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ABSTRACT Resistance to ceftazidime-avibactam due to mutations in KPC genes has
been reported both in vitro and in clinical settings. The most frequently reported
mutation leads to the amino acid substitution D179Y in the � loop of the enzyme.
Bacterial cells that carry mutant KPC acquire a higher level of ceftazidime resistance,
become more sensitive to other cephalosporins, and almost completely lose resis-
tance to carbapenems. In this study, we demonstrated that two substitutions in
KPC-2, D179Y and L169P, reduce the ability of avibactam to enhance the activity of
ceftazidime, cefepime, or piperacillin against isogenic efflux-deficient strains of Pseu-
domonas aeruginosa, 8- to 32-fold and 4- to 16-fold for the D179Y and L169P vari-
ants, respectively, depending on the antibiotic. In contrast, the potency of vaborbac-
tam, the structurally unrelated �-lactamase inhibitor that was recently approved by
the FDA in combination with meropenem, is reduced no more than 2-fold. Experi-
ments with purified enzymes demonstrate that the D179Y substitution causes an
�20-fold increase in the 50% inhibitory concentration (IC50) for inhibition of ceftazi-
dime hydrolysis by avibactam, versus 2-fold for vaborbactam, and that the L169P
substitution has an �4.5-fold-stronger effect on the affinity for avibactam than for
vaborbactam. In addition, the D179Y and L169P variants hydrolyze ceftazidime with
10-fold and 4-fold-higher efficiencies, respectively, than that of wild-type KPC-2. Thus,
microbiological and biochemical experiments implicate both decreased ability of avibac-
tam to interact with KPC-2 variants and an increase in the efficiency of ceftazidime hy-
drolysis in resistance to ceftazidime-avibactam. These substitutions have a considerably
lesser effect on interactions with vaborbactam, making the meropenem-vaborbactam
combination a valuable agent in managing infections due to KPC-producing carba-
penem-resistant Enterobacteriaceae.
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The most common mechanism of resistance to �-lactam antibiotics in Gram-
negative bacteria is production of �-lactamase enzymes capable of cleaving the

�-lactam ring, resulting in a complete loss of activity. Inhibition of �-lactamase activity
with small-molecule inhibitors (BLIs) has been a broadly recognized strategy to prevent
�-lactam cleavage and restore their potency (1, 2). A notable BLI is avibactam, which is
a potent inhibitor of numerous serine (class A, class C, and some class D) enzymes,
including KPC carbapenemases (3). It was approved by the FDA in 2015 in combination
with ceftazidime (4). An increasing number of reports describe the successful use of
ceftazidime-avibactam to treat infections caused by KPC-producing carbapenem-
resistant Enterobacteriaceae (CRE) (5–9).

Our own efforts led to the discovery of a structurally and mechanistically
different BLI, vaborbactam, a cyclic boronate with activity against class A and class
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C �-lactamases (10). Similar to avibactam, vaborbactam is a potent inhibitor of KPC
enzymes (11, 12) and is capable of enhancing the activity of meropenem in vitro and
in mouse infection models against KPC-producing Enterobacterales (13, 14). In 2017,
vaborbactam was approved by the FDA in combination with meropenem (15). Its utility
to treat infections due to KPC-producing CRE has been demonstrated in a multina-
tional, open-label, randomized clinical trial (16) and in a recently conducted prospec-
tive, observational study of patients with CRE infections (17).

An apparent difference between ceftazidime-avibactam and meropenem-vaborbactam
is their relative abilities to select for mutations in a target KPC gene. In vitro multistep
resistance development studies with the meropenem-vaborbactam combination failed to
generate any target mutations in KPC genes harbored by various clinical strains (18). No
mutations in KPC genes have been reported to date for patients treated with meropenem-
vaborbactam. Decreased susceptibility to meropenem-vaborbactam appears to be due to
a combination of various mechanisms affecting intracellular accumulation of either mero-
penem or vaborbactam (porin mutations and increased efflux) (18, 19).

In contrast, in vitro single-step resistance development studies using ceftazidime-
avibactam as a selective agent have identified several mutations in the blaKPC-3 gene
that conferred resistance to this combination (20). One of these mutations, D179Y, has
been also detected worldwide in KPC-2- and KPC-3-producing clinical isolates of
Enterobacteriaceae recovered from patients after treatment with the ceftazidime-
avibactam combination (21–25). Importantly, this mutation concurrently resulted in
restoration of susceptibility to carbapenems (24, 26, 27). Not surprisingly, strains
containing KPC with the D179Y mutation are also susceptible to meropenem-
vaborbactam (19). A recent report documented that treatment with meropenem-
vaborbactam resulted in resolution of an infection due to KPC-producing Klebsiella
pneumoniae with treatment-emergent ceftazidime-avibactam resistance (28).

It was proposed that ceftazidime-avibactam resistance conferred by the D179
substitutions can be due to stabilizing interactions (e.g., hydrogen bonds) of ceftazi-
dime within the active site of variant �-lactamases that prevent avibactam from binding
to and inhibiting the enzyme (29, 30). However, another recent publication demon-
strated a significant effect of the D179Y substitution in KPC-2 on the efficiency of
avibactam acylation of the enzyme (70,000-fold decrease in the inactivation constant
k2/K value) (31).

L169P is another mutation, located close to D179Y in the �-loop region of KPC-2,
that is associated with ceftazidime-avibactam resistance; it has also been recovered
from a patient treated with ceftazidime-avibactam (deposited in GenBank as KPC-35)
(32, 33). Similar to the D179Y mutation, it converts clinical isolates to a carbapenem-
susceptible phenotype. Currently, no biochemical studies have been published on the
mechanism of resistance caused by this mutation.

We initiated a series of studies focusing on the role of partner antibiotic and BLI in
selecting for target-based resistance to the combination agent. In this study, we
evaluated the effects of the D179Y and L169P mutations on the potency of vaborbac-
tam and avibactam to enhance the activity of various antibiotics in isogenic strains
expressing KPC enzymes. Additionally, the effects of these mutations on interaction
with substrates and inhibitors were studied at the biochemical level using purified
wild-type (WT) and mutant proteins.

RESULTS AND DISCUSSION
Effects of amino acid substitutions in KPC-2 on MICs of various antibiotics. The

effects of KPC mutations on resistance to various antibiotics were investigated. For
these studies, pUCP24 plasmids carrying wild-type and mutant blaKPC-2 genes as well as
the pUCP24 vector were transformed into PAM1154, an efflux-deficient strain of
Pseudomonas aeruginosa. In this host, the effect of �-lactamases on �-lactam MIC is
amplified due to the slowed uptake of �-lactams across the low-permeability outer
membrane without interference by efflux of either �-lactams or BLIs. Consequently, this
host allows detection of �-lactamase activity (as an MIC increase) of low-catalytic-
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efficiency enzymes that rely heavily on the low permeability of the outer membrane.
Using the strain that lacks efflux pumps ensures no interference from efflux in inter-
preting results. We next evaluated the steady-state protein expression levels in bacterial
cells. A Western blotting experiment with whole-cell lysates using anti-KPC-2 antibodies
showed no difference in protein expression levels in P. aeruginosa PAM1154 cells
expressing both mutant proteins versus wild-type KPC-2 (see Fig. S1 in the supplemen-
tal material), suggesting no effect of mutations on protein stability. Previously, various
amino acid substitutions at position 179 of KPC-2 were shown to broadly reduce
protein expression levels with the D179Y mutant, demonstrating a severalfold decrease
compared to the result with wild-type protein (29). The observed discrepancy with our
results could be attributed to the difference in either the expression vector or host
bacteria.

MIC studies demonstrated that both mutations resulted in a 64-fold reduction of
aztreonam and meropenem MICs: from 128 to 2 �g/ml and from 64 to 1 �g/ml for
aztreonam and meropenem, respectively. Of note, the MIC of the vector-alone strain for
these antibiotics was 0.125 �g/ml, indicating that the mutant KPC still afforded a ca. 8-
to 16-fold increase in aztreonam and meropenem MICs (Table 1). Cefepime MICs of the
strains that carried mutant KPCs were reduced 4-fold, from 256 to 64 �g/ml, still
affording a 512-fold increase in MIC compared to that with the vector-only strain.
Piperacillin MICs were reduced 4-fold and 8-fold for the strains with D179Y and L169P
mutatations, respectively, from 128 to 32 �g/ml and 16 �g/ml, resulting in a 256- to
512-fold difference in MIC between the strains that carried KPC mutations versus the
vector-alone cells. In contrast with those of other antibiotics, ceftazidime MICs were
increased by both mutations: 16- and 8-fold increases for the D179Y and L169P
mutations, respectively. In general, our MIC results for D179Y are in good agreement
with published data for multiple D179 substitutions reported for the KPC-2 enzyme:
increased ceftazidime MICs, moderate decrease of MICs of other cephalosporins, and a
significant decrease in resistance to monobactams and carbapenems (22, 26, 29, 31, 32).
Somewhat higher MICs of aztreonam and meropenem for D179Y reported in our study
are most probably due to the host strain, P. aeruginosa as opposed to a more routinely
used Escherichia coli, which has a more permeable outer membrane with a conse-
quently higher rate of �-lactam uptake. Avibactam inhibited growth of all the strains
with a MIC of 128 �g/ml. The MIC for vaborbactam was �256 �g/ml.

Effects of amino acid substitutions in KPC-2 on the potency of avibactam and
vaborbactam to enhance the activities of various antibiotics. The effects of muta-
tions on BLI potency were investigated next. BLI potency was defined as PV50 (PV,
potentiation value) of antibiotic potentiation. PV50 is the concentration of a BLI that is
required to reduce the antibiotic MIC to the middle of the MIC range where the highest
MIC is the MIC for a KPC-producing strain with no inhibitor added and the lowest MIC
is the MIC for the vector-alone strain, which corresponds to complete inhibition of KPC.
As a given MIC is directly related to the �-lactamase activity, PV50 might be considered
the concentration of a BLI that is required to achieve half-effect of inhibition of
�-lactamase activity (in whole cells) to hydrolyze an antibiotic of interest. The advan-
tage of using PV50 as a measure of BLI potency is that it does not depend on antibiotic
MIC. However, the accurate determination of PV50 requires the MIC range to be
relatively wide. Based on these considerations, ceftazidime, cefepime, and piperacillin
were selected for checkerboard experiments.

TABLE 1 MICs for the P. aeruginosa PAM1154 carrying plasmids with wild-type KPC-2 or the corresponding mutant proteinsa

Strain Plasmid

MIC (�g/ml) of drug

Aztreonam Meropenem Ceftazidime Cefepime Piperacillin Avibactam

PAM4175 pUCP24 0.125 0.125 0.25 0.125 0.06 128
PAM4135 pUCP24-KPC-2 128 64 32 256 128 128
PAM4639 pUCP24-KPC-2::D179Y 2 1 512 64 32 128
PAM4751 pUCP24-KPC-2::L169P 2 1 256 64 16 128
aVaborbactam MICs are �256 �g/ml for all strains.
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Both avibactam and vaborbactam caused a dose-dependent decrease of ceftazi-
dime, cefepime, and piperacillin MICs in P. aeruginosa PAM1154 expressing wild-type
KPC-2 and its mutants (Table S1). Calculated PV50s are presented in Table 2.

The D179Y substitution in KPC-2 appeared to increase the avibactam PV50s 4-, 16-,
and 32-fold for piperacillin, cefepime, and ceftazidime, respectively, compared to the
values with wild-type KPC-2. The L169P mutation also appeared to decrease avibactam
potency, albeit to a somewhat lesser degree: 4- and 8-fold increases in PV50 for
cefepime or piperacillin and ceftazidime, respectively. Of note, a decreased avibactam
potency to reduce the MICs of the three tested antibiotics against the strains producing
mutant proteins compared to the wild-type KPC-2 was observed, irrespective of the
effect of mutations on antibiotics: reduction of cefepime and piperacillin MIC and an
increase in ceftazidime MIC. This result is indicative of a possible direct effect of
mutations on avibactam affinity for the KPC �-lactamase. A recent study reported the
impact of the D179Y substitution on activity of another BLI, clavulanic acid, which
became more potent than avibactam in potentiating ceftazidime against a strain of E.
coli with a cloned KPC-2::D179Y variant while being much less potent than avibactam
against the wild-type protein (31). However, since clavulanic acid is efficiently hydro-
lyzed by KPC (34), it is conceivable that a KPC variant that carries a D179Y substitution
can lose the ability to inactivate clavulanic acid and as a result become more suscep-
tible to inhibition.

Potentiation experiments with vaborbactam demonstrated that D179Y and L169P
substitutions appear to affect PV50 of vaborbactam to a much lesser degree than for
avibactam. None of the mutations decreased the potency of vaborbactam to enhance
the activity of ceftazidime, cefepime, or piperacillin more than 2-fold (Table 2). While
avibactam appeared to be 2- to 4-fold more potent than vaborbactam to potentiate
antibiotics against the strain producing the wild-type KPC-2 (avibactam PV50s of
0.125 �g/ml, 0.25 �g/ml, and 0.25 �g/ml versus vaborbactam PV50s of 0.5, 0.5, and
1 �g/ml for ceftazidime, cefepime, and piperacillin, respectively), it became 4- and
2-fold less potent as a potentiator against the strain producing the D179Y and L169P
variants, respectively. These results indicate that the D179Y and L169P substitutions in
the KPC-2 �-lactamase had a lesser effect on interaction with vaborbactam. Impor-
tantly, when antibiotic MICs against the strains producing KPC mutants were deter-
mined with BLIs at clinically relevant concentrations (4 �g/ml and 8 �g/ml for avibac-
tam and vaborbactam, respectively), they were consistently lower for vaborbactam

TABLE 2 MICs of ceftazidime, cefepime, and piperacillin alone or in combination with BLIs for P. aeruginosa PAM1154 containing
plasmids with wild-type KPC-2 or the corresponding mutant proteins

Strain KPC variant Antibiotic

Antibiotic MIC (�g/ml) alone or with BLI at clinically
used concentrations PV50 (�g/ml)a

No BLI
With avibactam
at 4 �g/ml

With vaborbactam
at 8 �g/ml Avibactam Vaborbactam

PAM4175 pUCP24 (vector) Ceftazidime 0.25 0.25 0.25
PAM4135 KPC-2 Ceftazidime 16 0.25 0.25 0.125 0.5
PAM4639 KPC-2::D179Y Ceftazidime 256 8 1 4 1
PAM4751 KPC-2::L169P Ceftazidime 128 2 0.5 2 1

PAM4175 pUCP24 (vector) Cefepime 0.125 0.125 0.125
PAM4135 KPC-2 Cefepime 64 0.125 0.125 0.25 0.5
PAM4639 KPC-2::D179Y Cefepime 32 2 0.25 4 1
PAM4751 KPC-2::L169P Cefepime 32 0.5 0.125 1 1

PAM4175 pUCP24 (vector) Piperacillin 0.125 0.125 0.125
PAM4135 KPC-2 Piperacillin 128 0.5 0.25 0.25 1
PAM4639 KPC-2::D179Y Piperacillin 32 1 0.25 1 1
PAM4751 KPC-2::L169P Piperacillin 16 0.5 0.25 2 1
aPV50 is a minimal concentration of a BLI that is required to reduce the antibiotic MIC to the middle of the MIC range (E50) where the highest MIC is the MIC for a
KPC-producing strain with no inhibitor added and the lowest MIC is the MIC for vector-only strain, corresponding to the complete inhibition of KPC. E50 is calculated
as the square root of the product of the antibiotic MICs for the KPC-producing and vector-only strains.
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combinations than for avibactam combinations. The highest difference, 8-fold, was for
ceftazidime versus the strain producing D179Y variant: 8 �g/ml and 1 �g/ml for
ceftazidime-avibactam and ceftazidime-vaborbactam, respectively.

The detection of the apparent impact of KPC mutations on interaction with avibac-
tam (and to a much lesser degree with vaborbactam) became possible by generating
complete concentration response curves of MIC of antibiotics versus BLI concentration
for wild-type and mutant strains. Comparing MICs of antibiotics against the wild type
and its mutants at a single inhibitor concentration might not allow discrimination
between the effect of a mutation solely on antibiotic MIC (as was proposed based on
earlier microbiological studies [20]) versus an additional possible direct effect on
interaction with a BLI.

While the effect of mutations on BLI affinity is obviously an important factor that
might contribute to resistance to a �-lactam–BLI combination, the effect on antibiotic
MIC is another factor potentially contributing to resistance. As an example, the MICs of
ceftazidime and cefepime against the strain producing the D179Y variant are 256 �g/ml
and 32 �g/ml, respectively, and the PV50 for avibactam to potentiate ceftazidime or
cefepime against this strain was found to be 4 �g/ml. At this concentration, the
ceftazidime MIC is 8 �g/ml and the cefepime MIC is 4-fold lower, or 2 �g/ml (Table 2).
Of note, the group who first selected ceftazidime-avibactam-resistant mutants of KPC
failed to get such selection in earlier studies with ceftaroline-avibactam (35). It will be
very interesting to investigate whether it is purely due to a decrease in a ceftaroline MIC
(35). Irrespectively, the above result underscores the importance of a partner antibiotic
when considering a combination with a �-lactamase inhibitor.

In conclusion, our microbiological studies point to both the reduced affinity to
avibactam (increased PV50 for avibactam) and the specific role of ceftazidime in
ceftazidime-avibactam resistance conferred by the D179Y and L169P substitutions.
These data also indicate that the potency of vaborbactam is affected by KPC mutations
to a lesser degree than that of avibactam.

Effects of amino acid substitutions in KPC-2 on �-lactamase activity. Biochem-
ical studies with purified wild-type KPC-2 and mutant proteins were carried out in an
attempt to verify our microbiological results and potentially gain more mechanistic
understanding on a biochemical level. First, we used a reporter substrate, nitrocefin, to
determine kinetic parameters of KPC-2 variants. Purified D179Y and L169P proteins
demonstrated nitrocefin Km values of 26 � 12 �M and 40 � 10 �M, which are similar to
those of the wild-type KPC-2 (Table 3). In contrast, the D179Y and L169P mutants
exhibited approximately 6,000- and 300-fold reductions of nitrocefin kcat values, re-
spectively. Of note, a similar reduction in kcat values of hydrolysis of another chromo-
genic cephalosporin, CENTA, by the D179Y variant was also reported in a recent study
(31). This drop of hydrolytic activity for the mutant enzymes supports our microbio-
logical observations that the strains expressing mutant KPC-2 proteins lost resistance to
most antibiotics except ceftazidime and some cephalosporins. Next, we attempted to
determine the kinetic parameters of ceftazidime hydrolysis for all three enzymes.
Michaelis-Menten plots of reaction velocity versus substrate concentration are pre-
sented in Fig. S2. Wild-type KPC-2 demonstrated no sign of saturation of reaction
velocity with an increase of substrate concentration up to 2,000 �M, indicating that the
Km value is higher than that number and preventing separate calculations of Km and kcat

values. This finding is in good agreement with the previously reported data (36, 37). In

TABLE 3 Kinetic parameters of nitrocefin and ceftazidime hydrolysis by KPC-2 and mutant proteins

Enzyme

Nitrocefin Ceftazidime

Km, �M kcat, s�1 kcat/Km, s�1 �M�1 Km, �M kcat, s�1 kcat/Km, s�1 �M�1

KPC-2 36 � 5 132 � 13 3.7 � 0.2 �2,000 �2.6 0.00087 � 0.00011a

KPC-2 D179Y 26 � 12 0.023 � 0.002 0.0010 � 0.0005 �5 0.0088 � 0.0003 0.0088 � 0.0009a

KPC-2 L169P 40 � 10 0.47 � 0.04 0.012 � 0.002 27 � 6 0.093 � 0.009 0.0036 � 0.0009
aThis kcat/Km value was calculated by method described in reference 44.
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contrast, the rate of ceftazidime hydrolysis for the D179Y mutant remained constant at
a wide range of substrate concentrations, suggesting that the Km value is very low
(below the detection limit); thus, this type of kinetic behavior allows only calculation of
the kcat value (Table 3; Fig. S2). Accordingly, for wild-type KPC-2 and the D179Y mutant,
we used a different method that allows calculation of the kcat/Km catalytic ratio by
analyzing complete ceftazidime cleavage profiles. For the KPC-2 wild type, the kcat/Km

value was 0.00087 � 0.00011 �M�1 s�1, while for D179Y, this value was 10-fold higher,
0.0088 � 0.0009 �M�1 s�1.

Unlike wild-type KPC-2 and the D179Y mutant, the L169P mutant demonstrated a
typical Michaelis-Menten plot, with a Km value of 27 � 6 �M and kcat of 0.093 � 0.009
s�1 (Table 3; Fig. S2); hence, the kcat/Km value for the L169P mutant was obtained from
separate Km and kcat numbers and was 0.0036 � 0.0009 �M�1 s�1.

The observed increase in kcat/Km for both mutants may explain the higher ceftazi-
dime MICs observed for the cloned mutant KPC genes (Table 1). The predicted
ceftazidime Km of the D179Y mutant (calculated by division of kcat by kcat/Km) is around
1 �M, which is more than 2,000-fold lower than that of wild-type KPC-2. Consistent with
our findings, a quick burst of ceftazidime hydrolysis has been reported for the KPC-2
D179N mutant when studied using the stop flow kinetic technique; the authors believe
that this burst of ceftazidime hydrolysis was due to the tight ceftazidime binding to the
mutant protein (29). It is also conceivable that the high increase in affinity to ceftazi-
dime for the D179Y mutant could prevent avibactam from efficiently binding to the
enzyme and thus contribute to the resistance mechanism.

Effects of amino acid substitutions in KPC-2 on inhibition by avibactam and
vaborbactam. We next attempted to determine the effect of mutations on interactions
with avibactam and vaborbactam using nitrocefin as a substrate. It has been reported
that both BLIs behave as slow tightly binding inhibitors of KPC-2, which is presented by
the following kinetic scheme (12, 38).

E � I↔
k�1

k1

EI↔
k�2

k2

EI*, where K � k�1 ⁄ k1 and Kd � K � k�2 ⁄ (k2 � k�2)

This type of inhibition is manifested by a progressive inactivation phenomenon
when studied using the “reporter substrate” method (Fig. S3). Consequently, the affinity
of such inhibitors to �-lactamases is quantitatively characterized by the inactivation
constant k2/K (kon) and off-rate constant k�2, with overall BLI affinity characterized by
Kd (dissociation constant) values We have recently reported vaborbactam inhibition
parameters for KPC-2 (12), and in this study, we determined the avibactam inhibition
parameters (Table 4). Our data are very similar to the previously reported results (38).
Avibactam and vaborbactam Kds for KPC-2 were very similar, 0.014 �M and 0.008 �M,
respectively (Table 4). Unexpectedly, the KPC-2 L169P mutant protein produced linear
enzyme inactivation profiles with both inhibitors that are typical of “fast on–fast off”
boronic BLIs (Fig. S4). This finding precluded calculation of k2/K and k�2 values for this
mutant. Hence, avibactam and vaborbactam steady-state Ki values were determined for
the L169P mutant using the method that has been previously utilized for fast on–fast
off boronic BLIs with nitrocefin as a substrate (39, 40). Ki values were found to be
0.89 � 0.03 �M and 0.19 � 0.02 �M for avibactam and vaborbactam, respectively, or
�4.5-fold higher for avibactam than for vaborbactam (Table 4).

The apparent difference in inhibition kinetics observed for wild-type KPC-2 and its
L169P derivative precluded us from directly comparing inhibition constants observed
for each inhibitor for wild-type versus mutant KPC-2. However, while the two inhibitors

TABLE 4 Kinetic parameters of vaborbactam and avibactam inhibition of NCF hydrolysis by KPC-2 and the L169P mutant

Enzyme

Avibactam Vaborbactam

k2/K, M�1 s�1 k�2, s�1 Kd, �M Ki, �M k2/K, M�1 s�1 k�2, s�1 Kd, �M Ki, �M
KPC-2 2.3 � 0.2 � 104 3.3 � 0.1 � 10�4 0.014 � 0.001 5.5 � 0.5 � 103 4.3 � 0.6 � 10�5 0.0078 � 0.0011
KPC-2 L169P 0.89 � 0.03 0.19 � 0.02
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apparently had similar affinities for wild-type KPC-2, the affinity of avibactam for the
mutant L169P protein was �4.5-fold lower than for vaborbactam (Table 4). This result
indicated that the L169P amino acid substitution in KPC-2 affected avibactam more
strongly than vaborbactam, which is similar to the results from microbiological exper-
iments (2-fold to 8-fold-stronger effect of the L169P substitution on avibactam PV50

versus vaborbactam PV50 depending on the antibiotic). The logical conclusion is that
the L169P substitution does affect the affinity of avibactam for the KPC-2 �-lactamase,
though the exact magnitude of the effect remains to be determined in future experi-
ments. This potential reduced affinity for avibactam can contribute to ceftazidime-
avibactam resistance in addition to the previously described increase in ceftazidime
hydrolytic activity observed for this mutant.

The results of evaluation of the impact of avibactam and vaborbactam on nitrocefin
hydrolysis mediated by the D179Y mutant were unexpected. Avibactam did not inhibit
this hydrolysis even when used at the very high concentration of 2,560 �M. Vaborbac-
tam demonstrated some inactivation effect at 2,560 �M, but a rough estimation of the
k2/K value resulted in an almost 10,000-fold decrease in inactivation efficiency com-
pared to that of wild-type KPC-2 (Fig. S4). Both avibactam and vaborbactam findings
are at odds with our microbiological data that indicate that both inhibitors are capable
of enhancing the activities of various antibiotics against the strain producing the D179Y
mutation with potency that is only 2-fold or 8- to 32-fold lower for vaborbactam and
avibactam, respectively, compared to that observed against the strain producing
wild-type KPC-2 �-lactamase (Table 2). We believe that the abnormally high resistance
to inhibition observed in the nitrocefin (and possibly, CENTA) hydrolysis assay with the
D179Y mutant might be an artifact attributable to the extremely low rate of nitrocefin
hydrolysis.

Owing to the ability of the D179Y variant to hydrolyze ceftazidime, we attempted to
compare binding affinities of avibactam and vaborbactam for wild-type KPC-2 and the
D179Y mutant by measuring the 50% inhibitory concentration (IC50) for inhibition of
ceftazidime hydrolysis. To account for the different ceftazidime Km values for these
proteins, ceftazidime was used at 100 �M and 10 �M for wild-type KPC-2 and the
D179Y mutant, respectively. The results are presented in Table 5. We first compared the
potencies of avibactam and vaborbactam against the same KPC variant. For wild-type
KPC-2, the IC50 of avibactam (0.47 � 0.02 �M) was ca. 2-fold lower than that of
vaborbactam (0.94 � 0.02 �M), somewhat reminiscent of the 2- to 4-fold-lower PV50s
for avibactam obtained in microbiological experiments (Table 2). In contrast, for the
D179Y mutant protein, the IC50 of avibactam (8.9 � 0.9 �M) was ca. 4.5-fold higher
(reduced potency) than that of vaborbactam (1.9 � 0.3 �M) (Table 5), again somewhat
similar to the 4-fold-lower potency (higher PV50s) of avibactam than of vaborbactam for
the strain producing KPC-2 with the D179Y substitution.

We are precluded from establishing whether the D179Y substitution affected the
affinity of BLIs for KPC-2, let alone accurately estimating the magnitude of its potential
effect, by comparing IC50s for the wild-type versus mutant KPC-2 that were determined
at different substrate saturation conditions. However, it is possible to compare avibac-
tam and vaborbactam based on the impact caused by the mutation by comparing the
changes in IC50. The avibactam IC50 was increased almost 20-fold, from 0.47 � 0.02 �M
for wild-type KPC-2 to 8.9 � 0.9 �M for D179Y (Table 5). At the same time, the

TABLE 5 IC50s of vaborbactam and avibactam inhibition of ceftazidime hydrolysis by KPC-
2 and the D179Y mutanta

Enzyme

IC50, �M

Avibactam Vaborbactam

KPC-2 0.47 � 0.02 0.94 � 0.02
KPC-2 D179Y 8.9 � 0.9 1.9 � 0.3
aConcentrations of 100 �M and 10 �M ceftazidime were used to determine IC50s for KPC-2 and its D179Y
mutant, respectively.
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vaborbactam IC50 was increased only 2-fold, from 0.94 � 0.02 �M to 1.9 � 0.3 �M,
indicating the different impacts of D179Y on two different BLIs. Based on this result, we
conclude that the D179Y substitution has a direct effect on the affinity of avibactam
and vaborbactam but the effect on avibactam is stronger than that on vaborbactam. As
was the case with L169P, the determination of the exact magnitude of the effect on
inhibition parameters will probably require a different experimental technique.

Conclusions. In conclusion, our microbiological studies pointed both to the specific
role of ceftazidime, possibly due to increased efficiency of ceftazidime hydrolysis, and
to the reduced affinity to avibactam in ceftazidime-avibactam resistance conferred by
the D179Y and L169P substitutions. These studies were in a good agreement with
biochemical experiments.

Purified KPC-2 D179Y and L169P enzymes demonstrated a higher catalytic ratio
(kcat/Km) of ceftazidime hydrolysis than did the wild-type protein, as well as significantly
reduced ceftazidime Km values. It is plausible that the former may explain the increased
ceftazidime resistance associated with both mutations while the latter is responsible for
the observed reduction of avibactam potency to enhance activity of ceftazidime in
microbiological experiments. In addition, the D179Y and L169P substitutions appeared
to have direct effects on avibactam binding affinity for KPC-2; this may explain the
negative impact of both mutations on potentiation of other antibiotics. These muta-
tions had a lesser effect on both the enzyme inhibition and antibiotic potentiation
activity of vaborbactam. In addition, KPC mutations that confer resistance to
ceftazidime-avibactam resulted in significantly reduced resistance to meropenem. This
makes the meropenem-vaborbactam combination a valuable agent in managing in-
fections due to KPC-producing carbapenem-resistant Enterobacteriaceae.

MATERIALS AND METHODS
Generation of KPC-2 mutants. Mutations in the blaKPC-2 gene cloned in either pUCP24 or pET28a

plasmids were introduced using the QuikChange Lightning site-directed mutagenesis kit (Thermo Fisher
Scientific, USA).

Susceptibility testing. For microbiological studies, wild-type blaKPC-2 and its mutant variants were
cloned into the shuttle vector pUCP24. Resulting plasmids were transformed in the efflux-deficient strain
of P. aeruginosa PAM1154 using selection on 15 �g/ml of gentamicin. Using a strain of P. aeruginosa as
opposed to E. coli as a host for various cloned genes was based on the following consideration. As well
documented elsewhere (41), P. aeruginosa has a low-permeability outer membrane; consequently, the
effect of �-lactamases on MIC is amplified in P. aeruginosa compared to that in E. coli due to the slowed
uptake of �-lactams. Thus, this host is appropriate to detect �-lactamase activity (as an MIC increase) of
low-catalytic-efficiency enzymes that rely heavily on low permeability of the outer membrane. PAM1154
lacks major efflux pumps, so efflux does not interfere with microbiological potency of either �-lactams
or �-lactamase inhibitors. MICs were determined using the Clinical and Laboratory Standards Institute
(CLSI) broth microdilution method as described in CLSI document M07-A11 (42). Potentiation of
antibiotic activity by various BLIs in bacterial strains carrying wild-type (WT) and mutant KPC-2 genes was
performed using standard checkerboard methodology (43). BLI potency was defined as PV50 (PV,
potentiation value). PV50 is the minimal concentration of a BLI that is required to reduce the antibiotic
MIC to the middle of the MIC range (E50) where the highest MIC is the MIC for a KPC-producing strain
with no inhibitor added and the lowest MIC is the MIC for the vector-only strain, corresponding to the
complete inhibition of KPC. E50 is calculated as the square root of the product of the antibiotic MICs for
the KPC-producing and the vector-only strains.

The results of checkerboard experiments were highly reproducible.
Evaluation of KPC-2 mutant protein expression level in P. aeruginosa strain PAM1154. Bacterial

cells carrying plasmids expressing the KPC-2 WT and mutants were grown in liquid media to an optical
density at 600 nm (OD600) of 0.7 to 0.9 and diluted to a final OD600 of 0.5. A total of 500 �l of cell culture
was spun down and the resulting pellet was resuspended in 500 �l of gel loading buffer. Twenty
microliters of cell lysate was loaded onto 8 to 16% SDS-PAGE gels. After transfer, the membrane was
probed with custom-produced rat polyclonal anti-KPC-2 antibodies and subsequently treated with
secondary goat anti-rat horseradish peroxidase (HRP)-conjugated antibodies. Anti-RNA polymerase
�-subunit monoclonal antibodies (Abcam, Burlingame, CA; ab12087) were used as a loading control.

Purification of wild-type KPC-2 and D179Y mutant proteins. KPC-2 gene coding sequence was
cloned into a pET28a vector that produced the construct with periplasmic KPC-2 secretion and a 6�His
tag on its C terminus. The recombinant plasmids were transformed into the BL21(DE3) pLys strain.
Protein expression was induced with 0.2 mM isopropyl-�-D-thiogalactopyranoside (IPTG) for 3 h at 37°C.
The cell pellet was lysed in ice-cold 50 mM Tris HCl (pH 8.0)–500 mM sucrose–1 mM EDTA with six cycles
of 15-s vortexing and 5 min of incubation on ice. After centrifugation, the supernatant was adjusted with
MgCl2 and imidazole to 5 mM and 4 mM, respectively. The lysate was loaded onto a 1-ml column with
HisPur cobalt resin (Thermo Fisher Scientific, USA) preequilibrated with 50 mM sodium phosphate (pH
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7.4)–300 mM NaCl– 4 mM imidazole buffer. The column was washed with 40 ml of the same buffer, and
consequently, the His tag protein was eluted with a linear gradient of 4 mM to 70 mM imidazole in
50 mM sodium phosphate (pH 7.4)–300 mM NaCl buffer. All fractions were analyzed by 8 to 16%
SDS-PAGE. Fractions containing target protein were pooled, concentrated, and dialyzed against 50 mM
sodium phosphate (pH 7.0).

Purification of KPC-2 L169P mutant protein. Protein expression was induced with 0.2 mM IPTG
overnight at 18°C. The cell pellet was lysed in ice-cold 50 mM sodium phosphate (pH 7.4)–300 mM
NaCl– 4 mM imidazole with seven cycles of 1-min sonication on ice. After centrifugation, the lysate was
loaded onto a 1-ml column with HisPur cobalt resin preequilibrated with 50 mM sodium phosphate (pH
7.4)–300 mM NaCl– 4 mM imidazole buffer. The column was washed with 40 ml of the same buffer, and
consequently, the His tag protein was eluted with a linear gradient of 4 mM to 70 mM imidazole in
50 mM sodium phosphate (pH 7.4)–300 mM NaCl buffer. All fractions were analyzed by 8 to 16%
SDS-PAGE. Fractions containing target protein were pooled, concentrated, and dialyzed against 50 mM
sodium phosphate (pH 7.0).

Determination of Km and kcat values for nitrocefin and ceftazidime cleavage by KPC-2 WT and
mutant proteins. Enzymes were mixed with various concentrations of nitrocefin in 50 mM sodium
phosphate (pH 7.0)– 0.1 mg/ml of bovine serum albumin (buffer A), and substrate cleavage was moni-
tored at 490 nm every 10 s for 10 min at 37°C on a SpectraMax plate reader (Molecular Devices, San Jose,
CA). Initial rates of nitrocefin cleavage were calculated and used to obtain Km and kcat values with Prism
software (GraphPad, San Diego, CA). For ceftazidime kinetic parameter calculation, enzymes were mixed
with various concentrations of substrate in buffer A and transferred in either a 1-mm- or 10-mm-light-
path quartz cuvette, and substrate cleavage was monitored at 260 nm every 30 s for 10 min at room
temperature. Initial rates of ceftazidime cleavage were calculated and used to obtain Km and kcat values
with Prism software.

Determination of kcat/Km ratio for ceftazidime cleavage by purified enzymes. Wild-type KPC-2
enzyme was mixed with 250 �M ceftazidime in buffer A, and the reaction mixture was transferred to a
1-mm-light-path quartz cuvette. For D179Y and L169P mutants, enzyme was mixed with 2.5 �M
ceftazidime in buffer A and the reaction mixture was transferred to a 10-mm-light-path quartz cuvette.
Substrate cleavage was monitored at 260 nm every 30 s at room temperature using a SpectraMax plate
reader. The reaction was monitored until OD260 values reached a plateau. Resulting OD260 versus time
reaction profiles were fitted to the following equation using Prism software: At 	 A∞ 
 (A0 � A∞) � e�k�t,
where At is absorbance at time t, A0 is initial absorbance, and A∞ is final absorbance. In this equation,
k 	 kcat/Km � [E], which allows calculatation of kcat/Km knowing the enzyme concentration (44).

Determination of avibactam k2/K inactivation constant for KPC-2 enzyme. Inactivation kinetic
parameters were determined by reporter substrate method for the slow tight binding inhibitor kinetic
scheme (45). Protein was quickly mixed with 100 �M nitrocefin and various concentrations of BLI in
reaction buffer, and absorbance at 490 nm was measured immediately every 2 s for 600 s on a
SpectraMax plate reader (Molecular Devices, San Jose, CA) at 37°C. Resulting progression curves of OD490

versus time at various BLI concentrations were imported into Prism software (GraphPad, San Diego, CA),
and pseudo-first-order rate constants (kobs) were calculated using the following equation:

P � Vs � (1 � e�kobs�t)/kobs

where Vs is enzyme nitrocefin cleavage rate in the absence of BLI. kobs values calculated at various
vaborbactam concentrations were fitted in the following equation:

kobs � k�2 � k2 ⁄ K � [I] ⁄ {1 � [NCF] ⁄ Km(NCF)}

where k2/K is the inactivation constant, [I] is inhibitor concentration, [NCF] is nitrocefin concentration,
and Km(NCF) is the Michaelis constant of nitrocefin for KPC-2.

Determination of k�2 rates of KPC-2 enzyme activity recovery after inhibition by avibactam.
Purified KPC-2 at a 1 �M concentration in buffer A was mixed with BLIs at an 8-fold-higher concentration
than its stoichiometry ratio (determined in preliminary stoichiometry experiments). After 30 min of
incubation at 37°C, the reaction mixture was diluted 10,000-fold in buffer A and 100 �l of diluted enzyme
was mixed with 100 �l of 400 �M nitrocefin in reaction buffer. Absorbance at 490 nm was recorded every
minute for 4 h at 37°C. Resulting reaction profiles were fitted into the following equation using GraphPad
Prism software to obtain k�2 values:

P � Vs � t � (Vo � Vs) � (1 � e�k�2�t) ⁄ k�2

where Vs is uninhibited enzyme velocity, measured in the reaction with enzyme and no inhibitor, and Vo

is completely inhibited enzyme velocity, measured in the reaction with no enzyme and nitrocefin only.
Determination of Ki values of �-lactamase inhibition by BLIs with nitrocefin as a substrate.

Enzymes were mixed with BLIs at concentrations varying from 160 to 0.0027 �M in buffer A and
incubated for 10 min at 37°C, and NCF substrate was subsequently added. Substrate cleavage profiles
were recorded at 490 nm at 37°C every 10 s for 10 min. Ki values were calculated by method of Waley (46).
The reaction profiles with and without inhibitor are compared, and several values of the time difference
(t � tc, where t and tc are times to reach given substrate concentration in the reaction with and without
inhibitor, respectively) for equal values of substrate concentration s are obtained. Then the time
difference is plotted against ln(s0/s) (s0 is initial substrate concentration) and the slope is measured. Ki is
calculated using the following equation:

Kiapp � [I] �
Km

Vmax
�

1

slope
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where Kiapp is apparent Ki, [I] is inhibitor concentration, and Km and Vmax are Michaelis-Menten constants
of NCF for KPC-2 and mutant proteins.

Determination of IC50s of inhibition of KPC-2 variants by BLIs with ceftazidime as a substrate.
Enzymes were mixed with BLIs at concentrations varying from 160 to 0.0027 �M in buffer A and
incubated for 10 min, and 100 �M (for wild-type KPC-2) or 10 �M (for the D179Y mutant) CFTZ was
subsequently added. Substrate cleavage profiles were recorded at 260 nm every 10 s for 10 min. Initial
rates of reaction were calculated and exported to Prism software to calculate IC50s using the “dose-
response – inhibition, variable slope (four parameters)” equation.

Statistical analysis. All kinetic results are presented as averages � standard deviations from a
minimum of three replicates.

SUPPLEMENTAL MATERIAL
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ACKNOWLEDGMENTS
We are grateful to Scott Hecker, Sandra McCurdy, and Mark Redell for the critical

reading of the manuscript and useful comments.
This project was funded in part by federal funds from the Department of Health and

Human 310 Services, Office of the Assistant Secretary for Preparedness and Response,
Biomedical 311 Advanced Research and Development Authority (BARDA), under con-
tract 312 HHSO100201400002C with Rempex Pharmaceuticals, a wholly owned sub-
sidiary of The 313 Medicines Company and agreement HHSO100201600026C with The
Medicines Company.

REFERENCES
1. Bush K, Bradford PA. 2019. Interplay between beta-lactamases and new

beta-lactamase inhibitors. Nat Rev Microbiol 17:295–306. https://doi.org/
10.1038/s41579-019-0159-8.

2. Papp-Wallace KM. 2019. The latest advances in beta-lactam/beta-
lactamase inhibitor combinations for the treatment of Gram-negative
bacterial infections. Expert Opin Pharmacother 20:2169 –2184. https://
doi.org/10.1080/14656566.2019.1660772.

3. Stachyra T, Levasseur P, Pechereau MC, Girard AM, Claudon M, Miossec
C, Black MT. 2009. In vitro activity of the �-lactamase inhibitor NXL104
against KPC-2 carbapenemase and Enterobacteriaceae expressing KPC
carbapenemases. J Antimicrob Chemother 64:326 –329. https://doi.org/
10.1093/jac/dkp197.

4. Sharma R, Park TE, Moy S. 2016. Ceftazidime-avibactam: a novel
cephalosporin/beta-lactamase inhibitor combination for the treatment
of resistant Gram-negative organisms. Clin Ther 38:431– 444. https://doi
.org/10.1016/j.clinthera.2016.01.018.

5. Guimaraes T, Nouer SA, Martins RCR, Perdigao Neto LV, Martins W,
Narciso Barbosa AC, Ferreira ALP, Costa SF, Gales AC. 2019. Ceftazidime-
avibactam as salvage therapy for infections caused by Enterobacteriales
coresistant to carbapenems and polymyxins. Antimicrob Agents Che-
mother 63:e00528-19. https://doi.org/10.1128/AAC.00528-19.

6. Shields RK, Nguyen MH, Chen L, Press EG, Potoski BA, Marini RV, Doi Y,
Kreiswirth BN, Clancy CJ. 2017. Ceftazidime-avibactam is superior to
other treatment regimens against carbapenem-resistant Klebsiella pneu-
moniae bacteremia. Antimicrob Agents Chemother 61:e00883-17. https://
doi.org/10.1128/AAC.00883-17.

7. Temkin E, Torre-Cisneros J, Beovic B, Benito N, Giannella M, Gilarranz R,
Jeremiah C, Loeches B, Machuca I, Jimenez-Martin MJ, Martinez JA,
Mora-Rillo M, Navas E, Osthoff M, Pozo JC, Ramos Ramos JC, Rodriguez
M, Sanchez-Garcia M, Viale P, Wolff M, Carmeli Y. 2017. Ceftazidime-
avibactam as salvage therapy for infections caused by carbapenem-
resistant organisms. Antimicrob Agents Chemother 61:e01964-16.
https://doi.org/10.1128/AAC.01964-16.

8. Tumbarello M, Trecarichi EM, Corona A, De Rosa FG, Bassetti M, Mussini
C, Menichetti F, Viscoli C, Campoli C, Venditti M, De Gasperi A, Mularoni
A, Tascini C, Parruti G, Pallotto C, Sica S, Concia E, Cultrera R, De Pascale
G, Capone A, Antinori S, Corcione S, Righi E, Losito AR, Digaetano M,
Amadori F, Giacobbe DR, Ceccarelli G, Mazza E, Raffaelli F, Spanu T,
Cauda R, Viale P. 2019. Efficacy of ceftazidime-avibactam salvage therapy
in patients with infections caused by Klebsiella pneumoniae

carbapenemase-producing K. pneumoniae. Clin Infect Dis 68:355–364.
https://doi.org/10.1093/cid/ciy492.

9. van Duin D, Antibacterial Resistance Leadership Group, Lok JJ, Earley M,
Cober E, Richter SS, Perez F, Salata RA, Kalayjian RC, Watkins RR, Doi Y,
Kaye KS, Fowler VG, Paterson DL, Bonomo RA, Evans S. 2018. Colistin
versus ceftazidime-avibactam in the treatment of infections due to
carbapenem-resistant Enterobacteriaceae. Clin Infect Dis 66:163–171.
https://doi.org/10.1093/cid/cix783.

10. Hecker SJ, Reddy KR, Totrov M, Hirst GC, Lomovskaya O, Griffith DC, King
P, Tsivkovski R, Sun D, Sabet M, Tarazi Z, Clifton MC, Atkins K, Raymond
A, Potts KT, Abendroth J, Boyer SH, Loutit JS, Morgan EE, Durso S, Dudley
MN. 2015. Discovery of a cyclic boronic acid beta-lactamase inhibitor
(RPX7009) with utility vs class A serine carbapenemases. J Med Chem
58:3682–3692. https://doi.org/10.1021/acs.jmedchem.5b00127.

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

12. Tsivkovski R, Lomovskaya O. 2020. Biochemical activity of vaborbactam.
Antimicrob Agents Chemother 64:e01935-19. https://doi.org/10.1128/
AAC.01935-19.

13. Hackel MA, Lomovskaya O, Dudley MN, Karlowsky JA, Sahm DF. 2017. In
vitro activity of meropenem-vaborbactam against clinical isolates of
KPC-positive Enterobacteriaceae. Antimicrob Agents Chemother 62:
e01904-17. https://doi.org/10.1128/AAC.01904-17.

14. Sabet M, Tarazi Z, Nolan T, Parkinson J, Rubio-Aparicio D, Lomovskaya O,
Dudley MN, Griffith DC. 2018. Activity of meropenem-vaborbactam in
mouse models of infection due to KPC-producing carbapenem-resistant
Enterobacteriaceae. Antimicrob Agents Chemother 62:e01446-17. https://
doi.org/10.1128/AAC.01446-17.

15. FDA. 2017. VABOMERE (meropenem and vaborbactam) for injection,
for intravenous use, prescribing information, on Melinta Therapeutics,
Inc. http://www.vabomere.com/media/pdf/vabomere-us-prescribing
-information.pdf.

16. Wunderink RG, Giamarellos-Bourboulis EJ, Rahav G, Mathers AJ, Bassetti
M, Vazquez J, Cornely OA, Solomkin J, Bhowmick T, Bishara J, Daikos GL,
Felton T, Furst MJL, Kwak EJ, Menichetti F, Oren I, Alexander EL, Griffith
D, Lomovskaya O, Loutit J, Zhang S, Dudley MN, Kaye KS. 2018. Effect
and safety of meropenem-vaborbactam versus best-available therapy in
patients with carbapenem-resistant Enterobacteriaceae infections: the

Tsivkovski and Lomovskaya Antimicrobial Agents and Chemotherapy

April 2020 Volume 64 Issue 4 e01936-19 aac.asm.org 10

https://doi.org/10.1038/s41579-019-0159-8
https://doi.org/10.1038/s41579-019-0159-8
https://doi.org/10.1080/14656566.2019.1660772
https://doi.org/10.1080/14656566.2019.1660772
https://doi.org/10.1093/jac/dkp197
https://doi.org/10.1093/jac/dkp197
https://doi.org/10.1016/j.clinthera.2016.01.018
https://doi.org/10.1016/j.clinthera.2016.01.018
https://doi.org/10.1128/AAC.00528-19
https://doi.org/10.1128/AAC.00883-17
https://doi.org/10.1128/AAC.00883-17
https://doi.org/10.1128/AAC.01964-16
https://doi.org/10.1093/cid/ciy492
https://doi.org/10.1093/cid/cix783
https://doi.org/10.1021/acs.jmedchem.5b00127
https://doi.org/10.1128/AAC.01443-17
https://doi.org/10.1128/AAC.01443-17
https://doi.org/10.1128/AAC.01935-19
https://doi.org/10.1128/AAC.01935-19
https://doi.org/10.1128/AAC.01904-17
https://doi.org/10.1128/AAC.01446-17
https://doi.org/10.1128/AAC.01446-17
http://www.vabomere.com/media/pdf/vabomere-us-prescribing-information.pdf
http://www.vabomere.com/media/pdf/vabomere-us-prescribing-information.pdf
https://aac.asm.org


TANGO II randomized clinical trial. Infect Dis Ther 7:439 – 455. https://
doi.org/10.1007/s40121-018-0214-1.

17. Shields RK, McCreary EK, Marini RV, Kline EG, Jones CE, Hao B, Chen L,
Kreiswirth BN, Doi Y, Clancy CJ, Nguyen MH. 2019. Early experience with
meropenem-vaborbactam for treatment of carbapenem-resistant Enter-
obacteriaceae infections. Clin Infect Dis https://doi.org/10.1093/cid/
ciz1131.

18. Sun D, Rubio-Aparicio D, Nelson K, Dudley MN, Lomovskaya O. 2017.
Meropenem-vaborbactam resistance selection, resistance prevention,
and molecular mechanisms in mutants of KPC-producing Klebsiella
pneumoniae. Antimicrob Agents Chemother 61:e01694-17. https://doi
.org/10.1128/AAC.01694-17.

19. Wilson WR, Kline EG, Jones CE, Morder KT, Mettus RT, Doi Y, Nguyen MH,
Clancy CJ, Shields RK. 2019. Effects of KPC variant and porin genotype on
the in vitro activity of meropenem-vaborbactam against carbapenem-
resistant Enterobacteriaceae. Antimicrob Agents Chemother 63:e02048-18.
https://doi.org/10.1128/AAC.02048-18.

20. Livermore DM, Warner M, Jamrozy D, Mushtaq S, Nichols WW, Mustafa N,
Woodford N. 2015. In vitro selection of ceftazidime-avibactam resistance in
Enterobacteriaceae with KPC-3 carbapenemase. Antimicrob Agents Che-
mother 59:5324–5330. https://doi.org/10.1128/AAC.00678-15.

21. Giddins MJ, Macesic N, Annavajhala MK, Stump S, Khan S, McConville TH,
Mehta M, Gomez-Simmonds A, Uhlemann AC. 2017. Successive emer-
gence of ceftazidime-avibactam resistance through distinct genomic
adaptations in blaKPC-2-harboring Klebsiella pneumoniae sequence type
307 isolates. Antimicrob Agents Chemother 62:e02101-17. https://doi
.org/10.1128/AAC.02101-17.

22. Shields RK, Chen L, Cheng S, Chavda KD, Press EG, Snyder A, Pandey R,
Doi Y, Kreiswirth BN, Nguyen MH, Clancy CJ. 2017. Emergence of
ceftazidime-avibactam resistance due to plasmid-borne blaKPC-3 muta-
tions during treatment of carbapenem-resistant Klebsiella pneumoniae
infections. Antimicrob Agents Chemother 61:e02097-16. https://doi.org/
10.1128/AAC.02097-16.

23. Shields RK, Nguyen MH, Chen L, Press EG, Kreiswirth BN, Clancy CJ. 2018.
Pneumonia and renal replacement therapy are risk factors for ceftazidime-
avibactam treatment failures and resistance among patients with
carbapenem-resistant Enterobacteriaceae infections. Antimicrob Agents
Chemother 62:e02497-17. https://doi.org/10.1128/AAC.02497-17.

24. Shields RK, Nguyen MH, Press EG, Chen L, Kreiswirth BN, Clancy CJ. 2017.
Emergence of ceftazidime-avibactam resistance and restoration of car-
bapenem susceptibility in Klebsiella pneumoniae carbapenemase-
producing K pneumoniae: a case report and review of literature. Open
Forum Infect Dis 4:ofx101. https://doi.org/10.1093/ofid/ofx101.

25. Venditti C, Nisii C, D’Arezzo S, Vulcano A, Capone A, Antonini M, Ippolito
G, Di Caro A. 2019. Molecular and phenotypical characterization of two
cases of antibiotic-driven ceftazidime-avibactam resistance in bla KPC-
3-harboring Klebsiella pneumoniae. Infect Drug Resist 12:1935–1940.
https://doi.org/10.2147/IDR.S207993.

26. Haidar G, Clancy CJ, Shields RK, Hao B, Cheng S, Nguyen MH. 2017.
Mutations in blaKPC-3 that confer ceftazidime-avibactam resistance en-
code novel KPC-3 variants that function as extended-spectrum beta-
lactamases. Antimicrob Agents Chemother 61:e02534-16. https://doi
.org/10.1128/AAC.02534-16.

27. Shields RK, Nguyen MH, Press EG, Chen L, Kreiswirth BN, Clancy CJ. 2017.
In vitro selection of meropenem resistance among ceftazidime-
avibactam-resistant, meropenem-susceptible Klebsiella pneumoniae iso-
lates with variant KPC-3 carbapenemases. Antimicrob Agents Che-
mother 61:e00079-17. https://doi.org/10.1128/AAC.00079-17.

28. Athans V, Neuner EA, Hassouna H, Richter SS, Keller G, Castanheira M,
Brizendine KD, Mathers AJ. 2019. Meropenem-vaborbactam as salvage
therapy for ceftazidime-avibactam-resistant Klebsiella pneumoniae bac-
teremia and abscess in a liver transplant recipient. Antimicrob Agents
Chemother 63:e01551-18. https://doi.org/10.1128/AAC.01551-18.

29. Barnes MD, Winkler ML, Taracila MA, Page MG, Desarbre E, Kreiswirth BN,
Shields RK, Nguyen MH, Clancy C, Spellberg B, Papp-Wallace KM, Bonomo
RA. 2017. Klebsiella pneumoniae carbapenemase-2 (KPC-2), substitutions at

Ambler position Asp179, and resistance to ceftazidime-avibactam: unique
antibiotic-resistant phenotypes emerge from beta-lactamase protein engi-
neering. mBio 8:e00528-17. https://doi.org/10.1128/mBio.00528-17.

30. Winkler ML, Papp-Wallace KM, Bonomo RA. 2015. Activity of ceftazidime/
avibactam against isogenic strains of Escherichia coli containing KPC
and SHV beta-lactamases with single amino acid substitutions in the
Omega-loop. J Antimicrob Chemother 70:2279 –2286. https://doi.org/10
.1093/jac/dkv094.

31. Compain F, Arthur M. 2017. Impaired inhibition by avibactam and
resistance to the ceftazidime-avibactam combination due to the D(179)Y
substitution in the KPC-2 beta-lactamase. Antimicrob Agents Chemother
61:e00451-17. https://doi.org/10.1128/AAC.00451-17.

32. Hemarajata P, Humphries RM. 2019. Ceftazidime/avibactam resistance
associated with L169P mutation in the omega loop of KPC-2. J Antimi-
crob Chemother 74:1241–1243. https://doi.org/10.1093/jac/dkz026.

33. Venditti C, Nisii C, Ballardini M, Meledandri M, Di Caro A. 2019. Identifi-
cation of L169P mutation in the omega loop of KPC-3 after a short
course of ceftazidime/avibactam. J Antimicrob Chemother 74:
2466 –2467. https://doi.org/10.1093/jac/dkz201.

34. Papp-Wallace KM, Bethel CR, Distler AM, Kasuboski C, Taracila M, Bo-
nomo RA. 2010. Inhibitor resistance in the KPC-2 beta-lactamase, a
preeminent property of this class A beta-lactamase. Antimicrob Agents
Chemother 54:890 – 897. https://doi.org/10.1128/AAC.00693-09.

35. Livermore DM, Mushtaq S, Barker K, Hope R, Warner M, Woodford N.
2012. Characterization of beta-lactamase and porin mutants of Entero-
bacteriaceae selected with ceftaroline 
 avibactam (NXL104). J Antimi-
crob Chemother 67:1354 –1358. https://doi.org/10.1093/jac/dks079.

36. Mehta SC, Rice K, Palzkill T. 2015. Natural variants of the KPC-2 carbap-
enemase have evolved increased catalytic efficiency for ceftazidime
hydrolysis at the cost of enzyme stability. PLoS Pathog 11:e1004949.
https://doi.org/10.1371/journal.ppat.1004949.

37. Ourghanlian C, Soroka D, Arthur M. 2017. Inhibition by avibactam and
clavulanate of the beta-lactamases KPC-2 and CTX-M-15 harboring the
substitution N(132)G in the conserved SDN motif. Antimicrob Agents
Chemother 61:e02510-16. https://doi.org/10.1128/AAC.02510-16.

38. Ehmann DE, Jahic H, Ross PL, Gu RF, Hu J, Durand-Reville TF, Lahiri S,
Thresher J, Livchak S, Gao N, Palmer T, Walkup GK, Fisher SL. 2013.
Kinetics of avibactam inhibition against class A, C, and D beta-
lactamases. J Biol Chem 288:27960 –27971. https://doi.org/10.1074/jbc
.M113.485979.

39. Beesley T, Gascoyne N, Knott-Hunziker V, Petursson S, Waley SG, Jaurin B,
Grundström T. 1983. The inhibition of class C beta-lactamases by boronic
acids. Biochem J 209:229–233. https://doi.org/10.1042/bj2090229.

40. Morandi S, Morandi F, Caselli E, Shoichet BK, Prati F. 2008. Structure-
based optimization of cephalothin-analogue boronic acids as beta-
lactamase inhibitors. Bioorg Med Chem 16:1195–1205. https://doi.org/
10.1016/j.bmc.2007.10.075.

41. Nikaido H. 2003. Molecular basis of bacterial outer membrane permea-
bility revisited. Microbiol Mol Biol Rev 67:593– 656. https://doi.org/10
.1128/mmbr.67.4.593-656.2003.

42. Clinical and Laboratory Standards Institute. 2015. Methods for dilution
antimicrobial susceptibility tests for bacteria that grow aerobically, ap-
proved standard, 9th ed. Document M07-A10. CLSI, Wayne, PA.

43. Moody J. 2007. Synergism testing: broth microdilution checkerboard, p
5.12.1–5.12.23. In Garcia LS (ed), Clinical microbiology procedures hand-
book, 3rd ed. ASM Press, Washington, DC.

44. Toth M, Vakulenko V, Antunes NT, Frase H, Vakulenko SB. 2012. Class A
carbapenemase FPH-1 from Francisella philomiragia. Antimicrob Agents
Chemother 56:2852–2857. https://doi.org/10.1128/AAC.00223-12.

45. De Meester F, Joris B, Reckinger G, Bellefroid-Bourguignon C, Frère JM,
Waley SG. 1987. Automated analysis of enzyme inactivation phenomena.
Application to beta-lactamases and DD-peptidases. Biochem Pharmacol
36:2393–2403. https://doi.org/10.1016/0006-2952(87)90609-5.

46. Waley SG. 1982. A quick method for the determination of inhibition
constants. Biochem J 205:631– 633. https://doi.org/10.1042/bj2050631.

Minimal Effect of KPC Mutations on Vaborbactam Potency Antimicrobial Agents and Chemotherapy

April 2020 Volume 64 Issue 4 e01936-19 aac.asm.org 11

https://doi.org/10.1007/s40121-018-0214-1
https://doi.org/10.1007/s40121-018-0214-1
https://doi.org/10.1093/cid/ciz1131
https://doi.org/10.1093/cid/ciz1131
https://doi.org/10.1128/AAC.01694-17
https://doi.org/10.1128/AAC.01694-17
https://doi.org/10.1128/AAC.02048-18
https://doi.org/10.1128/AAC.00678-15
https://doi.org/10.1128/AAC.02101-17
https://doi.org/10.1128/AAC.02101-17
https://doi.org/10.1128/AAC.02097-16
https://doi.org/10.1128/AAC.02097-16
https://doi.org/10.1128/AAC.02497-17
https://doi.org/10.1093/ofid/ofx101
https://doi.org/10.2147/IDR.S207993
https://doi.org/10.1128/AAC.02534-16
https://doi.org/10.1128/AAC.02534-16
https://doi.org/10.1128/AAC.00079-17
https://doi.org/10.1128/AAC.01551-18
https://doi.org/10.1128/mBio.00528-17
https://doi.org/10.1093/jac/dkv094
https://doi.org/10.1093/jac/dkv094
https://doi.org/10.1128/AAC.00451-17
https://doi.org/10.1093/jac/dkz026
https://doi.org/10.1093/jac/dkz201
https://doi.org/10.1128/AAC.00693-09
https://doi.org/10.1093/jac/dks079
https://doi.org/10.1371/journal.ppat.1004949
https://doi.org/10.1128/AAC.02510-16
https://doi.org/10.1074/jbc.M113.485979
https://doi.org/10.1074/jbc.M113.485979
https://doi.org/10.1042/bj2090229
https://doi.org/10.1016/j.bmc.2007.10.075
https://doi.org/10.1016/j.bmc.2007.10.075
https://doi.org/10.1128/mmbr.67.4.593-656.2003
https://doi.org/10.1128/mmbr.67.4.593-656.2003
https://doi.org/10.1128/AAC.00223-12
https://doi.org/10.1016/0006-2952(87)90609-5
https://doi.org/10.1042/bj2050631
https://aac.asm.org

	RESULTS AND DISCUSSION
	Effects of amino acid substitutions in KPC-2 on MICs of various antibiotics. 
	Effects of amino acid substitutions in KPC-2 on the potency of avibactam and vaborbactam to enhance the activities of various antibiotics. 
	Effects of amino acid substitutions in KPC-2 on -lactamase activity. 
	Effects of amino acid substitutions in KPC-2 on inhibition by avibactam and vaborbactam. 
	Conclusions. 

	MATERIALS AND METHODS
	Generation of KPC-2 mutants. 
	Susceptibility testing. 
	Evaluation of KPC-2 mutant protein expression level in P. aeruginosa strain PAM1154. 
	Purification of wild-type KPC-2 and D179Y mutant proteins. 
	Purification of KPC-2 L169P mutant protein. 
	Determination of Km and kcat values for nitrocefin and ceftazidime cleavage by KPC-2 WT and mutant proteins. 
	Determination of kcat/Km ratio for ceftazidime cleavage by purified enzymes. 
	Determination of avibactam k2/K inactivation constant for KPC-2 enzyme. 
	Determination of k−2 rates of KPC-2 enzyme activity recovery after inhibition by avibactam. 
	Determination of Ki values of -lactamase inhibition by BLIs with nitrocefin as a substrate. 
	Determination of IC50s of inhibition of KPC-2 variants by BLIs with ceftazidime as a substrate. 
	Statistical analysis. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

