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ABSTRACT We aimed to characterize OXA-1054, a novel carbapenem-hydrolyzing
class D B-lactamase (CHDL) detected in a multidrug-resistant Pseudomonas aeruginosa
clinical isolate. Antimicrobial susceptibility was determined by broth microdilution, and
carbapenemase activity was confirmed by hydrolysis assays. Whole-genome sequenc-
ing via lllumina and PacBio platforms enabled comprehensive analysis of the resis-
tome and plasmid architecture. The blapxa-1054 gene was cloned in parallel with
blapxa-ag and blapgya-19g into the pUCP24 plasmid. B-Lactamases were produced in
P. aeruginosa PAO1 for comparative evaluation of the phenotypic impact of each.
OXA-48, OXA-198, and OXA-1054 (-lactamases were purified and further subjected
to steady-state kinetic analysis, and 50% inhibitory activity of B-lactamase inhibitors
was determined. The clinical P. aeruginosa isolate ARGA00461 showed resistance to
carbapenems and most -lactam/B-lactamase inhibitor combinations and tested positive
in carbapenem hydrolysis assays. Genomic analysis revealed that the P. aeruginosa isolate
ARGAO00461 carried a gene coding for a previously uncharacterized CHDL, designated
OXA-1054, which is closely related to the OXA-372 enzyme of environmental origin. The
blapxa-1054 gene was located in a small (=5 kbp) non-conjugative plasmid coexisting
with a conjugative IncP plasmid, which likely facilitated its mobilization. Production of
OXA-1054 in P. aeruginosa PAO1 conferred a broader spectrum of B-lactam resistance
than other CHDLs. Enzyme kinetics confirmed carbapenem hydrolysis with catalytic
efficiency comparable to OXA-48 and revealed higher affinity for cefepime compared
to OXA-48 and OXA-198. Among the inhibitors tested, only avibactam demonstrated
relevant inhibitory activity. OXA-1054 mediates broad-spectrum f-lactam resistance in P.
aeruginosa, including carbapenems and f3-lactam/B-lactamase inhibitor combinations.

KEYWORDS (-lactam/B-lactamase inhibitor combination resistance, carbapenem
resistance, [-lactam resistance, carbapenem-resistant Pseudomonas aeruginosa,
carbapenemase-producing Pseudomonas aeruginosa, class D carbapenemases

seudomonas aeruginosa is an opportunistic pathogen frequently implicated in

life-threatening healthcare-associated infections, such as ventilator-associated
pneumonia and bloodstream infections, particularly among critically ill patients in
intensive care units (1). One of the major challenges in managing P. aeruginosa infections
is the remarkable ability of the pathogen to develop resistance to almost all clinically
available B-lactam agents, including carbapenem:s, still considered the cornerstone of
antipseudomonal therapy (2). Consequently, carbapenem-resistant P. aeruginosa (CRPA)
has been classified by the World Health Organization as a high-priority pathogen with
limited treatment options (3). Carbapenem resistance in P. aeruginosa is primarily driven
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by inactivating mutations in the outer membrane porin OprD, typically conferring
resistance to imipenem and reduced susceptibility to meropenem. The accumu-
lation of additional mutations affecting ampC gene expression and/or efflux pump
activity results in high-level carbapenem resistance (4). Beyond mutational mechanisms,
carbapenem resistance in P. aeruginosa is increasingly associated with the horizon-
tal acquisition of carbapenemase-encoding genes. Carbapenemase production in P.
aeruginosa is often linked to specific lineages with difficult-to-treat resistance pheno-
types, known as high-risk clones, which have become globally disseminated in hospital
settings (5). Infections caused by carbapenemase-producing CRPA are associated with
significantly higher mortality rates than those caused by non-carbapenemase produc-
ers (6). Of particular concern, the activity of cefiderocol and other recently introduced
B-lactam/B-lactamase inhibitor combinations are often limited against these carbapene-
mase producers (7). Metallo-B-lactamases (MBLs), such as VIM- and IMP-type enzymes,
have historically been the predominant carbapenemases detected in P. aeruginosa. In
recent years, however, carbapenemases more typically associated with Enterobacterales,
including GES, KPC, and NDM enzymes, have increasingly been reported in P. aerugi-
nosa isolates worldwide. According to National Center for Biotechnology Information
(NCBI) databases, blakpc and blanpm-type carbapenemases are now among the top
five horizontally acquired carbapenemase genes identified in available P. aeruginosa
genomes (8).

In contrast to class A and B carbapenemases, detection of class D carbapenem-hydro-
lyzing enzymes (CHDLs) in P. aeruginosa has been rarely reported. CHDLs are major
contributors to carbapenem resistance in Acinetobacter baumannii, in which OXA-23,
OXA-24/40, and OXA-58 are widespread (9). CHDLs are also highly prevalent in Enter-
obacterales, in which OXA-48-like enzymes have become extensively disseminated
across species via highly promiscuous IncL/M plasmids (10). CHDLs are characterized by
conferring carbapenem resistance, poor hydrolytic activity against third- and fourth-gen-
eration cephalosporins, and resistance to most clinically available B-lactamase inhibitors
(11). A novel group of class D carbapenemases, designated OXA-198, was previously
identified in IncP-type plasmids in clonally related P. aeruginosa isolates from Belgian
hospitals, with no further reports to date (12).

Here, we sought to characterize OXA-1054, a novel plasmid-encoded class D
carbapenemase involved in resistance to carbapenems and to recently developed
B-lactam/B-lactamase inhibitor combinations in a clinical isolate of P. aeruginosa from
Spain.

RESULTS AND DISCUSSION
Antimicrobial susceptibility of the clinical isolate P. aeruginosa ARGA00461

Antimicrobial susceptibility testing (Table 1) showed that the P aeruginosa
isolate  ARGA00461 was resistant to piperacillin/tazobactam, ceftazidime, ceftolo-
zane/tazobactam, cefepime, cefepime/taniborbactam, cefepime/zidebactam, imipe-
nem, imipenem/relebactam, meropenem, and meropenem/vaborbactam. However, it
remained susceptible to aztreonam, ceftazidime/avibactam, cefiderocol, aminoglyco-
sides, quinolones, and colistin. This multidrug-resistant antimicrobial susceptibility
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TABLE 1 Antimicrobial susceptibility profile and mechanisms of B-lactam resistance in the P. aeruginosa ARGA00461 clinical isolate carrying blagxa-1054

MIC (mg/L)"

B-lactam resistance

mechanisms

Strain ID ST
TIC P/T AZT A/A CAZ C/A T FEP F/T F/Z FDC IMP /R MEM  M/V

(R>16) (R>16) (R>16) (R>16) (R>8) (R>8) (R>4) (R>8) (R>8)(R>8) (R>2) (R>4) (R>2) (R>8) (R>8)

cp coL

Transferable Mutational

(R>16) (R>0.5) (R>4)

ARGA00461 303 >512 256 16 16 16 8 64 128 64 16 1 64 64 64 64

<005 <2 blaoxatossa AnalC

TIC: ticarcillin; P/T: piperacillin/tazobactam; AZT: aztreonam; A/A: aztreonam/avibactam; CAZ: ceftazidime; C/A: ceftazidime/avibactam; C/T: ceftolozane/tazobactam;
FEP: cefepime; F/T: cefepime/taniborbactam; F/Z: cefepime/zidebactam; FDC: cefiderocol; IMP: imipenem; I/R: imipenem/relebactam; MEM: meropenem; M/V: merope-

nem/vaborbactam; TOB: tobramycin; AK: amikacin; CIP: ciprofloxacin; COL: colistin.

YEUCAST v. 15.0 breakpoints for Pseudomonas spp. indicated. For combinations not yet approved, the breakpoint of the B-lactam alone is indicated.
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profile was unexpected in a patient with no prior intensive care unit (ICU) admis-
sion, previously documented P. geruginosa infections, or exposure to broad-spectrum
B-lactams, which are risk factors for CRPA infections (13). In Spain, most circulating
CRPA isolates usually remain susceptible to ceftolozane/tazobactam and imipenem/rele-
bactam, as resistance in these strains is typically mutation-driven and not associated
with carbapenemase production, which limit the activity of these agents. The most
recent nationwide P. aeruginosa surveillance study (2022) reported 97.8% susceptibility
to ceftolozane/tazobactam, with fewer than 2.1% of isolates carrying carbapenemases
(5). In line with these observations, cloxacillin inhibition assays yielded a negative result,
while the B-carba test and the CIM test yielded positive results, suggesting that the
isolate was producing a carbapenem-hydrolyzing enzyme (data not shown). Immuno-
chromatographic assays and PCR-based tests targeting the main carbapenemase families
(OXA-48, KPC, NDM, VIM, and IMP) were consistently negative, indicating that the strain
may be producing a different type of carbapenemase.

Genetic features of a new class D B-lactamase, OXA-1054, and resistome of P.
aeruginosa isolate ARGA00461

The isolate was genetically characterized by short- and long-read sequencing. According
to PubMLST databases, P. aeruginosa isolate ARGA00461 was assigned to sequence
type 303. This lineage has been linked to both nosocomial and community-acquired
infections (14). Analysis of horizontally acquired resistance determinants detected the
presence of a previously uncharacterized 257 amino-acid length class D carbapene-
mase, which was designated OXA-1054. OXA-1054 belongs to OXA-372-like carbapene-
mases, sharing 93.8% amino acid identity and 16 amino acid substitutions relative
to the parental OXA-372. The OXA-372 carbapenemase was previously identified in a
Citrobacter freundii environmental isolate recovered from a hospital wastewater plant
in central ltaly, and it defined a new type of class D CHDLs (15). Like OXA-372,
OXA-1054 was distantly related to other class D carbapenemases, such as OXA-198
(55.8% similarity), OXA-48 (40.4% similarity), and OXA-24 (27.9% similarity). To date, three
variants belonging to the OXA-372 family have been identified: OXA-372, OXA-641, and
OXA-1016. OXA-641 was detected in carbapenem-resistant clinical isolates of Morga-
nella morganii included in a comparative genomic study conducted in France (16).
OXA-1016 was found in an Ectopseudomonas oleovorans clinical isolate identified in
the same country (GenBank accession number: NG_076676.1). Finally, the blagxa-1054
gene identified in this clinical P. aeruginosa isolate was previously identified by our
group in Enterobacterales species recovered from environmental samples collected from
wastewater treatment plants in Seville (South Spain) (17). However, beyond the parental
OXA-372, the genetic characteristics, impact on B-lactam resistance, and biochemical
properties of other OXA-372-like 3-lactamases have not yet been characterized.

Figure 1 shows the sequence alignment of OXA-1054 and other CHDLs of high
clinical relevance following the recently developed SAND alignment scheme (struc-
tural alignment-based numbering of class D 3-lactamases) (18) and using the OXA-48
sequence as the reference. The CHDLs are displayed in order of amino acid identity:
OXA-372, OXA-198, OXA-48, and OXA-24. Comparative sequence analysis revealed that
OXA-372 shares the catalytically important amino acid arrangement and motifs required
for the enzyme activity with the other class D carbapenemases included in the analysis:
S-T-F-K in position 70, S-X-V in position 118, Y/F-G-V/E/N in position 144, W in position
157, KTG in position 208, and R in position 250. Regarding the differences relative to
OXA-372, most occur within the P-loop, a conserved structural motif located near the
active site of the enzyme and which plays a key role in substrate recognition, catalytic
activity, and structural stability, and also, importantly, a V117F change adjacent to the
S-X-V motif (19, 20).

Beyond the horizontally acquired blagxa-1954 gene, comparative analysis of the
resistome of P. aeruginosa isolate ARGA00461 and that of the naturally susceptible P.
aeruginosa PAOT1 strain as reference only revealed inactivation of the nalC gene caused
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SIGNAL PEPTIDE
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OXA-1054 ..... MKHIFF.VFLI..LYSNFA....... . 0. LAEDKAISALFTAEGVQGTI
OXA-372 . .... MMHIFL.VFLI..LCSNFA. .. ... .. ... LAEDKAISAIFSTEGVDGTI
OXA-198 ..... MSKLFI.AFLAF.LLSVPA. .. ... i, AAEDQTLAELFAQQGIDGTI
OXA-48 MRVLALSAVFL.VAS...IIGMPAV........c... AKEWQENKSWNAHFTEHKSQGVV
OXA-24 . .... MKKFILPIFSISILVSLSACSSIKTKSEDNFHISSQQHEKAIKSYFDEAQTQGVI

P-LOOP
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— — Q00 0000000000000 Q0
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0XA-1054 ILKSLRGDKTITHNDARASSRFTSASTFKIFNTLIAVQENVVSLAGTTFKNNGKTYDFPD
OXA-372 TILKSLRGDKTITHNDARASRRFASASTFKIFNTLIAVQENVVSLSGTAFRWDGKTHDIPD
OXA-198 VISSLHNGKTFIHNDPRAKQRFSTASTFKILNTLISLEEKAISGKDDVLKWDGHIYDFPD
OXA-48 VLWNENKQQGFTNNLKRANQAFLPASTFKIPNSLIALDLGVVKDEHQVFKWDGQTRDIAT
OXA-24 ITKEGKNLSTYGNALARANKEYVPASTFKMLNALIGLENHK.ATTNEIFKWDGKKRTYPM

o ok ok ok ok ok * *
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OXA-1054 WNRDQTLESAFKFSCVWCYQEIAKQVGEETYRRYLTLARYGVLTNVADTTTFWLDGSFTV
OXA-372 WNRDQTLESAFKVSCVWCYQEIAKQVGEETYRRYLTLARYGVLTNVADTTTFWLDGSFTV
OXA-198 WNRDQTLESAFKVSCVWCYQALARQVGAEKYRNYLRKSVYGELREPFEETTFWLDGSLQI
OXA-48 WNRDHNLITAMKYSVVPVYQEFARQIGEARMSKMLHAFDYGNEDISGNVDSFWLDGGIRI
OXA-24 WEKDMTLGEAMALSAVPVYQELARRTGLELMQKEVKRVNFGNTNIGTQVDNFWLVGPLKI
* * * * Gk * % % % 2 * %
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0XA-1054 SAVEQIALLEKIYLRELPFR
OXA-372 SAVEQIALLEKIYLRELPFR
OXA-198 SATEQVNFLKKVHLRTLPFS
OXA-48 SATEQISFLRKLYHNKLHVS
OXA-24  TPVQEVNFADDLAHNRLPFK
* *
B7 all
— e e e e e 0000000000000 000Q
230 240 250 260
OXA-1054 YVETSDD.VWFFAINLTLRSELDLGLRQKITKAALRAERIIP
OXA-372 YVETSDD.VWFFAINLTLRSELDLGLRQKITKAALRAERIIP
OXA-198 HVETPTD.VWFFATNIEVRDEKDLPLRQKLTRKALQAKGIIE
OXA-48 WVELDDN.VWFFAMNMDMPTSDGLGLRQAITKEVLKQEKIIP
IRNEITYKSLENLGII.

OXA-24 EVEQANGKKIPESLNLEMKEGMSGS

DEAYDALKQVMLAEQTDSYKLYAKTGWAARMNPQIGWYVG
DEAYDALKQVMLAEQTDSYKLYAKTGWAARMNPQIGWYVG
ASSYETLRQIMLIEQTPAFTLRAKTGWATRVKPQVGWYVG
ERSQRIVKQAMLTEANGDYIIRAKTGYSTRIEPKIGWWVG
LETQEEVKKMLLIKEVNGSKIYAKSGWGMGVTPQVGWLTG

& ok % *

FIG 1 Sequence alignment of OXA-1054, OXA-372, OXA-198, OXA-48 (the reference sequence), and OXA-24 B-lactamases. The signal peptide, which is removed
post-translationally during export to the bacterial periplasm, was assigned using Deepsig (21) and indicated in gray. Loops framing the active site are mapped

above the corresponding residue numbers. Residues involved in catalytic activity are highlighted in red. Positions identified to be highly conserved based on the

structural alignment-based numbering of class D B-lactamases (18) are indicated by an asterisk.

by the insertion of a phage. Inactivation of the nalC regulator drives hyperproduction
of the MexAB-OprM efflux pump. Overproduction of MexAB-OprM has important effects
on the activity of several 3-lactams in P. aeruginosa, such as aztreonam, ceftazidime, and
meropenem (22). The substrate profile of MexAB-OprM also includes newly approved
or investigational 3-lactamase inhibitors, such as relebactam, zidebactam, and xerubor-
bactam (23). This suggests that overproduction of MexAB-OprM contributes to -lactam
resistance in P. aeruginosa isolate ARGA00461.
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Genetic context of blagxa-1054

Long-read sequencing enabled complete circularization of the mobile genetic elements
present in P. aeruginosa isolate ARGA00461, revealing two different plasmids. The
blapya-1054 gene was located on a 5258-bp plasmid (designated pOXA-1054), which did
not carry additional resistance determinants (Fig. 2). No incompatibility group could be
assigned to pOXA-1054 using public databases, although its replication initiator protein
allegedly belongs to the Rep-3 family, suggesting that it represents a currently untyped
small plasmid replicon. No insertion sequences, transposases, or other recognizable
mobilization elements were detected in pOXA-1054. BLAST analysis showed that this
plasmid shared 100% sequence identity and 83% coverage with a plasmid previously
detected in an environmental microorganism belonging to the species Candidatus
Nitrotoga fabula (GenBank accession number: LS423453.1), a nitrite-oxidizing bacteria
frequently found in wastewater treatment plants (24), in which the blapxa-1054 gene
was absent. In particular, the locus harboring the blagxa-1054 carbapenemase gene
in pOXA-1054 is replaced in the Candidatus Nitrotoga fabula plasmid by a Qac-pB8
family SMR efflux transporter, which confers resistance to quaternary ammonium
compounds commonly found in wastewater environments, and a TetR-family transcrip-
tional regulator that likely controls the expression of the efflux pump. A comparison

Gene coding for DUF7706
domain-containing protein

pOXA-1054

ARGAQ00461
5258 bp
blagxa-1054

Frameshifted gene previously coding
for putative mobilization protein MobS-like

/

Antimicrobial Agents and Chemotherapy

Gene coding for initiator
Rep-3 protein WH1
domain-containing protein

mobQ

FIG 2 Genetic context of the pOXA-1054 plasmid carrying the blapxa-1054 gene in P. aeruginosa isolate ARGA00461. Genes are colored green. Frameshifted

genes are colored gray. The gene of interest, blagxa-1054, is highlighted in yellow.
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between both plasmids is shown in Fig. S1. Such origin in environmental bacterial
species, as well as the circulation of the gene in Enterobacterales species recovered
from wastewater treatment plants observed in our previous work (17), reinforces the
following: (i) the role of environmental bacteria as the source of antimicrobial resist-
ance determinants, like OXA-1054, which may ultimately end in clinical isolates driving
life-threatening infections in humans; and (ii) the potential of this carbapenemase to
circulate in both Enterobacterales and P. aeruginosa backgrounds.

Plasmid pOXA-1054 lacked the genetic machinery required for conjugation or
transference and was, therefore, predicted to be non-conjugative by the MOB-suite
tool. Notably, P. aeruginosa strain ARGA00461 also carried a 126-kb plasmid, designa-
ted pAC880 by MOB-suite (Fig. S2), classified within the IncP incompatibility group.
pPAC880 carries a complete mercury resistance (mer) operon, which could be involved
in detoxification of inorganic mercury. It also encodes an ABC transporter and a
HicA toxin-antitoxin system, which may contribute to stress tolerance and persistence
phenotypes, as well as a carbon storage regulator (CsrA) potentially involved in
metabolic regulation and biofilm-associated traits, but showed no additional determi-
nants for 3-lactam resistance. We identified highly similar plasmids (>98% identity and
>85% coverage) mainly in P. aeruginosa isolates of clinical origin, although available
sequences are limited. We also identified related plasmid backbones in other environ-
mental Pseudomonas species, including P. putida, P. veronii, and P. fluorescens, and more
sporadically in Stutzerimonas spp. and Pandoraea pnomenusa, suggesting that pAC880-
like plasmids may circulate across clinical and environmental bacterial populations.
According to the MOB-suite tool, the pAC880 plasmid is a conjugative plasmid able
to self-transfer to other bacterial cells, as predicted by the presence of a complete set
of genes associated with plasmid transfer, including tra-family genes. The coexistence
of both a conjugative IncP plasmid (pAC880) and a small non-conjugative plasmid
(pOXA-1054) within the same strains suggests that pOXA-1054 takes advantage of the
conjugation machinery encoded in the accompanying pAC880 plasmid to spread, as
previously described for other CHDL-encoding genes like OXA-24 (25). Thus, we explored
whether the blagya-1054 gene could be transferred to other bacteria through conjuga-
tion assays. Our results demonstrate that pOXA-1054 was successfully transferred from
P. aeruginosa ARGA00461 to the rifampicin-resistant P. aeruginosa PAO1% strain with a
conjugation efficiency of 3.6 x 107°. These findings confirm that pAC880 facilitates the
mobilization of the non-conjugative plasmid pOXA-1054 to other clinical strains, likely
playing a key role in the dissemination of this carbapenemase.

Impact of OXA-1054 production on B-lactam resistance in P. aeruginosa and
detection of carbapenemase activity

The antimicrobial susceptibility data of the recombinant P. aeruginosa PAO1 strains
producing OXA-1054 in both the pUCP24 laboratory plasmid as well as the
pOXA-1054 natural plasmid are shown in Table 2. To better understand the impact of
OXA-1054 production on B-lactam resistance, the B-lactamases OXA-48 and OXA-198
were also produced in P. aeruginosa PAO1 for comparative purposes. In line with
observations for the clinical isolate P. aeruginosa ARGA00461, the P. aeruginosa
PAO1 transformants producing OXA-1054 showed significant MIC increases to piper-
acillin/tazobactam, ceftazidime, ceftolozane/tazobactam, cefepime, cefepime/tanibor-
bactam, cefepime/zidebactam, cefiderocol, imipenem/relebactam, meropenem, and
meropenem/vaborbactam. These results support the broad-spectrum of B-lactam
resistance conferred by OXA-1054 in the P ageruginosa background. The MICs of
aztreonam, aztreonam/avibactam, ceftazidime/avibactam, and imipenem did not
increase significantly. Although cloning experiments reproduced the major resistance
phenotype associated with OXA-1054, some differences in aztreonam and imipenem
MIC values compared with the clinical isolate suggest additional strain-specific factors or
regulatory mechanisms that may also contribute to the B-lactam resistance phenotype.
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TABLE 2 Antimicrobial susceptibility data for recombinant P. aeruginosa PAO1 isolates producing OXA-48, OXA-198, and OXA-1054 B-lactamases and results of
carbapenem hydrolysis detection tests

- Carbapenem hydrolysis
MIC (mg/L)™
detection
Strain Cloxacillin
P/T AZT A/A CAZ C/A (4} FEP F/T F/Z FDC IMP I/R MEM M/V i CIM  B-Carba
inhibition
(R>16) (R>16) (R>16) (R>8) (R>8) (R>4) (R>8) (R>8) (R>8) (R>2) (R>4) (R>2) (R>8) (R>8) test test
test
PAO1 4 4 2 2 1 0.5 2 2 1 0.125 1 0.25 1 0.5 - - -
PAO1 + OXA-48 256 4 2 2 2 2 16 2 2 0.125 16 8 64 64 - + +
PAO1 + OXA-198 64 2 2 2 1 8 4 2 2 0.25 2 2 2 2 - + +
PAO1 + OXA-1054 256 8 2 16 2 32 64 16 4 2 4 4 32 32 - + +
PAO1 + pOXA-1054° 256 16 4 8 2 32 64 8 4 2 16 16 32 32 - + +

9P/T: piperacillin/tazobactam; AZT: aztreonam; A/A: aztreonam/avibactam; CAZ: ceftazidime; C/A: ceftazidime/avibactam; C/T: ceftolozane/tazobactam; FEP: cefepime; F/T:
cefepime/taniborbactam; F/Z: cefepime/zidebactam; FDC: cefiderocol; IMP: imipenem; I/R: imipenem/relebactam; MEM: meropenem; M/V: meropenem/vaborbactam.
PEUCAST v. 15.0 breakpoints for Pseudomonas spp. indicated. For combinations not yet approved, the breakpoint of the B-lactam alone is indicated.

‘Recombinant P. aeruginosa PAO1 transformant carrying clinical plasmid with the blapxa-1054-

The most remarkable feature of OXA-1054 relative to other OXA-48 or OXA-198
enzymes, which hydrolyze cephalosporins very poorly (26), is its important impact on
the activity of ceftazidime, ceftolozane/tazobactam, cefepime/taniborbactam, cefe-
pime/zidebactam, and cefiderocol. This phenotype reflects a broad substrate profile
beyond that of other class D enzymes, with a particularly pronounced effect on
cephalosporins, including ceftazidime, cefepime, and ceftolozane/tazobactam. Notably,
addition of avibactam restored ceftazidime susceptibility in the ceftazidime-resistant P.
aeruginosa PAO1 OXA-1054 transformant, suggesting that this enzyme is susceptible to
avibactam inhibition. Taniborbactam and zidebactam slightly reversed the increase in
cefepime MICs observed in the PAO1 OXA-1054-producing transformant. In contrast,
addition of relebactam or vaborbactam did not reduce the MICs of imipenem or
meropenem against any of the transformants producing CHDLs, which ineffectively
block class D enzymes (27). Altogether, these data reveal a particular 3-lactam substrate
profile and susceptibility to 3-lactamase inhibitors for this newly described carbapene-
mase. Comparative analysis of carbapenemase detection by hydrolysis assays revealed
that all the CHDLs evaluated, including OXA-1054, were well detected. These findings
indicate that hydrolysis methods are useful for the rapid detection of CHDLs in P.
aeruginosa.

Biochemical characteristics of OXA-1054

To characterize the biochemical properties of OXA-1054, the carbapenemase was
purified in parallel with OXA-48 and OXA-198, and a comparative evaluation of the
steady-state kinetics was conducted. The K, kcatw and keae/Km values defining the
B-lactam substrate profiles of each enzyme are summarized in Table 3. The kinetic
parameters for meropenem and imipenem confirmed the carbapenem-hydrolyzing
activity of OXA-1054. Imipenem proved to be the preferred carbapenem substrate for
OXA-1054 (kcat/Km = 0.51 uM™" - s7'), whereas meropenem-hydrolyzing activity was about
10 times lower (kcat/Km = 0.05 uM™" - s7"). Although OXA-1054 K.y, values for meropenem
are 13.8 times lower than imipenem, the turnover rates for the latter are 117.2-fold
higher, thus explaining the differences in hydrolysis. Carbapenem hydrolysis constants
were very similar to that observed for OXA-48, with a kc3t/Km value of 0.312 pM -
s7'. These values are almost identical to those reported by Docquier et al. (28). Com-
pared with OXA-198, both OXA-1054 and OXA-48 showed lower carbapenem catalytic
efficiencies, a phenomenon mainly driven by the very low K, values noted for OXA-198
with meropenem and imipenem. These findings are consistent with those reported by
El Garch et al, who described very low Ky, and kcy values for both imipenem and
meropenem in the OXA-198 B-lactamase (12). Compared to OXA-372 carbapenemase
(unfortunately not available for direct comparison), Antonelli et al. reported kcat/Km
values of 0.22 uM™" - s™" for imipenem and 0.52 uM™" - s' for meropenem (15). OXA-1054
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TABLE 3 Steady-state kinetic parameters of OXA-48, OXA-198, and OXA-1054 3-lactamases for representative substrates’

keat (s7) K (uM) keat/Km (HM™" - s7")

Substrate
OXA-48 OXA-198 OXA-1054 OXA-48 OXA-198 OXA-1054 OXA-48 OXA-198 OXA-1054

Meropenem 0.07 0.01 0.03 2.56 0.05 0.58 0.03 0.20 0.05
Imipenem 293 0.57 3.49 9.55 0.16 6.97 0.31 3.66 0.51
Ceftolozane ND ND ND >2,000 >2,000 >2,000 ND ND ND
Ceftazidime ND ND ND >2,000 >2,000 >2,000 ND ND ND
Cefepime ND ND ND >2,000 >2,000 948.74 ND ND ND

“ND: not determined. For cephalosporins, high K, values prevented achievement of saturating substrate concentrations, precluding reliable determination of k¢, and
Kcat/Km ratios. Standard deviations were below 30% of the mean for each parameter.

shows similar activity against imipenem but lower activity against meropenem. The
differences in meropenem catalytic efficiency could be explained by the following:
(i) differences in the methodology for monitoring meropenem hydrolysis, which the
authors performed using benzylpenicillin as the reporter substrate; and (ii) the possible
importance of 16-amino acid differences between OXA-1054 and OXA-372 for merope-
nem catalysis.

We also evaluated ceftolozane, ceftazidime, and cefepime as substrates in steady-
state kinetic assays to investigate the enhanced ability of OXA-1054 to confer resistance
to cephalosporins and B-lactam/B-lactamase inhibitor combinations when produced in
P. aeruginosa. It was not possible to determine the kc4t/Kiy, values for OXA-48, OXA-198,
and OXA-1054 with any of the cephalosporin substrates tested due to the inability to
reach saturating substrate concentrations under the experimental conditions. However,
Km values for cefepime could be estimated from competitive inhibition experiments
for OXA-1054, revealing a lower K, value for this variant compared with OXA-48 and
OXA-198. This indicates a higher apparent affinity of OXA-1054 for cefepime, which
could explain the increased cefepime resistance phenotype observed when OXA-1054 is
produced in the complex P. aeruginosa background.

Relative IC5q values of B-lactamase inhibitors against OXA-1054

We evaluated the inhibitory profiles of B-lactamase inhibitors tazobactam, avibactam,
taniborbactam, zidebactam, relebactam, and vaborbactam, against OXA-1054 using
OXA-48 and OXA-198 as comparator enzymes. The ICsy values calculated for these
inhibitors are summarized in Table 4. OXA-1054 exhibited a particular susceptibility
profile to B-lactamase inhibitors. Avibactam was the most potent inhibitor, blocking
OXA-1054 activity in the nanomolar range. These observations are consistent with the
phenotypic data obtained in the OXA-1054 P. aeruginosa PAO1 transformant, in which
avibactam restored ceftazidime MICs to wild-type levels. On the contrary, zidebactam
and taniborbactam displayed reduced inhibitory activity against OXA-1054 compared
to avibactam, whereas vaborbactam, tazobactam, and relebactam lacked significant
inhibitory activity. This 3-lactamase inhibitor susceptibility profile was almost identical to
that of OXA-198, with only avibactam ICgq values also in the nanomolar range. OXA-48
was susceptible to avibactam and also to taniborbactam, as recently described by our
group (29). Similar observations were also made by Papp-Wallace et al. when evaluating
the cefepime/taniborbactam combination against a large collection of OXA-48 producers
(30). Altogether, the observations confirm the difficult-to-inhibit profile of these CHDLs,
which proved to be resistant to most -lactamase inhibitors, thus supporting continued
drug development efforts.

CONCLUSIONS

This study characterizes OXA-1054, a novel plasmid-encoded CHDL of the OXA-372
family, in an MDR P. aeruginosa clinical isolate from Spain. OXA-1054 confers broad
B-lactam resistance in P aeruginosa, including carbapenems, cephalosporins, and
most (-lactam/B-lactamase inhibitor combinations, except ceftazidime/avibactam.
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TABLE 4 Determination of the 50% inhibitory concentrations of B-lactamase inhibitors for OXA-48,
OXA-198, and OXA-1054 (-lactamases

. ICs (M)

B-Lactamase inhibitors
OXA-48 OXA-198 OXA-1054

Tazobactam 1.49 260.09 >1,000
Avibactam 0.33 0.61 0.62
Relebactam 91.77 126.41 82.94
Zidebactam 10.88 7.12 9.55
Vaborbactam 28.41 >1,000 >1,000
Taniborbactam 0.08 24.44 35.50

Biochemical analyses confirmed carbapenemase activity and revealed limited cepha-
losporin hydrolysis but increased affinity for ceftazidime and cefepime relative to
OXA-48 and OXA-198, likely contributing to the cephalosporin-resistant phenotype
when produced in P. ageruginosa. The likely environmental origin of blagxa-1954 and its
associated plasmid highlights the role of environmental reservoirs in the emergence
and dissemination of novel carbapenemases to clinical P. aeruginosa isolates. These
findings expand the currently limited knowledge of CHDL diversity in P. aeruginosa and
underscore the importance of sustained surveillance for emerging B-lactam resistance
mechanisms in this continuously evolving pathogen.

MATERIALS AND METHODS
Clinical strains

The clinical P. aeruginosa strain ARGA00461 was isolated on 23 September 2024 (day 73
of hospitalization) from a rectal swab taken from a 56-year-old male patient who had
been admitted to the ICU of the A Coruia University Hospital Complex with hemody-
namic instability, requiring mechanical circulatory support and vasopressor therapy. No
recent history of travel to foreign countries was documented for the patient.

Detection of carbapenemases

Preliminary screening for carbapenemase activity in P. aeruginosa isolate ARGA00461
was performed using cloxacillin inhibition tests (31), the carbapenem inactivation
method (CIM) (32) and the {3-carba test (Bio-Rad, California, USA). Targeted detection
of specific carbapenemase types was subsequently carried out using the OKNVI lateral
flow immunoassay (Coris BioConcept, Belgium) and the GeneXpert platform (Cepheid,
United Kingdom).

Resistance genomics

The P. aeruginosa ARGA00461 genome was sequenced by short-read Illlumina sequenc-
ing (lllumina, Inc., California, USA) and long-read PacBio sequencing (Macrogen, South
Korea) technologies. Genomic DNA was extracted using the Wizard Genomic DNA
Purification Kit (Promega, Wisconsin, USA). Quality control was conducted with fastp
(v.0.23.2) (33) for lllumina short reads and filtlong (v.0.2.1) (34) for PacBio long reads, and
host contamination was removed with BMTagger (v.3.101) (35). Hybrid genome assembly
was performed with Unicycler (v.0.5.0) (36), which was then polished with Polypolish
(37). The assembly was then assessed for contamination and completeness with CheckM
(v.1.1.3) (38). Putative open reading frames were annotated with Bakta (v1.11.0) (39). The
multi-locus sequence type (MLST) was identified with the Center of Genomic epidemiol-
ogy (CGE)'s MLST tool (40). Horizontally acquired resistome analysis of the strain was
conducted with RGI (v.5.2.0) and CARD (v.3.2.8) (41). Chromosomal mutational resistome
was further analyzed by variant calling with Snippy (v.4.6.0) (42) and using the genome
of P. aeruginosa PAO1 (NC_002516.2) as reference. Plasmid detection and prediction of
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putative mobilization and conjugation capacity were conducted with MOB-suite (v.3.1.0)
(43). Plasmid visualizations were created with Brick (v.0.4.1) (44).

Conjugation experiments

To assess whether the blagya-1054 gene carried on the pOXA-1054 plasmid is transfera-
ble to other clinical strains, a filter mating conjugation assay was performed using P.
aeruginosa ARGA00461 as the donor strain and the rifampicin-resistant P. aeruginosa
PAOT™" strain as the recipient (45). Donor and recipient cultures in the logarithmic
growth phase were mixed at a 1:1 ratio and applied onto a 0.22 um membrane filter,
followed by overnight incubation at 37°C. After incubation, bacterial suspensions were
plated on selective media containing 8 mg/L meropenem and 800 mg/L rifampicin.
Putative transconjugants were confirmed by PCR and antimicrobial susceptibility testing.
Conjugation efficiency was calculated as the ratio of transconjugants (CFU/mL) to donor
cells (CFU/mL).

Molecular cloning and plasmid manipulation

The blapgxa-1054 gene was cloned, along with the blagya-24, blapxa-ag, and blagya-198
genes, into the pUCP24 plasmid and electroporated to the Escherichia coli TOP10
reference strain using previously described methodology (46). Transformants were
selected on LB agar plates containing 10 mg/L gentamicin. The sequence of the
recombinant plasmids was further verified by Sanger sequencing, and the constructs
were then electroporated to the P. aeruginosa PAO1 reference strain and selected in LB
agar plates containing 30 mg/L gentamicin. Moreover, the plasmid pOXA-1054 carrying
the blapxa-1054 gene harbored by P. aeruginosa isolate ARGA00461 was extracted using
the GenelET Plasmid Miniprep Kit (Thermo Fisher, Massachusetts, USA) and transformed
into P. aeruginosa PAO1 by electroporation. The P. aeruginosa PAO1 transformants
producing the pOXA-1054 natural plasmid were selected in LB plates containing 10 mg/L
meropenem.

Antimicrobial susceptibility testing

The minimum inhibitory concentrations (MICs) of ticarcillin, piperacillin/tazo-
bactam, aztreonam, aztreonam/avibactam, ceftazidime, ceftazidime/avibactam,
ceftolozane/tazobactam, cefepime, cefepime/taniborbactam, cefepime/zidebactam,
cefiderocol, imipenem, imipenem/relebactam, meropenem, meropenem/vaborbactam,
tobramycin, amikacin, ciprofloxacin and colistin were determined in triplicate by
reference broth microdilution assays with cation-adjusted Mueller-Hinton Broth
(CAMHB). Iron-depleted CAMHB was used in determining the cefiderocol MICs and
prepared according to Clinical and Laboratory Standards Institute (CLSI) M100 guidelines
(47). Tazobactam, avibactam, taniborbactam, and relebactam were tested at a fixed
concentration of 4 mg/L, while vaborbactam was tested at 8 mg/L. Zidebactam was
tested at a 1:1 ratio with cefepime. European Committee on Antimicrobial Susceptibil-
ity Testing (EUCAST) v.15.0 clinical breakpoints and guidelines (http://www.eucast.org/
clinical_breakpoints/) were applied for interpretation using those of the -lactam alone
for combinations not yet approved. Reference strains P. aeruginosa ATCC 27853, Klebsiella
pneumoniae ATCC 700603, E. coli NCTC 13353, and K. pneumoniae ATCC BAA-2814 were
used as control strains according to the CLSI M100 guidelines.

Protein purification

The blapgxa-1054, blaoxa-ag, and blapxa-198 genes were cloned into the pGEX-6P-1
plasmid (Cytiva, Massachusetts, USA) using pre-designed primers lacking the signal
peptide sequence of the B-lactamases following previously described procedures
(48). The recombinant plasmids were transformed into the protease-deficient E.
coli BL21 strain by electroporation, and transformants were selected in LB plates
containing 100 mg/L ampicillin. Protein production was induced using isopropyl
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B-D-1-thiogalactopyranoside (IPTG), generating glutathione S-transferase (GST) fusion
proteins with the OXA enzymes. Fusion proteins (GST/OXA-1054, GST/OXA-48, and GST/
OXA-198) were purified to homogeneity with the GST Gene Fusion System (Cytiva,
Massachusetts, USA) according to the manufacturer’s instructions. The GST moiety
was removed by cleavage with PreScission Protease, and the purity of the final pro-
tein extracts (>99%) was ascertained by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE).

Steady-state kinetics

The kinetic parameters of the purified OXA-48, OXA-198, and OXA-1054 B-lactamases
for meropenem, imipenem, ceftazidime, ceftolozane, and cefepime were determined
as follows: for meropenem and imipenem, the Michaelis-Menten constant Ky, (affinity,
antibiotic concentration at which the reaction rate is half of Vinay) and ket (turnover
rate) values were determined spectrophotometrically in a Specord 200 Plus Spectropho-
tometer (Analytik Jena, Thuringia, Germany). On the contrary, the K, values of ceftazi-
dime, ceftolozane, and cefepime were determined spectrophotometrically as Kj 5pp With
nitrocefin as the reporter substrate in an Epoch 2 Microplate Spectrophotometer (Biotek,
Vermont, USA). The kcyt values were determined by monitoring the direct hydrolysis
of the antibiotic at a substrate concentration much higher than the K, to ensure the
reaction was at Vmax. The following wavelengths (A) and absorption coefficients (€)
were used for each antibiotic: A =482 nm and € = 15,900 M~ cm™ for nitrocefin, A =
297 nm, and € = 10,940 M" cm™' for meropenem; A = 297 nm and € =9,210 M cm™'
for imipenem; A = 260 nm and € = 8,660 M™' cm™' for ceftazidime; A =254 nm and €=
6,810 M~ cm™ for ceftolozane; and A =267 nm and € =9,120 M™' cm™' for cefepime (48,
49). All parameters were determined in triplicate in 50 mM phosphate (NayHPO4) and 20
mM carbonate (NaHCO3) buffer, pH 7.2, at room temperature, with standard deviations
among replicates below 30% of the mean.

Relative inhibitory activities of B-lactamase inhibitors

The 50% inhibitory concentration (ICsg) of tazobactam, avibactam, relebactam,
zidebactam, vaborbactam, and taniborbactam against OXA-48, OXA-198, and OXA-1054
was determined spectrophotometrically (Epoch 2 microplate spectrophotometer, Biotek,
Vermont, USA) in triplicate experiments with purified enzymes, with nitrocefin as the
reporter substrate. The ICsg parameter was defined as the inhibitor concentration
required to reduce the hydrolysis rate of nitrocefin by 50% following preincubation of the
enzyme with different concentrations of each inhibitor at room temperature for 10 min
(29).
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