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ABSTRACT Multidrug-resistant (MDR) Pseudomonas aeruginosa infections are a major
clinical challenge. Many isolates are carbapenem resistant, which severely limits treatment
options; thus, novel therapeutic combinations, such as imipenem-relebactam (IMI/REL),
ceftazidime-avibactam (CAZ/AVI), ceftolozane-tazobactam (TOL/TAZO), and meropenem-
vaborbactam (MEM/VAB) were developed. Here, we studied two extensively drug-resistant
(XDR) P. aeruginosa isolates, collected in the United States and Mexico, that demonstrated
resistance to IMI/REL. Whole-genome sequencing (WGS) showed that both isolates con-
tained acquired GES b-lactamases, intrinsic PDC and OXA b-lactamases, and disruptions
in the genes encoding the OprD porin, thereby inhibiting uptake of carbapenems. In
one isolate (ST17), the entire C terminus of OprD deviated from the expected amino
acid sequence after amino acid G388. In the other (ST309), the entire oprD gene was in-
terrupted by an ISPa1328 insertion element after amino acid D43, rendering this porin
nonfunctional. The poor inhibition by REL of the GES b-lactamases (GES-2, -19, and -20;
apparent Ki of 19 6 2 mM, 23 6 2 mM, and 21 6 2 mM, respectively) within the isolates
also contributed to the observed IMI/REL-resistant phenotype. Modeling of REL binding
to the active site of GES-20 suggested that the acylated REL is positioned in an unstable
conformation as a result of a constrained X-loop.

KEYWORDS Pseudomonas aeruginosa, relebactam, imipenem, GES b-lactamase, OXA
b-lactamase, GES-19, GES-20, OprD deficient, relebactam resistance

P seudomonas aeruginosa is a health care-associated pathogen that causes severe infec-
tion in patients who are immunocompromised. Each year in the United States, more

than 32,000 health care-associated P. aeruginosa infections occur, resulting in 2,700 deaths
(https://www.cdc.gov/drugresistance/pdf/threats-report/pseudomonas-aeruginosa-508.pdf).
Thus, the Centers for Disease Control and Prevention (CDC) designated P. aeruginosa a
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“serious threat” pathogen (https://www.cdc.gov/drugresistance/biggest-threats.html#pse).
Overcoming antibiotic resistance, particularly carbapenem resistance, in multidrug-resistant
(MDR) P. aeruginosa is a major clinical challenge, as diverse mechanisms are responsible for
this phenotype. These mechanisms include drug inactivation by b-lactamases encoded by
multiple bla genes, reduced drug uptake due to porin changes, increased drug removal by
efflux pump overexpression, and reduced drug affinity by alterations in penicillin-binding
proteins (PBPs) (1, 2).

To combat the evolution of MDR in P. aeruginosa and other Gram-negative bacteria,
novel therapeutics were developed. They include ceftazidime-avibactam (CAZ/AVI), ceftolo-
zane-tazobactam (TOL/TAZO), meropenem-vaborbactam (MEM/VAB), and the diazabicyclooc-
tane (DBO) b-lactamase inhibitor relebactam (REL), which is being used in combination with
imipenem (IMI) and cilastatin. A comparison of b-lactam inhibitors is shown in Fig. 1. The latter
b-lactam–b-lactamase inhibitor combination has microbiological and pharmacological prop-
erties that are designed to overcome common resistance mechanisms in P. aeruginosa and
other MDR organisms. REL possesses a broad spectrum of activity that includes inhibition of
class A, class C, and some class D b-lactamases (3–5). The U.S. Food and Drug Administration
approved imipenem-cilastatin-relebactam (IMI/REL; Recarbrio) for the treatment of compli-
cated urinary tract and intraabdominal infections and hospital-acquired and ventilator-asso-
ciated bacterial pneumonia in adults (https://www.jwatch.org/fw116709/2020/06/07/fda
-approves-imipenem-cilastatin-relebactam-recarbrio, https://www.jwatch.org/na49571/2019/
08/02/fda-approves-imipenem-cilastatin-relebactam-recarbrio). The IMI/REL combination repre-
sents an alternative to CAZ/AVI, as the partner b-lactam is a member of the carbapenem class
as opposed to an expanded-spectrum cephalosporin. It also has been shown that IMI/REL is
not affected by drug efflux systems such as MexAB-OprM, MexCD-OprJ, and MexXY-OprM
(6) or by substitutions in the X-loop of KPC-2 and KPC-3 b-lactamases that confer CAZ/AVI
resistance (7–9).

However, as is often the case with new antimicrobial agents, resistance to IMI/REL is
observed in P. aeruginosa (10–15). A recent study of isolates collected in Spain demonstrated
that susceptibility to IMI/REL was 97.3% (10). In contrast, multiple other surveillance studies
report lower susceptibility to IMI/REL (;90%, with;30% of all IMI-resistant P. aeruginosa
isolates also being resistant to IMI/REL). In one of the largest studies to date, 14,813
P. aeruginosa isolates were collected by the SMART global surveillance program, spanning
years 2009 to 2016 (6). Of those that tested IMI nonsusceptible, 3,747 isolates underwent
further phenotypic and genotypic analysis. In that analysis, 1,200 (32%) remained nonsus-
ceptible to IMI/REL; 42% of these encoded class B metallo-b-lactamases, and 11% encoded
class A Guiana extended-spectrum (GES) enzymes, while class D carbapenemases were not
detected. More specifically, another recent study demonstrated that REL did not restore
susceptibility to GES-5-producing P. aeruginosa isolates (16).

Here, we present analysis that details the molecular and biochemical characterization
of two IMI/REL-, CAZ/AVI-, TOL/TAZO-, and MEM/VAB-resistant P. aeruginosa isolates that
were collected in the United States and Mexico as part of an international surveillance
study. Our objective was to determine the mechanisms that contributed to this observed
resistance phenotype. Both isolates contained relebactam-resistant class A GES, class C
Pseudomonas-derived cephalosporinase (PDC; intrinsic b-lactamase of P. aeruginosa), and
class D oxacillinase (intrinsic OXA) b-lactamases. Additionally, OprD alterations coupled with
relebactam resistance of the GES b-lactamases in each isolate appear to play the defining

FIG 1 Structures of b-lactam-based b-lactamase inhibitors (tazobactam, clavulanate, and sulbactam) and diazabicyclooctane
inhibitors (DBO; AVI and REL).
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role in resistance to IMI/REL. Of equal importance, we illustrate how the interplay of this con-
stellation of resistance determinants also confers resistance to other contemporary new
b-lactam–b-lactamase inhibitor combinations as well as other antibiotics.

RESULTS
AST. Antimicrobial susceptibility testing (AST) results of the two highly resistant

P. aeruginosa isolates are summarized in Tables 1 and 2. Both isolates (CLB 24388 and
EM 2972704) were resistant to all antibiotics tested by broth microdilution, which include
amikacin (AMK), aztreonam (ATM), cefepime (FEP), cefotaxime (TAX), CAZ, ciprofloxacin (CIP),
gentamicin (GEN), IMI, levofloxacin (LVX), meropenem (MEM), piperacillin-tazobactam (TZP),
and tobramycin (TOB). Brothmacrodilution was next performed to accurately determine colistin
(CST) susceptibility; both isolates displayed intermediate resistance (#0.5 mg/liter for CLB
24388 and 1 mg/liter for EM 2972704). In addition, both isolates were resistant to MEM/VAB,
TOL/TAZO, IMI/REL, and CAZ/AVI. The combination of CAZ/AVI/ATM in disk diffusion assays
increased the zone diameters from 15 mm (CAZ/AVI alone) to 30 mm for CLB 24388 and
from 6 mm (CAZ/AVI alone) to 30 mm for EM 2972704.

Whole-genome sequencing (WGS). Isolate CLB 24388 was determined to be sequence
type 17 (ST17) according to the Pasteur multilocus sequence type (MLST) scheme. This strain
contained the following b-lactamase (bla) genes: blaGES-2, blaOXA-5, blaOXA-50, and blaPDC-8.
Isolate EM 2972704 belonged to ST309 and possessed multiple b-lactamase genes: blaGES-19,
blaGES-20, blaOXA-2, blaOXA-50-like (OXA-50 A8T, T16A, K112E), and blaPDC-19a (Table 3).

We next examined other resistance determinants previously reported in P. aeruginosa
(6, 11, 17–22). The AmpC regulator genes dacB, ampR, and ampD were analyzed (Table 3).
Inactivation of dacB results in overproduction of AmpC (23). DacB (penicillin binding protein
4, a nonessential PBP) in both isolates was identical to the amino acid sequence of DacB in
PAO1. However, AmpD in isolate CLB 24388 contained A136V and G148A substitutions
while isolate EM 2972704 contained Q44H and G148A substitutions, and AmpR in isolate
EM 2972704 contained G283E and M288R substitutions relative to the PAO1 sequence. The
role of these substitutions in PDC expression is not currently known.

Changes relative to the WT PAO1 sequence were noted in the regulators for MexAB-
OprM and MexXY-OprM (see Table S1 in the supplemental material), but their overall contri-
bution to phenotype is unknown, as they have not been previously associated with resistance.

TABLE 1MICs of P. aeruginosa isolatesa

Isolate no.

MIC (mg/liter) for:

AMK ATM FEP TAX CAZ CIP IMI MEM LVX GEN TZP TOB CAZ/AVI MEM/VAB TOL/TAZO CST IMI IMI/REL
CLB 24388 .32 .16 .16 .32 .16 .2 .8 .8 .4 .8 .64/4 .8 16/4 32/8 64/4 #0.5 32 8/4
EM 2972704 .32 .16 .16 .32 .16 .2 .8 .8 .4 .8 .64/4 .8 .256/4 .256/8 .256/4 1 64 32/4
aAntimicrobial susceptibility tests were interpreted according to 2021 CLSI criteria for Pseudomonas aeruginosa: for aztreonam (ATM), cefepime (FEP), and ceftazidime (CAZ),
MIC of#8 mg/liter is susceptible (S), MIC of 16 mg/liter is intermediate (I), and MIC of$32 mg/liter is resistant (R); for meropenem (MEM) and imipenem (IMI), MIC of
#2 mg/liter is S, MIC of 4 mg/liter is I, and MIC$ 8 mg/liter is R; for amikacin (AMK), MIC of#16 mg/liter is S, MIC of 32 mg/liter is I, and MIC of$64 mg/liter is R; for
ciprofloxacin (CIP), MIC of#0.5 mg/liter is S, MIC of 1 mg/liter is I, and MIC of$2 mg/liter is R; for levofloxacin (LVX), MIC of#1 mg/liter is S, MIC of 2 mg/liter is I, and MIC of
$4 mg/liter is R; for gentamicin (GEN) and tobramycin (TOB), MIC of#4 mg/liter is S, MIC of 8 mg/liter is I, and MIC of$16 mg/liter is R; for piperacillin-tazobactam (TZP),
MIC of#16/4 mg/liter is S, MIC of 32/4 to 64/4 mg/liter is I, and MIC of$128/4 mg/liter is R. Colistin (CST) MICs were determined macrobroth dilution, I of#2 and R of$4.
MICs done by MTS were ceftazidime-avibactam (CAZ/AVI), MIC of#8/4 mg/liter is S and MIC$ 16/4 mg/liter is R; meropenem-vaborbactam (MEM/VAB), MIC of#4/8 mg/
liter is S, MIC of 8/8 mg/liter is I, and MIC$ 16/8 mg/liter is R; ceftolozane-tazobactam (TOL/TAZO), MIC of#4/4 mg/liter is S, MIC of 8/4 mg/liter is I, and MIC of$16/4 mg/
liter is R. IMI/REL MIC of#2/4 mg/liter is S, MIC of 4/4 mg/liter is I, and MIC of$8/4 mg/liter is R. REL was tested at a fixed concentration of 4 mg/liter, while IMI was in
doubling dilutions.

TABLE 2 Zone diameters of P. aeruginosa isolatesa

Isolate no.

Zone diameter (mm) for:

CAZ ATM CAZ/AVI CAZ/AVI/ATM
CLB 24388 6 12 15 30
EM 2972704 6 6 6 30
aDisk diffusion assay was used for CAZ: S$ 18 mm, I = 15 to 17 mm, R# 14 mm; ATM, S$ 22 mm, I = 16 to
21 mm, R# 15 mm; CAZ/AVI, S$ 21 mm and R# 20 mm; and CAZ/AVI/ATM testing, S$ 21 mm and R#

20 mm.
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Genetic determinants of fluoroquinolone and aminoglycoside resistance were also found, and
the data are presented in Table S1.

The sequence of oprD in both isolates deviated from the wild-type (WT) P. aeruginosa
PAO1 oprD gene extensively. In isolate CLB 24388, OprD was type T1-VIa (17); however,
the 66 amino acids (aa) after G388 diverged from the WT OprD amino acid sequence. In
isolate EM 2972704, the OprD porin was completely disrupted after amino acid D43 by an
insertion sequence element, ISPa1328, containing a transposase (tnp) gene, after which
came a duplication of amino acids 42 and 43 (LD), followed by the remaining sequence of
OprD (24–27). PCR and sequence analysis of a larger than expected oprD amplicon
(;2,500 bp) in EM 2972704 established and confirmed this finding (see the supplemental
material). This confirmation was required, as the oprD gene was split across 2 separate con-
tigs. The first 129 bp (43 amino acids) of oprD was at the end of one contig (GenBank
accession no. JAFFGW010000014.1, bp 221,915 to 222,044), while a repeat of amino acids
42 and 43 (LD) followed by the remaining oprD sequence was at the end of a different con-
tig (GenBank accession no. JAFFGW010000034.1, bp 45,900 to 47,103) in the draft genome.

Figures 2 and 3 illustrate the genetic context of the GES b-lactamases in both isolates.
From isolate CLB 24388, an approximately 10,000-bp segment of the genome sequence
is shown in Fig. 2. This assembled segment details the positions of OXA-5 and GES-2 rela-
tive to the integrase genes. Figure 3 shows the genetic context of the GES b-lactamases
in an approximately 10,000-bp segment of isolate EM 2972704. This assembled segment
contains open reading frames for the integron integrase IntI1, GES-19, and GES-20 as well as
OXA-2 and an IS6 family transposase. Other genes are associated with these segments and
are illustrated in the figures.

Immunoblot and ESI-MS analyses. Immunoblotting of the purified fractions of differ-
ent isoelectric points (pIs) from preparative isoelectric focusing (pIEF) gels demonstrated
that the pI;6 fraction from both isolates produced a strong signal when probed with a newly
prepared rabbit polyclonal anti-GES-2 antibody (Fig. 4a). Electrospray ionization-mass spec-
trometry (ESI-MS) analysis was also performed on the pI ;6 fraction of EM 2972704 (Fig. 4b)
to assess the relative quantities of the two GES variants. The expected molecular sizes of GES-
19, 29,231 6 3 Da, and GES-20, 29,247 6 3 Da, were observed, and both b-lactamases were
well expressed and present in approximately equal amounts.

TABLE 3 Genes coding for b-lactam resistance determinants as detected by WGS of P. aeruginosa CLB 24388 and EM 2972704

Isolate MLST

b-lactamases AmpC regulators

OprDPDC GES OXA AmpD AmpR DacB (PBP4)
PAO1 549 PDC-1 NA OXA-50 WT WT WT WT
CLB 24388 17 PDC-8 GES-2 OXA-5, OXA-50 A136V, G148A WT WT Type T1-VIa-like, with 66 divergent

aa after G388
EM 2972704 309 PDC-19a GES-19, GES-20 OXA-2 and OXA-50

A8T, T16A, K112E
Q44H, G148A G283E, M288R WT Type T1-VII-like,a interrupted by

ISPa1328 element containing a
transposase gene after aa D43

aOprD was interrupted after aa D43 by an ISPa1328 element containing a transposase (tnp) gene, followed by the continuation of OprD that is type T1-VII, differing by the
following substitutions: starting the continuation of OprD there is a repeat insertion of 42L and 43D, P186G, 372(VDSSSS-YAGL-)383, and E437D (17). P. aeruginosa PAO1
genome sequence NC_002516.2 was used as the reference genome. Reference comparator amino acid sequences from PAO1 (WT, wild type) are the following: PDC-1, NP
_252799.1; OXA-50, NP_254201.1; AmpD, NP_253212.1; AmpR, NP_252798.1; DacB, NP_251737; OprD, NP_249649.1. Reference sequences for other b-lactamases present are
the following: PDC-8, WP_003118203.1; PDC-19, AEM44530.1; OXA-5, WP_032488483.1; OXA-2, WP_001007673.1; GES-2, WP_045912044.1; GES-19, WP_015059045.1; GES-20,
WP_015059046.1.

FIG 2 Detailed view of the integron-like element carrying GES and OXA b-lactamase genes in isolate CLB 24388. Open reading
frames (ORFs) are represented by arrows. This segment (GenBank accession no. JAFFGY010000016.1, bp 400,688 to 410,007) contains
the genes encoding a DDE-type integrase and a class 1 integron integrase (intI1), indicated by green arrows. Antimicrobial resistance
genes are shown with red arrows. They include sul1, qacED1, aac(3)-I family gene, aac(69)-Ib4, blaOXA-5, an additional aac(69)-Ib4, and
blaGES-2. The deposited JAFFGY010000016.1 contig contains an assembly stop gap between blaGES-2 and blaOXA-5. PCR amplification,
cloning, and sequencing of the stop gap sequence (see the supplemental material) identified an additional full-length aac(69)-Ib4
gene with an alternative valine start codon.
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b-Lactamase kinetics. As the pI ;6 fraction contained both GES-19 and GES-20,
we cloned both blaGES genes into the pET-28(1) plasmid. Purified recombinant GES-2, GES-
19, and GES-20 were then analyzed in steady-state kinetic experiments that are summarized
in Table 4. To obtain the apparent Ki (Ki app) of REL, nitrocefin (NCF) was used as an indicator
substrate, and the Km of NCF for each b-lactamase was determined. The Ki observed values
were determined for each b-lactamase in a direct competition assay with NCF and corrected
based on the Km value of NCF for each b-lactamase assayed to determine the Ki app. The Ki app
values of purified GES-2, -19, and -20 b-lactamases were 19 6 2 mM, 23 6 2 mM, and
216 2mM, respectively (Table 4).

DISCUSSION

WGS assisted in our understanding of the mechanisms of the XDR phenotype in both
isolates, with particular interest in the IMI- and IMI/REL-resistant phenotypes. It is important
to note the two P. aeruginosa isolates did not share the same lineage; isolate CLB 24388 was a
member of ST17, and isolate EM 2972704 was a member of ST309.

Class D b-lactamases. We identified the class D enzymes OXA-5 and OXA-50 (intrinsic
oxacillinase of P. aeruginosa) in CLB 24388 and OXA-2 and a new variant of OXA-50 (A8T,
T16A, K112E) in EM 2972704. The oxacillinases found in these isolates (OXA-2 and OXA-5, nar-
row-spectrum activity; OXA-50/50-like, additional weak imipenemase activity [28]) are resistant
to inactivation by DBO b-lactamase inhibitors (AVI and REL) and VAB.

Class Cb-lactamases. The two isolates also possessed different variants of the intrin-
sic P. aeruginosa chromosomal class C b-lactamase, PDC-8 in CLB 24388 and PDC-19a in

FIG 3 Detailed view of the integron-like element carrying the tandem GES genes in isolate EM 2972704. Open reading frames (ORFs)
are represented by arrows. This segment (GenBank accession no. JAFFGW010000010.1, bp 72,401 to 81,619) contains genes encoding
a class 1 integron integrase (intI1) and an IS6 family transposase, indicated by green arrows. Antimicrobial resistance genes are shown with
red arrows. They include aac(69)-33, blaGES-19, blaGES-20, aac(69)-Ib4, blaOXA-2, aadA1, qacED1, and sul1.

FIG 4 (a) Immunoblot of the purified fractions of different pIs from the two P. aeruginosa isolates probed with the polyclonal anti-
GES-2 antibody. (b) A mass spectrometry analysis of the purified pI ;6 fraction assessing the relative quantities of the two GES variants in
EM 2972704. GES-19 and GES-20 were both well expressed and abundant. The expected molecular masses were GES-19, 29,231 6 3 Da, and
GES-20, 29,247 6 3 Da.
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isolate EM 2972704. These PDC b-lactamases do not contain any of the reported substitutions
that expand their normal spectrum of activity or lead to TOL/TAZO resistance (see Fig. S1 in
the supplemental material) (29). However, in addition to their role in cephalosporin resistance,
we propose that the PDC b-lactamases in these isolates serve to bind the carbapenems to
various degrees and thereby contribute to the IMI-resistant phenotype (30, 31). We believe
this is an underappreciated contributor of carbapenem resistance in many cases and could
explain why isolates with inactivation of an outer membrane porin (OprD) and upregulation
of an AmpC b-lactamase show resistance to IMI.

Normally PDC is expressed at low levels in P. aeruginosa unless there is an alteration in, or
gene inactivation of, ampR, ampD, or dacB. However, we did not observe any of the reported
mutations in these genes previously associated with increased PDC expression, such as inacti-
vation of DacB (PBP4) or the D135N mutation in AmpR (23, 32–35). As it was hard to detect
appreciable amounts of PDC b-lactamase by immunoblot assay in both isolates, quantitative
reverse transcription-PCR (qRT-PCR) analysis was utilized to circumvent this issue. qRT-PCR
demonstrated that mRNA levels of the PDC b-lactamases in CLB 24388 and EM 2972704 iso-
lates were 22-fold and 27-fold lower, respectively, than those in a control P. aeruginosa isolate
that contained a D135N substitution in AmpR and is known to overexpress PDC-16 (32) (Fig.
S2), demonstrating the AmpCs in the two P. aeruginosa isolates were not overexpressed.

Class Ab-lactamases. CLB 24388 was found to contain blaGES-2, whereas EM 2972704
possessed two GES variants in tandem order, blaGES-19 followed by blaGES-20; the former
encodes an extended-spectrum b-lactamase (ESBL) and the latter a carbapenemase.
GES-2 has modest carbapenemase activity due to a G170N substitution relative to GES-1, as
Poirel et al. were the first to demonstrate (36–38). GES-19 is similar to GES-1 but has one sub-
stitution in the mature protein, G243A (Ambler consensus numbering) (39). This G243A sub-
stitution was reported to increase both ATM and CAZ hydrolysis, thereby potentially chal-
lenging the efficacy of the CAZ/AVI/ATM combination (40). The importance of amino acid
243 with regard to increased ATM hydrolysis was first noted in GES-9, which contains a
G243S substitution (41). However, GES-2 and GES-20 both retain the G at position 243. It is
interesting that in two isolates that contained blaGES-19 and blaGES-26 in tandem, the triple
combination exhibited potency (42), as was the case for both isolates reported here.

GES-20 is identical to GES-5 after the leader sequence has been removed. Notably,
GES-20 contains a very important substitution in the mature protein, a serine at position 170,
that confers carbapenem hydrolyzing ability (36). In addition, the S170 substitution present in
GES-20 has also been linked to increased hydrolysis of TOL and decreased inhibition by tazo-
bactam (43), which explains the very high MIC (.256/4 mg/liter) to TOL/TAZO in isolate EM
2972704. Lahiri et al. put forth that a blaGES-20 construct in an isogenic E. coli background
remained susceptible to AVI inhibition. However, in this background, the E. coli blaGES-20 isolate
demonstrated a CAZ MIC of 0.5 mg/liter and a CAZ/AVI MIC of 0.25 mg/liter (44). The high-
level CAZ/AVI resistance that we observe in EM 2972704 may be a result of the tandem blaGES
genes. Tandem carriage of blaGES has been described in detail before in similar transposons
(42, 45). Khan et al. hypothesize that tandem expression influences the resistance phenotype,
thereby producing a greater than additive effect (42). However, this is the first in-depth analy-
sis of the tandem carriage of blaGES-19 and blaGES-20, especially as it relates to inhibitor resistance.

GES-20 is the most prevalent (84.4%) b-lactamase among IMI-resistant P. aeruginosa
clinical isolates in Mexico (46) and is chromosomally encoded on embedded class 1 integrons,
as are blaGES-19 and blaGES-20, contained in this study (Fig. 2 and 3). This is particularly concerning
as widespread dissemination of blaGES-19 and blaGES-20 is much more likely given its genetic

TABLE 4 REL Ki app determinations from purified enzyme preparations

Purified GES NCF Km (mM) REL Ki app (mM)
GES-2 3.66 0.5 196 2
GES-19 296 3 236 2
GES-20 376 4 216 2
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environment. This mechanism may not be the only cause of carbapenem resistance in the
isolates from Mexico, as they did not assess the OprD porin function in these isolates.

A mass spectrometry analysis of the purified pI;6 fraction from EM 2972704 demon-
strated that GES-19 and GES-20 were both well expressed and abundant (Fig. 4b). We
next performed inhibitory enzyme kinetics on the purified GES-2, GES-19, and GES-20
b-lactamases to determine the effectiveness of REL inhibition (Table 4). We determined
an elevated Ki app for all three enzymes (Ki app for GES-2, -19, and -20 b-lactamases of
19 6 2 mM, 23 6 2 mM, and 21 6 2 mM, respectively).

From previous studies, we know that REL is a potent inhibitor of KPC-2 and restores the
susceptibility of IMI in clinical strains (47). The two b-lactamases (KPC and GES) share more
than 50% similarity. However, we reasoned that amino acid variability in the X loop of GES-
20 (GES-5) versus KPC-2 (Fig. 5) may explain the poor inhibition of GES-20 by REL. The most
notable changes between the two are L167!P, L169!M, and N170!S in GES-20. In the
GES-20 model, the hydrophobic interactions that are formed restrain the mobility of the X
loop compared to KPC-2 (Fig. 5a and b). We note that the R164 interactions with D171 and
D179 (GES-20) or S171 (KPC-2) are maintained. M169 in GES is in the same position as L169
in KPC. Similarly, M68 and M148 in GES are replaced by leucine residues in KPC (Fig. 5c).
These changes allow the formation of bridging interactions. Furthermore, the hydrophobic
interaction of L162 and F72 in the X loop of GES enzymes may stabilize these interactions
even more, thereby restraining the X loop. This variability in the X loop sequence may also
change the electrostatic properties of the surface of GES-20 (GES-5) (Fig. S3, top) as well as
the active site S170 (Fig. S3, bottom), making the GES-20 active-site entrance more hydro-
philic, smaller, and less shallow than that of the KPC-2 enzyme.

To explain why REL fails to sufficiently inactivate these members of the class A GES family,
a model of REL docked into the active site of the GES-20 enzyme (Fig. 6) was generated.
When the Michaelis-Menten complex of REL with GES-20 (Fig. 6a and b) is formed, the DBO
establishes hydrophobic interactions with W105 and the piperidine ring with P167 (being posi-
tioned less than 4-Å distance from the pyrrolidine). The acyl-enzyme complex (Fig. 6c and d)

FIG 5 X Loop variability between class A GES-20 (a) and KPC-2 (b) b-lactamases. The amino acid variability (c) in the X loop of KPC-2 versus GES-20 (GES-5)
(L167!P, L169!M, and N170!S in GES-20) restrains the loop of GES-20. The R164 interactions with D179 and D171 or S171 are maintained. Methionine at
position 169 replaces L in KPC-2. Similarly, L68 and L148 in KPC-2 are replaced by M in the GES enzyme. These changes facilitate a bridging interaction between
the sulfur of M169, M68, M148, and the aromatic F72 in GES-20. Furthermore, the hydrophobic interaction of L162 and F72 may stabilize these interactions even
more, restraining the X loop. The yellow rectangle highlights the X loop region, and the red arrows indicate areas of interest.
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suggests that REL is restricted between W105 and P167. The SO4
23 group creates interactions

with R244 of GES-20 but with the carbonyl outside the oxyanion hole. Thus, REL forms an
unstable complex. This unfavorable positioningmay be responsible for the higher Ki app and in-
hibitor resistance.

From the AST, we see that both isolates are extensively drug resistant (XDR). This trou-
bling observation challenges us to propose potential therapeutic combinations to overcome
this phenotype. We reasoned that as ATM is not hydrolyzed by most GES enzymes, if we
inhibited the PDC b-lactamases with AVI, then the CAZ/AVI/ATM combination might pro-
duce a susceptible phenotype. For both isolates this was the case. The zone size of CAZ/AVI
increased from 15 mm (CLB 24388) and 6 mm (EM 2972704) to 30 mm for both isolates
with the addition of ATM, well into the susceptible range. The combination of both CAZ and
ATM also allows for multiple PBP inactivations (PBP1a, PBP1b, and PBP3), augmenting sus-
ceptibility by completely affecting the “divisome” of P. aeruginosa.

OprD. Additionally, we must keep in mind that OprD is the main portal of entry for
IMI and MEM into P. aeruginosa (6). Therefore, the isolates will manifest resistance to these
two carbapenems. GES-20 could also significantly contribute to the observed phenotype by
hydrolyzing any IMI that does find its way into the cell, as it is not effectively inhibited by
REL. The presence of the GES-20 carbapenemase in isolate EM 2972704 is also the reason
for higher IMI, IMI/REL, and MEM/VAB MICs relative to isolate CLB 24388.

Fluoroquinolone resistance and aminoglycoside-modifying enzymes. Other mecha-
nisms of resistance in both isolates were analyzed, and the data are presented in Table S1.

FIG 6 Molecular docking of REL as a Michaelis-Menten complex (a and b) and as an acyl enzyme (c and d) into the active site of
GES-20 (GES-5). Hydrophobic interactions with W105 and the piperidine ring of REL with P167 (less than 4 Å distance) were made.
The acyl-enzyme complex suggests that REL adopts an unfavorable position with the carbonyl outside the oxyanion hole, forming
an unstable complex (c and d).
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Known mechanisms of resistance to fluoroquinolone and aminoglycoside antibiotics were
found (19, 22, 48–50).

We provide evidence that two of the main drivers of carbapenem and carbapenem/
b-lactam inhibitor resistance in these isolates is the presence of inhibitor-resistant GES
carbapenemases and the loss of an important porin, OprD. In isolate EM 2972704, the
ISPa1328 insertion element containing a transposase (tnp) gene, previously reported as
being a causative agent in the inactivation of OprD (24–27), was coupled with GES-20,
a robust carbapenemase. In isolate CLB 24388, the OprD is also disrupted and is
accompanied by the presence of GES-2. Here, we report the limits of inhibition of cer-
tain class A GES carbapenemases by this novel inhibitor class that have not been well-
characterized.

This work strongly supports the importance of establishing molecular surveillance
programs that detect and define the basis of resistance, especially to novel agents as
they are introduced into the clinic. This knowledge empowers clinicians who must
choose empirical therapy, strengthens antimicrobial stewardship programs responsible
for judicious drug utilization, and informs medicinal chemists as they devise strategies
to combat MDR pathogens. This analysis also provides a snapshot of the complex
mechanisms that result in an XDR phenotype.

MATERIALS ANDMETHODS
Selection of bacterial isolates. P. aeruginosa isolates CLB 24388 and EM 2972704 were selected for

characterization because of reduced susceptibility to IMI/REL in screening studies done by Merck and
were sent to our reference lab for further characterization as metallo-b-lactamases, KPC, and class D car-
bapenemases were not found. Isolate CLB 24388 is a clinical isolate of P. aeruginosa from a urine speci-
men collected in 2004 (Texas), and isolate EM 2972704 (EM 100819) is a 2005 P. aeruginosa clinical iso-
late from Mexico; both were obtained from Eurofins (Lancaster, PA).

AST. Susceptibility testing with standard antibiotics was performed by broth microdilution with
MicroScan NM43 trays (Beckman Coulter Inc., Brea, CA). P. aeruginosa ATCC 27853 and E. coli ATCC 25922 were
used as control strains. CST MICs were determined by broth macrodilution according to CLSI guidelines (51)
and MICs for CAZ/AVI, TOL/TAZO, and MEM/VAB by MTS (MIC Test Strip; Liofilchem, Inc., Waltham, MA). IMI/
REL MICs were determined by agar dilution using cation-adjusted Mueller-Hinton (MH) agar according to CLSI
methods (51) utilizing a Steers replicator and a fixed concentration of 4 mg/liter REL. Disk diffusion assays for
CAZ, ATM, CAZ/AVI, and CAZ/AVI/ATM were carried out as previously described (52, 53). MICs were interpreted
according to the 2021 Clinical and Laboratory Standards Institute (CLSI) guidelines for P. aeruginosa (51).

Whole-genome sequencing. Genomic DNA was extracted using the MasterPure Gram-positive DNA
purification kit by following the manufacturer’s instructions (Epicentre, Madison, WI). The genomic libra-
ries were prepared for sequencing using the Illumina Nextera XT kit (Illumina Inc., San Diego, CA) and
the rapid barcoding kit (Oxford Nanopore) and then sequenced on MiSeq and MinION, respectively. For
isolate EM 2972704, sequencing reads were used to generate a hybrid assembly using Unicycler (54). For
isolate CLB 24388, only the MiSeq reads were used and assembled using SPAdes (55). The genomes
were annotated using NCBI’s Prokaryotic Genome Annotation Pipeline (56). Multilocus sequence type
(MLST) was determined using MLST 2.0 (available at the Center for Genomic Epidemiology, http://www
.genomicepidemiology.org), and resistome analysis was performed using the analysis tools available
online at the Pathosystems Resource Integration Center (PATRIC) (57–60). Resistance genes were man-
ually confirmed by BLAST analysis if not a 100% match with 100% coverage of a known gene.

b-Lactamase purification from the P. aeruginosa isolates. P. aeruginosa isolates CLB 24388 and
EM 2972704 were each grown in 1 liter of super optimal broth (SOB) medium overnight at 37°C in a 225-rpm
shaker. The bacterial cells were pelleted, frozen, and resuspended in 50 mL of 50 mM Tris-Cl (pH 7.4) containing
40 mg/liter lysozyme, 1 mM magnesium sulfate, and 1.0 U/mL Benzonase nuclease (Novagen). This suspension
was incubated at room temperature for 30 min with stirring followed by 30 min of centrifugation at 12,000 rpm.
The supernatant was then combined with 40 mL of sterile water, 5 mL of ampholines (pH range, 3 to 10) (Bio-
Rad, Hercules, CA), and 4 g of Sephadex G-100 (GE Healthcare, Piscataway, NJ). A preparative isoelectric focusing
(pIEF) gel was run at 8 W overnight. Areas with identified nitrocefinase activity were removed from the gel (pI
;6 and pI ;8 for each isolate), kept separate, and eluted with 2 mL of 10 mM phosphate-buffered saline (PBS;
pH 7.4). pIEF elutions were further purified by size exclusion chromatography using a HiLoad 16/60 Superdex 75
gel filtration column (GE Healthcare, Piscataway, NJ). Eluted fractions were pooled, concentrated, and used for im-
munoblot analysis and electrospray ionization-mass spectrometry (ESI-MS) characterization.

Immunoblot analysis. Samples of the purified b-lactamase fractions were analyzed from P. aerugi-
nosa isolates CLB 24388 and EM 2972704. One microliter of the purified fraction was mixed with SDS-PAGE
loading dye and loaded into each lane of an SDS-PAGE gel. Gels were run and transferred to a polyvinylidene
difluoride (PVDF) membrane. PVDF membranes were probed with rabbit polyclonal anti-GES-2 antibodies at
0.1mg/mL in 5% bovine serum albumin in Tris-buffered saline and processed as previously described (61).

ESI-MS. The purified b-lactamase fraction pI ;6 was also analyzed using a quadrupole time-of-flight
(Q-TOF) Waters Synapt-G2-Si ESI-MS and Waters Acquity H class ultraperformance liquid chromatograph
(UPLC) with a BEH C18 1.7-mm column (2.1 by 50 mm). The Synapt G2-Si spectrometer was calibrated

Inhibitor-Resistant b-Lactamases Antimicrobial Agents and Chemotherapy

May 2022 Volume 66 Issue 5 10.1128/aac.01790-21 9

http://www.genomicepidemiology.org
http://www.genomicepidemiology.org
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.01790-21


with sodium iodide with a 50 to 2,000 m/z mass range. MassLynx V4.1 was used to deconvolute protein
peaks. The tune settings for each sample were capillary voltage at 3 kV, sampling cone at 35 V, source
offset at 35, source temperature of 100°C, desolvation temperature of 500°C, cone gas at 100 liters/h,
desolvation gas at 800 liters/h, and nebulizer at 6.0. Mobile phase A was 0.1% formic acid (FA) in water.
Mobile phase B was 0.1% FA in acetonitrile. The mass accuracy for this system is 63 Da.

GES-19 and GES-20 purification. GES-19 and GES-20 were individually purified based on a previ-
ously published method (62). Clones of the blaGES-19 and blaGES-20 genes lacking the first 18 residues were cloned
in the pET-28(1) plasmid (GenScript, Piscataway, NJ) in which a tobacco etch virus (TEV) cleavage site preceded
the blaGES coding sequence. These clones were transformed into Escherichia coli BL21(DE3), plated on lysogeny
broth (LB) agar plates containing 50 mg/mL kanamycin (kan50), and grown overnight at 37°C. The following
day, a single colony was inoculated into 5 mL LB (kan50) using a single isolated colony and grown overnight
at 37°C in a shaker incubator. A volume of 2.5 mL of overnight culture was inoculated into 250 mL LB (kan50)
and grown at 37°C until an optical density at 600 nm (OD600) of 0.6. Isopropyl-D-thiogalactopyranoside (IPTG)
was then added to 0.25 mM and the culture incubated at 20°C overnight with shaking. The cells were har-
vested and stored at 220°C. The next day, the cells were resuspended in buffer A (50 mM Tris-Cl, pH 8.0,
200 mM NaCl) and sonicated at 40% amplitude (five cycles of 30 s with 1 min between cycles) followed by cen-
trifugation for 60 min at 15,000 � g. The crude extracts were loaded onto a Ni-Sepharose column equilibrated
with buffer A, the column was washed with five column volumes of buffer A (120 mM imidazole), and His6-
GES was eluted with buffer B (50 mM Tris-Cl, pH 8.0, 200 mM NaCl, 500 mM imidazole). Fractions containing
His6-GES were combined and His6-TEV protease added (1:30 His6-TEV to His6-GES) and dialyzed for 16 h at 4°C
against 100 volumes of buffer A. The protein was then loaded onto a Ni-Sepharose column to separate it from
the His6 tag, the uncleaved fusion protein, and the His6-tagged TEV protease, allowing the GES b-lactamase to
be collected in the flowthrough. The individual GES b-lactamases were then concentrated and dialyzed with
10 mM phosphate-buffered saline.

b-Lactamase kinetics and inhibition with REL. The kinetic parameters of the purified proteins GES-
2, GES-19, and GES-20 were determined by continuous assay at room temperature using an Agilent 8453 diode
array spectrophotometer. Each determination was performed in 10 mM phosphate-buffered saline at pH 7.4.
Measurements were obtained using nitrocefin (NCF) (D« 482 = 17,400 M21 cm21). The concentration of each
protein was calculated by measuring the absorbance at 280 nm and using Beers’ law and the extinction coeffi-
cient calculated for each protein using the online program Expasy Protparam. The steady-state kinetic parame-
ters Vmax and Km were obtained with nonlinear least-squared fit of the data (Michaelis-Menten equation) using
Enzfitter (Biosoft Corporation, Ferguson, MO) and equation 1:

v ¼ Vmax S½ �= Km1 S½ �ð Þ (1)

Ki app values were determined in a direct competition assay with NCF as previously described (63). In
each case, initial velocities, v, were measured using a fixed amount of b-lactamase and increasing con-
centrations of REL against the indicator substrate (NCF = [S]). After the Ki (observed) values were obtained,
the data were corrected based on equation 2 to account for the affinity of NCF for each b-lactamase to
obtain the Ki app.

Ki app ¼ KiðobservedÞ= 11 ð S½ �=KmNCFÞ
� �

(2)

Molecular docking. Structural representation of the b-lactamases was generated using the crystal
coordinates of KPC-2 (PDB entry 2OV5) and GES-5 (GES-20) (PDB entry 4GNU) and the Build and Edit pro-
tocol of Discovery Studio 2020 (BIOVIA Dassault Systems, San Diego, CA) molecular modeling software.
The crystallographic water molecules were not maintained during modeling. The KPC-2 and GES-5 (GES-
20) b-lactamase structures were solvated and minimized to a root mean square of 0.01 Å using the
conjugate gradient method. REL and acyl-REL were constructed using Fragment Builder tools and mini-
mized using a Standard Dynamics Cascade protocol of D.S. 2020. The intact and acylated REL were
automatically docked into the active site of GES-5 using CDOCKER module of D.S. 2020. To obtain acyl-
enzyme complexes, the most favorable position of REL demonstrating the anticipated active-site
contacts (e.g., a short distance [2 to 3 Å] between Ser70:O) was chosen. The complex between REL and
the GES-5 b-lactamase was further minimized using a conjugate gradient method.

Data availability. Raw sequence reads and genome assemblies are registered at NCBI under
BioProject no. PRJNA342804 and are deposited in the SRA repository (SRR13607658 for CLB 24388 and
SRR13610045 and SRR15291349 for EM 2972704) and in the GenBank WGS repository (WGS accession
no. JAFFGY000000000 for CLB 24388 and JAFFGW000000000 for EM 2972704).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.
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