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ABSTRACT While carbapenem resistance in Gram-negative bacteria is mainly due
to the production of efficient carbapenemases, �-lactamases with a narrower spec-
trum may also contribute to resistance when combined with additional mechanisms.
OXA-10-type class D �-lactamases, previously shown to be weak carbapenemases,
could represent such a case. In this study, two novel OXA-10 variants were identified
as the sole carbapenem-hydrolyzing enzymes in meropenem-resistant enterobacteria
isolated from hospital wastewater and found by next-generation sequencing to ex-
press additional �-lactam resistance mechanisms. The new variants, OXA-655 and
OXA-656, were carried by two related IncQ1 broad-host-range plasmids. Compared
to the sequence of OXA-10, they both harbored a Thr26Met substitution, with OXA-
655 also bearing a leucine instead of a valine in position 117 of the SAV catalytic
motif. Susceptibility profiling of laboratory strains replicating the natural blaOXA plas-
mids and of recombinant clones expressing OXA-10 and the novel variants in an iso-
genic background indicated that OXA-655 is a more efficient carbapenemase. The
carbapenemase activity of OXA-655 is due to the Val117Leu substitution, as shown
by steady-state kinetic experiments, where the kcat of meropenem hydrolysis was in-
creased 4-fold. In contrast, OXA-655 had no activity toward oxyimino-�-lactams,
while its catalytic efficiency against oxacillin was significantly reduced. Moreover, the
Val117Leu variant was more efficient against temocillin and cefoxitin. Molecular dy-
namics indicated that Val117Leu affects the position 117-Leu155 interaction, leading
to structural shifts in the active site that may alter carbapenem alignment. The evo-
lutionary potential of OXA-10 enzymes toward carbapenem hydrolysis combined
with their spread by promiscuous plasmids indicates that they may pose a future
clinical threat.
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Infections caused by multidrug-resistant bacteria are threatening public health sys-
tems. Currently, the most pressing problem is the virtually universal spread of

resistant Gram-negative bacteria, such as several Enterobacteriaceae, Acinetobacter
baumannii, and Pseudomonas aeruginosa strains that are commonly implicated in
life-threatening hospital infections. These bacteria can be the hosts for a wide variety
of �-lactamases belonging to molecular classes A, C, D (serine �-lactamases), and B
(metallo-�-lactamases [M�L] possessing Zn2� as a cofactor). Most �-lactamases are
narrow-spectrum enzymes that inactivate penicillins and older cephalosporins, yet
enzymes hydrolyzing last-resort �-lactams, such as carbapenems and oxyimino-
substituted �-lactams (such as ceftazidime and cefotaxime), are increasingly detected
in pathogens.

So far, enzymes with significant carbapenemase activity have been documented in
classes A, B, and D, with the first two being the most clinically relevant in terms of
hydrolytic efficiency and host range. Carbapenem-hydrolyzing class D �-lactamases
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(CHDLs; main lineages, OXA-23, OXA-24/40, OXA-48, and OXA-51) are characterized by
a lower efficiency and are mainly confined to Acinetobacter species, while they have a
lesser role in carbapenem-resistant enterobacteria, yet highly resistant clones express-
ing enzymes of this group (e.g., Acinetobacter baumannii and OXA-48-producing Kleb-
siella pneumoniae) have been implicated in hospital outbreaks (1, 2). This, in conjunc-
tion with their relative resistance to inactivation by clinically used inhibitors of serine
�-lactamases (3), underscores their importance as emerging carbapenem resistance
determinants.

Carbapenem hydrolysis seems not to be restricted to the main CHDL lineages, as
OXA-2 and OXA-10 also possess weak carbapenemase activity at a level that is the same
as or higher than that of, e.g., OXA-58 (4). The class D �-lactamases of the OXA-10 group
are commonly produced by P. aeruginosa (3), with their genes being expressed by class
I integrons associated with transposons (5–11). Due to horizontal gene transfer (HGT),
these genes are also encountered in Enterobacteriaceae, albeit at a lower frequency
than in Pseudomonas (12–17). Most enzymes of the OXA-10 group are narrow-spectrum
�-lactamases (3, 5, 9), yet several natural variants, such as OXA-11, OXA-14, OXA-16,
OXA-17, OXA-19, and OXA-35, able to turn over oxyimino-�-lactams due to point
mutations have been described (5, 7, 18–21). This indicates that the enzymes of the
OXA-10 group possess an evolutionary potential that, under selective pressure, may
result in the emergence of potent and clinically important variants. Identification of
novel enzymes with carbapenemase activity among human pathogens is pivotal for the
management of antibiotic resistance. In this study, we therefore focused on Enterobac-
teriaceae isolates from hospital sewage showing nonsusceptibility to carbapenems
without carrying any known carbapenemase gene with the aim to characterize novel
genes contributing to carbapenem resistance. Through genetic and biochemical char-
acterization, we identified a Val117Leu variant of OXA-10 (OXA-655) that conferred
high-level carbapenem resistance to wild-type Escherichia coli in the presence of
additional resistance mechanisms. To our knowledge, OXA-655 is the first natural
OXA-10 derivative with increased carbapenemase activity.

RESULTS AND DISCUSSION
Isolation and characterization of Enterobacter cloacae WW13 and E. coli WW16.

During a screening for carbapenem-resistant Enterobacteriaceae in sewage effluent,
collected at Sahlgrenska University Hospital in Gothenburg, Sweden, in March of 2014,
several colonies were identified on MacConkey agar plates containing meropenem. The
isolates were analyzed by matrix-assisted laser desorption ionization–time of flight
(MALDI-TOF) mass spectrometry (MS) for species identification, the MIC for meropenem
was determined, and the presence of known carbapenemase genes was examined
through PCR. Two of the lactose-fermenting isolates exhibited elevated meropenem
MICs, while they did not appear to carry any of the known carbapenemase genes. The
first strain (WW13) was classified as Enterobacter cloacae/Enterobacter asburiae by its MS
profile, exhibited a MIC for meropenem of 6 �g/ml, and was isolated from a plate
containing 0.5-�g/ml meropenem, while the second one (WW16) was identified as E.
coli, was inhibited by meropenem concentrations above 16 �g/ml, and was selected
on a plate containing 4 �g/ml meropenem. These findings and, not least, the high
meropenem MIC for E. coli WW16 suggested that obscure carbapenem resistance
mechanisms were likely expressed by the two strains, and thus, they were selected for
subsequent characterization.

Enterobacter strain WW13 was resistant to penicillins (including amoxicillin-
clavulanate), first- and second-generation cephalosporins, cefotaxime, and cefotaxime-
clavulanate. The ceftazidime, cefepime, and aztreonam MICs were above the epidemi-
ological cutoffs (ECOFFs) for the genus (Table 1) (https://mic.eucast.org/Eucast2/).
Furthermore, the isolate was resistant to cephamycins and carbapenems, while the MIC
for the 6�-methoxy-substituted penicillin temocillin was within the wild-type range
(Table 1). No antagonism was observed between inducers of chromosomal AmpC
production (i.e., clavulanate and imipenem) and substrates of this enzyme. Moreover,
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no synergy between suicide inhibitors and third-generation cephalosporins was appar-
ent, while the phenotypic test for M�L production was negative. Hence, the dominant
�-lactam resistance phenotype of this strain resembled that observed during overpro-
duction of the chromosomal class C �-lactamase due to derepression. The non-�-
lactam resistance of the isolate was observed only for sulfamethoxazole.

The �-lactam resistance profile of E. coli WW16 suggested production of an
extended-spectrum �-lactamase (ESBL), as the strain was resistant to oxyimino-
cephalosporins and aztreonam, while it was inhibited by cefotaxime-clavulanate and
gave a positive double-disk synergy test (DDST) result. Additionally, it was resistant to
cephamycins and carbapenems and exhibited a high temocillin MIC (Table 1). Regard-
ing carbapenem resistance, the highest MIC values were observed for ertapenem and
meropenem, while the strain was more susceptible to imipenem, opposite the findings
for strain WW13 (Table 1). The M�L phenotypic test was again negative. The MICs of
cephamycin and carbapenems for E. coli WW16 suggested that non-�-lactamase mech-
anisms contributed to its carbapenem resistance phenotype. Moreover, the strain was
susceptible to tetracycline and ciprofloxacin, while it was resistant to aminoglycosides,
sulfamethoxazole, trimethoprim, and chloramphenicol (Table 1).

Analysis of the assembled Illumina reads classified Enterobacter cloacae WW13 as
sequence type 24 (ST24) and E. coli WW16 as ST401 according to the respective
multilocus sequence typing (MLST) schemes.

E. cloacae WW13 carried, apart from the chromosomal class C �-lactamase, a variant
of blaOXA-10 that differed by one nonsynonymous mutation from the parental gene
(GenBank accession number U37105, blaOXA-10 nucleotides 1307 to 2107). This was due
to a C-to-T transition in position 77, resulting in the replacement of the threonine at
position 26 (standard class D �-lactamase numbering [22]) of the produced protein
with methionine (assigned variant, OXA-656 [GenBank accession number MH384611]).
The same mutation was found in a blaOXA-10 variant detected in the whole-genome
sequencing (WGS) data for E. coli WW16; in addition, the blaOXA-10 variant carried a
C-to-G transversion at position 350, leading to a leucine-for-valine substitution in
residue 117 (OXA-655; GenBank accession number MH384610). The Thr26Met substi-
tution of the novel OXA-10 variants OXA-656 and OXA-655 is located at the amino
terminus of the mature protein, while the Val117Leu observed in OXA-655 is within the
second catalytically important conserved motif (S115XX; SAV in OXA-10-type enzymes)
of class D �-lactamases (23). Apart from a common mutation, evidence for a close
relation between blaOXA-656 and blaOXA-655 was provided by their presence on similar
contigs, both of which are positioned as the first gene cassettes of class I integrons
linked to a novel Tn3-like transposon inserted in the streptomycin kinase gene (strB) of
IncQ1 plasmids akin to RSF1010 (24). E. coli WW16 produced additional acquired
�-lactamases that were identified as SHV-12, TEM-1, and OXA-1.

Non-�-lactam resistance determinants were found in the WGS data for E. cloacae
WW13 and E. coli WW16, in accordance with the observed phenotypes (see Table S2 in
the supplemental material). Furthermore, both strains expressed additional intrinsic
�-lactam resistance mechanisms concerning (i) derepressed overexpression of the
AmpC of E. cloacae WW13 due to alterations in the carboxyl end of the ampD gene
(which contained 14 amino acid substitutions for the produced N-acetylmuramyl-L-
alanine amidase compared to that of E. cloacae NCTC 13405 and which was 4 residues
shorter [25–28]) and (ii) reduced outer membrane permeability resulting from porin loss
due to premature stop codons in the respective genes (ompC, ompF, and ompD in E.
cloacae WW13 and ompF in E. coli WW16).

In silico analysis of the likely plasmid content of the isolates using PlasmidFinder
revealed that, apart from the IncQ1 plasmids harboring the novel blaOXA variants, they
carried several additional replicons (Table S3 in the supplemental material). E. coli
WW16 harbored an additional replicon not detected by PlasmidFinder that was 99%
identical to and that covered 99% of the pEA3 29.5-kb plasmid found in the plant
pathogen Erwinia amylovora CFBP 2585 (GenBank accession number NC_020920) and
related to molecules found in E. coli strains isolated from swine (strains FSEC-01 and
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FSEC-02) (29). Application of the commercial PCR-based replicon typing (PBRT) method
identified the FII incompatibility group in E. cloacae WW13 and IncHI1 and IncFII(K) in
E. coli WW16. Electrophoresis of plasmid DNA extracted by an alkaline lysis protocol
confirmed the presence of several small to medium-size plasmids in both strains that
were undetectable by PBRT.

Both strains could readily serve as donors of �-lactam resistance during mating
assays. Transconjugant clones obtained by a conjugation experiment with E. cloacae
WW13 exhibited a phenotype typical for class D �-lactamases (i.e., resistance to
penicillins, reduced susceptibility to penicillin-inhibitor combinations, and susceptibility
to cephalosporins, cephamycins, and carbapenems; Table 1, strain trcWW13), and they
produced the OXA-656 variant located on the IncQ1 plasmid of strain WW13(pQGU13).
The mobilization of pQGU13 was facilitated by an IncFII plasmid, as indicated by PBRT.
WW13 transconjugants were also resistant to sulfonamides and exhibited elevated
MICs for streptomycin (Table 1), in line with the gene content of pQGU13, further
indicating that the IncFII replicon did not carry any antibiotic resistance gene. The
conjugation mixture of E. coli WW16 yielded two types of transconjugants differing in
their �-lactam resistance phenotypes. The first corresponded to production of an
OXA-type enzyme (Table 1, strain trcWW16-1), with PCR and sequencing confirming the
presence of blaOXA-655 and the IncQ1 plasmid (pQGU16). The replicon that enabled its
mobilization was the pEA3-like plasmid. The second phenotype was typical for expres-
sion of an ESBL (Table 1, strain trcWW16-2). trcWW16-2 produced, in addition to the
SHV-12 ESBL, the narrow-spectrum enzymes OXA-1 and TEM-1 and, moreover, exhib-
ited resistances to aminoglycosides, chloramphenicol, and trimethoprim that were
expressed by the IncFII(K) plasmid (Table 1).

Characterization of the novel OXA-expressing IncQ1 plasmids. Carriage of the
novel OXA-10 variants by mobilizable IncQ1 plasmids highlighted their spreading
potential in diverse species and various habitats (30). Indeed, the prototype plasmid of
the group RSF1010 is able to replicate and be maintained not only in gammaproteo-
bacterial species but also in members of the alpha-, beta-, and deltaproteobacteria of
both clinical and environmental origin (24, 31). The likely promiscuous nature of the
OXA-expressing replicons prompted their detailed characterization, and transformant
clones were prepared using E. coli TOP10 as a host.

(i) Structure of the novel replicons. Overall, the two plasmids were highly similar.
They differed in their accessory regions, with pQGU13 being slightly larger (15.5 kb
versus 14.1 kb for pQGU16) due to an additional IS4321 element, and by a nonsyn-
onymous mutation in the repC gene of pQGU13 (Ala108Val substitution) (Fig. 1). Their
backbones were nearly identical to that of RSF1010. The differences concerned the repC
gene, which carried the mutations observed in other recently described IncQ1 replicons
(32–34). As the origins of replication of the novel plasmids were identical to the origin
of replication of RSF1010, the three plasmids should be considered incompatible.
Moreover, their backbones, containing all the genes required for their double-
displacement replication mechanism (30), indicated that they could be maintained in a
wide range of hosts, as is the case for their parental molecule.

A remnant of the accessory region of RSF1010 comprising the sul2 and strA genes
and the first 223 nucleotides of the strB gene was found downstream of the repC gene
on both pQGU13 and pQGU16 (Fig. 1). The strB gene was disrupted by a novel
truncated Tn3-like transposon that contained a class I integron expressing the OXA-10
variants as the first cassette. Moreover, the integron contained a nonfunctional second
cassette consisting of a truncated AAC(I) aminoglycoside acetyltransferase open read-
ing frame (ORF) from which both the 5= and 3= ends were missing and that was similar
to the aacA38 gene found in In883 (GenBank accession number KJ668593). The
intergenic region between the two cassettes had collapsed, while the integron 3=
conserved sequence (CS) was absent (Fig. 1). The integron 5= CS, containing the attI1
site and the class I integrase gene (intI1), was 100% identical to the one found on the
Tn1404 element identified on plasmid R151 of P. aeruginosa POW 151 (8). Downstream
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of intI1, the integron inverted repeat IRi was found to adjoin the transposition module
that consisted of a resolvase gene and a transposase gene in the opposite orientation.
In pQGU16, a 33-bp terminal inverted repeat (TIR) sequence was detected downstream
of tnpA, forming the right extremity of the transposon and interrupting the remnant of
the ISCR2 transposase gene found on the variable region of RSF1010 at the vicinity of
the plasmid’s replication origin (Fig. 1). In E. cloacae WW13, the TIR region of the IncQ
plasmid was interrupted by the IS4321 element (Fig. 1).

Sequences analyses indicated that pQGU13 may have originated from a molecule
that had the structure of pQGU16, as IS4321 elements are known to recognize and be
inserted into terminal inverted repeat sequences of Tn21/Tn3-like transposons without
forming any target site duplication (35). The progenitor of pQGU13 and pQGU16 most
likely emerged during an initial transposition event inside the truncated ISCR2 trans-
posase gene of RSF1010, as it is indicated by the intact right end of the Tn3-like
transposon in pQGU16. Although the structures of the novel plasmids do not permit
the reconstruction of the exact events that led to their emergence, some assumptions
based on sequence comparisons can be made. The transposition module of the novel
Tn3 element was 99% identical to the one identified in WGS data of an Aeromonas sp.
isolate recovered from an artificial lake in Malaysia (Aeromonas sp. strain L_1B5_3
[BioProject accession number PRJNA270791]). The Aeromonas Tn3-like transposon
appears to be intact, as both TIR regions are present bracketing the transposition
module along with two accessory metabolic genes and, most likely, resides on an IncQ3
plasmid (contig 10; GenBank accession number JXIR01000010; Fig. 1). Based on the
information presented above, the ancestor of pQGU13 and pQGU16 probably emerged

FIG 1 Structure of the novel plasmids pQGU16 and pQGU13 and comparison with their relative molecules. Genes comprising the IncQ1 backbone are colored
blue, while those of the acquired region of RSF1010 (GenBank accession number M28829) are colored green. The novel class I integron containing Tn3-like
transposon is colored red, while the IS4321 element of pQGU13 is colored yellow. A map of contig 10 of Aeromonas sp. L_1B5_3 WGS (GenBank accession
number JXIR01000010; reverse complement) carrying a Tn3-like transposon having a transposition module (identity � 99%) highly similar to the one found on
the IncQ1 plasmids is shown in the top row. Reannotation and sequence comparison of this contig revealed that it contains a typical IncQ3 backbone (purple),
with nucleotides 8676 to 11093 expressing a chimeric MobA/RepB relaxase/mobilization nuclease (92% identical to the one of pQ7; GenBank accession number
FJ696404) (85) and nucleotides 11077 to 11508 corresponding to a MobC ORF (96% identical to the one of pQ7). Nucleotides 1 to 206 make up the OriV/iteron
region that at its 3= end is partially captured and at its 5= end is interrupted by the Tn3-like transposon. Both the right and left terminal inverted repeats (IRR
and IRL, respectively) of the transposon are present, with their sequences being identical to the right TIR identified in pQGU16 (shown at the junction points
of the Aeromonas IncQ3 and pQGU16 plasmids). In the TIR of pQGU13, an IS4321 element has been inserted, with its left and right inverted repeat sequences
extended by 7 and 3 nucleotides, respectively (35), being identified at the junctions. The sequence overlap between strB and aacA38 at the ΔstrB-ΔaacA38
region of the pQGU plasmids is highlighted by a gray box. The high similarity between the beginning of the aacA38 gene of In883 (GenBank accession number
KJ668593) and the end of blaOXA-10 in Tn1404 (GenBank accession number U37105) that most likely led to the collapse of the 59-bp element in pQGU plasmids
through homologous recombination was also detected.
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through transposition of the IncQ3 Tn3-like transposon into the accessory region of an
RSF1010-like plasmid. The subsequent replacement of the two transposon accessory
ORFs by the OXA-expressing class I integron may have occurred at a single step
through homologous recombination. Indeed, there are already described complex
structures where class I integrons are colocalized with strA-strB-carrying Tn3-like trans-
posons (e.g., Tn1403 carrying the Tn5393c strA-strB Tn3-like transposon located on
plasmid RPL11 of P. aeruginosa [36]). Evidence of such crossovers can be observed in
the sequences of the novel OXA-expressing plasmids, such as those of the ΔstrB-
ΔaacA38 region, where the respective intact genes share a high homology (Fig. 1).
Similarly, collapse of the 59-bp element of the blaOXA cassette along with the start
codon of aacA38’ may have resulted from homologous recombination (Fig. 1).

These observations strengthen the notion that recombination events have a key role
in shaping the structure of IncQ plasmids (32, 37). Indeed, their unique replication
mechanism, where extended parts of the molecule remain single stranded for pro-
longed periods of time (30), favors both intra- and intermolecular priming, leading to
the excision and exchange of genetic structures. In the case of the novel OXA-
expressing IncQ1 plasmids, some hypotheses can be made regarding the potential
habitats and bacterial species that hosted the above-described genetic exchanges.
Both the Aeromonas sp. and P. aeruginosa, which contain mobile genetic structures
highly similar to those identified in pQGU13 and pQGU16, are important components
of aquatic microbial communities (38–42). Thus, while RSF1010-like plasmids are wide-
spread and are recovered from various sites, the acquired region of the novel IncQ1
plasmids suggests that these plasmids could have emerged in aquatic ecosystems.

(ii) Effects on �-lactam resistance. Under each genetic background tested (i.e., E.
coli CAG18439, in the presence of a helper cryptic plasmid, and E. coli TOP10), carriage
of blaOXA-655-harboring pQGU16 significantly increased the MICs of meropenem, dorip-
enem, and ertapenem (5 to 8, 4 to 5, and 80 to 95 times, respectively), while imipenem
susceptibility was not affected (Table 1). Production of OXA-655 also increased the MICs
of temocillin by 2.7 to 5.3 times compared to those observed for the host strains
without plasmids (Table 1). On the contrary, blaOXA-656 in an identical immediate
genetic context as blaOXA-655 did not affect the carbapenem and temocillin MICs,
although there was a 4 to 8 times increase for ertapenem. Oxyimino-substituted
�-lactams retained their potency against the pQGU16-carrying E. coli clones, whereas a
6-fold increase in the MIC of aztreonam and minor changes for cefotaxime and
ceftazidime were observed for the clones carrying pQGU13 (Table 1).

The findings presented above and, especially, the susceptibility profiles of E. coli
transformants suggest that the Met26/Leu117 variant of OXA-10 (OXA-655) is more
efficient against carbapenems and temocillin than OXA-656 containing only the
Thr26Met substitution. Therefore, E. coli WW16, for which carbapenem MICs were
unusually high (considering the resistance mechanisms that it expressed), produced an
OXA-10 type �-lactamase that hydrolyzed carbapenems faster than its parental enzyme
due to a substitution in the SAV catalytic motif.

Effects of Thr26Met and Val117Leu on interactions with �-lactams. In order to
compare the resistance levels conferred by the two novel OXA variants as well as by
their parental OXA-10 under strict isogenic conditions and to examine in detail their
hydrolytic properties, the respective genes were cloned into the pZE21 vector, with
their expression being controlled by the inducible pTetOL1 promoter in a tetR-positive
E. coli strain (E. coli C600Z1).

(i) �-Lactam resistance profile. In the absence of a pTetOL1 inducer, production of
the three OXA enzymes by the respective recombinant clones was minimal, as the
�-lactam MICs were not affected (Table 2). Induction with anhydrotetracycline resulted
in the overproduction of the cloned �-lactamases, as indicated by the resistance levels
observed for the various �-lactams (Table 2). OXA-10 and OXA-656 caused identical
effects on �-lactam MICs that concerned resistance to amoxicillin and its combination
with clavulanic acid as well as to the second-generation oxyimino-cephalosporin
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cefuroxime. Resistance against cephalothin was also affected, but to a lesser extent.
Overproduction of both enzymes significantly increased the MICs of cefotaxime, az-
treonam, and cefepime (16-, 42-, and 16-fold, respectively), while there were no effects
on susceptibility toward ceftazidime (Table 2). OXA-10 and OXA-656 caused the same
increases in the MICs of temocillin, meropenem, ertapenem, and doripenem, while
cefoxitin and imipenem action was not altered, probably due to the reduced suscep-
tibility of the host strain used (Table 2).

The OXA-655 recombinant strain exhibited a �-lactam susceptibility profile different
from that of the OXA-10 and OXA-656 recombinant strains. Carbapenem MICs indicated
elevated resistance compared to that for the parental enzymes, with the MICs of
meropenem, ertapenem, and doripenem exhibiting the highest increases (4-, 3-, and
4-fold, respectively). Oxyimino-cephalosporins and aztreonam were as potent against
the blaOXA-655-carrying clone as against the empty host, while the temocillin MIC was,
again, higher than that for OXA-10 enzymes with a valine at position 117 (Table 2).
Comparison of the resistance levels conferred by the three OXA-10-type enzymes when
expressed under isogenic conditions suggested that the Thr26Met substitution (seen in
both OXA-656 and OXA-655) had no detectable phenotypic effect, while the Val117Leu
substitution caused significant alterations of the interactions with �-lactams. The
substitution had a clear negative effect on the turnover of �-lactams carrying an
oxyimino R1 side chain, while it appeared to increase the enzyme’s efficiency against
carbapenems and temocillin, which share a structural feature concerning an oxygen-
containing 6� substituent.

(ii) Hydrolysis constants. Purification of the three �-lactamases to near homoge-
neity (purity, �95%) and assessment of their Michaelis-Menten catalytic constants
revealed that the Leu117 variant indeed interacted with the various classes of �-lactams
differently than it did with the Val117 enzymes (Table 3). While OXA-10 and OXA-656
shared nearly identical hydrolysis constants, OXA-655 exhibited statistically significant
alterations of kcat and Km values for every �-lactam tested. Carbapenem hydrolysis by
the three enzymes was characterized by low kcat and low Km values, pointing to
deacylation as the reaction’s rate-limiting step. Carbapenem Michaelis constants were
lower than the lowest concentration of substrate that could be assayed, and thus, for
these reactions, only kcat could be accurately measured. OXA-655 hydrolyzed both
imipenem and meropenem faster at every substrate concentration tested than OXA-10
and OXA-656 did (Table 3). The effect was stronger in the case of meropenem, where
a 4-fold increase in the kcat value was observed (Table 3). Benzylpenicillin and oxacillin

TABLE 2 �-Lactam resistance profile conferred by OXA-10 and the new variants overproduced in E. coli C600Z1 under isogenic
conditions

�-Lactam

Etest MIC (�g/ml)

pZE21-blaOXA-10
a

producing
OXA-10 (Thr26, Val117)

pZE21-blaOXA-656
a

producing
OXA-656 (Met26, Val117)

pZE21-blaOXA-655
a

producing
OXA-655 (Met26, Leu117)

pZE21-blaOXA,
no induction Control

Amoxicillin �256 �256 �256 16 6
Amoxicillin-clavulanate 64 64 24 6 6
Temocillin 64 64 192 12 12
Cephalothin 24 32 16 12 12
Cefuroxime 64 64 4 4 4
Cefotaxime 1.5 1.5 0.094 0.094 0.094
Cefotaxime-clavulanate 0.094 0.094 0.094 0.094 0.094
Ceftazidime 0.125 0.125 0.094 0.125 0.125
Cefepime 1.5 1.5 0.032 0.047 0.047
Cefoxitin 8 8 8 8 8
Aztreonam 8 8 0.19 0.094 0.094
Imipenem 0.25 0.25 0.5 0.25 0.25
Meropenem 0.125 0.125 0.5 0.016 0.016
Ertapenem 0.19 0.25 0.75 0.004 0.004
Doripenem 0.125 0.125 0.5 0.032 0.032
aDetermined in Mueller-Hinton agar plates containing 200 ng/ml anhydrotetracycline.
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hydrolysis was more efficient in the Val117 variants, mostly due to increased turnover
rates, which, in the case of the latter substrate, were higher by approximately 7 times
compared to those for OXA-655 (Table 3). The Michaelis constant was also affected
during oxacillin hydrolysis, and it was 2 times higher in the case of OXA-655, thus
leading to a �10-fold decrease in kcat/Km compared to that for the Val117 enzymes.

First-generation cephalosporins were also hydrolyzed less efficiently by OXA-655.
Regarding nitrocefin, Val117Leu affected both kcat and Km (a 1.4-fold higher kcat and a
4-fold lower Km in OXA-10 and OXA-656), while during cephalothin hydrolysis, only the
Michaelis constant was significantly altered, as it was 46 times higher in OXA-655 (Table
3). The increase in Km suggested, furthermore, that Leu117 has a profound negative
effect on the affinity of the enzyme for the latter substrate. OXA-10 and OXA-656
exhibited measurable cefotaxime hydrolysis, characterized by low kcat and high Km

values, indicating that the hydrolysis of cefotaxime was 270 times less efficient than
that of oxacillin (Table 3). In contrast, cefotaxime hydrolysis by OXA-655 was barely
detectable, due to very low turnover rates in conjunction with high Km values. The
estimate for kcat/Km during hydrolysis of cefotaxime by OXA-655 indicated that the
Val117Leu substitution reduced the catalytic efficiency by 100 times. Cefoxitin was a
poor substrate for all three OXA-10-type enzymes, reflected by low kcat and high Km

values exceeding the highest concentration of the substrate that could be measured by
UV spectrophotometry. Nonetheless, at every substrate concentration tested, OXA-655
hydrolyzed the molecule with initial velocities that were double those of its parental
enzymes, a feature also reflected in the kcat/Km estimates (Table 3).

Enzyme kinetics indicated that the Thr26Met substitution had no effect on OXA-10
function, while the Val117Leu substitution induced major alterations, including an
increased hydrolytic efficiency for the carbapenems imipenem and meropenem. Re-
garding the latter substrate, the increase in kcat was much higher. Considering the
differences observed during MIC experiments under isogenic conditions, it is highly
likely that the hydrolytic efficiency is significantly increased for ertapenem and dorip-
enem as well, which, in contrast to imipenem, carry an 1�-methyl group and are
substituted at C-2 by bulkier side chains. Increased hydrolysis was also observed for
cefoxitin. On the other hand, the substitution caused reduction in hydrolysis of the
preferred substrates for these type of enzymes (i.e., oxacillin and other penicillins) as
well as of cephalosporins and, especially, oxyimino-substituted molecules.

(iii) Structural bases of the observed phenomena. As previously shown, position
117 has a key functional role in class D �-lactamases (23). It is the third amino acid in
the second conserved motif, SXX (i.e., a motif equivalent to the S130DN motif of class
A �-lactamases and the Y150AN motif of class C enzymes), with its side chain being
positioned in the vicinity of Lys70. The latter amino acid acts as the general base during
�-lactam hydrolysis, deprotonating the catalytic Ser67 and the deacylation water
through its carboxylated �-amino group (43, 44). Mutation of valine 117 to threonine in
OXA-10 caused significant activity loss, and it has been proposed that the hydrophobic
nature of that residue is important in lowering the pKa of Lys70, thus facilitating its
carboxylation (23). Position 117 is relatively conserved in class D enzymes, with the

TABLE 3 Steady-state kinetic constants of �-lactam hydrolysisd

�-Lactam

OXA-10 (Thr26, Val117) OXA-656 (Met26, Val117) OXA-655 (Met26, Leu117)

kcat (s�1) Km (�M) kcat/Km (M�1·s�1) kcat (s�1) Km (�M) kcat/Km (M�1·s�1) kcat (s�1) Km (�M) kcat/Km (M�1·s�1)

Imipenem 0.047 � 0.001 �2 �2.3 � 104 0.046 � 0.002 �2 �2.3 � 104 0.085 � 0.003 �2 �4.3 � 104

Meropenem 0.023 � 0.001 �2 �1.2 � 104 0.024 � 0.002 �2 �1.2 � 104 0.089 � 0.006 �2 �4.5 � 104

Benzylpenicillin 91 � 1 14 � 1 6.7 � 106 92 � 11 14 � 6 6.7 � 106 50 � 6 22 � 6 2.3 � 106

Oxacillin 346 � 3 65 � 5 5.3 � 106 331 � 11 58 � 2 5.7 � 106 50 � 3 113 � 20 4.4 � 105

Nitrocefin 110 � 15 13 � 8 8.5 � 106 111 � 3 16 � 2 6.9 � 106 77 � 14 60 � 24 1.3 � 106

Cephalothin 1.07 � 0.03 4.4 � 1.4 2.5 � 105 0.99 � 0.05 3.3 � 1.2 3.0 � 105 2.3 � 0.6 152 � 24 1.5 � 104

Cefotaxime 2.06 � 0.19 104 � 17 1.9 � 104 2.09 � 0.20 98 � 17 2.1 � 104 �0.03 �120 2.4 � 102 � 22
Cefoxitin �0.07 �200 3.8 � 102 � 12 �0.07 �200 3.9 � 102 � 25 �0.12 �200 7.4 � 102 � 65
aThe data represent the means � standard deviations from three independent experiments.
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majority of them containing valine (Fig. S1 in the supplemental material). Notable
exceptions concern the OXA-51 carbapenemase group (45), where isoleucine is most
frequent, and the OXA-62-like carbapenemases (46), where position 117 is occupied by
leucine.

The data presented herein indicate that replacement of valine by leucine in position
117 of OXA-10 induces the carbapenemase character of the enzyme, sacrificing the
activity against its preferred substrates along with that against newer cephalosporins.
The substitution introduces a somewhat more hydrophobic core in the environment of
Lys70 due to the extra carbon of the leucine side chain in relation to valine. The kinetic
data, though, indicated that the observed functional differences are not due to an
increased number of carboxylated species, as the activity for several substrates was
decreased. In an initial effort to unveil the likely effects of the substitution on the
enzyme’s structural properties, molecular dynamics (MD) simulations were employed.
OXA-10, OXA-656, and OXA-655 were simulated in their free forms with Lys70 carbox-
ylated. For each enzyme, three 10-ns simulations were performed in order to assert a
relatively expanded sampling of the phase space.

Analysis of the obtained MD trajectories identified two sites in the active center
cavity where OXA-655 exhibited notable differences from OXA-10 and OXA-656 that
were present in all three sets of simulations. The first one concerned the mutated
position and its interactions with Leu155 (standard class D �-lactamase numbering),
located in the � loop. While the plane of the two methyl groups of the Val117 isopropyl
side chain was positioned in parallel with the active site’s bottom in OXA-10 and
OXA-656, the plane formed by the equivalent groups of the isobutyl side chain in
Leu117 of OXA-655 was rotated by 90° (Fig. 2B). The side chain of Leu117 exhibited at
this altered position more frequent contacts with the side chain of Leu155, in contrast
to OXA-10 and OXA-656, where Val117 did not form a bridge with that residue for a
significant part of each simulation (Fig. 2A, middle).

The second significant difference regarded the distances between the side chains of
Met99 and Phe208 (B5 �-sheet), located at opposite edges of the active site. The side
chains of the two residues were distantly positioned in OXA-10 and OXA-656, and
contacts between them were quite rare. In OXA-655, on the other hand, an increased
number of species in which the two residues interacted, forming a bridge, were
sampled. In fact, OXA-655 was clustered between two main structural populations, in
one of which the two residues were in contact (Fig. 2A, top, and Fig. 2B). The difference
described above was mostly due to the movements of Phe208 (Fig. 2B). This effect of
Val117Leu most probably resulted from the different mode of interactions between
residue 117 and Leu155. The side chain of the latter residue also interacted with the C-�
and C-� atoms of Ser209, located at the carboxy end of the B5 �-sheet, thus partici-
pating in the movements of that segment. In OXA-10 and OXA-656, the distances
between Val117-Leu155 and Met99-Phe208 exhibited a degree of correlation, with
longer distances between the former residues being associated with remote position-
ing of the latter and vice versa, while in OXA-655, no such correlation was observed
(Fig. 2A, bottom). It therefore seems that the stronger interactions between Leu117-
Leu155 in OXA-655 decoupled the effects of Leu155 on the movements of B5, permit-
ting the side chain of Phe208 to frequently adopt conformations closer to Met99,
forming a tunnel-like structure (Fig. 2C).

Interestingly, a similar tunnel-like structure has been observed in the crystals of the
OXA-23 and OXA-24 carbapenemases formed by Phe110-Met221 and Tyr112-Met223
(Fig. 2C), respectively (47, 48). The above-described structural feature has been pro-
posed to be the factor responsible for the carbapenem-hydrolyzing activity of the
above-described enzymes as well as for their low efficiency against oxacillin due to
steric hindrance (47). The finding that OXA-655 hydrolyzed carbapenems faster and
hydrolyzed oxacillin less efficiently than its parental enzymes due to a substitution that
leads to the formation of an equivalent surface points to a likely role of this feature in
the observed phenomena. Carbapenems form stable acyl-enzymes with class D en-
zymes that undergo very slow hydrolysis (49). Deacylation of carbapenem acyl-enzymes
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proceeds at higher rates in OXA carbapenemases, but the underlying mechanisms have
not yet been deciphered. In OXA-24, the tunnel-like structure has been proposed to
achieve faster deacylation by favoring tautomerization of the pyrroline ring to its Δ2
tautomer, which could be hydrolyzed faster than Δ1 (which is more prevalent in the
OXA-1 acyl-enzyme) (50). The absence of an equivalent bridge in OXA-48, though (51),
which is one of the most efficient class D carbapenemases identified so far, indicated
that the various enzymes of the group exhibiting high sequence variation may utilize
different mechanisms in order to increase efficiency (51) or, alternately, that this surface
may not be the factor that leads to increased hydrolysis rates. In a mutagenesis study
of OXA-10, it has been shown that the carboxy end of B5, along with the �5-�6 loop,
is an important determinant for the carbapenemase function of class D enzymes.
Replacement of that segment with the respective ones from OXA-23, OXA-24, and
OXA-48 (which differ from OXA-10 both in amino acid composition and in length)
significantly increased the catalytic efficiency toward carbapenems (52).

In the MD simulations presented herein, the relation of B5 movements to the
position 117/Leu155 bridge as well as to the presence of a hydrophobic surface atop

FIG 2 Structural differences between the three enzymes observed during molecular dynamics simulations. (A) Distribution of distances between the C-� atom
of the Met99 side chain and the center of mass of Phe208 ring carbon atoms (d1; top) and between the methyl groups of Val/Leu117 and Leu155 (d2; middle).
Frequency denotes the actual number of structures. The relation of d1 and d2 is depicted in the lower plot. The two distances in OXA-10 and OXA-656 exhibited
a weak positive correlation (R2 � 0.2406 and 0.2698, respectively), in contrast to OXA-655 (R2 � 0.0079). Results correspond to combined data from the three
sets of simulations (see Fig. S2 in the supplemental material). (B) Superimposition of the average minimized structures of the two main clusters for each enzyme
focusing on the active sites. The different positioning of the side chain methyl groups of Leu117 in OXA-655 compared to those of Val117 in OXA-10 and
OXA-656 is denoted by arrows. The proximity of the Met99 and Phe208 side chains in the second cluster of OXA-655 is also evident. (C) Surface representations
of Met99 and Phe208 in the secondary clusters of OXA-10 variants. In OXA-655, the two residues form a hydrophobic bridge atop the active site. This surface
is analogous to the one formed by residues Tyr112 and Met223 in the OXA-24 carbapenemase (PDB accession number 2JC7).
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the active site may provide a link between the hypotheses that have been proposed so
far. The Val117-Leu155 surface (Val128-Leu166 in OXA-23 and Val130-Leu168 in OXA-
24) in carbapenem acyl-enzymes participates in the binding of the 6�-hydroxyethyl
substituent (48). The positioning of the latter seems to control the approach of the
catalytic water to a hydrolytically competent position (48). Furthermore, in a recent
study, the movement of the Val117-Leu155 surface, which could affect the hydration of
the active site in carbapenem acyl-enzymes of CHDLs, has been shown (49). It can be
hypothesized that the Val117Leu substitution leads to a catalytically competent posi-
tioning of the 6�-hydroxyethyl group, permitting the hydrolytic attack, as one of its
significant effects concerned the structure and dynamics of the position 117-Leu155
surface, in line with a recently proposed hypothesis (49). This is also supported by the
improved efficiency against cefoxitin (a 1.9-fold kcat/Km increase) and the likely in-
creased hydrolytic activity against temocillin (a 3- to 4-fold MIC increase), both of which
contain in the � face of the �-lactam ring an equivalent C-6(7) substitution. Further
structural and functional studies of OXA-655 interactions with carbapenems and other
�-lactams carrying 6� oxygen-containing substituents would validate the hypothesis
presented above, and a crystallization effort is under way.

Resistance selection in the hospital wastewater interface. The role of the envi-
ronmental gene pool in the emergence of antibiotic resistance in clinical bacteria has
been long discussed (53, 54). In hospital sewage, environmental and clinical strains
coexist under exposure from a diversity of antimicrobials that may reach concentrations
capable of stimulating HGT as well as selecting for resistant strains. Thus, hospital
sewage has been pointed out to be an environment that presents a risk for antibiotic
resistance development (55). In such a niche, the movement of genes could be
bidirectional; i.e., clinical strains could also pass genetic elements to environmental
ones, apart from receiving them.

Evidence on the likely association of E. coli WW16 with the hospital environment was
provided by a screening for meropenem-resistant enterobacteria in sewage collected at
another site of the hospital sewer system performed 6 months after the isolation of
WW16. From this screening, an E. coli isolate (E. coli WW41) exhibiting a high mero-
penem MIC (16 �g/ml) was collected and found by WGS to carry the pGU16 plasmid
encoding the OXA-655 carbapenemase. This strain was again classified as ST401 and
was genetically nearly identical to E. coli WW16 in terms of plasmid content and
resistance determinants (the sole differences being the absence of the pEA3-like
plasmid and an additional small plasmid). It therefore seems that E. coli WW16 is a
reasonably common strain type here, although its wider geographic spread is not yet
known.

It is possible that the strain originates from the intestinal flora of patients at the local
hospital, an interpretation in line with the broad resistance profile of the strain as well
as its carriage of an IncFII(K) plasmid harboring blaSHV-12, blaTEM-1, and blaOXA-1, yet
several characteristics rather link it to nonclinical settings. First, E. coli ST401 has not
been implicated in infections, and so far it has been isolated from retail meat (56) and
sea-surface water from the Antarctic (57). Furthermore, the plasmid content of E. coli
WW16 indicated contact with nonclinical bacteria, as several of its plasmids could not
be classified by the PBRT scheme (developed for plasmids from clinical enterobacteria)
and the relatives of one of its plasmids, the pEA3-like plasmid, has been isolated from
a plant pathogen and E. coli strains causing infections in animals. These features of both
clinical and environmental bacteria suggest a possible role of this strain as an inter-
mediate in antibiotic resistance transfer events. Conditions prevailing in the hospital
wastewater may yield genetic structures having the potential to become future threats,
and strains carrying these could facilitate the transfer of novel resistance determinants
in the clinic (either in a direct manner or by passing the novel structures to already
established clinical strains).

OXA-10-type enzymes appear to be widespread in wastewater (58, 59), likely due to
the high abundance of the P. aeruginosa strains that usually host them. The gene has
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been spread in clinical enterobacterial populations as well, and recent studies indicate
increasing isolation trends (14, 15). The initial steps of these HGT events were most
probably facilitated by broad-host-range plasmids, and those of the IncQ group seem
to be the most likely vector. Indeed, sequence analysis of pQGU13 and pQGU16
indicated that some of the acquisition events that built up their variable region took
place in P. aeruginosa, while a relation with an IncQ3 plasmid found in an Aeromonas
sp. was also established. A previous finding, where an OXA-10 variant was expressed as
the first cassette of a class 3 integron carried by an IncQ3 plasmid, further strengthens
this notion (60). Moreover, as this plasmid was also found in an enterobacterial strain
isolated from hospital wastewater (E. cloacae LIM73), this habitat might be of impor-
tance for the spread of the gene. It is therefore plausible that the transfer of OXA-10-
type enzymes from P. aeruginosa to clinical enterobacteria is an ongoing process in
hospital wastewater mediated by broad-host-range IncQ plasmids.

Conclusions. OXA-10-type enzymes are among the most widespread acquired
�-lactamases. Their measurable rates of hydrolysis of newer �-lactams, such as third-
generation cephalosporins and carbapenems, suggest a spectrum broader than that of
other oxacillinases, like OXA-1. Here, a novel OXA-10 variant with enhanced carbapen-
emase activity has been found on a broad-host-range replicon that can be readily
transferred by helper conjugative plasmids and replicated at high copy numbers (31,
61). It is known that the hydrolysis of expanded-spectrum cephalosporins by OXA-10-
type enzymes can be further enhanced through point mutations. Here, we show that
the carbapenemase activity can also be enhanced by a single substitution, Val117Leu,
located in the SAV catalytic motif. It is likely that production of this novel enzyme
(OXA-655) by the wild-type E. coli strain, combined with porin loss, led to the unusually
high meropenem MICs. The wild-type E. cloacae strain producing the parental OXA-656
was also resistant to carbapenems due to both porin loss and AmpC overproduction.
It therefore seems that the ability of OXA-10-type enzymes for carbapenem turnover
can contribute to clinically important resistance in enterobacteria when additional
mechanisms are present. The finding that these enzymes possess an evolving potential
toward hydrolysis of carbapenems may prove valuable in understanding the function
of this enigmatic group of enzymes. OXA-655 is the first reported OXA-10 natural
mutant exhibiting enhanced carbapenemase activity, and resolving the structural bases
of its function may help further decipher how class D �-lactamases work.

MATERIALS AND METHODS
Bacterial strains and plasmids. Enterobacter cloacae WW13 and E. coli WW16 were isolated from

wastewater collected at the Sahlgrenska University Hospital, Gothenburg, Sweden, in March of 2014 in
a parallel surveillance study. Briefly, 30 ml of raw hospital wastewater was sampled at 40-min intervals for
6 days, and the samples were pooled. MacConkey agar plates containing either 0.5 �g/ml or 4 �g/ml
meropenem were inoculated with 100 �l of the pooled sample and incubated at 37°C for 24 h. Colonies
exhibiting good growth and lactose fermentation were picked and subjected to species identification by
MALDI-TOF MS using a Vitek MS system (bioMérieux, Marcy l’Étoile, France) before subsequent charac-
terization. E. coli WW41 was isolated as described above from a wastewater sample collected in
September of 2014 at another site of the hospital’s sewage system.

E. coli CAG18439 (Tetr F	 lacZ118(Oc) lacI3042::Tn10 �	 rph-1 [62]) was utilized as the recipient in
conjugal plasmid transfer assays, while chemically competent E. coli One Shot TOP10 cells [Strr F	 mcrA
Δ(mrr-hsdRMS-mcrBC) �80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara leu)7697 galU galK rpsL endA1 nupG]
(Thermo Scientific, MA, USA) were used as hosts during transformation by natural plasmids. Expression
of recombinant blaOXA-10, blaOXA-656, and blaOXA-655 was carried out in E. coli C600Z1 (Spr lacIq PN25-tetR
lacY1 leuB6 mcrB� supE44 thi-1 thr-1 tonA21) (Exxpressys, Bammental, Germany).

The open reading frames of OXA-10, OXA-656, and OXA-655 were synthesized by GeneArt gene
synthesis service (Thermo Scientific, Regensburg, Germany), with KpnI (5=-GGGGTACC) and BamHI
(GGATCCCG-3=) motifs (indicated in boldface) being attached to their 5= and 3= ends, respectively. Then,
each gene was cloned into the KpnI and BamHI sites of the pZE21-MCS vector (Kanr), which has been
previously described (63). In the resulting constructs (pZE21-blaOXA-10, pZE21-blaOXA-656, and pZE21-
blaOXA-655), the cloned genes were under the control of the pTetOL1 promoter/operator, with their
transcription being suppressed by TetR in the absence of an inducer and overexpressed in the presence
of tetracycline or a tetracycline analogue (64). The OXA-expressing recombinant plasmids were used to
transform TetR-producing E. coli C600Z1 cells through electroporation, with transformant clones being
selected on Luria-Bertani (LB) agar containing 50 �g/ml kanamycin. The sequence integrity of the cloned
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region was verified by Sanger sequencing. The resulting clones were utilized for antimicrobial suscep-
tibility testing as well as for enzyme purification.

Whole-genome sequencing and bioinformatics analyses. DNA libraries (paired end 2 � 300 bp)
were prepared using genomic DNA from Enterobacter cloacae WW13, E. coli WW16, and E. coli WW41 and
a TruSeq DNA sample kit (Illumina). DNA sequencing was performed on an Illumina MiSeq system at the
facilities of the Science for Life Laboratory (Royal Institute of Technology, Sweden). Demultiplexed
paired-end reads were trimmed and filtered using Trim Galore software [	q 20 	length 20] (65).
Assembling the paired-end reads was performed by using SPAdes (v.2.9.0) in the careful mode and with
k-mers ranging from 21 to 127 bases (66). The assembled sequences were analyzed using the in silico
multilocus sequence typing (MLST) tool MLST (v.1.8; https://cge.cbs.dtu.dk/services/MLST/; Center for
Genomic Epidemiology [CGE]) (67). Acquired resistance genes were detected using the ResFinder (v.2.1)
tool of the CGE server (https://cge.cbs.dtu.dk/services/ResFinder/) (68), while the likely plasmid content
was assessed using PlasmidFinder (v.1.2; https://cge.cbs.dtu.dk/services/PlasmidFinder/) (69). Bacterial
genome annotation was performed using the RAST server (http://www.nmpdr.org/FIG/wiki/view.cgi/FIG/
RapidAnnotationServer) (70), and the predicted ORFs were further analyzed, using the BLASTp program,
for additional putative �-lactamases and plasmid proteins. Contigs containing acquired �-lactamase
genes were compared to the sequences in the NCBI reference nucleic acid database using the BLASTn
program. The porin and penicillin binding protein genes of the studied strains were compared with those
of E. coli ATCC 25922 (GenBank accession number NZ_CP009072) (71) and E. cloacae ATCC 13047
(GenBank accession number CP001918) (72). The ampR and ampD genes participating in the control of
Enterobacter chromosomal cephalosporinase expression were compared with the respective genes of E.
cloacae NCTC 13405 (GenBank accession numbers KT780419 and KT780420, respectively) (25). The
promoter/attenuator region controlling the expression of the E. coli ampC gene was compared to that
of E. coli ATCC 25922 exhibiting basal cephalosporinase production (73), and the detected polymor-
phisms did not belong to those yielding increased transcription.

Detection of plasmids and �-lactamases. Genomic DNA was isolated from E. cloacae WW13, E. coli
WW16, and E. coli WW41 using a DNeasy blood and tissue kit (Qiagen, Hilden, Germany). The purity and
concentration of the DNA preparations were assessed with a NanoDrop ND-1000 spectrophotometer and
a Qubit instrument, respectively. The purified DNA was screened for the presence of known carbapen-
emase genes using PCR primers specific for the VIM, IMP, NDM, KPC, GES, and OXA-48 �-lactamases
described earlier (74), although the reverse primer for IMP was slightly modified due to detected
mismatches (see Table S1 in the supplemental material).

The transferability of �-lactam resistance was assessed through conjugation experiments, as de-
scribed previously (75). Conjugation was performed for 4 h at 30°C without shaking, and transconjugants
were selected on MacConkey agar plates containing 25 �g/ml tetracycline and 50 �g/ml amoxicillin.

The plasmid content (small to medium-size molecules) of wild-type strains as well as of transconju-
gant clones was examined electrophoretically on 0.8% agarose gels using purified preparations obtained
by an alkaline lysis protocol (76). Incompatibility typing was performed using a commercial PCR-based
replicon typing (PBRT) kit (Diatheva, Cartoceto, Italy) and genomic DNA from wild-type and transconju-
gant strains as the template. The IncQ1 plasmids were detected by PCR using the OXA-10-R, Tn3x-tnpR-F,
mobC-F, and Tn3x-tnpA-R primers (Table S1), hybridizing specifically with the respective contigs,
while the pEA3-like plasmid, not detected by the commercial PBRT scheme, was identified using the
repB_pEA3-F and repB_pEA3-R oligonucleotides (Table S1).

Plasmid preparations from transconjugant clones carrying the IncQ1 plasmids were used to transform
chemically competent E. coli One Shot TOP10 cells. Transformation was performed through heat shock
using 10 ng of plasmid DNA, and selection was carried out with 50 �g/ml amoxicillin. Carriage of the
IncQ1 plasmids was confirmed by PCR and electrophoresis of plasmid DNA, isolated as described above.
The whole sequences of the IncQ1 plasmids were obtained by Sanger sequencing using primer walking
and PCR mapping utilizing the OXA-10-F, OXA-10-R, mobC-F, tnpA-Tn3x-F, tnpR-Tn3x-F, IntI1F, IS4321-F,
and IS4321-R primers targeting the assembled sequences of the respective contigs (Table S1).

The presence of WGS-detected �-lactamase genes in the wild-type and laboratory-generated strains
was verified using the OXA-10-F, OXA-10-R, M-SHV-F, M-SHV-R, TEM-A, TEM-B, M-OXA-1-F, and M-OXA-
1-R primers (Table S1). The sequence of the OXA-10 variants as well as that of the integron-provided
promoter region in the respective transconjugant and transformant clones was verified through Sanger
sequencing using the IntI1-F, OXA-10-F, and OXA-10-R primers.

Antimicrobial susceptibility testing. The �-lactam resistance profile was routinely assessed by disc
diffusion on Muller-Hinton agar plates using Bio-Rad antibiotic discs. Phenotypic tests detecting ESBL
(the double-disc synergy test [DDST]) and metallo-�-lactamase production were performed as previously
described (77, 78). MICs were determined using Etest strips (bioMérieux) on Mueller-Hinton (MH) agar
inoculated with a 0.5 MacFarland standard of bacterial suspensions prepared from fresh cultures. The
suspensions of E. coli C600Z1 clones expressing the recombinant OXA-10 variants were additionally
inoculated on MH agar plates containing 200 ng/ml anhydrotetracycline in order to achieve �-lactamase
overexpression. The results were documented after 18 h of incubation at 37°C.

Expression and purification of �-lactamases. The E. coli C600Z1 clones carrying the recombinant
plasmids pZE21-blaOXA-10, pZE21-blaOXA-656, and pZE21-blaOXA-655 were utilized for the large-scale pro-
duction and purification of the three OXA-10 variants. Overnight bacterial cultures were used to inoculate
500 ml of LB containing 50 �g/ml kanamycin, and then the cells were grown at 37°C with shaking until
late logarithmic phase (optical density at 600 nm � 0.8). Anhydrotetracycline was added to each culture
to a final concentration of 200 ng/ml, and induction was performed at room temperature for 20 h with
shaking. The cells were washed twice, and the protein content was released through mild sonication in
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20 mM 2-(N-morpholino)ethanesulfonic acid solution (MES), pH 6. Cell lysates were clarified by centrif-
ugation, and the enzymes were purified using two steps of ion-exchange chromatography as previously
described (4) with some modifications. Crude extracts were loaded on a Q-Sepharose column (Bio-Rad,
CA, USA) equilibrated with 20 mM MES, pH 6, and the unbound proteins were washed with the same
buffer. The loading and washing effluents were then loaded on an S-Sepharose cation exchanger
(Bio-Rad) equilibrated with 20 mM MES, pH 6, and the bound �-lactamases were eluted through linearly
increased ionic strengths using 0.5 M K2SO4 in 20 mM MES, pH 5.5. Fractions containing �-lactamase
activity were pooled, diluted 1:1 with 100 mM PiNa�, 50 mM NaHCO3, pH 7, in order to increase protein
solubility, and subjected to buffer exchange and concentration through ultrafiltration using the buffer
described above and 10-kDa-cutoff Amicon Ultracel filters (Millipore, MA, USA). Purity was assessed using
SDS-polyacrylamide gel electrophoresis (PAGE), and the enzyme concentration was determined by
spectrophotometry at 280 nm using a molecular absorption coefficient of 47,565 M	1·cm	1 (calculated
for the mature proteins [signal peptide positions 1 to 21] using the ProtParam tool of the ExPASy server
[http://web.expasy.org/protparam/]).

Enzyme kinetics. Purified enzyme preparations were used for determining the steady-state kinetic
constants during interaction with important �-lactam classes. �-Lactam hydrolysis was monitored using
spectrophotometry on a Cary 60 UV/visible instrument (Agilent, CA, USA). For each enzyme, initial
hydrolysis rates were determined at various substrate concentrations under identical experimental
conditions, and the kcat (turnover rate) and Km (Michaelis constant) values were obtained through
nonlinear regression of the data by the Michaelis-Menten equation, using the plot V/[E] versus [S] (where
V is the initial velocity, and [E] and [S] are the enzyme and substrate concentrations, respectively), using
Prism software (v.6; GraphPad). In cases where the Km values were higher than the highest concentration
of the substrate that could be assayed, only the kcat/Km ratios were estimated through linear regression,
as has been done previously (79). All reactions were performed in 100 mM PiNa�, 50 mM NaHCO3, pH 7,
at a constant temperature of 25°C using a Peltier thermostatted cell holder (Agilent). Wavelengths and
Δ� values for the various substrates were as follows: for cephalothin, � � 262 nm and Δ� �
	7,660 M	1·cm	1; for nitrocefin, � � 482 nm and Δ� � �17,400 M	1·cm	1; for cefotaxime, � � 266 nm
and Δ� � 	6,700 M	1·cm	1; for cefoxitin, � � 260 nm and Δ� � 	7,600 M	1·cm	1; for oxacillin, � �
260 nm and Δ� � �440 M	1·cm	1; for benzylpenicillin, � � 233 nm and Δ� � 	900 M	1·cm	1; for
imipenem, � � 300 nm and Δ� � 	9,000 M	1·cm	1; and for meropenem, � � 298 nm and Δ� �
	7,200 M	1·cm	1. Each kcat and Km measurement was repeated in three independent experiments.

Molecular simulations. Three-dimensional structures of the OXA-656 and OXA-655 enzymes were
built through homology modeling using as a reference the crystal structure of OXA-10 (PDB accession
number 4WZ5; resolution, 1.6 Å) (80) and the MODELLER package, as has been previously described (81,
82). The three enzymes were simulated using molecular dynamics (MD) (82) with the GROMACS (v.3.3)
package and the AMBER99 force field and with Lys70 carboxylated at its �-amino group. Partial atomic
charges of the modified lysine residue (KCX) were obtained by a two-step RESP fitting procedure using
AmberTools and the electrostatic potential points of the tripeptide �NH3-Phe-KCX-Ile-COO	, calculated
at the Hartee-Fock/6-31G* level of molecular orbital theory through GAUSSIAN03. Van der Waals and
bonded parameters for the carboxylated lysine atoms were extracted from the general amber force field
(GAFF) for organic molecules and converted in order to be compatible with the units and energy function
terms used by GROMACS (83, 84). For each system, 3 separate simulations were performed using
different seeds to generate the Maxwellian distributions of initial velocities at 300 K. The obtained
trajectories were analyzed in terms of structural clustering, using a cutoff root mean square deviation of
1 Å for backbone atoms and the GROMOS algorithm. An average structure for each cluster was calculated
and minimized using 5,000 steps of steepest descents energy minimization. For the side chain of KCX70,
the solvent accessible surface area, water contacts, and water residence times (�res) were calculated (82),
without revealing any statistically significant difference between the three enzymes. Structural differ-
ences observed during superimposition of the minimized average structures of the main clusters for each
enzyme were quantified by measuring the distances between the respective atoms throughout the
trajectories.

Accession number(s). The novel OXA-10 variants OXA-655 and OXA-656 have been submitted to
NCBI’s �-lactamase database under GenBank accession numbers MH384610 and MH384611, respectively.
The sequences of the plasmids pQGU13 and pQGU16 have been submitted to GenBank under accession
numbers MH718731 and MH718732, respectively.
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