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ABSTRACT Xeruborbactam (formerly QPX7728) is a cyclic boronate inhibitor of numer-
ous serine and metallo-beta-lactamases. At concentrations generally higher than those
required for beta-lactamase inhibition, xeruborbactam has direct antibacterial activity
against some Gram-negative bacteria, with MIC50/MIC90 values of 16/32 mg/mL and 16/
64 mg/mL against carbapenem-resistant Enterobacterales and carbapenem-resistant
Acinetobacter baumannii, respectively (the MIC50/MIC90 values against Pseudomonas aeru-
ginosa are .64 mg/mL). In Klebsiella pneumoniae, inactivation of OmpK36 alone or in
combination with OmpK35 resulted in 2- to 4-fold increases in the xeruborbactam MIC.
In A. baumannii and P. aeruginosa, AdeIJK and MexAB-OprM, respectively, affected xeru-
borbactam’s antibacterial potency (the MICs were 4- to 16-fold higher in efflux-proficient
strains). In Escherichia coli and K. pneumoniae, the 50% inhibitory concentrations (IC50s)
of xeruborbactam’s binding to penicillin-binding proteins (PBPs) PBP1a/PBP1b, PBP2,
and PBP3 were in the 40 to 70 mM range; in A. baumannii, xeruborbactam bound to
PBP1a, PBP2, and PBP3 with IC50s of 1.4 mM, 23 mM, and 140 mM, respectively. Treating
K. pneumoniae and P. aeruginosa with xeruborbactam at 1� and 2� MIC resulted in
changes of cellular morphology similar to those observed with meropenem; the mor-
phological changes observed after treatment of A. baumannii were consistent with inhi-
bition of multiple PBPs but were unique to xeruborbactam compared to the results for
control beta-lactams. No single-step xeruborbactam resistance mutants were obtained
after selection at 4� MIC of xeruborbactam using wild-type strains of E. coli, K. pneumo-
niae, and A. baumannii; mutations selected at 2� MIC in K. pneumoniae did not affect
antibiotic potentiation by xeruborbactam through beta-lactamase inhibition. Consistent
with inhibition of PBPs, xeruborbactam enhanced the potencies of beta-lactam antibiot-
ics even against strains that lacked beta-lactamase. In a large panel of KPC-producing
clinical isolates, the MIC90 values of meropenem tested with xeruborbactam (8 mg/mL)
were at least 4-fold lower than those in combination with vaborbactam at 64 mg/mL,
the concentration of vaborbactam that is associated with complete inhibition of KPC.
The additional enhancement of the potency of beta-lactam antibiotics beyond beta-lac-
tamase inhibition may contribute to the potentiation of beta-lactam antibiotics by
xeruborbactam.
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In general, clinically used beta-lactamase inhibitors lack antibacterial activity of their
own, with some exceptions: both clavulanic acid and sulbactam (but not tazobactam)

have moderate activity against Neisseria spp., Haemophilus influenzae, Bacteroides, and
other anaerobes. Sulbactam has relatively potent intrinsic activity against Acinetobacter
spp. (1, 2). Avibactam (but not relebactam or vaborbactam) has activity against select
strains of Enterobacterales (3). In all cases studied, this direct antibacterial activity of
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various BLIs was attributed to inhibition of penicillin-binding proteins (PBPs), which is
not surprising given the structural relationship between PBPs and beta-lactamases (4).
Specifically, sulbactam was shown to inhibit PBP1 and PBP3 in Acinetobacter baumannii
(5) and avibactam had the highest affinity to PBP2 from Escherichia coli, H. influenzae,
and Pseudomonas aeruginosa (6). Several other diazabicyclooctane (DBO) beta-lacta-
mase inhibitors (BLIs) that are in various stages of clinical development, including zide-
bactam, durlobactam, ETX1317, and nacubactam, are also specific inhibitors of PBP2
but have more potency than avibactam (7–10). When these BLIs are combined with
beta-lactams that inhibit other PBPs, such as PBP1 and/or PBP3, they demonstrate a
beta-lactam enhancer effect, in addition to beta-lactamase inhibition, that is based on
simultaneous inhibition of multiple PBPs (11).

Xeruborbactam (formerly known as QPX7728) (Fig. 1) is a cyclic boronate inhibitor of
numerous serine and metallo-beta-lactamases (12, 13). Examples of serine beta-lactamases
inhibited by xeruborbactam with nanomolar potency include carbapenemases, such as
class A KPC and class D OXA enzymes from Enterobacterales (e.g., OXA-48) and A. bauman-
nii (e.g., OXA-23/OXA-40), and various class A and class C beta-lactamases that hydrolyze
cephalosporins, penicillins, and monobactams (14, 15). Xeruborbactam was shown to
enhance the activity of multiple beta-lactam antibiotics against various Gram-negative
bacteria, including carbapenemase or extended-spectrum beta-lactamase (ESBL)-produc-
ing Enterobacterales (16, 17), carbapenem-resistant Acinetobacter baumannii (18), and mul-
tidrug-resistant Pseudomonas aeruginosa (19). Unlike other notable cyclic boronates, such
as vaborbactam or the dual serine/metallo-beta-lactamase inhibitor taniborbactam (20),
xeruborbactam possesses modest direct antibacterial activity. The objective of this study
was to investigate the mechanism of the antibacterial activity of xeruborbactam.

RESULTS AND DISCUSSION
Xeruborbactam has low-potency intrinsic antibacterial activity. Besides its beta-

lactamase inhibitory action, xeruborbactam has low-potency direct antibacterial activity.
Xeruborbactam MICs against 1,028 isolates of Enterobacterales (including 507 carbape-
nem-resistant Enterobacteriaceae [CRE] isolates and 521 isolates with an ESBL phenotype)
ranged from 2 mg/mL to 64 mg/mL, with MIC50/MIC90 values of 16/32 mg/mL and a modal
MIC of 16mg/mL (Table 1, Fig. 2). Per-species analysis indicated slight variations in xerubor-
bactam potency; for example, based on the MIC90 and the highest xeruborbactam MIC
observed, Klebsiella pneumoniae and Enterobacter cloacae species complex isolates (MIC90

of 32mg/mL and a MIC of 64mg/mL being the highest) appeared to be 2-fold more resist-
ant than Escherichia coli and Klebsiella oxytoca isolates (MIC90 of 16 mg/mL and a MIC of
32 mg/mL being the highest). Among K. pneumoniae isolates, xeruborbactam appeared to
be 2-fold more potent against the subgroup of strains with an ESBL phenotype than
against CRE strains. Against 505 isolates of carbapenem-resistant A. baumannii, xerubor-
bactam MICs were in the range of 1 to .64 mg/mL, with MIC50/MIC90 values of 16/64 mg/
mL and a modal MIC of 32mg/mL (Table 1, Fig. 2). Xeruborbactam was less potent against
P. aeruginosa; 94% of the 506 clinical isolates tested had MICs of $64 mg/mL (MIC50/MIC90

values of.64/>64mg/mL). The MICs of the remaining 6% of strains ranged from 8mg/mL

FIG 1 Xeruborbactam (QPX7728).
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to 32 mg/mL. Xeruborbactam was also tested in a small panel of Gram-positive bacteria
that included Enterococcus faecalis (n = 16), Streptococcus pneumoniae (n = 18), and
Staphylococcus aureus (methicillin-susceptible S. aureus [MSSA; n = 12] and methicillin-re-
sistant S. aureus [MRSA; n = 13]) isolates. All MSSA strains were inhibited with xeruborbactam
at 4 to 8 mg/mL (MIC50/MIC90 values of 8/8 mg/mL), but the MICs increased to .32 mg/mL
for all the MRSA strains. The xeruborbactam MICs against all the E. faecalis strains
were .32 mg/mL, and they ranged from 4 mg/mL to .32 mg/mL (MIC50/MIC90 of
32/>32mg/mL) against S. pneumoniae strains (Table S3 in the supplemental material).

Antibacterial potency of xeruborbactam is affected by intrinsic resistance
mechanisms in Enterobacterales, Pseudomonas aeruginosa, and Acinetobacter bau-
mannii. Isogenic laboratory mutants were used to investigate the effects of efflux and
porin mutations on the direct antibacterial activity of xeruborbactam and DBO BLIs avi-
bactam, zidebactam, and durlobactam. Against wild-type strains of Escherichia coli or
Klebsiella pneumoniae, the antibacterial potencies of xeruborbactam (8 to 16 mg/mL)
were similar to those of avibactam and nacubactam and lower than those of zidebac-
tam and durlobactam (0.125 to 0.5 mg/mL) (Table 2). Inactivation or overexpression of
the major efflux pump AcrAB-TolC did not affect the potency of xeruborbactam in ei-
ther of these organisms. Among the BLIs compared, zidebactam was the only one
mildly (4-fold) affected by the overexpression of AcrAB in E. coli. In K. pneumoniae iso-
lates, deletion of ompK35 had no effect on either xeruborbactam or DBO BLI MICs
(compare strain KPM1026a to strain KPM2600). Inactivation of ompK36 alone or in com-
bination with ompK35 resulted in a 2-fold increase in the xeruborbactam MIC (compare
strain KPM1026a to strains KPM2040 and KPM2613). These same mutations resulted in
higher increases in DBO BLI MICs (.64 mg/mL for avibactam, nacubactam, and zide-
bactam). The highest, or 4-fold, MIC increase for xeruborbactam was observed for
strain KPM1171 (MIC of 64 mg/mL), which both lacked porins and overexpressed
AcrAB. This strain also had the highest MICs for DBO BLIs (Table 2).

The analysis of 453 clinical isolates of K. pneumoniae enriched in strains with porin
mutations (17) was consistent with the results obtained with laboratory mutants. The

TABLE 1 In vitro antibacterial activity of xeruborbactam against Enterobacterales,
carbapenem-resistant Acinetobacter baumannii, and Pseudomonas aeruginosa

Organism(s) or resistance mechanism No. of isolates

Value (mg/mL) for:

RangeMIC50 MIC90

Enterobacterales 1,028 16 32 2 to 64
Klebsiella pneumoniae 575 16 32 4 to 64

Klebsiella pneumonia CREa 418 16 32 4 to 64
KPC 163 16 32 8 to 64
OXA-48-like 89 16 64 8 to 64
Non-carbapenemase producing 40 16 32 8 to 64
Metallo-beta-lactamase 126 16 32 8 to 32

Klebsiella pneumonia ESBL phenotypeb 157 16 16 4 to 32
Escherichia coli 334 8 16 2 to 32
Enterobacter cloacae species complex 45 16 32 4 to 64
Klebsiella oxytoca 23 8 16 8 to 32
Proteus mirabilis 23 16 32 8 to 16
Serratia marcescens 10 32 32 16 to 64

Othersc 18 16 32 8 to 64
Carbapenem-resistant
Acinetobacter baumannii

505 16 64 1 to.64

Pseudomonas aeruginosa 506 .64 .64 8 to.64
aCRE, carbapenem-resistant Enterobacteriaceae.
bESBL phenotype was defined as a MIC of$1mg/mL of either ceftazidime or aztreonam.
cOther Enterobacterales included Citrobacter amalonaticus/farmeri (n = 1), Citrobacter freundii species complex
(n = 7), Citrobacter koseri (n = 3), Enterobacter hormaechei (n = 2), Klebsiella aerogenes (n = 4), and Providencia
stuartii (n = 1).
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functional status of OmpK36 appeared to be the major factor affecting xeruborbactam
MIC values (Table S4). Out of 65 isolates with a nonfunctional OmpK36 (insertion, fra-
meshift, and nonsense mutations in the ompK36 gene or its decreased expression), 60
isolates (92%) had xeruborbactam MIC values of $32 mg/mL; out of 160 isolates with a
two-amino-acid insertion (Gly134Asp135, GD repeat) in the L3 loop of OmpK36 (result-
ing in a partially functional OmpK36 with a constricted channel), 120 isolates (75%)
had xeruborbactam MIC values of $32 mg/mL; and out of 228 isolates with the full-
length OmpK36, only 12 isolates (5.3%) had xeruborbactam MIC values of $32 mg/mL,
and the MIC values of ;95% of these isolates were in an 8- to 16-mg/mL range. As was
shown using the isogenic panel, the functional status of OmpK35 alone did not appear
to significantly affect xeruborbactam MICs; 31.4% and 49% of isolates with full-length
or nonfunctional OmpK35, respectively, had xeruborbactam MIC values of $32 mg/mL.
While OmpK35 inactivation did not increase the proportion of strains with increased
xeruborbactam MIC values in the subset of strains with a full-length OmpK36, it
appeared to do so in the subset of strains with a nonfunctional OmpK36 (Table S4).
The limited analysis of E. coli and E. cloacae isolates performed to date was also consist-
ent with the major role of OmpK36/OmpC: all the strains with the highest xeruborbac-
tam MIC values had both nonfunctional OmpK36/OmpC and nonfunctional OmpK35/
OmpF (Table 3). We used the tigecycline MIC as a phenotypic test for the presence of
regulatory mutations that simultaneously decreased the expression of ompK35 and
increased the expression of the acrAB efflux operon (21, 22); increased efflux appeared
to play some role but a rather minimal one (compare E. cloacae strain ECL1057 to
strain ECL1079 and K. pneumoniae strains KP1074 and KP1093 to strain KP1598).
Based on these results, we hypothesize that the distribution of xeruborbactam MICs
in Enterobacterales isolates correlates with the distribution of specific ompK36/ompC
and double ompK36/ompC and ompK35/ompF mutations alone or in combination
with regulatory efflux mutations.

In Pseudomonas aeruginosa, inactivation of the major constitutively expressed efflux
pump MexAB-OprM resulted in a 16-fold reduction of the xeruborbactam MIC (from

FIG 2 Distribution of xeruborbactam MICs in Enterobacterales (ESBL phenotype and or/carbapenem-resistant isolates) and carbapenem-resistant
Acinetobacter baumannii. ESBL phenotype was defined as ceftazidime or aztreonam MIC values of $1 mg/mL; carbapenem resistance was identified based
on molecular analysis (presence of the proven known carbapenemases) or meropenem MIC values of $4 mg/mL.
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256mg/mL to 16mg/mL) (Table 2). This is in contrast to a minimal effect of MexAB-OprM
on the BLI activity of xeruborbactam (23). It is speculated that at the relatively low peri-
plasmic concentration of xeruborbactam that is required for beta-lactamase inhibition,
the need for efflux is negligible, but efflux becomes more significant at the higher con-
centrations required for antibacterial effects. Similar effects of MexAB-OprM inactivation
on MIC reduction were seen for durlobactam (from 64 mg/mL to 8 mg/mL) and, poten-
tially, avibactam (from .256 mg/mL to 128 mg/mL). Zidebactam and nacubactam did
not appear to be affected by MexAB-OprM. Overexpression of other clinically relevant
efflux pumps, MexCD-OprJ and MexEF-OprN, did not increase xeruborbactam MICs;
the MIC was decreased 2-fold against mexCD-oprJ-overexpressing strain PAM1033.
Interestingly, the MIC reductions (4-fold to .32-fold) against this strain were greater for
DBO BLIs. Of note, earlier studies have demonstrated that strains that overexpress
MexCD-OprJ become hypersusceptible to many beta-lactam antibiotics (24, 25). Based
on the results with the isogenic efflux panel, it is likely that strains of P. aeruginosa with

TABLE 2 In vitro activity of various BLIs against isogenic strains of Gram-negative bacteria

Strain
Genotype
(phenotype)

MIC (mg/L) of:

Xeruborbactam Avibactam Nacubactam Zidebactam Durlobactam Meropenem Cefepime Aztreonam
Escherichia coli

strains
ECM5497 Wild type 8 16 4 0.125 0.5 0.03 0.03 0.03
ECM6001 DacrB 8 16 4 0.125 0.5 0.03 0.03 0.03
ECM6502 marR (AcrAB

overexpression)
8 8 2 0.5 0.25 0.06 0.125 0.25

Klebsiella
pneumoniae
strains

KPM1026a Wild type 16 16 8 0.25 0.5 0.03 0.03 0.03
KPM1027 ramR 16 16 4 0.25 0.5 0.06 0.25 0.25
KPM2600 DompK35 16 16 8 0.25 0.5 0.06 0.25 0.125
KPM2040 ompK36_2040 16 256 .64 .64 4 0.125 0.125 0.06
KPM2613 DompK35

ompK36_2040
32 256 .64 .64 8 0.25 0.25 0.25

KPM1171 ramR ompK36_1171 64 .256 .64 .64 32 2 2 0.5
KPM2696 DacrB 16 16 2 0.25 0.25 0.03 0.03 0.03

Pseudomonas
aeruginosa
strains

PAM1020 Wild type 256 .256 128 2 64 0.25 0.5 4
PAM1032 nalB (MexAB-OprM

overexpression)
.256 .256 128 4 .256 1 4 16

PAM1033 nfxB (MexCD-OprJ
overexpression)

128 32 32 0.125 4 0.25 4 1

PAM1034 nfxC (MexEF-OprN
overexpression)

256 .256 128 2 128 0.5 0.5 4

PAM1106 mexA::Tet 16 128 128 2 8 0.06 0.25 0.125
PAM1154 oprM::Hg 16 128 128 2 8 0.06 0.125 0.125

Acinetobacter
baumannii
strains

AB1007 Wild type 16 .256 .256 .256 64 0.25 4 32
ACM1027 adeN (AdeIJK

overexpression)
32 .256 .256 .256 128 1 8 64

ACM1030 adeS (AdeABC
overexpression)

16 .256 .256 .256 64 0.5 32 16

ACM1013 DadeIJK 4 .256 .256 .256 32 0.125 4 1
ACM1014 DadeABC 16 .256 .256 .256 64 0.125 1 16
ACM1015 DadeIJK DadeABC 4 .256 .256 .256 16 0.06 0.25 1

Intrinsic Antimicrobial Activity of Xeruborbactam Antimicrobial Agents and Chemotherapy

October 2022 Volume 66 Issue 10 10.1128/aac.00879-22 5

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00879-22


xeruborbactam MIC values at or below 32 mg/mL (30 strains in this analysis) have
decreased expression or inactivation of the MexAB-OprM efflux pump. In fact, 29 of
30 such strains (96.7%) had aztreonam MIC values alone or with xeruborbactam
(fixed concentration of 4 mg/mL or 8 mg/mL) in the range of 0.125 to 2 mg/mL, which
is consistent with the decreased activity of the MexAB-OprM efflux system (Table 2,
Table S6) (using the aztreonam-xeruborbactam MIC in addition to the MIC of aztreo-
nam alone allowed the assessment of efflux activity even in the presence of a beta-
lactamase). Ninety-six percent of isolates with xeruborbactam MIC values of
$64 mg/mL had aztreonam MIC values alone or with xeruborbactam of $4 mg/mL,
which is associated with either wild-type or increased activity of the MexAB-OprM
efflux pump.

In Acinetobacter baumannii, AdeIJK-mediated efflux appeared to affect the intrinsic
antibacterial activity of xeruborbactam (2-fold MIC increase or 4-fold MIC decrease
upon adeIJK overexpression or inactivation, respectively). Similar effects were also

TABLE 3 Effects of intrinsic resistance mechanisms on xeruborbactam MICs in clinical isolates of Klebsiella pneumoniae, Escherichia coli, and
Enterobacter cloacae

Strain Beta-lactamases

OmpK35a OmpK36a MIC (mg/mL) of:

Description
Functional
status Description

Functional
status Xeruborbactam Tigecyclineb

Escherichia coli
strains

EC1081 CTX-M-15, OXA-1 Full length FN Full length FN 8 0.5
EC1085 None Full length FN Full length FN 8 0.25
EC1121 CMY-6, CTX-M-15, NDM-

1, OXA-2, TEM-1B-like
FS from aa 31 NF Full length FN 8 0.25

EC1088 KPC-3, OXA-9, TEM-1A Full length FN Full length FN 8 0.125
EC1097 KPC-3, TEM-1B Full length FN Full length FN 8 1
EC1098 CMY-6, NDM-1, OXA-2,

TEM-1A-like
FS from aa 31 NF Full length FN 8 1

EC1078 CMY-2, CTX-M-14, TEM-
1B

FS from aa 251 NF E130stop NF 32 0.5

EC1119 CTX-M-15 OXA-1 FS from aa 213 NF IS1414 at nt 756 NF 32 4

Klebsiella
pneumoniae
strains

KP1070 KPC-2, SHV-11, SHV-12,
TEM-1

FS from aa 42 NF Full length FN 8 1

KP1274 SHV-30, VIM-1 Full length FN Full length FN 8 1
KP1004 KPC-2, TEM-1, SHV-11 FS from aa 42 NF Full length FN 16 1
KP1251 KPC-3 TEM SHV FS from aa 42 NF Full length, R191L FN 16 1
KP1074 KPC-3, SHV-11, TEM-1 FS from aa 42 NF GD PFN 32 0.5
KP1093 KPC-3 TEM-1 SHV-11 FS from aa 42 NF GD PFN 32 1
KP1463 KPC-2, CTX-M-65, TEM-1,

SHV-11
FS from aa 29 NF TGA at aa 94 NF 64 1

KP1598 KPC-2, SHV-11, CTX-M-
14

FS from aa 29 NF GD PFN 64 4

KP1469 KPC-33, CTX-M-15, OXA-
1, TEM-1, SHV-28

Full length, low
expression

NF FS from aa 5 NF 64 4

Enterobacter
cloacae strains

ECL1126 KPC-2, TEM Full length FN Full length FN 16 2
ECL1131 KPC-4, TEM, OXA-1 FS from aa 19 NF Full length FN 16 2
ECL1057 NDM-1, TEM-1, CTX-M-

15
Full length FN FS at aa 210 NF 64 8

ECL1079 KPC-3, TEM Q60stop NF TAA at codon 78 NF 64 4
aaa, amino acid; FS, frameshift; GD, insertion of two amino acids, Gly134Asp135, in the L3 loop of OmpK36, resulting in a partially functional OmpK36 with a constricted
channel; FN, functional; NF, nonfunctional; nt, nucleotide; PFN, partially functional.

bIncreased tigecycline MIC values are associated with regulatory mutations that simultaneously decrease the expression of ompK35 and increase efflux by the AcrAB-TolC
efflux pump (21, 22).
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observed for durlobactam. The MICs of other DBOs against A. baumannii were
.256mg/mL irrespective of the status of efflux operons (Table 2).

To assess the relevance of the AdeIJK-mediated efflux in clinical isolates of carbape-
nem-resistant A. baumannii, we compared the distribution of xeruborbactam MICs in
52 isolates with inactivated adeN (due to insertion, deletion, frameshift, and nonsense
mutations) and in 47 isolates with the wild-type adeN gene (17). There was a significant
degree of separation of MIC distributions, with higher proportions of strains with xeru-
borbactam MIC values of$32 mg/mL and #16 mg/mL among the strains with the non-
functional and functional AdeN, respectively (Fig. 3). These data are consistent with the
increased xeruborbactam MIC values due to AdeIJK-mediated efflux in clinical isolates
of carbapenem-resistant A. baumannii.

Xeruborbactam has time-dependent killing of Klebsiella pneumoniae. The xeru-
borbactam minimal bactericidal concentration (MBC) was the same or not more than
2-fold higher than its MIC against strain ECM5497 of E. coli (the MIC and MBC were
both 8 mg/mL), strain KPM1026a of K. pneumoniae (the MIC and MBC were both 16 mg/
mL), strain PAM1154 of P. aeruginosa (MIC and MBC values of 16 mg/mL and 32 mg/mL,
respectively), and strain AB1007 of A. baumannii (the MIC and MBC were both 16 mg/
mL), indicating bactericidal activity. Time-kill studies performed with strain KPM1026a
demonstrated time-dependent, concentration-independent bacterial killing similar to
that observed with ceftazidime (Fig. 4).

Xeruborbactam binds to penicillin-binding proteins. The relative binding affin-
ities of xeruborbactam with the major PBPs in total membrane preparations from E.
coli, K. pneumoniae, A. baumannii, and P. aeruginosa were assessed using the gel-based
Bocillin FL competition assay. No detectable interactions of xeruborbactam with PBPs
were observed at concentrations up to 300 mM using experimental conditions under
which the control beta-lactams meropenem, aztreonam, and amdinocillin showed
measurable binding (Fig. S1); however, when the temperature for the fluorescent
probe incubation step was reduced from 30°C to 0°C, xeruborbactam binding with
PBPs was detected (Fig. 5). Of note, the same modification of the PBP binding assay
was previously used to detect the binding of the monobactam tigemonam to PBP3, in
order to prevent the displacement of the PBP-bound tigemonam by the radiolabeled
penicillin (26). Xeruborbactam interacted with several detectable PBPs from E. coli and
K. pneumoniae (PBP1a/PBP1b, PBP2, and PBP3) with modest but similar relative affin-
ities, with IC50 values in the 40 to 70 mM range (Table 4). In the case of A. baumannii,
the highest affinity of xeruborbactam was with PBP1a (IC50 = 1.4 6 0.5 mM), followed
by PBP2 (IC50 = 23 6 2 mM) and PBP3 (IC50 = 135 6 40 mM). For P. aeruginosa PBPs,
the highest affinity was with PBP1a (IC50 = 1.9 6 0.2 mM), followed by PBP1b
(IC50 = 7.1 6 0.8 mM) and PBP2 (IC50 = 370 6 120 mM). Meropenem had a different pat-
tern of PBP inhibition, with the highest value for PBP2, in agreement with previous

FIG 3 Distribution of xeruborbactam MICs in clinical isolates of carbapenem-resistant A. baumannii
based on the functional status of AdeN, the negative regulator of the adeIJK efflux operon. The
analysis is based on 52 isolates containing nonfunctional AdeN due to insertion, deletion, frameshift,
and nonsense mutations in the adeN gene (AdeN NF) and 47 isolates containing the wild-type,
functional copy of adeN (AdeN FN).
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reports (27–29), followed by PBP3 in E. coli, P. aeruginosa, and K. pneumoniae and
PBP1a in A. baumannii (Table 4).

The observations of xeruborbactam’s interaction with various PBPs (albeit with
modest affinity) suggest that its antibacterial activity is explained at least in part by
PBP inhibition. In fact, the xeruborbactam MIC values for E. coli and K. pneumoniae
were in the same range, 72 mM (16 mg/mL), as the IC50 values for inhibition of multiple
PBPs. While the xeruborbactam MIC for the strain of A. baumannii used in PBP-binding
experiments was 72 mM (16 mg/mL), it was 18 mM (4 mg/mL) for the pumpless strain,
in the range of A. baumannii PBP1a and PBP2 inhibition.

Xeruborbactam-induced changes in cellular morphology are consistent with in-
hibition of multiple PBPs. PBPs function as components of multiprotein complexes
that synthesize and remodel peptidoglycan (30, 31). Consequently, inhibition of PBPs
induces specific morphological changes in cells based on particular roles they play in
coordinating division and elongation (29, 32). It was previously demonstrated that tra-
ditional PBP inhibitors, beta-lactam antibiotics, with the same PBP-binding preferences
cause similar morphological variations, such as ovoid morphology due to inhibition of
PBP2 (part of the elongasome) (amdinocillin), filamentous morphology due to inhibi-
tion of PBP3 (part of the divisome) (cephalexin and aztreonam) (33), or filaments that
are swollen at midcell due to simultaneous inhibition of PBP2/PBP3 (meropenem) (28).
To gain insight into the relevance of xeruborbactam’s PBP binding for its antibacterial
mode of action, we investigated the effects of xeruborbactam and several control
beta-lactams on cellular morphology using the previously described methodology
(34). In these experiments, cells of K. pneumoniae strain KPM1026a, A. baumannii strain
ATCC 17978, and P. aeruginosa strain PAM1154 (lacks major efflux pumps) were treated
with xeruborbactam at 1� and 2� MIC. K. pneumoniae KPM1026a cells treated with
xeruborbactam for 1 h had both increased cell length relative to that of the untreated
controls and bulges that developed at midcell. By 2 h, the swelling at the midcell was
more pronounced, and several spheroplasts could be observed, as well as cell lysis.
This phenotype mimicked the effect of meropenem and was consistent with inhibition

FIG 4 Kinetics of killing of Klebsiella pneumoniae strain KPM1026a by xeruborbactam, ceftazidime, and levofloxacin. The MICs for xeruborbactam,
ceftazidime, and levofloxacin were 16 mg/mL, 0.25 mg/mL and 0.06 mg/mL, respectively. The limit of detection was 102 CFU/mL.

Intrinsic Antimicrobial Activity of Xeruborbactam Antimicrobial Agents and Chemotherapy

October 2022 Volume 66 Issue 10 10.1128/aac.00879-22 8

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00879-22


of multiple PBPs (32). As noted above and shown by the results in Table 4, both mero-
penem and xeruborbactam at MIC are expected to inhibit PBP2 and PBP3, which might
lead to cell elongation and midcell swelling. In comparison, treatment of strain
KPM1026a with cephalexin or amdinocillin led only to filamentation or cell rounding,
indicating PBP3 or PBP2 inhibition, respectively (Fig. 6A).

FIG 5 Inhibition of PBP activity by xeruborbactam in bacterial membrane preparations. Incubation of
bacterial membrane preparations with control beta-lactams was performed for 10 min at 30°C;
xeruborbactam was incubated with membrane preparations for 1 h at 30°C. Bocillin FL fluorescent
probe was added, and the reaction mixture was incubated for an additional 10 min at 30°C in the
case of beta-lactams or for 20 min on ice (0°C) in the case of xeruborbactam, to prevent
displacement of xeruborbactam from its complex by the Bocillin probe.

TABLE 4 Relative binding affinities of xeruborbactam and meropenem with the major penicillin-binding proteins from Gram-negative
bacteria

Strain Compound MIC (mg/mL) (mM)

Relative binding [mean IC50 ± SD or IC50 (mM)] ofa:

PBP1a PBP1b PBP2 PBP3
Escherichia coli ECM5497 (MG1655) Xeruborbactam 16 (72) 47± 13 56± 18 NDb 73± 10

Meropenem 0.03 (0.08) 5.4 (4.4)d 21.1 (3.4)d ND (0.003)b,d 0.46 (1.57)d

Klebsiella pneumoniae KPM1001 (ATCC 49816) Xeruborbactam 16 (72) 41± 6 NDc 51± 15 55± 8
Meropenem 0.03 (0.08) 6.6 (5.2)e NDc 0.003 (,0.02)e 0.24 (0.31)e

Acinetobacter baumannii ACM1320 (ATCC 17978) Xeruborbactam 16 (72) 1.4± 0.5 NDc 23± 2 1406 40
Meropenem 0.25 (0.66) 0.07 (,0.08)f ND (0.5)c,f 0.011 (,0.08)f 0.19 (0.33)f

Pseudomonas aeruginosa PAM3034 (PAO1) Xeruborbactam 16 (72) 7.1± 0.8 1.9± 0.2 3706 120 5106 120
Meropenem 0.06 (0.16) 0.17 (0.5)d 0.23 (0.5)d ND (0.05)d 0.096 (0.08)d

aVarious concentrations of xeruborbactam or meropenem were incubated with membrane proteins from E. coli, K. pneumoniae and A. baumannii in a gel-based, Bocillin FL
competition assay. Bold font indicates potential inhibition of the indicated PBP that might occur at the MIC. ND, not determined.

bNot determined due to the presence of an overlapping nonspecifically labeled band on the gel.
cNot determined due to a missing band on the gel.
dData are for E. coliMC1400 and for P. aeruginosa PAO1 from reference 28.
eData are for K. pneumoniae ATCC 43816 from reference 47.
fData are for A. baumannii ATCC 19606 from reference 27.
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Treatment of P. aeruginosa strain PAM1154 (in which oprM is inactivated) with xeru-
borbactam at 1� or 2� MIC (32 or 64 mg/mL, respectively) caused morphological
changes similar to those resulting from meropenem treatment, leading to filamenta-
tion and bulge formation at midcell and eventual cell lysis from the midpoint, as
observed previously with K. pneumoniae (Fig. 6B).

Treatment of cells of A. baumannii strain ATCC 17978 with xeruborbactam caused
cell shape deformation, from coccobacilli to a football shape, relative to the cell shape
of its untreated control (Fig. 6C). In comparison, meropenem treatment at 0.25 mg/mL
and 0.5 mg/mL (1� and 2� MIC, respectively) caused swelling and rounding but not
elongation. Aztreonam treatment at 2� MIC led to an increase in cell length, and amdi-
nocillin at 2 mg/mL (below the MIC of .256 mg/L) caused bacterial cell rounding but
not swelling.

We also tested treatment of A. baumannii ATCC 17978 with 1� MIC of both xeru-
borbactam (16 mg/mL) and meropenem (0.25 mg/mL) in combination. After 2 h of
treatment with xeruborbactam and meropenem, the bacteria had a mixed phenotype
with characteristics of both antibiotic treatments. The cells were rounder than for the
xeruborbactam treatment alone, more reminiscent of meropenem treatment, but still

FIG 6 Morphologies of cells of K. pneumoniae, A. baumannii, and P. aeruginosa after treatment with xeruborbactam and control
antibiotics. Klebsiella pneumoniae strain KPM1026a (A), Pseudomonas aeruginosa strain PAM1154 (B), and Acinetobacter baumannii strain
ATCC 17978 (C) were treated with 1� and 2� MIC xeruborbactam for 1 and 2 h at 30°C. Meropenem, cephalexin, mecillinam (the USAN
name amdinocillin is used in the text), and aztreonam were used as antibiotic controls. Cells were stained with FM4-64 (red, membrane
stain), DAPI (blue, membrane-permeable DNA stain), and SYTOX green (green, membrane-impermeable DNA stain). Scale bar = 2 mm. The
MICs for the tested strains were as follows. Strain KPM1026a measured at 30°C: xeruborbactam, 32 mg/mL; meropenem, 0.06 mg/mL;
cephalexin, 128 mg/mL; and amdinocillin, 128 mg/mL. Strain PAM1154: xeruborbactam, 32 mg/mL; meropenem, 0.25 mg/mL; aztreonam,
0.25 mg/mL; and amdinocillin, 128 mg/mL. Strain ATCC 17978: xeruborbactam, 16 mg/mL; meropenem, 0.25 mg/mL; aztreonam, 32 mg/mL;
and amdinocillin, 128 mg/mL.
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had slightly pointed cell poles, which could be observed during xeruborbactam treat-
ment alone (Fig. 6C). These results show that xeruborbactam treatment has a distinct
morphological effect in A. baumannii strain ATCC 17978 compared to the effects of the
control antibiotics meropenem, amdinocillin, and aztreonam. It is conceivable that this
unique phenotype may be due to various affinities of xeruborbactam for different
PBPs.

Overall, the results of cytological profiling indicated that inhibition of multiple PBPs
was at least one of the mechanisms for the antibacterial activity of xeruborbactam
against Enterobacterales, Pseudomonas aeruginosa, and Acinetobacter baumannii.

Mutations conferring low-level resistance to the antibacterial activity of xeru-
borbactam are consistent with its targeting of cell wall biogenesis. Recently, PBP3
substitutions consisting of a four-amino-acid insertion of YRIN or YRIK after position
P333 were associated with increased resistance to PBP3 inhibitors alone or in combina-
tion with avibactam in clinical isolates of E. coli (35, 36). Several such isolates from our
collection were tested for susceptibility to xeruborbactam and control compounds.
While these PBP3 mutants did have increased aztreonam-avibactam MIC values
(aztreonam targets PBP3 with high selectivity), no increase in xeruborbactam MIC val-
ues was observed (Table S5). In our collection of clinical isolates with available whole-
genome sequences, we also identified several strains with substitutions in PBP2 (T331P
[a change of T to P at position 331], M574I, and M543T) that had increased MIC values
of the highly selective PBP2 inhibitors zidebactam and/or durlobactam. In contrast, no
increases in xeruborbactam MIC values were observed for these strains (Table S5).
Based on binding assays using K. pneumoniae membrane preparations, xeruborbactam
interacts with BPP2 and PBP3 with similar affinities, consistent with observations that
mutations in individual PBPs did not affect the xeruborbactam MIC (Table 4).

To gain additional insight into the mode of antibacterial effects of xeruborbactam,
we attempted to isolate single-step mutants with increased xeruborbactam MICs. No col-
onies appeared on agar plates containing xeruborbactam at $2� MIC after plating
;5 � 108 CFU/mL of E. coli strain ECM5497 or A. baumannii strain AB1007 and incubat-
ing the plates for 48 h at 37°C (frequency of resistance [FOR], ,2 � 1029). The frequency
of resistance for K. pneumoniae strain KPM1026a at 4� MIC was also low, ,3 � 1029.
However, mutants were selected from this strain at 2� MIC of xeruborbactam with a
FOR of 2 � 1028. Several studied mutants had similar susceptibility profiles: a 2-fold
increase in the xeruborbactam MIC value (from 16 mg/mL to 32 mg/mL) and 2-fold
increases in the MIC values for several beta-lactam antibiotics, including the monobac-
tams aztreonam, cephalosporin, and cefepime and the carbapenem meropenem. Much
higher increases in MICs were observed for amdinocillin and the DBO BLIs avibactam,
zidebactam, and durlobactam, which are all specific inhibitors of PBP2 only (Table 5) (6,
7, 9, 10, 37). Two mutants, strains KPM3532 and KPM3534, were studied using whole-ge-
nome sequencing, and neither contained mutations in any of the PBPs. As was discussed
above, xeruborbactam appears to inhibit several essential PBPs with similar affinities in
K. pneumoniae (Table 4). Interestingly, both K. pneumoniae mutants caried amino acid

TABLE 5 Antibiotic susceptibility profile of mutants with increased xeruborbactam MICs

Strain Description

MIC (mg/mL) ofa:

Xeruborbactam Avibactam Zidebactam Durlobactam Mecillinam Meropenem Cefepime Aztreonam
KPM1026a Parent 16 16 0.25 0.25 0.25 0.03 0.03 0.06
KPM3532 TolQ::M189K 32 .64 .64 8 .64 0.06 0.06 0.06
KPM3534 TolQ::S31F 32 .64 .64 16 .64 0.06 0.125 0.125
KPM4235 TolQ::IP(183–1844)PR 32 .64 .64 16 .64 0.06 0.125 ND
KPM4236 TolQ::TAA at aa 103b 32 .64 .64 16 .64 0.06 0.125 ND
KPM4238 TolQ::S25F 32 .64 .64 16 .64 0.06 0.125 ND
KPM4239 TolQ::S28F 32 .64 .64 16 .64 0.06 0.125 ND
KPM4240 TolQ::S25Y 32 .64 .64 16 .64 0.06 0.125 ND
aND, not determined.
baa, amino acid.
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substitutions in the protein TolQ, M189K and S31F. Targeted sequencing of the tolQ
gene in five more mutants identified various and nonidentical mutations in all of them
(Table 5). tolQ is part of the tol-pal operon, with the TolQ protein as one of the three pro-
teins localized to the cytoplasmic membrane that are part of the Tol-Pal transenvelope
complex. The Tol-Pal complex promotes outer membrane constriction during cell divi-
sion, coordinates the restructuring of peptidoglycan at division sites, and stabilizes the
connection between the outer membrane and the underlying cell wall (38, 39).
Inactivation of the gene tolB that encodes the periplasmic component of the Tol-Pal
complex was discovered earlier in one of the mutants selected for resistance to nacubac-
tam in E. coli (40), indicating that inactivation of Tol-Pal can compensate for the inhibi-
tion of PBP2. The observed cross-resistance between xeruborbactam (albeit at a low
level) and PBP2 inhibitors is consistent with PBP2 being at least one of the xeruborbac-
tam targets. Considering that tolQ is a relatively small gene (681 bp) and the whole tol-
pal operon is ;5 kb, it might be of significance that no mutations conferring low-level
xeruborbactam resistance in other tol genes were identified in KPM1026a. It raises the in-
triguing possibility that xeruborbactam’s mode of action might involve cell wall biogene-
sis targets (e.g., TolQ) in addition to the essential PBPs. While more studies are required
to elucidate the exact mechanism of xeruborbactam’s antibacterial activity more com-
pletely, overall, the results of resistance studies indicate that xeruborbactam does inhibit
specific steps in cell wall biogenesis.

Mutations conferring low-level resistance to the antibacterial activity of xeru-
borbactam have little or no effect on antibiotic potentiation by xeruborbactam
through either beta-lactamase or PBP inhibition. In order to evaluate the effect of
the tolQ mutations on antibiotic potentiation by xeruborbactam through beta-lactamase
inhibition, KPC- and NDM-containing plasmids were introduced into two mutants, strains
KPM3532 and KPM3534, by conjugation. The meropenem or cefepime MICs in the pres-
ence of 4 mg/mL or 8 mg/mL of xeruborbactam against the resulting strains were com-
pared with the MIC against the KPC- or NDM-containing parent strain (KPM1026a).
Xeruborbactam increased the potency of meropenem or cefepime against the mutant
derivatives to an extent similar to that observed in KPM1026a derivatives, indicating that
tolQ mutations that confer low-level resistance to xeruborbactam alone do not affect its
ability to enhance antibiotic potency due to inhibition of target beta-lactamases (Table 6).

Multiple studies demonstrated that beta-lactamase inhibitors that also inhibit PBP2,
such as nacubactam, zidebactam, and durlobactam, might enhance the potency of
beta-lactam antibiotics in the absence of beta-lactamases (7, 9, 41, 42). This enhance-
ment effect can also be seen for xeruborbactam, presumably due to inhibition of multi-
ple PBPs. Reductions in MICs by 2- to 8-fold for multiple beta-lactams in the presence
of xeruborbactam (2 to 8 mg/mL) were observed for beta-lactamase-negative strains K.
pneumoniae KPM1026a, A. baumannii AB1007, and P. aeruginosa PAM1154 (Table S7).
In contrast, no reduction of the beta-lactam MIC against KPM1026a was seen in the

TABLE 6 Effects of mutations causing increased xeruborbactam MICs on enhancement of antibiotic potency by xeruborbactam through KPC
or NDM inhibition

Strain Description

MIC (mg/mL) of:

Xeruborbactam

Meropenem Cefepime

Alone

With xeruborbactam at:

Alone

With xeruborbactam at:

4 mg/mL 8 mg/mL 4mg/mL 8 mg/mL
KPM1271 KPM1026a/KPC-3a 16 16 #0.06 #0.06 4 #0.06 #0.06
KPM4127 KPM3532 (TolQ::M189K)/KPC-3 32 32 0.125 #0.06 8 #0.06 #0.06
KPM4129 KPM3532 (TolQ::M189K)/NDM-1 32 .64 0.25 0.125 8 #0.06 #0.06
KPM1281 KPM1026a/NDM-1a 16 .64 0.125 #0.06 16 #0.06 #0.06
KPM4128 KPM3534 (TolQ::S31F)/KPC-3 32 32 0.125 #0.06 32 0.25 0.125
KPM4130 KPM3534 (TolQ::S31F)/NDM-1 32 .64 0.25 0.125 32 0.25 0.125
aKPC-3 and NDM-1 plasmids were introduced into KPM1026a and its mutants by conjugation using K. pneumoniae KP1074 and E. coli EC1061 as the donor, respectively (see
Materials and Methods).
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presence of vaborbactam (up to 64 mg/mL), an agent that does not have antibacterial
activity (data not shown).

We investigated the effects of the tolQ mutations in the KPM1026a background on
antibiotic potentiation by xeruborbactam through PBP inhibition. The mutations had
negligible effects on the enhancement of the potency of meropenem or cefepime by
xeruborbactam: 2-fold decreases in MICs with xeruborbactam at 4 mg/mL in both the
KPM1026a and tolQ mutants and 8- to 16-fold increases in MICs in KPM1026a versus 4-
to 8-fold increases in MIC in the tolQ mutants with xeruborbactam at 8 mg/mL.
Somewhat less potentiation by xeruborbactam in the tolQ mutants compared to that
in KPM1026a was observed for aztreonam and ceftibuten. At the same time, xerubor-
bactam completely reversed the tolQ-mediated resistance to the PBP2 inhibitors, such
as amdinocillin or the DBO BLIs zidebactam and durlobactam (Table 7). Hence,
enhancement of the potency of various PBP inhibitors by xeruborbactam is mostly
retained even when its antibacterial activity is reduced. Of note, previous studies dem-
onstrated that multiple mutations that confer resistance to the antibacterial activity of
DBO BLIs also do not affect their beta-lactam enhancement properties (9, 43).

Potent broad-spectrum beta-lactamase inhibition by xeruborbactam combined
with its intrinsic antibacterial activity provides added benefit to xeruborbactam/
beta-lactam combinations. We investigated the effects of two agents with differences
in direct antibacterial activity, xeruborbactam and vaborbactam, on meropenem MICs
against KPC-producing strains using either the panel of isogenic engineered strains pro-
ducing KPC-3 or the panel of clinical KPC-producing strains and their derivatives that lost
KPC plasmids. Vaborbactam at 64mg/mL reduced the meropenem MIC values to the lev-
els observed in the absence of KPC, including in strains with multiple porin mutations
and increased efflux (Tables 8 and 9). Testing xeruborbactam in combination with
meropenem against the panel of isogenic porin/efflux mutants producing KPC-3 demon-
strated that 1 mg/mL of xeruborbactam was sufficient to reverse meropenem resist-
ance to the levels observed in the respective strains that lacked the KPC-3 enzyme
for the strains that had AcrAB overexpressed or OmpK35 or OmpK36 inactivated.
Xeruborbactam at 8 mg/mL decreased the meropenem MIC values for the same
strains to levels 8- to 16-fold lower than the MIC values for the respective KPC-3-
lacking strains. For the mutants that either lacked both OmpK35 and OmpK36
(strain KPM2631) or had increased efflux in addition to defective porins (strain
KPM1273), 8 mg/mL of xeruborbactam reduced the meropenem MIC values to levels
2-fold lower than the MIC values for the respective KPC-3-lacking strains (Table 8).
Against several KPC-producing clinical strains, the MIC values of meropenem in
combination with xeruborbactam at 8 mg/mL were also 2- to 8-fold lower than the
MIC values for meropenem alone against the respective KPC-lacking strains (a proxy
for the complete inhibition of KPC) (Table 9).

TABLE 7 Effects of mutations causing increased xeruborbactam MICs on enhancement of antibiotic potency by xeruborbactam through PBP
inhibition

Antibiotic

MIC (mg/mL) (fold decrease compared to MIC of antibiotic alone)

KPM1026a KPM3532 (TolQ::M189K) KPM3534 (TolQ::S31F)

Alone

With xeruborbactam at:

Alone

With xeruborbactam at:

Alone

With xeruborbactam at:

4 mg/mL 8 mg/mL 4mg/mL 8mg/mL 4 mg/mL 8 mg/mL
Meropenem 0.03 0.015 (2) 0.004 (8) 0.06 0.03 (2) 0.015 (4) 0.06 0.03 (2) 0.015 (4)
Cefepime 0.03 0.015 (2) 0.002 (16) 0.06 0.03 (2) 0.015 (4) 0.125 0.03 (4) 0.015 (8)
Aztreonam 0.06 0.015 (4) 0.004 (16) 0.06 0.06 (1) 0.06 (1) 0.125 0.03 (4) 0.03 (4)
Ceftibuten 0.06 0.015 (4) 0.008 (8) 0.125 0.06 (2) 0.06 (2) 0.125 0.06 (2) 0.03 (4)
Mecillinam 0.25 #0.06 #0.06 .64 0.5 0.5 .64 0.5 0.5
Zidebactam 0.25 #0.06 #0.06 .64 0.25 0.125 .64 0.25 0.125
Durlobactam 0.25 0.125 #0.06 8 0.25 0.125 16 0.25 0.125
Xeruborbactam 16 NAa NA 32 NA NA 32 NA NA
aNA, not applicable.
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The results described above translated well to the panel of 141 KPC-producing clini-
cal isolates of K. pneumoniae that were enriched in strains with mutations in OmpK36.
The MIC90 of meropenem in combination with vaborbactam at 64 mg/mL (assumes
complete reversal of KPC-mediated meropenem resistance even in the presence of
porin mutations) was the same as with xeruborbactam at 4 mg/mL (Table 10). With xer-
uborbactam at 8 mg/mL, the meropenem MIC90 was reduced 4-fold; the same 4-fold
reduction of MIC90 was observed for the subset of 92 strains with nonfunctional
OmpK36. This increased extent of meropenem’s potentiation of xeruborbactam com-
pared to its potentiation of vaborbactam is consistent with additional synergy due to
PBP inhibition by both meropenem and xeruborbactam under the conditions of inhibi-
tion of beta-lactamases by xeruborbactam.

The MICs of several other beta-lactams (ceftazidime, cefepime, and aztreonam) for
the KPC-3-producing K. pneumoniae strain KP1074 (sequence type 512 [ST512], with
OmpK35 inactivated and a partially functional OmpK36) measured in the presence of
8 mg/mL xeruborbactam were also 2- to 8-fold below the values that correspond to
complete inhibition of KPC (Table S8). Given pharmacokinetics and pharmacodynamics
(PK-PD) considerations, correlations with meropenem MICs in combination with xeru-
borbactam at 8 mg/mL, and in vivo bactericidal effects, 8 mg/mL is the expected fixed
concentration of xeruborbactam for susceptibility testing. The data indicate that at this
concentration, in addition to the broad-spectrum beta-lactamase inhibition, xerubor-
bactam may exert an additional enhancement through direct antimicrobial activity,
which would be most pronounced in strains with xeruborbactam MICs of #32 mg/mL.

Conclusions. Xeruborbactam is a broad-spectrum inhibitor of numerous serine and me-
tallo-beta-lactamases with a spectrum of inhibition of enzymes that includes activity in
Acinetobacter spp., Pseudomonas aeruginosa, and Enterobacterales (13). In addition to this ac-
tivity, xeruborbactam also has direct antibacterial activity against some Gram-negative and
Gram-positive bacteria that is generally above the concentrations associated with beta-lacta-
mase inhibition, and it also enhances the potency of multiple beta-lactam antibiotics even in
strains that lack beta-lactamase enzymes. Xeruborbactam binds to PBPs, and it also induces
changes of cellular morphology comparable with the effect of meropenem (at least for K.
pneumoniae and P. aeruginosa). Thus, the mode of antibacterial activity of xeruborbactam is
consistent with inhibiting the function of multiple PBPs. Mutations conferring low-level resist-
ance to the antibacterial effects of xeruborbactam localized to the gene tolQ are also consist-
ent with its targeting cell wall biogenesis and point to targets in addition to essential PBPs.
Importantly, these mutations do not affect antibiotic potentiation by xeruborbactam due to
inhibition of either beta-lactamases or essential PBPs. The intrinsic activity of xeruborbactam
might provide added benefit to xeruborbactam combinations with multiple beta-lactam
antibiotics compared to BLIs that lack direct antibacterial activity.

TABLE 10 In vitro potency of xeruborbactam and vaborbactam to enhance the activity of meropenem against the clinical strains of KPC-
producing K. pneumoniae according to the functional status of OmpK36

Strain, measure of potency

MeropenemMIC (mg/mL)

MIC (mg/mL) of:

Alone

With vaborbactam at: With xeruborbactam at:

8mg/mL 64 mg/mL 4 mg/mL 8 mg/mL Vaborbactam Xeruborbactam
All strains (n = 141)
MIC50 128 1 0.125 0.125 #0.06 .64 .16
MIC90 256 16 1 1 0.25 .64 .16

Strains with
Functional OmpK36
MIC50 16 0.03 0.03 #0.06 #0.06 .64 16
MIC90 128 0.06 0.06 #0.06 #0.06 .64 .16

Nonfunctional OmpK36
MIC50 256 2 0.25 0.25 0.125 .64 .16
MIC90 256 16 2 2 0.5 .64 .16

Intrinsic Antimicrobial Activity of Xeruborbactam Antimicrobial Agents and Chemotherapy

October 2022 Volume 66 Issue 10 10.1128/aac.00879-22 16

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00879-22


MATERIALS ANDMETHODS
Strains. (i) Panels of engineered bacterial strains containing various combinations of porin and efflux

mutations were used. The construction of all the strains used in the study is described in detail in refer-
ences 23, 44, and 45. A detailed description of all strains used in the study is provided in Table S1. (ii)
KPC-producing clinical isolates and their derivatives that lost KPC plasmids were used also. These strains
and their origins are described in the Table S2. (iii) Finally, KPC-producing clinical isolates enriched in
strains with porin mutations were used. The mutations identified include various deletions, insertions,
nonsense mutations, and decreased expression. Most of the isolates were obtained from JMI
Laboratories or International Health Management Associates (IHMA); they were collected in the course
of global surveillance studies.

Antimicrobial susceptibility testing. Bacterial isolates were subjected to broth microdilution sus-
ceptibility testing, performed according to Clinical and Laboratory Standards Institute (CLSI) methods
(46), using panels prepared in-house. Meropenem was purchased from Sandoz, and all other antibiotics
were from Sigma-Aldrich. Xeruborbactam was synthesized at Qpex Biopharma, San Diego, CA.
Avibactam was purchased from eNovation Chemicals LLC, Bridgewater, NJ, USA; zidebactam was from
MedKoo Biosciences, Inc., Morrisville, NC, and nacubactam was from Advanced ChemBlocks, Hayward,
CA. Durlobactam was synthesized at Acme Bioscience, Palo Alto, CA, USA.

Conjugation in K. pneumoniae. Conjugation was used to construct strain KPM1026a, KPM3532, and
KPM3534 derivatives that carried plasmids with blaKPC-3 or blaNDM-1 genes. Conjugation was performed as
previously described (45) with modifications. First, streptomycin-resistant mutants of recipient strains
were isolated on LB (Luria-Bertani) agar containing streptomycin at 40 mg/mL. Next, both donor and re-
cipient strains were grown overnight in LB broth at 37°C with aeration. On the next day, the donor and
recipient cultures (100 mL each) were mixed and pelleted by centrifugation for 1 min at room tempera-
ture. The cells were resuspended in 40 mL of LB broth and spotted onto an LB agar plate without antibi-
otics. Recipient-only and donor-only cultures were similarly spotted on LB agar plates as negative con-
trols. The plates were incubated at 37°C for 4 to 5 h, and cells were collected and resuspended in 0.5 mL
of LB medium to an optical density at 600 nm (OD600) of 0.1 to 0.5. Then, 0.05 to 0.1 mL of cell suspen-
sion was plated on a plate containing streptomycin and meropenem at 50 mg/mL and 2 mg/mL, respec-
tively. Transconjugants were verified by PCR and DNA sequencing.

Single-step mutant selection. Beta-lactamase-negative strains of E. coli (strain ECM5497), A. bau-
mannii (strain AB1007), and K. pneumoniae (strain KPM1026a) were used in resistance development stud-
ies. Approximately 5 � 108 cells from fresh cultures (originating from a single colony) were transferred
to agar plates containing xeruborbactam at 2� to 8� MIC. Colonies were incubated for 24 h at 37°C
before the frequency of resistance emergence was calculated as the ratio of the number of CFU grown
on the xeruborbactam-containing plate over the number of CFU recorded for xeruborbactam-free
plates. Single colonies from xeruborbactam-containing plates were grown twice on a nonselective me-
dium before their antimicrobial-resistance levels were assessed. For K. pneumoniae KPM1026a, several in-
dependent cultures were used in resistance studies.

Preparation of total bacterial membrane proteins from Gram-negative bacteria. Ten milliliters
of overnight bacterial culture was inoculated in 1 L of LB medium and grown to an OD600 of 0.7 to 0.9.
The cell pellet was washed once with 50 mL of solution containing 100 mM Na-phosphate at pH 7.0 and
100 mM NaCl and resuspended in 10 mL of the same buffer with one tablet of EDTA-free mini-protease
inhibitor and 10 mg of lysozyme. Cell suspensions were incubated for 45 min at 37°C, and then 200 mL
of DNase I was added along with MgSO4 (to a final concentration of 10 mM), followed by three cycles of
freeze-thawing (10 min and 20 min, respectively). Four cycles of sonication at maximum power were
performed next, each cycle lasting for 30 s with 1 min on ice between cycles. The cell suspension was
centrifuged at 12,000 � g for 10 min at 4°C. The supernatant was collected and centrifuged at
100,000 � g for 45 min at 4°C. The pellet was washed three times with 10 mL of 100 mM Na-phosphate,
pH 7.0, by resuspension and subsequent centrifugation at 100,000 � g for 10 min at 4°C. The pellet was
finally resuspended in 1.5 mL of 100 mM Na-phosphate, pH 7.0, and passed several times through a
Dounce homogenizer (tight pestle). Membrane preparations were aliquoted and kept at 280°C.

In vitro PBP binding assay. Five microliters of total bacterial membrane preparation was mixed
with 5 mL of a test compound at a desired concentration in 100 mM Na-phosphate buffer, pH 7.0.
Incubation of bacterial membrane preparations with control beta-lactams was performed for 10 min at
30°C; xeruborbactam was incubated with membrane preparations for 1 h at 30°C. Five microliters of
150 mM Bocillin FL fluorescent probe (Thermo Fisher Scientific) was added, and the reaction mixture was
incubated for an additional 10 min at 30°C in the case of beta-lactams or for 20 min on ice (0°C) in the
case of xeruborbactam. We believe that the 0°C temperature is required to prevent displacement of xer-
uborbactam from its complex by the Bocillin probe. At the end of the incubation step, 15 mL of 2� SDS
sample loading buffer was added, and the reaction mixture was incubated for 5 min at 95°C. Twenty-
five microliters of the reaction mixture was then loaded on an 8% SDS Tris-glycine gel (Thermo Fisher
Scientific). At the end of the run, the gel was briefly rinsed with water and fixed in 10% acetic acid, 40%
methanol for 20 min. After an additional wash in water for 30 min, the gel was scanned on a Typhoon
Trio1 Imager using a blue laser filter (excitation, 488 nm, and emission, 520 nm). Densitometry of the
gel images was performed using ImageQuant software (Molecular Dynamics). IC50 values were calcu-
lated with Prism software (GraphPad).

Fluorescence microscopy. Single colonies of K. pneumoniae strain KPM1026a, A. baumannii strain
ATCC 17978, and P. aeruginosa strain PAM1154 were picked from LB agar plates, inoculated in cation-
adjusted Mueller-Hinton broth (CA-MHB), and incubated overnight at 30°C with rolling. Overnight cul-
tures were diluted into fresh CA-MHB and incubated at 30°C, with rolling, until they reached an OD600 of
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�0.12 to 0.15 (equivalent to ;2 � 108 CFU/mL). Samples were then treated with compounds and incu-
bated at 30°C, with rolling. After 1 or 2 h of treatment, cells were collected and stained with a dye mix
containing FM4-64 (1 mg/mL), DAPI (49,6-diamidino-2-phenylindole) (2 mg/mL), and SYTOX green
(0.5 mM) (Molecular Probes, Invitrogen, or Thermo Fisher Scientific). Cells were transferred onto an aga-
rose pad containing 1.2% agarose and 20% LB medium for microscopy. Microscopy was performed as
previously described (34).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.

ACKNOWLEDGMENTS
We thank Michael Dudley for useful discussions and comments on the manuscript.
This project has been funded in whole or in part with federal funds from the

Department of Health and Human Services, Office of the Assistant Secretary for
Preparedness and Response, Biomedical Advanced Research and Development Authority
(BARDA), under OTA number HHSO100201600026C.

All named authors meet the International Committee of Medical Journal Editors
(ICMJE) criteria for authorship for the manuscript, take responsibility for the integrity of
the work as a whole, and have given final approval to the version to be published.

REFERENCES
1. Finlay J, Miller L, Poupard JA. 2003. A review of the antimicrobial activity

of clavulanate. J Antimicrob Chemother 52:18–23. https://doi.org/10
.1093/jac/dkg286.

2. Noguchi JK, Gill MA. 1988. Sulbactam: a beta-lactamase inhibitor. Clin
Pharm 7:37–51.

3. Berkhout J, Melchers MJ, Mil A, Nichols WW, Mouton JW. 2015. In vitro ac-
tivity of ceftazidime-avibactam combination in in vitro checkerboard
assays. Antimicrob Agents Chemother 59:1138–1144. https://doi.org/10
.1128/AAC.04146-14.

4. Massova I, Mobashery S. 1998. Kinship and diversification of bacterial
penicillin-binding proteins and b-lactamases. Antimicrob Agents Chemo-
ther 42:1–17. https://doi.org/10.1128/AAC.42.1.1.

5. Penwell WF, Shapiro AB, Giacobbe RA, Gu R-F, Gao N, Thresher J,
McLaughlin RE, Huband MD, DeJonge BLM, Ehmann DE, Miller AA. 2015.
Molecular mechanisms of sulbactam antibacterial activity and resistance
determinants in Acinetobacter baumannii. Antimicrob Agents Chemother
59:1680–1689. https://doi.org/10.1128/AAC.04808-14.

6. Asli A, Brouillette E, Krause KM, Nichols WW, Malouin F. 2016. Distinctive
binding of avibactam to penicillin-binding proteins of Gram-negative and
Gram-positive bacteria. Antimicrob Agents Chemother 60:752–756.
https://doi.org/10.1128/AAC.02102-15.

7. Durand-Reville TF, Guler S, Comita-Prevoir J, Chen B, Bifulco N, Huynh H,
Lahiri S, Shapiro AB, McLeod SM, Carter NM, Moussa SH, Velez-Vega C, Olivier
NB, McLaughlin R, Gao N, Thresher J, Palmer T, Andrews B, Giacobbe RA,
Newman JV, Ehmann DE, de Jonge B, O’Donnell J, Mueller JP, Tommasi RA,
Miller AA. 2017. ETX2514 is a broad-spectrum beta-lactamase inhibitor for the
treatment of drug-resistant Gram-negative bacteria including Acinetobacter
baumannii. Nat Microbiol 2:17104. https://doi.org/10.1038/nmicrobiol.2017
.104.

8. Miller AA, Shapiro AB, McLeod SM, Carter NM, Moussa SH, Tommasi R,
Mueller JP. 2020. In vitro characterization of ETX1317, a broad-spectrum
b-lactamase inhibitor that restores and enhances b-lactam activity
against multi-drug-resistant Enterobacteriales, including carbapenem-re-
sistant strains. ACS Infect Dis 6:1389–1397. https://doi.org/10.1021/
acsinfecdis.0c00020.

9. Morinaka A, Tsutsumi Y, Yamada M, Suzuki K, Watanabe T, Abe T,
Furuuchi T, Inamura S, Sakamaki Y, Mitsuhashi N, Ida T, Livermore DM.
2015. OP0595, a new diazabicyclooctane: mode of action as a serine beta-
lactamase inhibitor, antibiotic and beta-lactam ‘enhancer’. J Antimicrob
Chemother 70:2779–2786. https://doi.org/10.1093/jac/dkv166.

10. Moya B, Barcelo IM, Bhagwat S, Patel M, Bou G, Papp-Wallace KM,
Bonomo RA, Oliver A. 2017. WCK 5107 (zidebactam) and WCK 5153 are
novel inhibitors of PBP2 showing potent “b-lactam enhancer” activity
against Pseudomonas aeruginosa, including multidrug-resistant metallo-

b-lactamase-producing high-risk clones. Antimicrob Agents Chemother
61:e02529-16. https://doi.org/10.1128/AAC.02529-16.

11. Fontana R, Cornaglia G, Ligozzi M, Mazzariol A. 2000. The final goal: penicil-
lin-binding proteins and the target of cephalosporins. Clin Microbiol Infect
6(Suppl 3):34–40. https://doi.org/10.1111/j.1469-0691.2000.tb02038.x.

12. Hecker SJ, Reddy KR, Lomovskaya O, Griffith DC, Rubio-Aparicio D, Nelson
K, Tsivkovski R, Sun D, Sabet M, Tarazi Z, Parkinson J, Totrov M, Boyer SH,
Glinka TW, Pemberton OA, Chen Y, Dudley MN. 2020. Discovery of cyclic
boronic acid QPX7728, an ultra-broad-spectrum inhibitor of serine and
metallo beta-lactamases. J Med Chem 63:7491–7507. https://doi.org/10
.1021/acs.jmedchem.9b01976.

13. Lomovskaya O, Tsivkovski R, Sun D, Reddy R, Totrov M, Hecker S, Griffith
D, Loutit J, Dudley M. 2021. QPX7728, an ultra-broad-spectrum B-lacta-
mase inhibitor for intravenous and oral therapy: overview of biochemical
and microbiological characteristics. Front Microbiol 12:1659. https://doi
.org/10.3389/fmicb.2021.697180.

14. Lomovskaya O, Tsivkovski R, Nelson K, Rubio-Aparicio D, Sun D, Totrov M,
Dudley MN. 2020. Spectrum of beta-lactamase inhibition by the cyclic
boronate QPX7728, an ultrabroad-spectrum beta-lactamase inhibitor of
serine and metallo-beta-lactamases: enhancement of activity of multiple
antibiotics against isogenic strains expressing single beta-lactamases.
Antimicrob Agents Chemother 64:e00212-20. https://doi.org/10.1128/
AAC.00212-20.

15. Tsivkovski R, Totrov M, Lomovskaya O. 2020. Biochemical characterization
of QPX7728, a new ultrabroad-spectrum beta-lactamase inhibitor of ser-
ine and metallo-beta-lactamases. Antimicrob Agents Chemother 64:
e00130-20. https://doi.org/10.1128/AAC.00130-20.

16. Lomovskaya O, Rubio-Aparicio D, Tsivkovski R, Loutit J, Dudley M. 2022.
The ultrabroad-spectrum beta-lactamase inhibitor QPX7728 restores the
potency of multiple oral beta-lactam antibiotics against beta-lactamase-
producing strains of resistant Enterobacterales. Antimicrob Agents Che-
mother 66:e02168-21. https://doi.org/10.1128/AAC.02168-21.

17. Nelson K, Rubio-Aparicio D, Sun D, Dudley M, Lomovskaya O. 2020. In
vitro activity of the ultra-broad-spectrum beta-lactamase inhibitor
QPX7728 against carbapenem-resistant Enterobacterales (CRE) with vary-
ing intrinsic and acquired resistance mechanisms. Antimicrob Agents
Chemother 64:e00757-20. https://doi.org/10.1128/AAC.00757-20.

18. Nelson K, Rubio-Aparicio D, Tsivkovski R, Sun D, Totrov M, Dudley M,
Lomovskaya O. 2020. In vitro activity of the ultra-broad-spectrum beta-
lactamase inhibitor QPX7728 in combination with meropenem against
clinical isolates of carbapenem-resistant Acinetobacter baumannii. Anti-
microb Agents Chemother 64:e01406-20. https://doi.org/10.1128/AAC
.01406-20.

19. Lomovskaya O, Rubio-Aparicio D, Nelson K, Sun D, Tsivkovski R,
Castanheira M, Lindley J, Loutit J, Dudley M. 2021. In vitro activity of the

Intrinsic Antimicrobial Activity of Xeruborbactam Antimicrobial Agents and Chemotherapy

October 2022 Volume 66 Issue 10 10.1128/aac.00879-22 18

https://doi.org/10.1093/jac/dkg286
https://doi.org/10.1093/jac/dkg286
https://doi.org/10.1128/AAC.04146-14
https://doi.org/10.1128/AAC.04146-14
https://doi.org/10.1128/AAC.42.1.1
https://doi.org/10.1128/AAC.04808-14
https://doi.org/10.1128/AAC.02102-15
https://doi.org/10.1038/nmicrobiol.2017.104
https://doi.org/10.1038/nmicrobiol.2017.104
https://doi.org/10.1021/acsinfecdis.0c00020
https://doi.org/10.1021/acsinfecdis.0c00020
https://doi.org/10.1093/jac/dkv166
https://doi.org/10.1128/AAC.02529-16
https://doi.org/10.1111/j.1469-0691.2000.tb02038.x
https://doi.org/10.1021/acs.jmedchem.9b01976
https://doi.org/10.1021/acs.jmedchem.9b01976
https://doi.org/10.3389/fmicb.2021.697180
https://doi.org/10.3389/fmicb.2021.697180
https://doi.org/10.1128/AAC.00212-20
https://doi.org/10.1128/AAC.00212-20
https://doi.org/10.1128/AAC.00130-20
https://doi.org/10.1128/AAC.02168-21
https://doi.org/10.1128/AAC.00757-20
https://doi.org/10.1128/AAC.01406-20
https://doi.org/10.1128/AAC.01406-20
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00879-22


ultra-broad-spectrum beta-lactamase inhibitor QPX7728 in combination
with multiple beta-lactam antibiotics against Pseudomonas aeruginosa.
Antimicrob Agents Chemother 65:e00210-21. https://doi.org/10.1128/
AAC.00210-21.

20. Liu B, Trout REL, Chu G-H, McGarry D, Jackson RW, Hamrick JC, Daigle DM,
Cusick SM, Pozzi C, De Luca F, Benvenuti M, Mangani S, Docquier J-D,
Weiss WJ, Pevear DC, Xerri L, Burns CJ. 2020. Discovery of taniborbactam
(VNRX-5133): a broad-spectrum serine- and metallo-b-lactamase inhibi-
tor for carbapenem-resistant bacterial infections. J Med Chem 63:
2789–2801. https://doi.org/10.1021/acs.jmedchem.9b01518.

21. Hentschke M, Wolters M, Sobottka I, Rohde H, Aepfelbacher M. 2010. ramR
mutations in clinical isolates of Klebsiella pneumoniae with reduced suscep-
tibility to tigecycline. Antimicrob Agents Chemother 54:2720–2723. https://
doi.org/10.1128/AAC.00085-10.

22. Rosenblum R, Khan E, Gonzalez G, Hasan R, Schneiders T. 2011. Genetic
regulation of the ramA locus and its expression in clinical isolates of Kleb-
siella pneumoniae. Int J Antimicrob Agents 38:39–45. https://doi.org/10
.1016/j.ijantimicag.2011.02.012.

23. Lomovskaya O, Nelson K, Rubio-Aparicio D, Tsivkovski R, Sun D, Dudley
MN. 2020. Impact of intrinsic resistance mechanisms on potency of
QPX7728, a new ultrabroad-spectrum beta-lactamase inhibitor of serine
and metallo-beta-lactamases in Enterobacteriaceae, Pseudomonas aeru-
ginosa, and Acinetobacter baumannii. Antimicrob Agents Chemother 64:
e00552-20. https://doi.org/10.1128/AAC.00552-20.

24. Masuda N, Sakagawa E, Ohya S, Gotoh N, Nishino T. 2001. Hypersusceptibil-
ity of the Pseudomonas aeruginosa nfxB mutant to beta-lactams due to
reduced expression of the ampC beta-lactamase. Antimicrob Agents Che-
mother 45:1284–1286. https://doi.org/10.1128/AAC.45.4.1284-1286.2001.

25. Wolter DJ, Hanson ND, Lister PD. 2005. AmpC and OprD are not involved
in the mechanism of imipenem hypersusceptibility among Pseudomonas
aeruginosa isolates overexpressing the mexCD-oprJ efflux pump. Antimi-
crob Agents Chemother 49:4763–4766. https://doi.org/10.1128/AAC.49
.11.4763-4766.2005.

26. Bush K, Smith SA, Ohringer S, Tanaka SK, Bonner DP. 1987. Improved sen-
sitivity in assays for binding of novel beta-lactam antibiotics to penicillin-
binding proteins of Escherichia coli. Antimicrob Agents Chemother 31:
1271–1273. https://doi.org/10.1128/AAC.31.8.1271.

27. Bulitta J, Shan J, Moya B, Sutaria D, Boyce J, Bonomo R, Landersdorfer C,
Velkov T. 2018. First comprehensive penicillin-binding protein occupancy
patterns of beta-lactams in Acinetobacter baumannii, abstr P1531. 28th
ECCMID, Madrid, Spain.

28. Davies TA, Shang W, Bush K, Flamm RK. 2008. Affinity of doripenem and
comparators to penicillin-binding proteins in Escherichia coli and Pseu-
domonas aeruginosa. Antimicrob Agents Chemother 52:1510–1512.
https://doi.org/10.1128/AAC.01529-07.

29. Kocaoglu O, Carlson EE. 2015. Profiling of b-lactam selectivity for penicil-
lin-binding proteins in Escherichia coli strain DC2. Antimicrob Agents
Chemother 59:2785–2790. https://doi.org/10.1128/AAC.04552-14.

30. Egan AJF, Errington J, Vollmer W. 2020. Regulation of peptidoglycan syn-
thesis and remodelling. Nat Rev Microbiol 18:446–460. https://doi.org/10
.1038/s41579-020-0366-3.

31. Zhao H, Patel V, Helmann JD, Dörr T. 2017. Don’t let sleeping dogmas lie:
new views of peptidoglycan synthesis and its regulation. Mol Microbiol
106:847–860. https://doi.org/10.1111/mmi.13853.

32. Godinez WJ, Chan H, Hossain I, Li C, Ranjitkar S, Rasper D, Simmons RL,
Zhang X, Feng BY. 2019. Morphological deconvolution of beta-lactam
polyspecificity in E. coli. ACS Chem Biol 14:1217–1226. https://doi.org/10
.1021/acschembio.9b00141.

33. Denome SA, Elf PK, Henderson TA, Nelson DE, Young KD. 1999. Escherichia coli
mutants lacking all possible combinations of eight penicillin binding proteins:

viability, characteristics, and implications for peptidoglycan synthesis. J Bacter-
iol 181:3981–3993. https://doi.org/10.1128/JB.181.13.3981-3993.1999.

34. Nonejuie P, Burkart M, Pogliano K, Pogliano J. 2013. Bacterial cytological
profiling rapidly identifies the cellular pathways targeted by antibacterial
molecules. Proc Natl Acad Sci U S A 110:16169–16174. https://doi.org/10
.1073/pnas.1311066110.

35. Alm RA, Johnstone MR, Lahiri SD. 2015. Characterization of Escherichia
coli NDM isolates with decreased susceptibility to aztreonam/avibactam:
role of a novel insertion in PBP3. J Antimicrob Chemother 70:1420–1428.
https://doi.org/10.1093/jac/dku568.

36. Sato T, Ito A, Ishioka Y, Matsumoto S, Rokushima M, Kazmierczak KM,
Hackel M, Sahm DF, Yamano Y. 2020. Escherichia coli strains possessing a
four amino acid YRIN insertion in PBP3 identified as part of the SIDERO-
WT-2014 surveillance study. JAC Antimicrob Resist 2:dlaa081. https://doi
.org/10.1093/jacamr/dlaa081.

37. Lai GC, Cho H, Bernhardt TG. 2017. The mecillinam resistome reveals a
role for peptidoglycan endopeptidases in stimulating cell wall synthesis
in Escherichia coli. PLoS Genet 13:e1006934. https://doi.org/10.1371/
journal.pgen.1006934.

38. Gray AN, Egan AJ, Van’t Veer IL, Verheul J, Colavin A, Koumoutsi A, Biboy
J, Altelaar AF, Damen MJ, Huang KC, Simorre JP, Breukink E, den
Blaauwen T, Typas A, Gross CA, Vollmer W. 2015. Coordination of peptido-
glycan synthesis and outer membrane constriction during Escherichia
coli cell division. Elife 4:e07118. https://doi.org/10.7554/eLife.07118.

39. Szczepaniak J, Press C, Kleanthous C. 2020. The multifarious roles of Tol-
Pal in Gram-negative bacteria. FEMS Microbiol Rev 44:490–506. https://
doi.org/10.1093/femsre/fuaa018.

40. Doumith M, Mushtaq S, Livermore DM, Woodford N. 2016. New insights
into the regulatory pathways associated with the activation of the strin-
gent response in bacterial resistance to the PBP2-targeted antibiotics,
mecillinam and OP0595/RG6080. J Antimicrob Chemother 71:2810–2814.
https://doi.org/10.1093/jac/dkw230.

41. Kwon HI, Kim S, Oh MH, Shin M, Lee JC. 2019. Distinct role of outer mem-
brane protein A in the intrinsic resistance of Acinetobacter baumannii
and Acinetobacter nosocomialis. Infect Genet Evol 67:33–37. https://doi
.org/10.1016/j.meegid.2018.10.022.

42. Livermore DM, Mushtaq S, Warner M, Vickers A, Woodford N. 2017. In
vitro activity of cefepime/zidebactam (WCK 5222) against Gram-negative
bacteria. J Antimicrob Chemother 72:1373–1385. https://doi.org/10.1093/
jac/dkw593.

43. Livermore DM, Warner M, Mushtaq S, Woodford N. 2016. Interactions of
OP0595, a novel triple-action diazabicyclooctane, with b-lactams against
OP0595-resistant Enterobacteriaceae mutants. Antimicrob Agents Che-
mother 60:554–560. https://doi.org/10.1128/AAC.02184-15.

44. Lomovskaya O, Lee A, Hoshino K, Ishida H, Mistry A, Warren MS, Boyer E,
Chamberland S, Lee VJ. 1999. Use of a genetic approach to evaluate the
consequences of inhibition of efflux pumps in Pseudomonas aeruginosa.
Antimicrob Agents Chemother 43:1340–1346. https://doi.org/10.1128/
AAC.43.6.1340.

45. Lomovskaya O, Sun D, Rubio-Aparicio D, Nelson K, Tsivkovski R, Griffith
DC, Dudley MN. 2017. Vaborbactam: spectrum of beta-lactamase inhibi-
tion and impact of resistance mechanisms on activity in Enterobacteria-
ceae. Antimicrob Agents Chemother 61:e01443-17. https://doi.org/10
.1128/AAC.01443-17.

46. CLSI. 2020. Performance standards for antimicrobial susceptibility test-
ing, 30th ed. M100-Ed30. Clinical and Laboratory Standards Institute,
Wayne, PA.

47. Sutaria DS, Moya B, Green KB, Kim TH, Tao X, Jiao Y, Louie A, Drusano GL,
Bulitta JB. 2018. First penicillin-binding protein occupancy patterns of b-lac-
tams and b-lactamase inhibitors in Klebsiella pneumoniae. Antimicrob
Agents Chemother 62:e00282-18. https://doi.org/10.1128/AAC.00282-18.

Intrinsic Antimicrobial Activity of Xeruborbactam Antimicrobial Agents and Chemotherapy

October 2022 Volume 66 Issue 10 10.1128/aac.00879-22 19

https://doi.org/10.1128/AAC.00210-21
https://doi.org/10.1128/AAC.00210-21
https://doi.org/10.1021/acs.jmedchem.9b01518
https://doi.org/10.1128/AAC.00085-10
https://doi.org/10.1128/AAC.00085-10
https://doi.org/10.1016/j.ijantimicag.2011.02.012
https://doi.org/10.1016/j.ijantimicag.2011.02.012
https://doi.org/10.1128/AAC.00552-20
https://doi.org/10.1128/AAC.45.4.1284-1286.2001
https://doi.org/10.1128/AAC.49.11.4763-4766.2005
https://doi.org/10.1128/AAC.49.11.4763-4766.2005
https://doi.org/10.1128/AAC.31.8.1271
https://doi.org/10.1128/AAC.01529-07
https://doi.org/10.1128/AAC.04552-14
https://doi.org/10.1038/s41579-020-0366-3
https://doi.org/10.1038/s41579-020-0366-3
https://doi.org/10.1111/mmi.13853
https://doi.org/10.1021/acschembio.9b00141
https://doi.org/10.1021/acschembio.9b00141
https://doi.org/10.1128/JB.181.13.3981-3993.1999
https://doi.org/10.1073/pnas.1311066110
https://doi.org/10.1073/pnas.1311066110
https://doi.org/10.1093/jac/dku568
https://doi.org/10.1093/jacamr/dlaa081
https://doi.org/10.1093/jacamr/dlaa081
https://doi.org/10.1371/journal.pgen.1006934
https://doi.org/10.1371/journal.pgen.1006934
https://doi.org/10.7554/eLife.07118
https://doi.org/10.1093/femsre/fuaa018
https://doi.org/10.1093/femsre/fuaa018
https://doi.org/10.1093/jac/dkw230
https://doi.org/10.1016/j.meegid.2018.10.022
https://doi.org/10.1016/j.meegid.2018.10.022
https://doi.org/10.1093/jac/dkw593
https://doi.org/10.1093/jac/dkw593
https://doi.org/10.1128/AAC.02184-15
https://doi.org/10.1128/AAC.43.6.1340
https://doi.org/10.1128/AAC.43.6.1340
https://doi.org/10.1128/AAC.01443-17
https://doi.org/10.1128/AAC.01443-17
https://doi.org/10.1128/AAC.00282-18
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00879-22

	RESULTS AND DISCUSSION
	Xeruborbactam has low-potency intrinsic antibacterial activity.
	Antibacterial potency of xeruborbactam is affected by intrinsic resistance mechanisms in Enterobacterales, Pseudomonas aeruginosa, and Acinetobacter baumannii.
	Xeruborbactam has time-dependent killing of Klebsiella pneumoniae.
	Xeruborbactam binds to penicillin-binding proteins.
	Xeruborbactam-induced changes in cellular morphology are consistent with inhibition of multiple PBPs.
	Mutations conferring low-level resistance to the antibacterial activity of xeruborbactam are consistent with its targeting of cell wall biogenesis.
	Mutations conferring low-level resistance to the antibacterial activity of xeruborbactam have little or no effect on antibiotic potentiation by xeruborbactam through eithe ...
	Potent broad-spectrum beta-lactamase inhibition by xeruborbactam combined with its intrinsic antibacterial activity provides added benefit to xeruborbactam/beta-lactam com ...
	Conclusions.

	MATERIALS AND METHODS
	Strains.
	Antimicrobial susceptibility testing.
	Conjugation in K. pneumoniae.
	Single-step mutant selection.
	Preparation of total bacterial membrane proteins from Gram-negative bacteria.
	In vitro PBP binding assay.
	Fluorescence microscopy.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

