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Background: The class C β-lactamase, PAC-1, was originally described as acquired in Pseudomonas aeruginosa 
clinical isolates from south Asia, the corresponding gene being chromosomally located and embedded within a 
Tn1721-like transposon. Despite its association with high-level resistance to cephalosporins and β-lactam/β-lac
tamase inhibitor combinations, data on its full hydrolytic profile and kinetic parameters have not yet been com
prehensively characterized. 

Objectives: To characterize the susceptibility profile and hydrolytic kinetics of PAC-1, with a particular focus on 
cefiderocol hydrolysis, and the activity of novel β-lactam/β-lactamase inhibitor combinations. 

Methods: The blaPAC-1 allele was cloned into vector pUCP24 and expressed in Escherichia coli TOP10 and 
Pseudomonas aeruginosa PAO1, respectively. MICs were determined by broth microdilution and interpreted ac
cording to EUCAST guidelines. PAC-1 was purified, and steady-state kinetic measurements of selected β-lactams 
were determined. IC50 values were determined for the β-lactamase inhibitors avibactam, taniborbactam, xer
uborbactam and zidebactam. WGS was performed to characterize the genetic environment of the blaPAC-1 gene. 

Results: PAC-1 conferred broad resistance to penicillins, broad-spectrum cephalosporins and cefiderocol, while 
carbapenems remained unaffected. Kinetic analyses confirmed high catalytic efficiency against cefotaxime and 
aztreonam, but no hydrolysis of imipenem. Avibactam, relebactam and vaborbactam failed to inhibit PAC-1 
(IC50 > 1000 µM), whereas xeruborbactam and zidebactam showed potent inhibitory activities (IC50 = 1.0 and 
0.6 µM, respectively). A chromosomally located Tn1721-like transposon was identified carrying the blaPAC-1 
gene in P. aeruginosa ST4936. 

Conclusions: PAC-1 is not inhibited by avibactam and hydrolyses a broad range of β-lactams including the novel 
cephalosporin cefiderocol. The combination cefiderocol/zidebactam was the most active against PAC-1. 
Transposon-mediated dissemination across distinct lineages warrants continued epidemiological surveillance 
of PAC-type β-lactamases.

© The Author(s) 2026. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/ 
by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Introduction
The acquired blaPAC-1 Ambler class C β-lactamase gene was first 
described in a Pseudomonas aeruginosa clinical strain isolated 
from a patient hospitalized in India in 2010.1 Its circulation re
mains rare, and reports have been specific to P. aeruginosa 
ST664 isolates of both clinical and animal origins recovered 
from the south Asia region (India, Nepal, Singapore), France 

(from patients repatriated from Afghanistan and Mauritius), as 
well as environmental isolates of Aeromonas caviae recovered 
from water reservoirs.1–5 PAC-1 cephalosporinase shares 47% 
amino acid identity with the intrinsic chromosomal PDC-1 
β-lactamases, suggesting a distinct evolutionary origin.3 The 
blaPAC-1 gene was always identified as chromosomally located, 
embedded within a Tn1721-like transposon.3,5 The first descrip
tion of a P. aeruginosa lineage, other than ST664, producing the 
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PAC-1 β-lactamase was from a group in the USA.6 This strain is 
ST4936 and co-produces PAC-1 and the MBL imipenemase-1 
(IMP-1) enzymes, a combination recently reported in P. aerugino
sa clinical isolates responsible for an outbreak in Pakistan.7 Apart 
from the Americas and Asia, a PAC-1-producing P. aeruginosa 
veterinary isolate assigned to ST307 was identified also in 
Greece.8

A variant of PAC-1 exhibiting three amino acid substitutions 
(K44Q, E309A and N339K) and therefore named PAC-2 
(PQ567105.1) was recently identified in a Klebsiella quasipneu
moniae clinical isolate recovered in Colombia.9 The blaPAC-2 
gene was further reported in seven Enterobacterales clinical 
isolates in Colombia, including Klebsiella pneumoniae, Kluyvera 
ascorbata, Enterobacter hormaechei, Serratia marcescens (co- 
producing blaKPC-2) and Enterobacter asburiae (co-producing 
blaKPC-2).10 Genomic analyses identified that the blaPAC-2 gene 
was located on a 9.3 kb IncQ-type plasmid in all seven isolates. 
This raised the concern of whether PAC-type enzymes had al
ready disseminated globally.10

PAC-1 β-lactamase confers resistance to penicillins and to a 
wide range of cephalosporins, including ceftazidime, cefepime, 
ceftolozane/tazobactam and ceftazidime/avibactam when pro
duced in P. aeruginosa.3,11 Previous studies showed that the ex
pression of blaPAC-1 in Escherichia coli TOP10 and P. aeruginosa 
PAO1 strain backgrounds did not impact carbapenem susceptibil
ity.3 Mancini et al.7 demonstrated that production of PAC-1 in a 
recombinant E. coli strain resulted in a 5-fold increase of cefider
ocol MICs. However, there are currently no data regarding the 
hydrolytic profile of PAC-1 against a wide range of antibiotics, in
cluding β-lactam/β-lactamase inhibitors. Therefore, the aim of 
the present study was to determine the hydrolytic features of 
PAC-1, its impact on cefiderocol susceptibility, and to evaluate 
precisely the activity of different β-lactamase inhibitors against 
that enzyme.

Materials and methods
Bacterial strain and blaPAC-1 construct
A clinical P. aeruginosa ST4936 strain (named PaCS), isolated in 2025 from 
a patient hospitalized at the Khyber Teaching Hospital, Peshawar, 
Pakistan and carrying the blaPAC-1 gene, was selected for performing 
the cloning experiment.7 Cloning was performed into shuttle vector 
pUCP24 (pUCP24-PAC1) to enable expression in both E. coli TOP10 and 
P. aeruginosa PAO1 strain backgrounds.12 The blaPAC-1 gene was amplified 
by PCR and cloned into vector using primers PAC-1_F 5′-GAT GAT GGA TCC 
TAT AGA ATT CAA CAC GTC TCT ACC CTG AAT G-3′ and PAC-1_R 5′-GAT GAT 
AAG CTT TAT AGG ATC CTC TCT ATG CGG TTG GCT GTG-3′, before transform
ing into E. coli TOP10. Clones were selected on LB agar plates supplemented 
with 15 mg/L gentamicin and confirmed by amplification and sequencing of 
the blaPAC-1 gene. The recombinant plasmid pUCP24-PAC-1 was then trans
formed by electroporation into P. aeruginosa strain PAO1.

Antimicrobial susceptibility testing
MICs were determined by broth microdilution using CAMHB (Bio-Rad, 
Marnes-la-Coquette, France) for all the antibiotics except for cefiderocol, 
for which testing was performed using an iron-depleted CAMHB, accord
ing to EUCAST guidelines.13 Iron-depleted CAMHB was also used when 
testing combinations of cefiderocol with the β-lactamase inhibitors avi
bactam, relebactam, vaborbactam, taniborbactam, xeruborbactam and 
zidebactam. The β-lactamase inhibitors were all tested at fixed 

concentrations: clavulanic acid at 2 mg/L; tazobactam, avibactam, rele
bactam, taniborbactam and zidebactam at 4 mg/L; and vaborbactam 
and xeruborbactam at 8 mg/L. E. coli ATCC 25922, P. aeruginosa ATCC 
27853, and K. pneumoniae strains 700603 and BAA-2817 were used as 
controls.

Enzyme purification
For the purpose of optimal purification, the blaPAC-1 gene was cloned into 
the expression plasmid pOPINF (pOPINF-PAC-1) by using the In-Fusion™ 

cloning kit (Takara Bio, Japan).14 The primers used for cloning were de
signed without the signal peptide (as predicted by SignalP-5.0; https:// 
services.healthtech.dtu.dk/services/SignalP-5.0/) and for generating the 
enzyme with an N-terminal His-tag. Primers were the following: 
PAC-1_pOPINF_F 5′-GAA GTT CTG TTT CAG GGT CAA GTA TCA CAA GCC 
GAT-3′ and PAC-1_pOPINF_R 5′-TGG TCT AGA AAG CTC TAT TTT TTC 
AGT CGT TGT ACC A-3′. Recombinant plasmid pOPINF-PAC-1 was then 
transformed into strain BL21 DE3 (pLysS) (BL21-DE3-pOPINF-PAC-1). 
Transformants were selected on LB agar plates supplemented with 
100 mg/L ampicillin, and successful transformants were confirmed by se
quencing of the pOPINF-PAC-1 plasmid.

Expression of the blaPAC-1 gene cloned into BL21-DE3-pOPINF-PAC-1 
was induced with 0.5 mM/L IPTG (Carl Roth, Germany). PAC-1 was then 
extracted by sonication, and supernatant was purified by a nickel- 
nitrilotriacetic acid (Ni-NTA) agarose column (His GraviTrapTM; GE 
Healthcare, USA) as previously described.15 Purified protein was analysed 
by SDS-PAGE.

Determination of kinetic parameters
Steady-state kinetic assays were performed for the purified PAC-1 en
zyme, as described elsewhere.16 Hydrolysis of nitrocefin, piperacillin, 
cefotaxime, ceftazidime, cefepime, imipenem, cefiderocol, aztreonam, 
cephalotin and benzylpenicillin were observed by the reduction of absorb
ance using SpectraMax ID5 equipment (Molecular Devices, San Jose, CA, 
USA). Experiments were performed in 50 mM Tris-HCl and 300 mM NaCl buf
fer. Absorbances were measured for seven different substrate concentra
tions for 30 min at 25°C. Data were analysed in GraphPad Prism v9.5.1 
(GraphPad Prism Software, Boston, MA, USA) using a non-linear regression 
curve according to Michaelis–Menten. Antibiotic coefficients are the 
following: nitrocefin (Δɛ486 = 15 900 M−1 cm−1), piperacillin (Δɛ235 =  
1070 M−1 cm−1), cefotaxime (Δɛ264 = −7250 M−1 cm−1), ceftazidime 
(Δɛ260 = −8860 M−1 cm−1), cefepime (Δɛ267 = −9120 M−1 cm−1), imipen
em (Δɛ297 = 9210 M−1 cm−1), cefiderocol (Δɛ259 = −9430 M−1 cm−1), az
treonam (Δɛ318 = −650 M−1 cm−1), cephalotin (Δɛ262 = −7660 M−1 cm−1) 
and penicillin G (Δɛ233 = −775 M−1 cm−1). All experiments were performed 
in triplicate.

Determination of the IC50

PAC-1 enzyme was incubated with avibactam, relebactam, vaborbactam, 
taniborbactam, xeruborbactam or zidebactam for 3 min at room tempera
ture in 100 mM sodium phosphate buffer (pH 7.0). After preincubation 
time, the hydrolytic activity of PAC-1 was obtained by measuring the hy
drolysis rate of cephalotin (100 μM) at 262 nm as previously described.17

WGS
WGS was performed on a NextSeq 1000 instrument (Illumina; https:// 
www.illumina.com) with 2 × 150 bp paired-end reads following QiaSeq 
FX (Qiagen) library preparation. For long-read (Nanopore) sequencing, 
DNA was extracted using QIAamp DNA minikit (Qiagen, Valencia, CA, 
USA) and sent to Microsynth (https://srvweb.microsynth.ch/) where long- 
read sequencing was performed using Oxford Nanopore Technologies 
(ONT) on a MinION flow cell (FLO-MIN114; ONT, Oxford, UK). Hybrid as
semblies, using long and short reads, were performed using 
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UniCycler.18 Sequencing reads were mapped to the Tn1721-like trans
poson originally found in P. aeruginosa (accession number: MK534438) 
by using the CLC Genomics Workbench 20.0.4 Qiagen Aarhus A/S 
(Qiagen, Redwood City, CA, USA). Sequencing datasets from this study 
were deposited in the NCBI Sequence Read Archive under BioProject ac
cession number PRJNA1431343.

Results and discussion
Phenotypic profiling of recombinant E. coli and 
P. aeruginosa strains producing PAC-1
The expression of the blaPAC-1 gene in E. coli TOP10 resulted in a 
broad resistance phenotype affecting all β-lactam classes tested, 

apart from the carbapenems (meropenem and imipenem) 
(Table 1). The E. coli TOP10 recombinant strain producing PAC-1 
was resistant to penicillins and penicillin/β-lactamase inhibitor 
combinations. It was also resistant to broad-spectrum cephalos
porins, including cefotaxime (MIC >128 mg/L), ceftazidime and 
ceftazidime/avibactam (MICs 512 mg/L), and cefepime (MIC 
64 mg/L). The MICs observed using the combinations cefepime/ 
avibactam, cefepime/taniborbactam and cefepime/zidebactam 
were, respectively, 8, 4 and ≤0.125 mg/L for the TOP10 recom
binant strain producing PAC-1.

Notably, resistance to cefiderocol was also observed, with an 
MIC of 4 mg/L while the MIC of the recipient TOP10 strain is 
<0.125 mg/L. When combining cefiderocol with avibactam, 

Table 1. Phenotypic profile of TOP10 and PAO1 producing PAC-1

Compound

MICs for strains, mg/L

TOP10 TOP10-pUCP24-PAC-1 PAO1 PAO1-pUCP24-PAC-1 PaCS

AMP 2 64 >128 >128 >128
AMX 8 >128 >128 >128 >128
AMC 4 >128 >128 >128 >128
PIP 1 16 4 >128 >128
TZP 1 16 4 >128 >128
TIC 2 >128 8 >128 >128
TIM 2 >128 16 >128 >128
CTX ≤0.125 >128 >128 >128 >128
CAZ 0.5 512 1 >1024 >1024
CZA 0.25 512 1 >1024 >1024
FEP ≤0.125 64 0.5 1024 1024
FPA ≤0.125 8 0.5 1024 1024
FTN ≤0.125 4 0.5 1024 1024
FEZ ≤0.125 ≤0.125 ≤0.125 ≤0.125 512
IPM 0.25 0.25 1 2 128
IMR 0.25 0.25 0.5 2 128
MEM ≤0.125 ≤0.125 1 2 128
MVB ≤0.125 ≤0.125 0.5 2 128
FDC ≤0.125 4 0.5 >1024 64
FAV ≤0.125 4 0.5 >1024 64
FRL ≤0.125 4 0.5 >1024 64
FVB ≤0.125 4 0.5 >1024 64
FTB ≤0.125 1 0.5 32 16
FXB ≤0.125 ≤0.125 0.5 16 8
FZB ≤0.125 ≤0.125 ≤0.125 ≤0.125 2
ZID ≤0.125 ≤0.125 2 2 4
ATM ≤0.125 4 8 32 32
AZA ≤0.125 4 8 32 32
FOF 0.5 0.5 >128 >128 >128
AMK 2 2 4 4 4
CXM 4 >128 >128 >128 >128
C/T 0.25 64 0.25 >128 >128

AMC, amoxicillin/clavulanic acid; AMK, amikacin; AMP, ampicillin; AMX, amoxicillin; ATM, aztreonam; AZA, aztreonam/avibactam; C/T, ceftolozane/tazo
bactam; CAZ, ceftazidime; CTX, cefotaxime; CXM, cefuroxime; CZA, ceftazidime/avibactam; FAV, cefiderocol/avibactam; FDC, cefiderocol; FEP, cefe
pime; FEZ, cefepime/zidebactam; FOF, fosfomycin; FPA, cefepime/avibactam; FRL, cefiderocol/relebactam; FTN, cefepime/taniborbactam; FVB, 
cefiderocol/vaborbactam; FTB, cefiderocol/taniborbactam; FXB, cefiderocol/xeruborbactam; FZB, cefiderocol/zidebactam; IMR, imipenem/relebactam; 
IPM, imipenem; MEM, meropenem; MVB, meropenem/vaborbactam; PaCS, Pseudomonas aeruginosa clinical strain; PIP, piperacillin; TIC, ticarcillin; TIM, 
ticarcillin/clavulanic acid; TZP, piperacillin/tazobactam; ZID, zidebactam.

Phenotypic and biochemical characterization of PAC-1                                                                                   
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relebactam, vaborbactam or taniborbactam, no significant im
pact was observed on the MICs, suggesting that these inhibitors 
are not effective against PAC-1, despite the fact that avibactam is 
known to be effective against class C enzymes. In contrast, when 
combining cefiderocol with xeruborbactam or zidebactam, sig
nificantly lower MICs were observed, restoring the same suscep
tible values of MICs observed for the recipient TOP10 strain 
(<0.125 mg/L).

In P. aeruginosa PAO1, expression of blaPAC-1 led to high MICs 
of ceftazidime, ceftazidime/avibactam, cefepime, cefepime/avi
bactam, cefepime/taniborbactam, cefiderocol, cefiderocol/avi
bactam, cefiderocol/relebactam and cefiderocol/vaborbactam, 
all exceeding 1024 mg/L. By contrast, production of PAC-1 did 
not have any significant impact on imipenem and meropenem 
MICs. Altogether, these results illustrate that the production of 
PAC-1 in P. aeruginosa considerably narrows the available thera
peutic options for infections caused by such isolates.

Among the β-lactam/β-lactamase inhibitor combinations 
evaluated, cefepime/zidebactam and cefiderocol/zidebactam 
were the only ones to retain full activity in a PAO1 recombinant 
strain producing PAC-1 (MIC ≤ 0.125 mg/L), the same result as 
observed for the TOP10 strain producing PAC-1, indicating effect
ive inhibitor-mediated suppression of PAC-1 activity. Notably, the 
combination cefepime/zidebactam was inactive against the 
IMP1-producing PaCS isolate (MIC 512 mg/L), whereas cefidero
col/zidebactam retained good activity (MIC 2 mg/L). By analysing 
PaCS genomic data we also observed a truncation in the OprD 
membrane porin that is probably contributing, together with 
the expression of PAC-1, to the high level of resistance to carba
penems (especially imipenem) in the clinical strain. These results 
position cefiderocol/zidebactam as a potentially useful alterna
tive against PAC-1-producing isolates and warrant further inves
tigation in more complex resistance backgrounds (Table 1).

Enzyme kinetic parameters of PAC-1
Enzymatic kinetic parameters of PAC-1 were determined against 
a panel of β-lactams (Table 2). Amongst the β-lactams tested, 
cefotaxime was the most efficiently hydrolysed substrate (kcat/ 
Km = 1.29 × 105 M−1 s−1). This agrees fully with the phenotypic 
data, where cefotaxime MICs increased from ≤0.125 to 
>128 mg/L upon PAC-1 production. Hydrolysis of cefepime and 
ceftazidime was also observed (kcat/Km = 6.57 × 104 and 3.25 ×  
104 M−1 s−1, respectively), consistent with the pronounced MIC 
elevations observed for these compounds in both TOP10 and 
PAO1 backgrounds. Lower catalytic efficiencies were observed 
against piperacillin and benzylpenicillin (kcat/Km = 1.32 × 104 and 
2.65 × 104 M−1 s−1), yet the corresponding MIC increases still 
reached clinically significant levels, which could be attributed to 
the contribution of enzyme production levels and cellular context 
to the final resistance phenotype. Notably, imipenem yielded no 
detectable hydrolysis under the conditions tested, confirming the 
absence of carbapenemase activity in PAC-1, in line with the MIC 
data.

Among novel β-lactamase inhibitors, diazabicyclooctanes 
(DBOs) and boronic acid–based compounds generally retain ac
tivity against class C enzymes. However, avibactam failed to in
hibit PAC-1 at concentrations higher than 1000 µM, which 
directly accounts for the lack of significant activity of 

ceftazidime/avibactam or cefiderocol/avibactam compared 
with ceftazidime alone when considering the MIC data. The 
same lack of significant activity was observed for imipenem/ 
relebactam, cefiderocol/relebactam, meropenem/vaborbactam 
and cefiderocol/vaborbactam compared with imipenem, 
meropenem and cefiderocol alone, consistent with IC50 values 
for relebactam and vaborbactam exceeding 1000 µM. In con
trast, zidebactam proved to be a potent inhibitor of PAC-1 
(IC50 = 0.6 µM), and xeruborbactam showed comparable potency 
(IC50 = 1.0 µM), while taniborbactam displayed moderate inhibi
tory activity (IC50 = 38.5 µM). Notably, the MIC reductions ob
served for cefiderocol/zidebactam against PAC-1-producing 
strains were more pronounced than those of cefiderocol/ 
xeruborbactam relative to cefiderocol alone, consistent with the 
comparable inhibitory potency of xeruborbactam and zidebactam. 
This finding likely reflects the dual mechanism of action of zide
bactam, which apart from class A and C serine β-lactamase inhib
ition, exhibits direct antibacterial activity through high-affinity 
binding to PBP-2, providing an additional mechanism of action in
dependent of enzymatic inhibition.19 Taken together, these kinetic 
data not only validate the resistance phenotype observed but also 
highlight the mechanistic distinction between inhibitor scaffolds: 
while avibactam-based combinations are rendered ineffective 
by PAC-1, zidebactam-containing regimens retain efficacy 
through potent inhibition of the enzyme, positioning cefiderocol/ 
zidebactam as a particularly promising therapeutic option against 
PAC-1-producing pathogens.

Table 2. Kinetic parameters and IC50 values for PAC-1 enzyme against 
several β-lactams and β-lactam/β-lactamase inhibitors

Substrate

Kinetics

Km (μM) kcat (s−1) kcat/Km (M−1 s−1)

NCF 175.6 32.1 1.83E + 05
PIP 345.5 4.57 1.32E + 04
CTX 35.2 4.55 1.29E + 05
CAZ 155.3 5.05 3.25E + 04
FEP 81.1 5.32 6.57E + 04
IPMa — — —
FDC 141.0 1.70 1.21E + 04
ATM 4.4 0.48 1.10E + 05
CEF 19.9 0.78 3.96E + 04
PEN 58.9 1.56 2.65E + 04
Inhibitor IC50 (µM)
AVI >1000
REL >1000
VAB >1000
TNB 38.5
XBT 1.0
ZID 0.6

ATM, aztreonam; AVI, avibactam; CAZ, ceftazidime; CEF, cephalotin; CTX, 
cefotaxime; FDC, cefiderocol; FEP, cefepime; IPM, imipenem; NCF, nitroce
fin; PEN, penicillin G; PIP, piperacillin; REL, relebactam; TNB, taniborbac
tam; VAB, vaborbactam; XBT, xeruborbactam, ZID, zidebactam.
aDash denotes no significant hydrolysis.
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Analysis of the PAC-1 genetic environment
WGS analysis revealed that the blaPAC-1 gene was chromosomally 
located within a Tn1721-like transposon identical to the one al
ready reported by Bour et al.3 Previous reports specifically asso
ciated the Tn1721-like carrying blaPAC-1 with ST664, and the 
detection of an identical element in ST4936 in this study suggests 
that dissemination of this resistance determinant can occur 
through transposition events across distinct lineages, independ
ent of clonal expansion or plasmid-mediated transfer. This un
derscores the role of mobile elements in the spread of novel 
β-lactamases in clinical settings.

Conclusions
This study provides a comprehensive phenotypic and biochem
ical characterization of the class C β-lactamase, PAC-1, confirm
ing its broad hydrolytic spectrum against extended-spectrum 
cephalosporins and, notably, cefiderocol. This is particularly con
cerning, as the latter agent represents an important last-resort 
therapeutic option against MBL-producing carbapenem-resistant 
P. aeruginosa. Among the combinations evaluated, cefiderocol/ 
zidebactam was the most effective therapeutic option, sup
ported by the potent inhibitory activity of zidebactam against 
PAC-1. Xeruborbactam also demonstrated significant, albeit low
er, inhibitory activity against PAC-1 compared with zidebactam, 
positioning the cefiderocol/xeruborbactam combination as an 
additional promising strategy warranting further preclinical 
evaluation. The detection of an identical Tn1721-like transposon 
in genetically unrelated P. aeruginosa STs underscores the dis
semination potential of blaPAC-1, warranting continued epidemio
logical surveillance of PAC-type β-lactamases.
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