperproduce L1 but
retain aztreonam/inhibitor susceptibility because aztreonam is not an L1 substrate
Importantly, avibactam, but not the bicyclic boronate is deactivated by L1 at a low rate;
the utility of avibactam might be compromised by mutations that increase this
deactivation rate. These data rationalize the observed clinical efficacy of
ceftazidime/avibactam plus aztreonam as combination therapy for S. maltophilia
infections and confirm that aztreonamlike p-lactams plus non-classicalp-lactamase
inhibitors, particularly avibactam-like and bicyclic boronate compounds, have potential

for treating infections caused by this most intractable of drug resistant pathogens.
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IMPORTANCE

Stenotrophomonas maltophilia is an important bacterial pathogen that causes severe
infections in immunocompromised and debilitated patients. It can become resst to all
p-lactam antibacterials via mutations that enhancelL1 and L2 B-lactamase production
Using steady state enzyme kinetics, x-ray crystallography and NMR spectroscopy, we
characterised the interactions of various p-lactamase inhibitors with L1 and L2. These
findings, together with whole cell susceptibility tests and proteomic analysis of resistant
mutants explained why aztreonam plus the clinically available nof-lactam basedf-
lactamase inhibitor avibactam is an excellent combination against S. maltophilia
rationalising its recently confirmed clinical effectiveness. We also shaad that despite its
very different chemical structure, a cyclic boronate that is currently in develoment
matches avibactam as an L2 inhibitor and in its ability to reversg-lactam resistance in
S. maltophilia but it is potentially superior because, unlike avibactam, it is not suscebple

to breakdown by L1.
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INTRODUCTION

B-Lactamases are the most commonly encountered cause of resistance to f-lactams, which are

the most frequently prescribed class of antibacterial drug world-(tic. p-Lactamases
render B-lactams inactive through catalysing efficient hydrolysishefp-lactam ring (4, 5).

There are many hundreds @flactamases, which are grouped based on sequence and
mechanisninto the serine B-lactamase (SBL) classes A, C and D, and the meidihatamase

(MBL) subclasses B1, B2 and B3) (6, 7). Broad-spectruimjcally useful pB-lactamase
inhibitors are being sought, but the varying chemistries and active site architectures of the
different p-lactamase classes makes the development of cross-class inhibitors extremely

challenging(8-10).

Clavulanic acid Fig. 1, top is a well-established clinically deploy@dactam-based
inhibitor of, principally, class A SBLs. Clavulanic acid is used in combination with penicillin
derivatives such as amoxicillin and ticarcillin, whose bactericidal effects improve against some
B-lactamase-carrying isolates of species saschscherichia coli and Klebsiella pneumoniae
(11-14). Clavulanic acids anirreversible inhibitor of class A enzymes, whose activity arises
from fragmentation of the acyl-enzyme complex formed by reaction with the active-site serine
nucleophile, to generatenear permanently inactivated species (15). In contrast, avibaatam,
recently introduced relatively broad spectrum fidactam-based SBL inhibitor contaims
diazobicyclo heterocyclic core structure which reversibly acylatessSBhe potency of
avibactam against class A, C and some class D &Bafiributed to the stabilization of the
carbamoyl complex due to interactions with polar residues present in the active sites, with de-
acylation preferentially occurring due to recyclization rather than hydrolytic turnover (ii§).
results in release of intact active inhibitor rather than an inactive hydrolysis préauct,(

middle) (17-20). Avibactam has recently been licenced for clinical use in partnership with the
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oxy-amino cephalosporin ceftazidime, though the combination is not universally efficacious

and has no useful activity against MBL-producing bacteria (18, 21).

Boronic acid-based compounds have long been studied as potential SBL inhibitors but,
in most cases, are ineffective against MBL targets. For example, the monocyclic boronate,
RPX7009, which is in phase 3 clinical trigkseffective against Class & and Dp-lactamases,
but not MBLs (22). However, we recently demonstrated that bicyclic boronate scaffolds can
act as potent inhibitors of multiple SBL classes as well as subclass B1 MBLs (9). Accordingly,
one method of overcoming the poor activity of ceftazidime/avibactam against MBL producing
bacteria would be to combine ceftazidime with a bicyclic boronate inhibitor, sicfias 1,
bottom), which represents the closest approach tofpkatctamase inhibitor that ha®-date,

been reported (23). One bicyclic boronate is currently in phase 1 clinical trials (24)

Stenotrophomonas maltophilia (25) is one of the most intrinsically multidrug resistant
bacterial species encountered in the clinic. It causes serious infections with high mortality rates
in immunocompromised and severely debilitated patients, and colonises the lungs of 30% of
patients with cystic fibrosis (26, 27). While S. maltophilia possesses multiple efflux systems
(28-31) that reduce the net rate of entry for many antimicrolfid;tam resistance arises
primarily from production ofwo p-lactamases, a subclass B3 MBIL1”, which hydrolyses
all B-lactams except for the monobactamreonam, and the class A Extended Spectrum SBL
(ESBL) “L2”, which hydrolyses all first to third generation cephalosporins, all penicillins, and
aztreonam (32-34)'he combination of L1 and L2, therefore renders S. maltophilia resistant
to all B-lactam antibiotics although in clinical practice, ceftazidime can be useful, because most
clinical isolates do not produce enough B-lactamase to give resistance (35, 36). Ceftazidime
resistant mutants rapidly emerge through hyper-production of L1 and L2, via single site

mutations either in the L1/L2 transcriptional activator, ampR, or in several possible genes
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whose products influence AmpR (36, 37). Accordingly, S. maltophilia represents one of the

most challenging targets for B-lactam/B-lactamase inhibitor combinations.

Here we report kinetic and structural studies with purified S. maltoghlhatamases,
in vitro testing of various -lactam/B-lactamase inhibitor combinations against extensively drug
resistant clinical S. maltophilia isolates, and characterisation of acquired resistance to these
combinations. The results reveal that non-clas$idattamase inhibitors such as avibactam
and bicyclic boronates hawensiderable potential in combatting B-lactam resistance ifs.

maltophilia, particularly when put in combination with aztreornéma$-lactams.

RESULTS

p-lactamase inhibitors restore aztreonam, but not meropenem activity agast S. maltophilia

As a prelude to investigatinthe effects of B-lactamase inhibitors, we first evaluated the
hydrolysis of a range of candidate B-lactams in vitro by purified L1 (subclass B3 MBL) and L2
(class A ESBL) under steady state conditions.s€liata Table 1) reveal the carbapenem
meropenem to be predominantly a substrate for L1, with L2 showing only weak hydrolytic
activity, the monobactam aztreonam to be a substrate for L2 only, and that both L1 and L2 can

hydrolyse the oxyamino-cephalosporin ceftazidime with similar efficiencies.

We next tested the ability oliree B-lactamase inhibitors: clavulanic acid, avibactam
and the bicyclic boronat2 (each at 2 mg/L) to potentiate the activity of the tafgkictams
against S. maltophiliaT@ble 2) All three inhibitors reversed aztreonam, but not meropenem
resistance in ceftazidime susceptible clinical isolates (K279a, CI-20, CI-29). Furthermore, all
three inhibitors reversed ceftazidime and aztreonam, but not meropenem, resistance in a
ceftazidime-resistant L1/L2 hyper-producing mutant (K CAZ 10), derived from KZz0#g

2) (37). However, all three inhibitors failed to restore ceftazidime susceptibility in a ceftazidime

6



126 resistant L1/L2 hypr-producing clinical isolate (CI-31). Importantly, there is no general block
127  on inhibitor activity in CI-31, as all three inhibitors could reverse aztreonam resistance in this

128 isolate Table 2).

129 Efflux pumps play a major role in antimicrobial resistance in S. maltophilia (26, 38).
130 Thus, to investigate the possible effect of mditig efflux pumps on B-lactamase inhibitor

131  efficacy, we selected two hyper-resistant mutants from the isolate K279a using moxifloxacin
132 and amikacin, known to be efflux pump substrates. Comparative protedralieg S1, S2

133 Fig. 2) confirmed that the two mutants, K MOX 8 and K AMI 32, hyper-produce the SmeDEF
134 and SmeYZ efflux pumps, respectively. In K MOX 8, SmeYZ was downregulated as SmeDEF
135  was hyperproduced, as expected given their reciprocal regulation (39)]. Alptfaetamase

136 inhibitors retained full activity against these efflux pump hyperproducing mutBaitde( 2)

137  ruling out efflux as a contributing factor to the observed variation in efficacy of the various -

138  lactamp-lactamase inhibitor combinatien

139

140  The bicyclic boronate2 does not inhibit the S. maltophilia L1 MBL

141 Based on these in vitro dat@e conclude that the bicyclic boronag acts againss.
142  maltophilia in a similar fashion to avibactam atalvalanic acid: it reverses aztreonam and
143  when due to L1/L2 hyperproductipoeftazidime resistancd @§ble 2). As 2 has been shown
144  to inhibit multiple MBLs (9), we anticipated th&tmight also inhibit L1, but the fact that
145  does not reverse resistance to meroperiablé 2), which is predominantly hydrolysed by

146 L1 (Table 1) suggests that this is not the case.

147 As, to date, the inhibition of subclass B3 MBLs ligyclic boronates has not been
148 reported, we investigated the inhibition of purfi€l and L2 by the thref-lactamase

149  inhibitors using thefluorogenic B-lactamase substrate FC5 as a new reporter for d1 an
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L2(40). Steady-stateckiKm values clearly demonstrate that F€&ydrolysed with a higher
efficiency than other B-lactams by both L1 and LZ &ble 1). ICso measurements revealed
that while all threeg-lactamase inhibitors inhibit L2 with nanomolar patees able 3),

no inhibition of L1 was observed, even when usinglitbr concentrations up to 2.5 mM
NMR spectroscopy confirmed that there is no impafcavibactam or2 on meropenem
hydrolysis by L1 Fig 3A). NMR experiments also showed that L1 can hydrolyse avibactam,
albeit at a slow rate, but it does not modifio any detectable extent following incubation up
to 24 h Fig. 3B,0). Thus, unlike the case for subclass B1 MBLs (9), the bicymronate?

is not an effective inhibitor of the subclass B3 MB1.

Structural basis for inhibition of L2 by avibactam and the bicyclic boronate 2

The results above demonstrate that, consistent with the effectiveness of B-lactanmip-lactamase
inhibitor combinations against S. maltophilia strains, L2 is effectively inhibited by both
avibactam and the bicyclic boron&eT o investigate the molecular basis for this inhibition we
crystallised L2 and soaked the crystals in avibactan©onsistent with our inhibition kinetics
results, we were unable to obtain crystal structures of complexes of L1 with either of these
inhibitors. L2 crystallised in the space groupB2; with two molecules in the asymmetric
unit (Table S3), and closely conserves the overall SBL fold with, for example, an RMSD to
KPC-2 (PDB 20V5) of 0.2 A. L2 crystals formedameagent containing a racemic mixture of
the amino acids glutamate, alanine, lysine and serine. The active site manifests-Elear F
density into which a molecule of D-glutamate could be modekegi4A), indicating the D-
enantiomer preferentially binds to L2. However, binding does not perturb the active site
conformation compared with an un-complexed L2 crystal structure (PDB 1GKESRD,

preserving positioning of the hydrolytic (deacylating) water with respect to Glu166, Asn170
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and Ser70 (se€able S4for distances), and the conformation of the conserved, catalytically
important Lys73 (41-43) . D-glutamate binds non-covalently, through interactions of its
carbonyl oxygen with the backbone amides in the oxyanion hole (formed by residues Ser70
and Ser237), the C-terminal oxygen with SerfB0-and the glutamate amide with the
deacylating waterHig. 5A). Despite these extensive interactions, there is little inhibitory
effect, with 100 mM D-glutamate reducing L2 activity by just 24822% (Mean +/- Standard
Deviation n=4). D-glutamate binds differently compared with the high affinity binding (K

84 pM) of thep-lactamase inhibitory protein (BLIP) to the clas$Aactamase KPC-2 (PDB
3E2K). Interestingly, BLIP binding to KPC-2 involves localisations of an L-glutamate residues
at the active site, in a manner related to, but different from, D-glutamate binding to L2, and one

that does not involve interactions with the oxyanion hbig.(S2 (44).

L2:avibactam and L2:bicyclic borona2eco-complex structures were solveml1.35 A
and 2.09 A resolution, respectively, with clearFe density indicating both inhibitors react
with to the active site nucleophile SerFigs 4B and 4C). Binding by both compounds reveals
no significant changes in the L2 active site in comparison with the apo or D-glutamate
structures. Indeed, in both structures the deacylating water is positioned similarly to the native

and D-glutamate-bound structurd@sble S4.

The bicyclic boronate binds L2 Figure 5B) with the boron atom clearly in a
tetrahedral geometry, as observed previously on binding of the cyclic bolotwaT X-M-
15 (another class A ESBL) (23) and OXA-10 (a class L)SP®), mimicking the first
tetrahedral intermediate formed durifigactam hydrolysis. As in D-glutamate binding, the
assigned OH group on the boron atom is positioned to make strong interactions with the
backbone amides of Ser70 (2.95d@nd Ser237 (3.1)Ain the oxyanion hole. The bicyclic
boronate2 makes additional hydrogen bonds to the side chains of the catalytically important
residues Ser130 (2.77 A to the bicyclic ring oxygen), Asn132 (3.0 A to the acetamide oxygen),

9
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Ser237 (2.96 A to the carboxylat€hr235 (2.65 A to the carboxylate), and the backbone
carbonyl oxygen of Ser237 (3.1 A to the acetamide nitrogen). In addition, binding is stabilised

by significant hydrophobic interactions with His105.

Avibactam Figure 5C) binds to L2 in its ring opened form, forming a carbamoyl-
enzyme complex (16) in which its six-membered ring is in a chair conformation, a conserved
feature in other structurally characterised avibactactamase complexes (45-50).
Highlighting the importance of the oxyanion hole, as with both D-glutamate and the bicyclic
boronate2, the avibactam derived carbamoyl oxygen is positioned to make hydrogen bonds
with the oxyanion hole backbone amides of Ser70 (2.75 A) and Ser237 (2.85 A). His105 is also
involved in providing stabilising hydrophobic interactions (3.49 A), while the carbamoyl NH
interacts with the backbone carbonyl of Ser237 (3.08 A) and the Asn132 sidechain (2.97 A).
The carbamoyl NH interactions may be relatively less important as they present in only one
molecule in the asymmetric unit (chain B). The avibactam sulfate moiety interacts WitH the
groups of both Thr235 (3.10 A) and Ser130 (2.88 A), with an additional 3.19 A interaction

with Ser237 in chain B.

p-Lactamase production is not induced by avibactam and the bicyclic boronate 2

Onre important consideration when deployipiactamase inhibitors into clinical practice is

that some can interact with penicillin binding proteins and triggkrctamase induction
pathways carried by many bacteria. L1 and L2 production in S. maltophilia is conbypléed
transcriptional regulator, AmpR, which is responsivedactam challenge via sensiffig

lactam mediated perturbations in peptidoglycan breakdown and recycling (51, 52). Hence, we
tested the ability of B-lactamase inhibitors to indugelactamase production in S. maltophilia.

Clavulanic acid induces L1 production (measured using meropenem hydrolysis in cell extracts)

10



223 atasimilar level to the positive contrtlactam cefoxitinn the S. maltophilia wild type strain

224  K279a Fig. 6). This rationalizes why clavulanic acid does not reduce the MIC of ceftazidime
225 against S. maltophilia K279d¢ble 2): induction of L1 Fig. 6) overcomes inhibition of L2

226  (Table 3) because L1 can hydrolyse ceftazidinfalfle 1). Since L1 does not hydrolyse
227 aztreonam Table 1), however, clavulanic acid reduces the aztreonam MIC against K279a,
228 despite its ability to induce L1 productioable 2, Fig. §. Notably, by contrast with

229  clavulanic acid, both avibactam and the bicyclic boro@atduce ceftazidime MICs against
230 K279a (Table 2). This observation is explained by the important finding that neither avibactam

231  nor2induces L1 to any measurable extdfig( 6), yet both inhibit L2 Table 3).

232

233  Selection and characterisation of mutants which overcome the reversal of afidime

234  resistance by avibactam and the bicyclic boronate 2.

235  Avibactam is currently only clinically available in combination with ceftazidime. The fact that
236 L1 induction by clavulanic acid overcomes its ability to reduce ceftazidime MICs against S.
237 maltophilia Eig. 6, Table 3 led us to suggest that L1/L2 hyper-producing, ceftazidime
238  resistant strains might further mutate to be ceftazidime resistant in the presence of avibactam
239  and the bicyclic boronatby producing even more LTo investigate this possibility, we used

240 aK279a ampR mutant, M11, which is ceftazidime resistant due to L1/L2 hyperproduction but
241  where ceftazidime resistance can be reversed following treatment with avibac2aan D0

242 mg/L (Table 4). We aimed to identify mutants able to grow on ceftazidime at >32 mg/L (i.e.
243  clinically resistant, according to CLSI breakpoints (53) in the presence of either avibactam or
244 2 at 10 mg/L. Mutants were readily obtained; those selected using ceftazidime/avibactam were
245 also resistant to ceftazidinZ/and vice vesa (Table 4). To investigate the basis for this

246  resistancel.C-MS/MS proteomics was used to quantify changes in protein production in the

11



247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

two mutants. In both cases, L1 was produced at levels ~3-fold greater than in the parent strain
(Table S5, S6, Fig. 7A This result was confirmed by measuring L1 enzyme activity in cell
extracts using meropenem as substraig {B). Thus, hyperproduction of L1 can overcome

the ability of these L2-specific inhibitors to rescue ceftazidime activity again$iaaidene-
resistant strain. Importantly, however, the mutanisre still sensitive to the
aztreonam/avibactam or aztreondndombinations Table 4) as L1 cannot hydrolyse
aztreonamTable 1). This L1 hyperproducing phenotype, blocking reversal of ceftazidime, but
not aztreonam, resistance pyactamase inhibitors is clearly relevant, because it is displayed

by clinical isolateCl-31 (Table 2).

DISCUSSION

Our structural data reveal that avibactam and bicyclic boronates bind to L2 in a manner similar
to those previously observed for other class A SBLs. For the bicyclic borgnaiteding of

the tetrahedral boron atom to L2 and conformation of the bicyclic fused core are all consistent
with the CTX-M-15:bicyclic boronatd structure (23); there is only slight variation in the
amide/aromatic acetamide side chain conformatibigs 8A). Formation of the L2 carbamoyl-
enzyme complex by avibactam results in a conformatipsahilar mode of binding compared

with the structurally-characterised complexes with the class A SBLs KIPDER4ZBE) (45),

SHV-1 (PDB 4ZAM) (45)and CTX-M-15 (PDB 4S2l) (46)Fg. 8B), and is consistent with

data indicating avibactam to be similarly effective against these enzymes (16, 45, 54).
However, some subtle differences in active-site interactions are obsdipdb3). In
particular, while the avibactam carbamoyl hydrogen bond with Asn132 is conserved, the
weaker carbamoyl interaction with the carbonyl oxygen of L2-Ser237 is not, highlighting that

this is not essential for binding. Furthermore, the avibactam sulfate moiety interaction with

12



271 Thr235 is likely important as it presents in all SBLs, while interaction with Ser130 is present
272 in KPC-2 alone. In SHV-1:avibactam, interaction of the sulfate group with the non-conserved
273  Arg244 essentially substitutes for the sulfate-Ser237 interaction in other SBLs (Thr237 in

274 KPC-2). In both SHV-1l:avibactam and KPC-2:avibactam theydrolytic’ deacylating

275  water molecule hydrogen bonds to the avibactam carbamoyl, while this is not observed with
276  either CTX-M-15:avibactam or L2:avibactam. The avibactam-derived sulfate-boiaegn

277 is in the same conformation as in KPC-2/SHV-1:avibactam and, unlike in the CTX-M-
278  15:avibactam complex, is directed away from the six-membered ring and distant from Ser130
279  (Ser130, 3.57 A) (46) and consequently is not primeddayclization (20) in which this

280 residue is involvedHig. 8B). The CTX-M-15:avibactam complex therefore remains to date as
281 the only crystallographic evidence for avibactam reacting with an SBL in a conformation ideal
282  forre-cyclization (46)Thus, the degree to which the avibactam derived compleseaastlize

283 to reform intact avibactam may vary between SBLs.

284 Even though our structural and kinetic work confirm that L2 is potently inhibited by
285 avibactam and the bicyclic borond&ewe predicted failure of avibactam/ceftazidime against
286  S. maltophilia. This is because mutants that hyperproduce L1 are readily obtained from S.
287 maltophilia isolatesKig. 7), and avibactam does not inhibit MBLs (21). Whigstnhibits

288 subclass B1 MBLs (9), our work reveals that it does not inhibit the subclass B3 IMBL,
289 (Table 3) and sa2/ceftazidime was also overcome by L1 hyperproductiable 4, S5, S6

290 Fig. 7). It may be possible to modif and so generate a broader-spectrum MBL inhibitor.
291  However, a key finding of this work is that such a modification might not be essential
292  Avibactam and both facilitate killing of S. maltophilia when paired with the monobactam,
293  aztreonam, reducing MICs 04 mg/L even in the pan-resistant clinical S. maltophilia isolate,
294 CI-31 (Table 2). This implies that aztreonam/avibactam and aztredhamdly have a

295  promising clinical future for treatment of infections caused by this most intractable of species.

13
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The fact that efflux pump overproduction does not affect aztre@amaztreonam/avibactam
activity (Table 2) gives even greater cause for optimism. We were interested to read, therefore,
a recent clinical case report demonstrating the use of combination therapy with
ceftazidime/avibactam plus aztreonam to save the life of a patient with an S. maltophilia
infection that had failed all prior therapy (55) . Our structural, kinetic and whole bacterial
killing data would lead to the conclusion that ceftazidime was probably superfluous in this
success, but our work indicates that ceftazidime/avibactam plus aztreonam might be routinely
considered in the clinic for use against seemingly untreatable S. maltophilia infections whilst

aztreonam/avibactam works its way through the clinical trials system.

In many respects, because of its inability to inhibit L1, the bicyclic bordhates
against S. maltophilia very similarly to avibactam. One potentially significant difference is that
avibactam, but na?, is hydrolysed by L1Kig. 3). This hydrolysis is slow, and even if L1 is
hyperproduced, it is not significant enough to confer aztreonam/avibactam resiStalee (
4). However, there is a chance that L1 mutants might be selected with greater avibactam
hydrolytic activity, reducing the degree of L2 inhibition and raising the MIC of
aztreonam/avibactam into the resistant range. This may also be of relevance to other avibactam-
like compounds in development, e.g. Relebactam (56). In contrast, given that hydro®ysis of
by wild-type L1 is undetectably slow, evolution to increased breakdown may require
significantly more steps, potentially increasing the long-term efficacy of aztrePremmd

combination to treat S. maltophilia infections.

In conclusion, our combined results reveal the potential of non-classicflaotam
containingp-lactamasenhibitors, including the clinically approved compound avibactam, and
the cyclic boronates (some of which are presently in clinical trials) for treatment of S.
maltophilia, particularly when partnered with the monobactam aztreonam, and perhaps other
aztreonam-likgs-lactams currently in development Given, the structural differences, between
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avibactam, cyclic boronates, and fhactam based inhibitors, it would seem that there is
considerable scope for the identification of new typep-laictamasenhibitors of potential

clinical utility against Gram-negative bacterial pathogens.

MATERIALS AND METHODS

Bacterial isolates and materials

S. maltophilia clinical isolates were K279a, a well characterised isolate from Bristol, UK, or
were obtained from the SENTRY antimicrobial resistance survey, as previously reported (37)
The ceftazidime resistant, B-lactamase hyper-producing mutant K CAZ 10 has previously been
described [34]. Efflux-pump over producing mutants K AMI 32 and K MOX 8 were selected
using K279a as parent strain as described previouslyARgrowth media were from Oxoid.
Chemicals were from Sigma, unless otherwise stated. Avibactam was from AstraZeneca whilst

cyclic boronate& wassynthesised according to published protocols (57).

Assay of p-lactamase activity in cell extracts, f-lactamase induction and p-lactam

susceptibility

Cultures were grown overnight using nutrient broth and used to inoculate (1:100 dilution) 10
mL nutrient broth cultures in sealed 30 mL universal bottles. Cultures were incubated for 2 h
with shaking at 37°C before test inducers were added, or not, and culture was continued for 2
h. Cells were pelleted by centrifugation (4,000 x giiif) and pellets treated with 1QQ. of
BugBuster (Ambion), pipetting up and down a few times before rocking for 10 min at room
temperature. Cell debris and unlysed cells were pelleted by centrifugation (13,00, 5

and the supernatant retained as a source of crude cell protein. Protein concentrations were
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367

determined using the BioRad protein assay reagent conceiti@iding to the manufacturer’s
instructions. L1 B-lactamase activity was determined using an Omega Fluostar (BMG Biotech)
using meropenem as substrate in half-area 96 Wéltranslucent plates (Greiner UV-Star.
Bio-one with 200 pL of 100 (M meropenem solution in assay buffer (60 mMBROQ:: 7HO

pH 7.0, 40 mM NakPQsi- H20, 10 mM KCI, 1 mM MgS@ 7H0, 100 uM ZnCJ) plus 10 |L

of cell extract. Substrate depletion was followed at 300 nm for 10 mins and an extinction
coefficient of 9600 AU/M was used to calculate enzyme activity in the linear phase of the

reaction.

Susceptibility top-lactams in bacterial isolates was determined using the CLSI
microtitre MIC methodology with Muller-Hinton Broth using 96 well plates (Corning, Costar).
The MIC was determined as the lowest concentration of B-lactam required to entirely suppress
growth (53). Inhibitor concentrations were kept constant at 2 mg/L or 10 mg/L in alsassay
Interpretation of susceptibility/resistance was by reference to CLSI clinical breakpoints for S
maltophilia (ceftazidime) and for Pseudomonas aeruginosa (for aztreonam and meropenem,

since no S. maltophilia breakpoints are available) (53).

Proteomic Analysis

Cells in 50 mL nutrient broth cultures werdlpted by centrifugation (10 min, 4,000 x g, 4°C)

and resuspended in 20 mL of 30 mM Tris-HCI, pH 8 and broken by sonication using a cycle
of 1 sec on, 0.5 sec off for 3 min at amplitude of 63% using a Sonics Vibracell VC-505TM
(Sonics and Materials Inc., Newton, Connecticut, USA). The sonicated samples were
centrifuged at 8,000 rpm (Sorval RC5B PLUS using ad®fstor) for 15 min at 4°C to pellet

intact cells and large cell debris; the supernatant was removed and concentrated (Amicon 3

kDa cutoff filter) for analysis of total cell protein. Alternatively, for envelope preparatioas,
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392

supernatant was not concentrated, and instead, subjected to centrifugation at 20,000 rpm for 60
min at 4°C using the above rotor to pellet total envelopes. To isolate total envelope proteins,
this total envelope pellet was solubilised using 200 uL. of 30 mM Tris-HCI pH 8 containing

0.5% (w/v) SDS.

Protein concentrations in all samples was quantified using Biorad Protein Assay Dye Reagent
Concentrate according the manufacturer’s instructions. Proteins (2.5 pg/lane for total cell
proteomics or 5 pg/lane for envelope protein analysis) were separated by SDS-PAGE using
11% acrylamide, 0.5% bis-acrylamide (Biorad) gels and a Biorad Min-Protein Tetracell
chamber model 3000X1. Gels were resolved at 200 V until the dye front had moved
approximately 1 cm into the separating gel. Proteins in all gels were stained with Instant Blue

(Expedeon) for 20 min and de-stained in water.

The 1 cm of gel lane was subjected togeh-tryptic digestion using a DigestPro
automated digestion unit (Intavis Ltd). The resulting peptides from each gel fragment were
fractionated separately using an Ultimate 3000 nanoHPLC system in line with an LTQ-
Orbitrap Velos mass spectrometer (Thermo Scientific). In brief, peptides in 1% (v/v) formic
acid were injected onto an Acclaim PepMap C18 nano-trap column (Thermo Scientific). After
washing with 0.5% (v/v) acetonitrile plus 0.1% (v/v) formic acid, peptides were resolved on a
250 mm x 75 um Acclaim PepMap C18 reverse phase analytical column (Thermo Scientific)
over a 150 min organic gradient, using 7 gradient segments (1-6% solvent B over 1 min., 6-
15% B over 58 min., 15-32% B over 58 min., 32-40% B over 5 min., 40-90% B over 1 min.,
held at 90% B for 6 min and then reduced to 1% B over 1 min.) with a flow rate of 300 nL/min.
Solvent A was 0.1% formic acid and Solvent B was aqueous 80% acetonitrile in 0.1% formic
acid. Peptides were ionized by nano-electrospray ionizMi®rat 2.1 kV using a stainless-
steelemitter with an internal diameter of 30 um (Thermo Scientific) and a capillary temperature
of 250°C. Tandem mass spectra were acquired using an LTQ-Orbitrap Velos mass
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spectrometer controlled by Xcalibur 2.1 software (Thermo Scientific) and operated in data-
dependent acquisition mode. The Orbitrap was set to analyze the survey scans at 60,000
resolution (at m/z 400) in the mass range m/z 300 to 2000 and the top twenty multiply charged
ions in each duty cycle selected for MS/MS in the LTQ linear ion trap. Charge state filtering,
where unassigned precursor ions were not selected for fragmentation, and dynamic exclusion
(repeat count, 1; repeat duration, 30 s; exclusion list size, 500) were used. Fragmentation
conditions in the LTQ were as follows: normalized collision energy, 40%; activation g, 0.25;

activation time 10 ms; and minimum ion selection intensity, 500 counts.

The raw data files were processed and quantified using Proteome Discoverer software
v1.4 (Thermo Scientific) and searched against the UniProt S. maltophilia strain K279a database
(4365 protein entries; UniProt accession UP000008840) using the SEQUEST (Ver. 28 Rev.
13) algorithm. Peptide precursor mass tolerance was set at 10 ppm, and MS/MS tolerance was
set at 0.8 Da. Search criteria included carbamidomethylation of cysteine (+57.0214) as a fixed
modification and oxidation of methionine (+15.9949) as a variable modification. Searches were
performed with full tryptic digestion and a maximum of 1 missed cleavage was allowed. The
reverse database search option was enabled and all peptide data was filtered to satisfy false
discovery rate (FDR) of 5 %. The Proteome Discoverer software generates a reverse “decoy”
database from the same protein database used for the analysis and any peptides passing the
initial filtering parameters that were derived from this decoy database are defined as false
positive identifications. The minimum cross-correlation factor filter was readjusted for each
individual charge state separately to optimally meet the predetermined target FDR of 5 % based
on the number of random false positive matches from the reverse decoy database. Thus, each
data set has its own passing parameters. Protein abundance measurements were calculated from
peptide peak areas using the Top 3 method (58) and proteins with fewer than three peptides

identified were excluded. The proteomic analysis was repeated three times for each parent and
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418  mutant strain, each using a separate batch of cells. Data analysis was as follows: all raw protein
419 abundance data were uploaded into Microsoft Excel. Raw data from each sample were
420 normalised by division by the average abundance of all 30S and 50S ribosomal protein in that
421 sample. A one-tailed, unpaired T-test was used to calculate the significance of any difference
422  in normalised protein abundance data in the three sets of data from the parent strains versus the
423  three sets of data from the mutant derivative. A p-value of <0.05 was considered significant.
424  The fold change in abundance for each protein in the mutant compared to its parent was
425 calculated using the averages of normalised protein abundance data for the three biological
426 replicates for each strain. All raw protein abundance data are provided in the attached

427  proteomics data file.

428

429  Purification of L1 and L2 and kinetics assays

430 Recombinant L1 and L2 proteins were produced in &. @nd purified as previously
431  described (59)Enzyme activity was monitored using an Omega Fo@MG Labtech)
432 using buffer L1 (50 mM HEPES pH 7.5, 10 pg/mL BSA, 1@ gnSOQy and 0.01% v/v
433 Triton X-100) and buffer L2 (50 mM Tris pH 7.5, 1@/mL BSA and 0.01% v/v Triton X-
434 100 Reactions were carried out as described in.(#0) the chromogenic substrates
435 meropenem, ceftazidime and aztreonam, substratetaepwas measured at 300 nB60
436 nm, 318 nm, respectively whilst for the fluorogesubstrate FC5, the excitation wavelength
437 was set at 380nm and emission wavelength at 46040n Clavulanic acid was dissolved
438  in double distilled water while avibactam and cyclordnate2 were dissolved in DMSO to
439 prepare an appropriate stock solution. Steady $iatetic data were analysed by curve

440  fitting to the Michaelis-Menten equation using Prisaftware.

441
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L2 Crystallisation, Data Collection and Structure Modelling

Initial L2 crystals grew using sitting-drop vapour diffusion in 96-well MRC 2-drop plates
(Molecular Dimensions) with the Morpheus sparse matrix screen (60). Conditions were refined
in CrysChem 24-well sitting-drop plates (Hampton Research, 18 °C), and diffraction-quality
crystals were obtained by mixing 1 pL of L2 protein (42 mg/mL) with 1.5 pL reagent (10%
w/v PEG 20000, 20% v/v PEG MME 550, 0.02 DL-Glutamic acid; 0.0M DL-Alanine;

0.02 M Glycine; 0.0M DL-Lysine; 0.02M DL-Serine, 0.1 M bicine/Trizma base pH 8.5) and
equilibrated against 500 puL reagent. L2 complexes were obtained by soaking crystals in
bicyclic boronate2 (5 min, 2.5 mM) or avibactam (40 min, 5 mM) dissolved in reservoir
reagent. L2 crystals were cryoprotected using reservoir solution plus 20% glycerol and flash
frozen in liquid nitrogen. Crystallographic data were collected at 100K (104-1, 104 or 103,
Diamond Light Source, UK) and integrated in XDS (61) or DIALS (62), and scaled in Aimless

in the CCP4 suite (63). Phases were calculated by molecular replacement in Phaser (64) using
PDB 107E (unpublished) as a starting model. Avibactam and boronate structures, covalently
bound to Ser70, and geometric restraints were generated using Phenix eLBOW (65). Structures
were completed by iterative rounds of manual model building in Coot (66) and refinement in
Phenix (67). Structure validation was assisted by Molprobity (68) and Phenix (67). Figures

were prepared using Pymol (Schrodinger).

NMR Spectroscopy

The potential impact of avibactam or the bicyclic boro2ageoth 75uM) on the hydrolysis
of meropenem (1 mM) by L1 (75 nM) was monitored over 20 min. The hydrolysis of avibactam

(400 uM) and 2 (400 uM) by L1 (10 uM) was monitored over the course of 18 h or 24 h,
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respectively. All substrates, inhibitors, and enzymes were prepared in 50 mM1J pktd.5,

10 % DO. Spectra were acquired on a Bruker AVIII 700 MHz spectrometer equipped with a
H/A3C/°N TCI cryoprobe, and a Bruker AVIIIHD 600 MHz spectrometer equipped with a
Prodigy broadband cryoprob# spectra were acquired at 298 K using a 2 s relaxation delay,
and were processed with a 0.3 Hz line broadening. The water signal was suppressed by

excitation sculpting with perfect echo.
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FIGURE LEGENDS

Figure 1. Chemical structures of B-lactamase inhibitors.

Top, clavulanic acid. Middle, avibactam and the acyl-enzyme complex formed on the

(potentially reversible) reaction of avibactam with SBLs. Bottom, bicyclic bor@ate

Figure 2. Efflux pump production in S. maltophilia mutants

Protein abundance data (relative to mean ribosomal protein Abundance for each sample) is
reported as mean +/- Standard Error of the Mean (n=3). Full proteomics data are shown in

Tables S1 and S2.

Figure 3. Interaction between Avibactam and Bicyclic Boronate 2 with L1 as measured

by NMR Spectroscopy.

(A), impact of avibactam (7pM) or bicyclic boronate (75 uM) on the hydrolysis rate of
meropenem (1 mM) as catlayzed by L1 (75 nM) in 50 mM TrisaH 7.5, 10 % BO. (B)
hydrolysis of avibactam (400M) as catalysed by L1 (1@M), in 50 mM Tris-d1, pH 7.5, 10

% D20. Signals corresponding to hydrolysed avibactam are indicated with asteriskg (*). (C
Incubation of bicyclic boronat2 (400uM) for 24 h with and without L1 (1QM), all in 50

mM Tris-ch1, pH 7.5, 10 % BO.
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Figure 4. L2 active site views showing electron density maps calculated after removal of

ligand.

Fo-Fc density (green, contoured at 3c) calculated from the final model after removal of (A)
D-glutamate, (B) bicyclic boronaand (C) avibactam. Residues coordinating the
‘deacylating’ water (red sphere, ‘Wat’) are shown as sticks and labelled (Ser70, Glu166 and

Asnl170).

Figure 5. Interaction of p-lactamase inhibitors with the L2 active site.

View of L2 (shown in green cartoon) active sites with bound ligands (blue sticks), (A) D-
glutamate, (B) bicyclic boronaand (C) avibactam. Interactions between residues and the
catalytic water are shown as red dashes, and interactions between residues and ligand as blue

dashes. Labelled residues are those that specifically interact with the ligand.

Figure 6. L1 p-lactamase induction by p-lactamase inhibitors in S. maltophilia K279a.

S. maltophilia isolate K279a was incubated in presence of different potential mducer
(cefoxitin, clavulanic acid, the bicyclic boronate 2, or avibactam) at 50 mg/L). L1 activity was
measured from the cell extracts in a 96-well plate reader by determining meropenem hydrolysis
(100 uM) at A=300 nm. Protein concentration was determined by using the BioRad protein
assay dye reagent. Specific activity was calculated by using the extinction coeffi©@é00of
AU/M/cm and a pathlength correction for the microplate (0.62 mm). Data presented are means

+/- SEM, n=3.

24



546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

Figure 7.L1 activity of Inhibitor Resistant Mutants

In (A), L1 protein abundance data (relative to mean ribosomal protein abundance for each sample).
Full proteomics data are shown in Tables S6 and S7. In (B), L1 enzyme activity in cell extracts is
reported as meropenem hydrolysis rate. Data are reported as m8&m;+h=3 for the parent strain,
M11, and the two mutants (MA27 and MB25), which are resistant to ceftazidime/avibactam and

ceftazidime?2.

Figure 8. Bicyclic boronateand avibactam binding conformations in Class A f-

lactamases.

Superposition of inhibitors, shown as sticks, bound in the active sites of Cassxfamases.

(A) Bicyclic boronates bound to L2 (blue, bicyclic boron2teand CTX-M-15 (grey, bicyclic
boronatel). (B) Avibactam bound to L2 (blue), SHV-1 (grey), KPC-2 (green) and CTX5M-
(orange). Note the common binding mode for the bicyclic boronate bicyclic core and most of
the avibactam structure; there are differences in the orientations of the avibactam core derived

nitrogen (see text).
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Supplemental figure 1. Comparison of the active sites of L2:D-glutamate with L2 native

L2:D-glutamate (green) and L2 native (PDB 107E, orange) are superposed and shown in
cartoon, with important catalytic residues shown as sticks and the hydrolytic water (red) as a

sphere.

Supplemental Figure 2. Superposition of L2:D-glutamate with KPC-2:BLIP.

The L2:D-glutamate structure is superposed with the crystal structure (PDB 3E2K) of BLIP
(yellow) bound in the active site of KPC-2 (grey). Asp49 (stick, labelled) is the only BLIP
residue making interactions in the KPC-2 active site, although binding is significantly
different to D-glutamate (blue), with the exception of hydrogen bond formation to the side
chains of S130 and T237 (labelled sticks; S237 in L2). Residues which interact with the

catalytic water (red sphere) or form the oxyanion hole are labelled and shown as sticks.

Supplemental Figure 3. Comparisons of structurally characterised modes of binding of

avibactam in class A SBLs.

Avibactam (grey sticks) is shown as complexed with L2 (blue, this study), SHV-1 (orange,

PDB 4ZAM), KPC-2 (green, PDB 4ZBE), and CTX-M-15 (cyan, PDB 4S2I).
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590 Figure 3
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607  Figure 8
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614

TABLES

Table 1, Kinetic data for p-lactams tested against metallo L1 and serine L2 S.

maltophilia p-lactamases.

Enzyme  Substrate [E] (UM) Km (UM)  Kcat (s?) KcaKm
(uM-1s?) x103

L1 Ceftazidime 0.5 259.5 1.67 6.4
Aztreonam 0.5 - - -
Meropenem 10 105 23.8 227
FC5 0.05 29.6 146 4,932

L2 Ceftazidime 0.5 548.5 1.88 3.4
Aztreonam 0.5 1194 0.08 0.67
Meropenem 0.625 28.83 0.028 0.97
FC5 0.05 17.9 208.6 11,653
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616

617

618

619

Table 2. Minimum Inhibitory Concentrations (mg/L) of g-lactams against S. maltophilia

in the presence of-lactamase inhibitors used at 2 mg/L.

Ceftazidime Aztreonam Meropenem

+CLA +BOR +AVI +CLA +BOR +AVI - +CLA +BOR +AVI

K279a 4 4 0.5 1 1 1 1
2 4 2 2

1 1 1

K CAZ 10 0.5 1 1
2 4 4

K AMI 32 0.5 1 0.5

K MOX 8 025 1 0.5

Shaded values indicate clinically relevant resistance according to CLSI breakpoints (53)

CLA, clavulanic acid; BOR, bicyclic borona# AVI, avibactam
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620 Table 3. Inhibition of L2 by p-lactamase inhibitors in vitro.

621
Inhibitor ICs0 (NM) pICso
Clavulanic Acid 22.3 7.41
Avibactam 14.36 7.84
Bicyclic Boronate? 5.25 8.27
622
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623  Table 4. MICs (mg/L) of B-lactams against S. maltophilia mutants in the presence @t

624 lactamase inhibitor (10 mg/L).

625
626
Ceftazidime Aztreonam
- +BOR +AV] - +BOR +AVI

K279a 4 0.5 1 128 1 1

M11 128 8 2 256 1 1

MA27 256 32 32 256 4 4

MB25 256 64 128 256 4 4
627

628  Shaded values represent resistance according to CLSI breakpoints.

629 BOR, bicyclic boronat@; AVI, avibactam.

630 MAZ27 and MB25 were selected for growth at 32 mg/L ceftazidime in the presence of 10
631  mg/L avibactam or bicyclic borona respectively using M11 as parent strain. M11 is an

632  L1/L2 hyper-producing mutant derived from K279a, which is wild-type [37].
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