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Klebsiella pneumoniae carbapenemase 2 (KPC-2) is an
important source of drug resistance as it can hydrolyze and
inactivate virtually all β-lactam antibiotics. KPC-2 is potently
inhibited by avibactam via formation of a reversible carbamyl
linkage of the inhibitor with the catalytic serine of the enzyme.
However, the use of avibactam in combination with ceftazi-
dime (CAZ-AVI) has led to the emergence of CAZ-AVI–
resistant variants of KPC-2 in clinical settings. One such
variant, KPC-44, bears a 15 amino acid duplication in one of
the active-site loops (270-loop). Here, we show that the KPC-44
variant exhibits higher catalytic efficiency in hydrolyzing cef-
tazidime, lower efficiency toward imipenem and meropenem,
and a similar efficiency in hydrolyzing ampicillin, than the WT
KPC-2 enzyme. In addition, the KPC-44 variant enzyme ex-
hibits 12-fold lower AVI carbamylation efficiency than the
KPC-2 enzyme. An X-ray crystal structure of KPC-44 showed
that the 15 amino acid duplication results in an extended and
partially disordered 270-loop and also changes the conforma-
tion of the adjacent 240-loop, which in turn has altered in-
teractions with the active-site omega loop. Furthermore, a
structure of KPC-44 with avibactam revealed that formation of
the covalent complex results in further disorder in the 270-
loop, suggesting that rearrangement of the 270-loop of KPC-
44 facilitates AVI carbamylation. These results suggest that
the duplication of 15 amino acids in the KPC-44 enzyme leads
to resistance to CAZ-AVI by modulating the stability and
conformation of the 270-, 240-, and omega-loops.

β-Lactam antibiotics are the most frequently prescribed
drugs for treating infections caused by various bacterial
pathogens (1). These antibiotics are characterized by the four-
membered β-lactam ring and are classified into penicillins,
cephalosporins, carbapenems, and monobactams according to
their chemical structures. They exhibit bactericidal effects by
inhibiting the penicillin-binding protein–catalyzed trans-
peptidation of peptidoglycan strands of the cell wall. The
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β-lactam ring is structurally analogous to the D-Ala-D-Ala
substrate, which facilitates β-lactam binding and covalent in-
hibition of penicillin-binding proteins (2). However, the
extensive use of β-lactam antibiotics has resulted in wide-
spread resistance to these drugs. Although multiple mecha-
nisms exist for resistance to β-lactam antibiotics, the
production of β-lactamases is the most prominent in Gram-
negative bacteria (3). β-Lactamases catalyze the hydrolysis of
the β-lactam ring to inactivate the drugs. These enzymes are
divided into classes A, B, C, and D based on sequence ho-
mology. Classes A, C, and D are serine β-lactamases (SBLs)
that use a conserved active-site serine to perform nucleophilic
attack on the β-lactam ring while class B enzymes are metallo-
β-lactamases that require one or two zinc ions for catalysis (3).

Class A β-lactamases comprise a large number of enzymes
and include penicillinases (e.g., TEM-1 and SHV-1), extended-
spectrum β-lactamases (e.g., CTX-M enzymes), and carbape-
nemases (e.g., SFC-1 and KPC enzymes) (4). Although class A
β-lactamases have varying substrate specificity and amino acid
sequences (�30% sequence identity), they use a set of
conserved amino acids in the active site for the binding and
catalysis of substrates (4). Among these residues, Ser70, which
is activated by Lys73, Glu166 and a catalytic water, serves as
the nucleophile for attack on the carbonyl carbon of the amide
bond of β-lactam substrate (5–7). This results in the breakage
of the amide bond and formation of a covalent acyl-enzyme
reaction intermediate. During the acylation reaction, a nega-
tive charge that develops on the carbonyl oxygen of the reac-
tion intermediate is stabilized by hydrogen bonding
interactions with the main chain NH groups of Ser70 and
Ser237 and the leaving group nitrogen is protonated by Lys73
via a proton shuttle to Ser130 (5). The covalent intermediate is
resolved in the deacylation reaction where a catalytic water is
activated by the general base Glu166 and attacks the carbonyl
carbon of the acyl-enzyme intermediate, thereby releasing the
hydrolyzed product (5, 8). In addition, other active-site resi-
dues such as Asn132, Asn170, Lys/Arg234, Ser/Thr235 also
play important roles in facilitating β-lactam hydrolysis by
positioning the catalytic residues or stabilizing the reaction
intermediate through hydrogen bonding interactions (4).
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Structure and mechanism of KPC-44 carbapenemase variant
Many of these catalytically important residues are located on
loop structures in the active site such as the 130-loop, omega-
loop, 240-loop, and 270-loop (4). However, there is significant
variation in the conformations of some active-site loops
including the 240-loop and 270-loop that border the active site
(Fig. 1).

Klebsiella pneumoniae carbapenemase 2 (KPC-2) is a class
A β-lactamase with a broad substrate spectrum that includes
virtually all β-lactam antibiotics (9). Although first identified
in K. pneumoniae, the KPC-2 enzyme has been found in
multiple bacterial pathogens including Escherichia coli (10),
Pseudomonas aeruginosa (11), and Acinetobacter spp. (12).
In addition, a number of natural variants of KPC-2 enzyme
with amino acid substitutions at residues on the 240-loop
and 270-loop have been identified that show altered sub-
strate specificity (13). The global spread of the KPC enzyme
is of particular concern as there are limited treatment op-
tions for patients infected with KPC-producing bacterial
pathogens.

In order to counteract β-lactamase–mediated antibiotic
resistance, β-lactamase inhibitors such as clavulanic acid, sul-
bactam, and tazobactam have been introduced into clinical
practice (14) (Fig. 2A). These compounds are β-lactam–based,
covalent inactivators that form a stable acyl-enzyme interme-
diate with the catalytic serine (Ser70) of mainly class A
Figure 1. Comparison of X-ray crystal structures of TEM-1 (PDB
ID:1ZG4, tan), SHV-1 (PDB ID: 4FH4, green), CTX-M-14 (PDB ID: 1YLT,
orchid), and KPC-2 β-lactamases (PDB ID: 5UL8, cyan). The 240-loop and
270-loop are boxed and enlarged versions are shown indicated by arrows.
The catalytic residue Ser70 is shown in red sphere. KPC, Klebsiella pneumo-
niae carbapenemase; PDB, Protein Data Bank.
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enzymes. However, these inhibitors can be hydrolyzed by
KPC-2 carbapenemase, reducing effectiveness versus this
enzyme (15).

Avibactam (AVI) is a non-β-lactam, diazabicyclooctane in-
hibitor of SBLs. It forms a covalent, but reversible, carbamoyl
bond with the catalytic serine (Ser70) (16, 17) (Fig. 2B). AVI
exhibits potent inhibition against a wide range of SBLs
including class A, class C, and some class D enzymes and re-
stores the antibacterial activity of β-lactam antibiotics against
bacteria expressing these enzymes (18–20). High-resolution
crystal structures of AVI in complex with several class A
SBLs including SHV-1, KPC-2, and CTX-M enzymes have
been determined (21–23). Comparison of these structures
reveals that AVI binds in a similar conformation in the active
site of the enzymes and forms interactions with multiple key
active-site residues including Ser130, Asn132, Lys234, Thr235,
and Ser/Thr237, besides forming the carbamoyl linkage with
the catalytic Ser70 (Fig. 2B). This indicates that avibactam
inhibits these enzymes with a similar carbamylation mecha-
nism (17). In addition, alignment of apo- and AVI-
carbamylated structures of CTX-M-14, SHV-1, and KPC-2
revealed that avibactam carbamylation does not cause signifi-
cant changes in the conformation of active-site residues,
indicating that the active site of these enzymes is poised for
carbamylation by AVI (21–23).

AVI has been approved in combination with ceftazidime/
AVI (CAZ-AVI) as combination therapy for the treatment of
complicated urinary tract infections and complicated intra-
abdominal infections in the USA (24, 25) and Europe (26).
However, there have been reports of resistant bacterial strains
in both clinical and laboratory settings since the introduction
of CAZ-AVI (27–37). Most of these cases are related to a
D179Y substitution in the KPC-2 or KPC-3 enzyme, which
yields the KPC-33 and KPC-31 variants, respectively (27, 29,
31, 32, 35, 36). In addition, some resistant variants contain a
two amino acid deletion in KPC-2 and KPC-3, which results in
KPC-14 and KPC-28, respectively (27, 37) (Fig. S1). However,
these mutations also restore susceptibility to carbapenems as
they abolish the carbapenemase activity of KPC-2 and KPC-3
variants (29, 32, 35–37).

KPC-44 is a recently identified KPC variant with a dupli-
cation of 15 amino acids (Ala262 to Glu276) on the 270-loop
of KPC-2 (30) (Fig. S1). It occurred after prolonged CAZ-AVI
treatment of a patient colonized with KPC-2–producing
K. pneumoniae (30). Antimicrobial susceptibility tests indi-
cated that KPC-44 was associated with CAZ-AVI resistance in
the K. pneumoniae isolate. In addition, the KPC-44–producing
K. pneumoniae strain was also resistant to carbapenems (e.g.,
meropenem), although at a lower level than that of the
parental KPC-2–producing strain. We sought to determine the
molecular basis of KPC-44–mediated resistance by examining
β-lactam hydrolysis and AVI carbamylation by the KPC-44
enzyme. We found that the KPC-44 variant retains penicil-
linase and carbapenemase activity and exhibits CAZ-AVI
resistance by increasing the rate of CAZ hydrolysis and
decreasing AVI carbamylation efficiency. We also determined
the X-ray crystal structures of the KPC-44 apo enzyme and the



Figure 2. Chemical structures of β-lactamase inhibitors. A, β-lactamase inhibitor structures and (B) the scheme for avibactam inhibition of serine β-
lactamases.

Structure and mechanism of KPC-44 carbapenemase variant
covalent complex of KPC-44 with AVI, which indicates that
CAZ-AVI resistance associated with the KPC-44 variant may
occur through modulating the stability and conformations of
the 240-, 270-, and omega-loops.
Results

KPC-44 confers reduced CAZ and CAZ/AVI susceptibility than
KPC-2

To investigate whether blaKPC-44 accounts for the CAZ/AVI
resistance phenotype observed in the K. pneumoniae clinical
isolate (30), both blaKPC-2 and blaKPC-44 were individually
expressed in E. coli and their CAZ/AVI minimum inhibitory
concentrations (MICs) were compared. The levels of CAZ
resistance provided by the KPC-2 and KPC-44 enzymes were
determined by measuring MICs of CAZ for KPC-2– or KPC-
44–expressing bacterial cells in the absence and presence of
4 μg/ml AVI, which is the concentration used in the combi-
nation therapy.

As shown in Table 1, expression of the KPC-2 enzyme in
E. coli cells resulted in a 4-fold increase in CAZ MIC versus
that provided by the vector alone control. However, this in-
crease was abolished when AVI was used together with CAZ,
indicating that the KPC-2 enzyme was inhibited by AVI.
Expression of the KPC-44 enzyme conferred a 16-fold higher
CAZ MIC than the negative control and 4-fold higher than
observed with WT KPC-2 (Table 1). The addition of AVI
lowered the CAZ MIC by 4-fold. However, this level is
J. Biol. Chem. (2024) 300(1) 105493 3



Table 1
Minimum inhibitory concentrations of β-lactams against Escherichia
coli expressing KPC-2 or KPC-44

β-lactam antibiotics

MIC (μg/ml)

Vector control KPC-2 KPC-44

Ceftazidime 0.5 2 8
Ceftazidime/avibactam 0.5 0.5 2
Ampicillin 4 128 64
Imipenem 0.25 1.5 0.75
Meropenem 0.25 0.375 0.25

KPC, Klebsiella pneumoniae carbapenemase.
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equivalent to that observed for WT KPC-2 in the absence of
AVI. Therefore, the expression of KPC-44 increases the MIC
levels for E. coli for CAZ/AVI relative to that observed for
E. coli with KPC-2, similar to observations with K. pneumoniae
clinical isolates (30).
KPC-44 variant retains both ampicillin and imipenem
susceptibility similar to KPC-2

CAZ-AVI–resistant KPC variants containing the D179Y
mutation, such as KPC-31 and KPC-33, lack penicillin and
carbapenem resistance (29, 32, 36, 38). In contrast, the K.
pneumoniae clinical isolate containing KPC-44 is reported to
retain penicillin and carbapenem resistance, although it is
lower than that provided by the WT KPC-2 enzyme (30).
Therefore, we examined both penicillin and carbapenem
resistance levels of E. coli expressing KPC-44.

As shown in Table 1, KPC-44 conferred reduced ampicillin
susceptibility to E. coli cells, although it is 2-fold lower than
that provided by WT KPC-2. In addition, E. coli expressing
KPC-44 exhibited 3-fold increased imipenem MICs when
compared with the no β-lactamase control strain. However,
the KPC-44–mediated imipenem MIC was 2-fold lower than
the MIC for KPC-2–expressing cells (Table 1). Neither KPC-2
nor KPC-44 conferred significant meropenem MIC levels to
E. coli cells. Therefore, KPC-44 provides at least partially
reduce ampicillin and imipenem susceptibility compared to
strains expressing KPC-2. Note that the MIC values for mer-
openem in our experiments are well below those reported for
Table 2
Kinetic parameters for β-lactam antibiotic hydrolysis by KPC-2 and KPC

Substrate Kinetic parameters

Ceftazidime kcat (s
−1)

Km (μM)
kcat/Km (μM−1 s−1)

Ampicillin kcat (s
−1)

Km (μM)
kcat/Km (μM−1 s−1)

Imipenem kcat (s
−1)

Km (μM)
kcat/Km (μM−1 s−1)

Meropenem kcat (s
−1)

Km (μM)
kcat/Km (μM−1 s−1)

Nitrocefin kcat (s
−1)

Km (μM)
kcat/Km (μM−1 s−1)

KPC, Klebsiella pneumoniae carbapenemase.
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the K. pneumoniae clinical isolates containing KPC-2 or KPC-
2, which were >32 and 16 μg/ml, respectively (30). The dif-
ference is likely due to the use of a laboratory strain of E. coli
and a recombinant plasmid with a different promotor for KPC
expression than that occurring with natural isolates.

KPC-44 enzyme displays faster CAZ hydrolysis but slower
carbapenem hydrolysis than WT KPC-2

β-lactamase–mediated β-lactam resistance is strongly
influenced by the rate of drug hydrolysis. Therefore, kinetic
parameters for KPC-2 and KPC-44 hydrolysis were determined
for a representative penicillin, ampicillin, the carbapenems,
imipenem, and meropenem, as well as CAZ (Table 2) (30).

Steady-state kinetic analysis of CAZ hydrolysis by the KPC-
2 and KPC-44 enzymes showed KM was too high to be accu-
rately determined (Table 2). However, fitting of the progress
curve for CAZ hydrolysis revealed that KPC-44 has a 5-fold
higher kcat/KM value than that for the KPC-2 enzyme (Ta-
ble 2). Kinetic parameters for ampicillin hydrolysis by KPC-44
were comparable to those observed with the KPC-2 enzyme
(Table 2). In contrast, kcat and kcat/KM for KPC-44 hydrolysis
of imipenem were 8-fold and 4-fold lower than those of the
KPC-2 enzyme, respectively (Table 2). Similarly, kcat and kcat/
KM values for meropenem hydrolysis by KPC-44 were 7-fold
and 3-fold lower than those of the KPC-2 enzyme, respec-
tively (Table 2). This indicates that KPC-44 hydrolyzes car-
bapenems, albeit at a slower rate than KPC-2. These kinetics
results are consistent with the MIC results for E. coli
expressing the KPC-2 and KPC-44 enzymes (Table 1).

KPC-44 exhibits lower AVI carbamylation efficiency than KPC-
2 enzyme

Susceptibility testing of E. coli and K. pneumoniae
expressing KPC-2 or KPC-44 showed that AVI increases CAZ
susceptibility levels to background of the no β-lactamase
control for the KPC-2 enzyme but not the KPC-44 variant (27,
30, 37). Therefore, we examined AVI inhibition of the KPC-2
and KPC-44 enzymes. Because CAZ is a poor substrate for
KPC-2 and KPC-44, we used the colorimetric substrate
-44

Enzyme

KPC-2 KPC-44

>0.8 >1.5
>600 >600

0.0011 ± 0.000066 0.0057 ± 0.00031
160 ± 10 126 ± 5
210 ± 33 232 ± 22
0.76 ± 0.13 0.54 ± 0.056
50 ± 4.5 6.4 ± 0.33

130 ± 33 57 ± 7.1
0.38 ± 0.10 0.11 ± 0.015
3.3 ± 0.18 0.46 ± 0.022
19 ± 2.9 7.3 ± 1.4

0.17 ± 0.028 0.063 ± 0.012
130 ± 2.2 20 ± 0.67
45 ± 2.1 16 ± 1.4
2.9 ± 0.14 1.3 ± 0.12
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nitrocefin to assess AVI inhibition potency for the enzymes.
Accordingly, varying concentrations of AVI were preincubated
with the KPC enzymes before adding nitrocefin to start the
reaction. We found that AVI inhibited nitrocefin hydrolysis by
KPC-2 with an IC50 of 0.027 ± 0.0015 μM (Table 3). In
contrast, the IC50 of AVI for KPC-44 was 0.21 ± 0.007 μM
(Table 3). Therefore, inhibition by AVI is approximately 8-fold
less potent versus KPC-44 compared to the KPC-2 enzyme.

AVI inhibits SBLs, including KPC-2, by forming a carba-
moyl linkage with the catalytic serine (Ser70) of β-lactamases
(16, 17, 23) (Fig. 2B). Based on the mechanism, the carbamy-
lation efficiency (k2/Ki) of AVI is a critical determinant of the
AVI sensitivity of β-lactamases. Therefore, k2/Ki of AVI for
KPC-2 and KPC-44 enzymes was evaluated based on the in-
hibition of nitrocefin hydrolysis by AVI for a two-step reaction,
as described previously (16, 17). Fitting of the progress curves
of nitrocefin hydrolysis yielded kobs values at varying concen-
trations of AVI. After fitting of the kobs values to Equation 2
(Experimental procedures), the k2/Ki values of AVI for KPC-2
and KPC-44 were determined as 6800 ± 160 and 550 ±
4.6 M−1 s−1, respectively (Table 3). Therefore, the KPC-44
variant exhibits a 12-fold reduction in the AVI carbamyla-
tion efficiency compared to KPC-2, which may account for its
observed reduction in AVI susceptibility and increased IC50 for
AVI.

AVI carbamylation of SBLs has been observed to be
reversible, which results in the recyclization of the dia-
zabicyclooctane ring of AVI and the liberation of free enzyme
(16, 17) (Fig. 2B). Therefore, the rates of AVI decarbamylation
(k-2) from carbamylated KPC-2 and KPC-44 enzymes were also
determined by jump dilution where avibactam and KPC
enzyme were incubated for 2 h and subsequently diluted 100-
fold into buffer with nitrocefin. Nitrocefin hydrolysis was
monitored to evaluate the rate of recovery of the free enzyme
from the AVI-inhibited form. By fitting the progress curve of
nitrocefin hydrolysis to Equation 2 (Experimental procedures),
the k-2 of carbamylated AVI was determined as (9.6 ± 0.020) ×
10−5 and (7.1 ± 0.32) × 10−5 s−1 for KPC-2 and KPC-44,
respectively (Table 3). Therefore, the rate of AVI decar-
bamylation for KPC-44 is similar to that of KPC-2 enzyme.

KPC-44 is more sensitive to inhibition by clavulanate but
equally sensitive to vaborbactam compared to KPC-2

We next determined the IC50 for clavulanate inhibition of
KPC-44 and found it was 7-fold more sensitive to inhibition by
Table 3
KPC-2 and KPC-44 β-lactamase inhibition parameters

Inhibitor Inhibition constant

Avibactam IC50 (μM)
k2/Ki (M

−1 s−1)
k-2 (s

−1)
Vaborbactam IC50 (μM)

k2/Ki (M
−1 s−1)

k-2 (s
−1)

Clavulanate IC50 (μM)

KPC, Klebsiella pneumoniae carbapenemase.
clavulanate than the KPC-2 enzyme, with an IC50 value of
4.8 μM versus 32 μM (Table 3). Therefore, the 15 amino acid
insertion on the 270-loop of KPC-44 sensitizes the enzyme to
clavulanate inhibition.

Vaborbactam is another potent, reversible covalent inhibitor
for a broad range of SBLs including the KPC-2 enzyme (39). It
is a cyclic boronic acid (Fig. 2) and functions by forming a
reversible borylation linkage with Ser70 of target enzymes (39).
It has been reported that the potency of vaborbactam is much
less affected than that for AVI by the D179Y substitution (40).
Similarly, we observed a less than 2-fold difference in the
vaborbactam IC50 value for KPC-44 compared to KPC-2
(Table 3). Furthermore, we determined the vaborbactam
borylation efficiency (k2/Ki) and deborylation rate (k-2) for the
KPC-2 and KPC-44 enzymes, which showed a 4-fold lower
k2/Ki and a 3-fold higher k-2 for KPC-44 than KPC-2, which is
broadly consistent with the moderately higher IC50 value for
KPC-44.

Fifteen amino acid repeat alters conformations of the 240-
and 270-loops of the KPC-44 enzyme

To understand the molecular basis for the differences in β-
lactam hydrolysis rates and AVI potency for the KPC-2 and
KPC-44 enzymes, the structure of the KPC-44 apo-enzyme
was determined by X-ray crystallography to 1.26 Å resolution.
We determined the structure in the presence and absence of
the cryoprotectant, ethylene glycol. It is noteworthy that six
amino acids (Lys270–Ser275) in the region of the 15 amino
acid repeat (Ala262–Glu291) lack electron density, suggesting
the region is flexible (Figs. 2 and 3). A further indication of
flexibility in this region is the very high B-factors for the 270-
loop region (Fig. S2). In addition, in the absence of cryopro-
tectant, the structure of this region is more disordered and 14
residues (Lys270-Pro283) lack electron density (Fig. S3).

A structural alignment of KPC-44 and KPC-2 apo-enzymes
(RMSD = 0.395 Å) revealed that most of the key catalytic
residues, including Lys73, Ser130, and Glu166, adopt the same
conformation in both the enzymes (Fig. 4, A–C). In addition,
the catalytic water is coordinated in a similar position in the
active sites of KPC-2 and KPC-44 by forming hydrogen bonds
with Ser70, Glu166, and Asn170 (Fig. 4, A–C). Also, as noted,
Lys270-Glu275 are unstructured, and thus KPC-44 lacks a
defined structure of the 270-loop region (Fig. 3C). Besides the
270-loop region with the 15 amino acid repeat, there are also
changes in the conformation of the Cys238 to Gly242 loop
Enzyme

KPC-2 KPC-44

0.027 ± 0.0015 0.21 ± 0.0070
6800 ± 160 550 ± 4.6
(9.6 ± 0.020) × 10−5 (7.1 ± 0.32) × 10−5

0.13 ± 0.0054 0.22 ± 0.00092
1200 ± 230 320 ± 16
(1.2 ± 0.014) × 10−5 (2.9 ± 0.047) × 10−5

32 ± 3.1 4.8 ± 0.17

J. Biol. Chem. (2024) 300(1) 105493 5



Figure 3. Schematic illustrations of KPC-2 and KPC-44 structures in apo-form and in complex with avibactam. A, structural alignment of KPC-2 (blue)
(PDB id: 2OV5) and KPC-44 (tan) apo-enzymes. The 240- and 270-loops are boxed. The catalytic residue Ser70 is shown in red sphere. B, 240-loop region of
KPC-2 and KPC-44 apo-enzymes. C, 270-loop region of KPC-2 and KPC-44 apo-enzymes. D, structural alignment of KPC-2 in complex with avibactam (blue)
(PDB id: 4ZBE) and KPC-44 in complex with avibactam (salmon). E, 240-loop region of KPC-2 and KPC-44 in complex with avibactam. F, 270-loop region of
KPC-2 and KPC-44 in complex with avibactam. KPC, Klebsiella pneumoniae carbapenemase; PDB, Protein Data Bank.
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(240-loop) (Figs. 3, A and B, and 5). The side chains of residues
within the loop adopt different conformations, particularly the
orientation of the side chain of Tyr241, which is directed to-
ward the active site in KPC-2 but not in KPC-44 (Fig. 5, A and
C). The 240-loop conformation is stabilized in KPC-2, in part,
by hydrogen bonds between the main chain N of Tyr241 and
the main chain O atoms of Lys270 and the main chain O of
Asp272 and main chain N of Gly242, which are lost in KPC-44
because of the structural disorder of region Lys270 to Ser275.
In addition, there are numerous van der Waals packing con-
tacts between the 240- and 270-loops and the majority of these
contacts are lost in KPC-44 due to disorder in the 270-loop
(Fig. 5, B and D). Therefore, the duplication of 15 amino
acid residues after Glu276 of KPC-2, which creates the KPC-44
variant, not only results in conformational changes in the local
region (270-loop) but also the loop region of Thr237 to Gly242
(240-loop) by altering hydrogen bonding and packing
interactions.

The disorder in the 270-loop also propagates to decrease
stabilizing interactions between the 240-loop and the active-
site omega loop that contains the key active-site residues
Glu166 and Asn170. There are numerous van der Waals in-
teractions between the 240-loop and the Asn170 to Pro174
residues of the omega loop in the KPC-2 enzyme (Fig. 5B).
6 J. Biol. Chem. (2024) 300(1) 105493
Many of these interactions are lost due to the altered
conformation of the 240-loop in the KPC-44 enzyme (Fig. 5D).
The loss of these contacts may lead to destabilization of the
omega loop in KPC-44 relative to KPC-2 and could thereby
alter enzyme activity.

The propagation of structural changes from the insertion in
the 270-loop to the omega loop could provide a rationale for
the observation that KPC-44 exhibits a 5-fold higher kcat/KM

value than KPC-2 in hydrolyzing CAZ but a 4-fold lower kcat/
KM value than KPC-2 in hydrolyzing imipenem (Table 2). The
structure of a deacylation-deficient mutant of KPC-2 (KPC-2
E166Q) was recently determined in the apo form and in acyl-
enzyme covalent complex with CAZ (41). Structural alignment
of KPC-44 with KPC-2 E166Q apo and in complex with CAZ
revealed conformational variations in the omega-, 240-, and
270-loops among the three structures. Although the omega-
loop adopts same conformation in the KPC-2 E166Q apo
enzyme and KPC-44, it is disordered in KPC-2 E166Q/CAZ, as
are the 240- and 270-loops (Fig. S4) (41). The disordered
omega loop avoids the steric clash of Asn170 on the loop with
the aminothiazole ring of the C7 substituent of CAZ (41). We
speculate that a similar disordering of the omega loop occurs
during CAZ hydrolysis by KPC-44 (41). The transition to the
disordered loop is likely facilitated by the loss of stabilizing
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contacts between the 240-loop and the omega loop in KPC-44
(Fig. 5). A similar mechanism has been proposed for the action
of the D179Y substitution in the CAZ/AVI variants containing
this substitution (42). The movement of the Glu166 general
base away from a position to activate the deacylation water in
the disordered loop was suggested to be compensated for by
substrate-assisted catalysis by the ring nitrogen of the ami-
nothiazole ring of CAZ, which would be in a position to
activate the water (42). By a similar reasoning, destabilizing the
omega loop could alter the positioning of the Glu166 general
base, leading to reduced hydrolysis activity for imipenem,
which does not have a group positioned for substrate-assisted
catalysis.

To further investigate if the insertion in the 270-loop affects
active site flexibility and dynamics, we performed molecular
dynamics (MD) simulations on the KPC-2 and KPC-44 apo-
enzymes. The simulations were done for 100 ns with three
replicate simulations for each enzyme. Considering all repli-
cate simulations, the overall average RMSD for KPC-2 was
1.88 Å (SD = 0.02) while that for KPC-44 was 3.54 Å (SD =
0.06) (Fig. S6A). This indicates more variation in the positions
of atoms in KPC-44 versus KPC-2 during the simulations,
consistent with a more flexible enzyme. We also examined the
distance variations between key active-site residues during the
simulations (Table S2 and Fig. S7). It is noteworthy that the
distance between the Ser70(OG) and Glu166(CD) and between
Ser70(OG) and Asn170(CG) is consistently shorter for KPC-44
than KPC-2, suggesting the insertion in the 270-loop alters the
position of the omega loop. Also, for all of the average dis-
tances between active-site atoms shown in Table S2, the SD of
the distances is higher for KPC-44 than KPC-2. Thus, for the
distances examined, KPC-44 samples a wider range of dis-
tances than KPC-2 during the simulations, particularly for
distances involving the omega loop. Finally, we examined the
rms fluctuation values for the residues of the KPC-2 and KPC-
44 enzymes from the simulations (Fig. S6B). The results show
the 270-loop region of KPC-44 has much higher values than
observed with KPC-2, consistent with the inserted residues
being flexible (Fig. S6B). Further, examination of the Arg164-
Asp179 omega-loop residues reveals higher values for KPC-
J. Biol. Chem. (2024) 300(1) 105493 7
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44 than KPC-2, consistent with enhanced flexibility of the
omega loop in KPC-44 (Fig. S6C). Taken together, the MD
results are consistent with the hypothesis that the 270-loop
and omega loop are more mobile in KPC-44 than KPC-2,
which could facilitate the binding of CAZ.
Both AVI carbamylation and vaborbactam borylation in the
active site of KPC-44 variant cause further disorder in the 270-
loop of the protein

Kinetic analysis of the inhibition of KPC-2 and KPC-44
enzymes by AVI and vaborbactam demonstrated that the
AVI acylation efficiency and vaborbactam borylation efficiency
of KPC-44 variant are 12-fold and 4-fold lower than that of
KPC-2 enzyme, respectively (Table 3). To understand the
molecular mechanism underlying these differences, the pro-
tein crystals of the KPC-44 variant were soaked with saturating
concentrations of AVI (10 mM) or vaborbactam (5 mM) to
determine the structure of the KPC-44 variant in complex with
these inhibitors.

The structure of the KPC-44/AVI complex was deter-
mined to 1.37 Å resolution. The presence of AVI did not
change the space group (P3221) of the crystals. One mole-
cule of AVI was found to form a covalent bond with the side
chain hydroxyl group of Ser70 and was refined as an occu-
pancy of 1 (Figs. 4E, 6, and S5). The polder map shows
difference density for the covalently linked AVI (Fig. S8A).
The C2 carboxamide group forms a hydrogen bond with the
side chain amine group of Asn132 (Fig. 4E). The N6 sulfate
group hydrogen bonds with the side chains of Ser130,
Thr235, and Thr237, while the piperidine ring forms a π-π
interaction with the side chain of Trp105 (Fig. 4E). In
addition, the C7 carbonyl oxygen is present in the oxyanion
hole and forms hydrogen bonds with main chain N of Ser70
and Thr237.

Structural alignment of KPC-44/AVI with the KPC-44 apo-
enzyme reveals that AVI carbamylation alters the conforma-
tion of the side chain of Trp105 (Fig. 4E), which can be
Figure 6. Schematic illustration of acyl-enzyme structures of KPC-2 and KP
complex with avibactam (gray) (PDB id: 4ZBE). The catalytic water is shown as a
are shown in yellow dashes and are labeled. B, structure of KPC-44 β-lactam
pneumoniae carbapenemase; PDB, Protein Data Bank.
attributed to its interaction with the piperidine ring of AVI.
More notably, the region with the 15 amino acid residues
repeat (Ala262-Glu291) is more disordered in the KPC-44/
AVI structure than in the apo structure in that 15 residues
(Lys270-Asn284) cannot be modeled, suggesting that carba-
mylation of KPC-44 with AVI further increases the flexibility
of the 270-loop. Of note, residues Asp276 to Asn284 in the
structures of KPC-44 crystals with short soaking times (<2 h)
and no AVI complex, could be modeled in the same confor-
mation as that found in the structure of KPC-44 crystals not
exposed to AVI. This suggests that disorder of residues
Asp276 to Asn284 in the structure of KPC-44/AVI complex is
caused by the binding and/or carbamylation of AVI in the
active site. Finally, the structure of AVI in complex with KPC-
44 is superimposable with the KPC-2/AVI structure (Figs. 4, D
and E and 6). This finding is consistent with the fact that the
decarbamylation rate (k-2) is the same for KPC-2 and KPC-44
(Table 3).

The structure of KPC-44 enzyme in complex with vabor-
bactam was determined to 1.70 Å resolution (Table S1). One
molecule of vaborbactam, refined to occupancy of 1.0, was
observed in the active site of KPC-44 in covalent linkage with
Ser70 via the boron atom and a polder map shows density for
the bound vaborbactam (Figs. 7 and S8B). The carboxylate
group of vaborbactam forms hydrogen bonds with side chain
hydroxyl groups of Ser130, Thr235, and Thr237 (Fig. 7B). The
exocyclic hydroxyl oxygen of the cyclic boronic acid is located
in the oxyanion hole and forms hydrogen bonds with main
chain amide groups of both Ser70 and Thr237 while the
endocyclic oxygen forms a hydrogen bond with the main chain
amide of Ser237 (Fig. 7B). The exocyclic oxygen also forms
hydrogen bonds with the deacylation water and the side chain
oxygen of Asn170. Further, the amide group and carbonyl
oxygen of vaborbactam form hydrogen bonds with the main
chain oxygen of Thr237 and side chain nitrogen of Asn132,
respectively (Fig. 7B). In addition, the cyclic boronic acid ring
of vaborbactam makes hydrophobic interactions with the side
chain of Trp105 of KPC-44 as does the five-membered
C-44 with avibactam. A, structure of KPC-2 β-lactamase (blue) acyl-enzyme
red sphere. Oxygen is in red, nitrogen in blue, and sulfur in yellow. Distances
ase (salmon) acyl-enzyme complex with avibactam (green). KPC, Klebsiella
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thiophene ring of vaborbactam and the side chains of Pro167
and Lys73 (Fig. 7).

A comparison of the KPC-44 and KPC-2 structures in
complex with vaborbactam indicates they are highly similar
(Fig. 7C). Active-site residues are superimposable and the
same interactions as those described above for KPC-44/
vaborbactam are present with vaborbactam and KPC-2. This
is consistent with the similar k-2 values for vaborbactam with
KPC-2 and KPC-44 (Table 3).

Superposition of the structure of the KPC-44/vaborbactam
complex with that of the KPC-44 apo protein revealed that
vaborbactam binding in the active site of KPC-44 protein in-
duces changes in the conformation of residue Trp105 (Fig. 7, D
and E). The change observed with Trp105 could be due to the
formation of hydrophobic interactions as described above. In
addition, similar to AVI, the binding of vaborbactam in the
active site of KPC-44 enzyme also causes further disorder in
the 270-loop so that residues Lys270-Asn284 cannot be
modeled. This suggests communication between the active site
and the 270-loop in vaborbactam binding that could be related
to the 4-fold lower k2/Ki value for KPC-44 than KPC-2.
10 J. Biol. Chem. (2024) 300(1) 105493
Discussion

Although bacteria producing the KPC-2 or KPC-3 carba-
penemases are resistant to nearly all of the β-lactam antibi-
otics, CAZ-AVI combination therapy has been successful in
treating these infections. However, prolonged treatment of
patients colonized with KPC-2– or KPC-3–producing
K. pneumoniae strains with CAZ-AVI has resulted in CAZ-
AVI resistant strains. blaKPC genotyping combined with het-
erologous expression experiments confirmed that while some
cases of the CAZ-AVI resistance phenotype are due to amino
acid substitutions D179Y and D179Y/T243M in the KPC-2 or
KPC-3 enzymes to yield KPC-31 (KPC-3 D179Y), KPC-32
(KPC-2 D179Y/T243M), and KPC-33 (KPC-2 D179Y), others
are attributed to amino acid deletions (Δ242-GT-243) in KPC-
2 or KPC-3, which correspond to KPC-14 and KPC-28,
respectively (29, 31, 43) (Fig. S1). Further characterization
revealed that all of these mutations result in the loss of car-
bapenem resistance (29, 32, 35–37). These findings are sup-
ported by in vitro experiments using purified KPC variants,
which showed that these variants exhibit negligible carbape-
nem hydrolysis activity (32, 37). In addition, penicillin
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hydrolysis is also abolished in the KPC-2 variants harboring
the D179Y mutation (KPC-32 and KPC-33) (32, 37). There-
fore, for these KPC variants, gain of CAZ-AVI resistance is
concomitant with the loss of carbapenemase and/or penicil-
linase activity.

KPC-44 is another CAZ-AVI–resistant variant of KPC-2 that
occurred after prolonged CAZ-AVI treatment of a patient
colonized with KPC-2–producing K. pneumoniae (30). In
contrast to the variants noted above, KPC-44 evolved from
KPC-2 via the duplication of 15 amino acids (Ala262-Glu276)
after Glu276 (Fig. S1) (30). More importantly, K. pneumoniae
isolates producing KPC-44 retain carbapenem resistance, albeit
at lower levels than the KPC-2–producing parental strain (30).
In this study, we found that KPC-44 confers 4-fold higher CAZ
MIC levels and similar ampicillin MIC levels to the E. coli cells
than their KPC-2 counterpart (Table 1). Further, kinetic anal-
ysis of β-lactam hydrolysis with purified KPC enzymes revealed
that KPC-44 exhibited 4-fold higher CAZ hydrolysis levels and
similar ampicillin hydrolysis levels than the KPC-2 enzyme
(Table 2). In addition, KPC-44 retains the ability to hydrolyze
imipenem and meropenem, although not as efficiently as the
KPC-2 enzyme (Table 2). Therefore, in contrast to the CAZ-
AVI–resistant KPC variants noted above, KPC-44 retains the
carbapenemase and penicillinase activity of KPC-2 enzyme.

To understand the structural basis for the catalytic activity
of KPC-44, we determined its X-ray crystal structure. Com-
parison of the KPC-44 structure with that of the KPC-2
enzyme revealed that the insertion of 15 amino acids in
KPC-2 resulted in an extended and opened 270-loop (Fig. 3).
In addition, the insertion also increased the flexibility of the
270-loop such that the structure of six amino acids (Lys270-
Ser275) on the loop could not be modeled (Fig. 3C). Besides
its effect on the conformation of 270-loop, the insertion also
causes the movement of the 240-loop toward the active site
through altered interactions between the 240- and 270-loops
(Figs. 3 and 5). Interestingly, we previously showed that KPC
variants with amino acid changes on either 240-loop or 270-
loop such as KPC-3 (KPC-2 H274Y) and KPC-6 (KPC-2
V240G) display significantly higher catalytic efficiency for CAZ
hydrolysis than the KPC-2 enzyme (13). In addition, combi-
nation of amino acid substitutions from both the 240- and
270-loops (KPC-8, V240G/H274Y; KPC-9, KPC-2 V240A/
H274Y) additively increases the catalytic efficiency for CAZ
hydrolysis, when compared with the effect of single amino acid
substitutions (13). While the H274Y substitution is proposed
to form an additional hydrogen bond between the hydroxyl
side chain of tyrosine and the amine of the aminothiazole ring
of CAZ, the V240A/G substitution reduces steric hindrance to
better accommodate CAZ (13, 41).

The structure of a deacylation deficient mutant (E166Q) of
KPC-2 was recently determined in complex with the CAZ acyl-
enzyme intermediate, revealing that the active-site omega loop
was disordered to accommodate CAZ. The structure also
showed movement of the 240-loop and residues Lys270-His274
on the 270-loop were disordered (41). This suggests structural
changes in the omega, 240-loop and 270-loop may be con-
nected, that is, that interactions with the omega loop stabilize
the 240-loop and the 270-loop and vice versa. By this view, the
duplication in the 270-loop in KPC-44 results in fewer contacts
and a change in conformation of the 240-loop, which could
destabilize the omega loop and more readily allow an open
conformation to accommodate CAZ. Consistent with this hy-
pothesis, MD simulations show a larger overall RMSD, and the
SD of the distances between Ser70 and Glu166 as well as
Asn170 during the simulation is larger for KPC-44 than KPC-2.

AVI inhibits SBLs including KPC-2 enzyme by forming a
reversible covalent bond between C7 of AVI and the hydroxyl
group of the catalytic Ser70 of β-lactamases through an acyl-
ation reaction (Fig. 2B) (16, 17, 21). The reaction follows a two-
step mechanism that includes binding and carbamylation (16).
Therefore, the carbamylation efficiency (k2/Ki) is an important
factor in determining the sensitivity of SBLs to inhibition by
AVI. Determination of the effect of D179Y on k2/Ki for AVI
with KPC-2 and KPC-3 by two independent studies obtained
very different results in that the D179Y substitution greatly
decreases the AVI k2/Ki for the KPC-2 enzyme but barely af-
fects the AVI k2/Ki for the KPC-3 enzyme although the KPC-2
and KPC-3 enzymes display similar AVI k2/Ki (28, 32). This
variation is most likely attributed to very low activity of D179Y
mutant of the KPC-2 and KPC-3 enzymes in hydrolyzing the
chromogenic cephalosporins nitrocefin and CENTA, which
were used as the reporter substrate for the measurement of the
AVI k2/Ki (28, 32). In contrast, KPC-44 retains significant ac-
tivity in hydrolyzing nitrocefin, although lower than that of the
KPC-2 enzyme (Table 2). Determination of the AVI carbamy-
lation efficiency using nitrocefin as the reporter substrate
revealed that the KPC-44 enzyme exhibits a 12-fold lower k2/Ki

for AVI than the KPC-2 enzyme (Table 3). In contrast, the AVI
decarbamylation rate is similar for the KPC-2 and KPC-44
enzymes (Table 3). Therefore, the decreased AVI susceptibil-
ity observed with KPC-44 is attributed to lower AVI carba-
mylation efficiency than the KPC-2 enzyme.

In order to understand the structural basis for AVI resis-
tance observed with KPC-44, the structure of KPC-44 in co-
valent complex with AVI was determined. Comparison of the
structure of the complex with the apo structure of KPC-44
revealed that the 270-loop was more disordered in the com-
plex structure with residues Lys270-Asn284 unmodeled. This
suggests that the extended 270-loop of KPC-44, which borders
the active site of the enzyme, may interfere with binding and/
or carbamylation of AVI in the active site of KPC-44 and is
thus dislocated after AVI carbamylation. In addition, the KPC-
44/AVI structure displays an alternative conformation of the
Cys69-Cys238 disulfide bond compared to the KPC-44 apo-
enzyme. However, the altered conformation of the disulfide
bond is not observed with KPC-2 after AVI acylation although
AVI adopts very similar conformation in the active site of
KPC-2 and KPC-44 enzymes (Fig. 4F). This suggests that the
conformation of the disulfide bond in KPC-44 may not favor
AVI binding and/or acylation and thus its rearrangement is
required for the process. As Cys238 is located on the 240-loop
that adopts different conformations between KPC-2 and KPC-
44 enzymes, this further suggests that the 240-loop of the
KPC-2 enzyme may be in a conformation for efficient binding
J. Biol. Chem. (2024) 300(1) 105493 11
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and/or carbamylation of AVI. Therefore, the altered confor-
mation of the 240- and 270-loops may contribute to the
reduced k2/Ki for AVI.

Besides treating infections caused by KPC-producing path-
ogens, CAZ-AVI has also been used for treating infections
caused by bacterial pathogens expressing other SBLs such as
CTX-M–type extended-spectrum β-lactamases and some class
D β-lactamases such as the OXA-48 carbapenemase. Unsur-
prisingly, there is also the occurrence of CAZ-AVI resistant
CTX-M-14 variants in the clinic, which are due to amino
acid substitutions (44). In addition, although there are no re-
ports of CAZ-AVI–resistant variants of OXA-48 in natural
isolates, they can be selected in vitro (45). However, the in vitro
selected OXA-48 variants lost penicillinase and carbapenem-
ase activity, as found for AVI resistant KPC variants other than
KPC-44. This indicates that penicillins and carbapenems are
still a viable option to treat infections related to these variants.
Nevertheless, the combination of CAZ-AVI resistance and
broad substrate profile of KPC-44 variant limit the treatment
options for KPC-44–producing pathogens.

Finally, vaborbactam is a cyclic boronic acid–based β-lac-
tamase inhibitor that has a broad spectrum of activity against
class A and C β-lactamases (39, 46). Its combination with
meropenem (Vabomere) was recently approved by the Food
and Drug Administration to treat complicated urinary tract
infections (47). Determination of vaborbactam sensitivity of
KPC-44 in this study revealed that KPC-44 has similar sensi-
tivity as KPC-2 to this inhibitor. Therefore, meropenem/
vaborbactam combination therapy can still be an option in
treating KPC-44–associated infections.
Experimental procedures

Bacterial strains and plasmids

E. coli XL-1 Blue was used as the host for molecular cloning
and E. coli Top10 was used as the host for determination of β-
lactam antibiotic MICs provided by the KPC-2 and KPC-44
enzymes. For this work, the blaKPC-2 gene encoding the
entire sequence of the KPC-2 enzyme was cloned onto the
pTP123 plasmid, on which the expression of KPC-2 enzyme is
under the control of an IPTG-inducible trc promoter (13). The
KPC-2-pTP123 plasmid was used as the template for the
construction of KPC-44-pTP123 plasmid using site-directed
mutagenesis with the forward primer (50-CGCCTAACAA
GGATGACAAGCACAGCGAGGCCGTCATCGCCGCTGC
GGCTAGAC- 30) and the reverse primer (50 -CTGTGC
TTGTCATCCTTGTTAGGCGCCCGGGTGTAGACGGCC
TCGCTGTGCTTG- 30).

The E. coli SHuffle strain (New England Biolabs), which is
engineered to overexpress proteins containing disulfide bonds
in cytoplasm (48), was used as the host for the overexpression
of KPC-2 and KPC-44 in the cytoplasm. For this purpose, the
DNA encoding KPC-2 and KPC-44 without the signal
sequence (N-terminal 25 amino acids) was amplified from the
KPC-2-pTP123 and KPC-44-pTP123 plasmids, respectively,
endonuclease-restricted and inserted between Nde I and EcoR
I restriction sites of pET28a-Tobacco Etch Virus (TEV), which
12 J. Biol. Chem. (2024) 300(1) 105493
is a modified pET28a vector with a TEV protease recognition
sequence inserted between the 6×His tag and the protein of
interest. The sequences of the recombinant plasmid KPC-2-
pET28a-TEV and KPC-44-pET28a-TEV were confirmed with
DNA sequencing.

As described previously, crystallization of the KPC-2
enzyme can be facilitated by removing the last four residues
of the protein (49, 50). Therefore, KPC-44 without the last four
amino acids (KPC-44 Δ4) was used for crystallization. For this
purpose, the DNA encoding KPC-44 Δ4 was inserted between
Nde I and EcoR I restriction sites of pET28a-TEV to create
KPC-44 Δ4-pET28a-TEV. The sequence of the recombinant
plasmid was confirmed by DNA sequencing.

Determination of antibiotic resistance levels

The β-lactam MICs for E. coli encoding KPC-2 or KPC-44
were determined using the broth dilution method as
described previously (51, 52). Briefly, overnight cultures of
E. coli Top10 cells expressing KPC-2 or KPC-44 were diluted
1:10,000 in 2×YT broth containing 12.5 μg ml−1 chloram-
phenicol. Then, 190 μl of diluted culture was added to the
wells of a 96-well plate that contained 10 μl of appropriate
concentrations of ampicillin or CAZ. The plates were incu-
bated with shaking at 37 �C for 16 h before the A600 of the
cultures were recorded. The antibiotic resistance levels of the
bacterial strains were recorded as the MIC of the antibiotic,
which was defined as the lowest concentration of the antibiotic
that can inhibit 90% of the A600, compared with that of the
cultures without β-lactam antibiotics. Resistance levels of
imipenem and meropenem were determined using the same
method as that for ampicillin and CAZ except that the over-
night cultures of the recombinant E. coli Top10 cells were
1:1000 diluted in 2×YT broth containing 12.5 μg ml−1 chlor-
amphenicol before mixing with imipenem or meropenem. The
resistance levels for CAZ-AVI were tested at a constant AVI
concentration of 4 μg ml-1 with increasing concentrations of
CAZ, and the MIC values represent the lowest concentration
of CAZ that can inhibit 90% increase of A600 (31, 32, 34). MIC
measurements were repeated three times and the results were
consistent across replicates.

Expression and purification of KPC-2 WT and mutants

For the overexpression of KPC-2, KPC-44, and KPC-44 Δ4
proteins, the corresponding plasmid was transformed into
E. coli SHuffle cells. A few well-isolated colonies were inocu-
lated in LB broth containing 25 μg ml−1 kanamycin and
incubated overnight at 30 �C with vigorous shaking. Overnight
cultures were 1:100 diluted in 1.5 L of LB broth containing
25 μg ml−1 kanamycin and incubated at 30 �C with vigorous
shaking until the A600 reached 0.8 at which point IPTG was
added to a final concentration of 0.5 mM. Incubation with
shaking was continued at 18 �C for 16 h before cells were
pelleted by centrifugation at 4000 rpm for 20 min.

For the purification of 6×His-tagged KPC-2 protein, the cell
pellet was resuspended in lysis buffer (20 mM Hepes, pH 7.4,
500 mM NaCl, 20 mM imidazole). Cells were lysed using a
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French Press homogenizer and the released genomic DNA was
broken down by a short period of sonication. The cell debris
was removed by centrifugation at 12,000g for 30 min, and the
soluble fraction of the lysate was filtered with a 0.45 μm filter
unit and loaded onto a 5 ml HisTrap FF column (GE
Healthcare). After washing the column with lysis buffer,
6×His-tagged recombinant KPC-2 protein was eluted with a 20
to 500 mM imidazole gradient in the Lysis Buffer. Fractions
containing the recombinant proteins were pooled and
concentrated and buffer exchanged to the lysis buffer with a
10-kDa cut-off Amicon concentrator unit (EMD Millipore).
The 6×His tag was removed by incubation overnight at 4 �C
with TEV protease at 1: 50 (TEV: His-KPC-2) ratio, and the
TEV protease was removed by incubation with Ni Sepharose
Fast Flow beads (GE Healthcare). KPC-2 protein was further
purified by gel-filtration chromatography with a Superdex 75
Increase (10/300) column (GE Healthcare) using 20 mM
Hepes, pH 7.4, 150 mM NaCl as the running buffer. Fractions
containing the recombinant proteins were pooled and
concentrated with a 10-kDa cut-off Amicon concentrator unit
(EMD Millipore). The KPC-44 and KPC-44 Δ4 proteins were
purified using the same procedure as that for KPC-2. The
purity of each protein was over 95% based on SDS-PAGE
analysis. Protein concentrations were determined by
measuring the absorbance at 280 nm with a DU800 spectro-
photometer (Beckman Coulter) using an extinction coefficient
of 39,545 M−1 cm−1 for KPC-2 and 41,035 M−1 cm−1 for KPC-
44 and KPC-44 Δ4, respectively.
Kinetic analysis of β-lactam hydrolysis by KPC-2 and KPC-44
enzyme

Enzyme kinetic parameters for the hydrolysis of ampicillin,
CAZ, cefotaxime, nitrocefin, imipenem, and meropenem by
the KPC-2 and KPC-44 enzymes were determined at 30 �C in
50 mM sodium phosphate buffer, pH 7. Bovine serum albumin
(BSA) was included in the buffers at the final concentration of
1 μg ml-1 to stabilize the enzymes and prevent absorption to
the cuvette.

Antibiotic hydrolysis was monitored with a DU800 spec-
trophotometer (Beckman Coulter) equipped with a thermo-
statically controlled cell by following the absorbance change
of ampicillin at 235 nm (Δε235nm= −900 M−1 cm−1), CAZ at
260 nm (Δε260nm= −10,500 M−1 cm−1), cefotaxime at 260 nm
(Δε260nm= −7250 M−1 cm−1), nitrocefin at 482 nm (Δε482nm=
15,000 M−1 cm−1), imipenem at 300 nm
(Δε300nm= −9000 M−1 cm−1), and meropenem at 300 nm
(Δε300nm= −8416 M−1 cm−1). kcat and Km parameters were
determined under initial-rate conditions by fitting the initial
velocity (vo) at various substrate concentrations to the
Michaelis–Menten equation (v = Vmax [S]/(Km + [S])) using
GraphPad Prism 5 (www.graphpad.com). When Vmax could
not be determined because Km was too high, the kcat/Km value
was determined by analyzing the complete hydrolysis time
courses at low antibiotic concentration and fitting the data to
the equation v = kcat/Km [E][S], where [S] << Km. Kinetic
parameters were averaged from at least two independent
determinations.

Determination of AVI, clavulanate, and vaborbactam
inhibition potency for KPC-2 and KPC-44

The sensitivity of KPC enzymes to inhibition by AVI, clav-
ulanate, and vaborbactam was determined using purified KPC-
2 or KPC-44 enzymes. A total of 2 nM of KPC-2 and 4 nM of
KPC-44 was mixed with inhibitors at varying concentrations in
50 mM sodium phosphate (pH 7) containing 0.02% Tween-20
and 2 μg/ml BSA and incubated at room temperature for
10 min (clavulanate), 20 min (AVI), or 1 h (vaborbactam). The
reaction was initiated upon the addition of the same volume of
30 μM nitrocefin prepared in 50 mM sodium phosphate (pH 7)
containing 0.02% Tween-20. The initial velocity (vo) of nitro-
cefin hydrolysis in the assays with inhibitors was expressed as
the percentage of vo of the reactions without inhibitors, which
was set as 100%. IC50 of inhibitors were obtained by plotting vo
versus logarithms of inhibitor concentrations (Log[I]) and
fitting the data log(inhibitor) versus normalized response using
GraphPad Prism5 (www.graphpad.com).

Determination of AVI carbamylation efficiency (k2/Ki) and
decarbamylation rate (k-2) for the KPC-2 and KPC-44 enzymes

AVI carbamylation experiments were carried out at 30 �C in
50 mM sodium phosphate (pH 7) containing 0.02% Tween-20
and 1 μg/ml BSA using a Tecan Infinite M Plex microplate
reader with 200 μM nitrocefin as the substrate. A total of 1 nM
KPC-2 and 2 nM KPC-44 enzyme were used, respectively. AVI
was tested up to 20 μM for KPC-2 and 100 μM for KPC-44,
respectively.

Nitrocefin hydrolysis data were fit to the following two-step,
reversible equation model EþI ⇄ EI ⇄ EI� , where k1 and k-1
describe the formation and dissociation EI from E + I, k2 and k-
2 describe formation and reversion of EI* from EI and where
Ki ¼ k−1

k1
, as described previously (16, 17). Progress curves of

nitrocefin hydrolysis were fit to Equation 1 to obtain the
pseudo first-order constant kobs.

P¼VstþðV0−VsÞ
�
1−e−kt

�
k

(1)

In the equation, V0 represents the uninhibited enzyme velocity
that is measured in a reaction with KPC enzyme and no AVI,
whereas VS represents fully inhibited enzyme velocity that is
measured in a reaction without any enzyme. kobs obtained with
varying AVI concentrations was then fit to Equation 2 to
derive AVI acylation efficiency (k2/Ki) for the KPC-2 and
KPC-44 enzymes.

kobs ¼ k−2þk2
Ki

½I��
1þ ½S�

Km

� (2)

The rate of AVI decarbamylation (k-2) from carbamylated
KPC enzymes was determined at 30 �C using a jump dilution
J. Biol. Chem. (2024) 300(1) 105493 13
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method, followed with a continuous assay to monitor regain of
activity, as described previously (18). A total of 1 μM KPC-2 or
2 μM KPC-2 was incubated with 10 μM or 20 μM AVI in
50 mM sodium phosphate (pH 7) containing 0.02% Tween-20
at room temperature for 2 h to inactivate the KPC enzyme.
The inactivation mixture was then diluted by 100-fold into
50 mM sodium phosphate (pH 7) containing 0.02% Tween-20
and 20 μl of the diluted inactivation mixture was added to
180 μl of 200 μM nitrocefin. Absorbance at 482 nm (A482) was
continuously recorded in a Tecan Infinite M Plex microplate
reader with the temperature set at 30 �C. Data were fit to
Equation 1 to obtain k-2, where V0 represents fully inhibited
enzyme velocity and VS represents the uninhibited enzyme
velocity. Vaborbactam borylation efficiency (k2/Ki) and
deborylation rate (k-2) for KPC-2 and KPC-44 enzymes were
determined using the same methods as those for AVI.
X-ray structure determination of KPC-44

KPC-44 Δ4 was purified to homogeneity and concentrated
to 30 mg ml-1. Crystallization screening was performed using
PEG/Ion Screen (Hampton Research), PEGs Suite (NeXtal
Biotechnologies), JCSG Core I Suite (NeXtal Biotechnologies),
JCSG Core IV Suite (NeXtal Biotechnologies), and MPD Suite
(NeXtal Biotechnologies). A total of 0.2 μl of protein solutions
(15 or 30 mg ml−1) in 50 mM Hepes (pH 7.4), 150 mM NaCl
were mixed with 0.2 μl of reservoir solution by using a Mos-
quito automated nanoliter liquid handler robot (TTP Lab-
Tech). The mixture was allowed to equilibrate against the
reservoir solution (70 μl) at 25 �C by using the hanging-drop
method. Crystals formed after 2 months for 30 mg ml-1

KPC-44 Δ4 only with reservoir solutions containing 0.2 M
lithium sulfate, 0.1 M phosphate-citrate, pH 4.2, and 20% (w/v)
PEG 1000 (H7 of JSCG Core I suite). Therefore, the crystal-
lization condition for KPC-44 Δ4 protein was further opti-
mized by varying the concentration of KPC-44 Δ4 protein
(20–50 mg ml−1), the pH of 0.1 M phosphate-citrate (pH
3.8–4.8) and the concentration of PEG 1000 (18–24% (w/v)) of
the reservoir solutions. After optimization, diffraction quality
crystals formed within a few days for 40 to 50 mg ml-1 protein
with reservoir solutions containing 0.2 M lithium sulfate,
0.1 M phosphate-citrate, pH 4 to 4.4, and 22 to 24% (w/v) PEG
1000. For data collection, crystals of KPC-44 Δ4 were either
directly flash-frozen in liquid nitrogen or soaked in cryopro-
tectant solution (20% ethylene glycerol, 20% glycerol, or 20% 2-
methyl-2, 4-pentanediol (diluted in reservoir solution) for 30 s
before being flash frozen in liquid nitrogen. In addition, the
crystals of KPC-44 Δ4 were also soaked for different periods of
time (from 10 s to 4 h) with 10 mM AVI or 5 mM vaborbactam
that was prepared in the reservoir solution containing 20%
ethylene glycerol before being frozen in liquid nitrogen.
Diffraction data were collected on the 8.2.1 or 5.0.3 beamline
at the Advanced Light Source synchrotron in Berkeley.

Diffraction data for the KPC-44 Δ4 apoenzyme and in
complex with AVI or vaborbactam were indexed, integrated,
and scaled using iMosflm and Scala in the CCP4i (53, 54). The
structures were solved by molecular replacement using the
14 J. Biol. Chem. (2024) 300(1) 105493
program Phaser with the truncated KPC-2 structure (KPC-2
Δ4) (PDB ID: 3C5A) as the initial search model. The structures
of KPC-44 Δ4 apo protein, KPC-44 Δ4 apo protein without
cryoprotectant, KPC-44 Δ4/AVI, and KPC-44 Δ4/vaborbac-
tam were solved to 1.26 Å, 1.31 Å, 1.37 Å, and 1.70 Å,
respectively. The structures were further refined using PHE-
NIX with at least ten rounds of manual remodeling in COOT
between refinement cycles (55, 56). AVI and vaborbactam
were manually built into the protein structure in Coot. The
geometry restraints were calculated using the Grade Web
Server (http://grade.globalphasing.org) and the mFo-Fc omit
map was generated in PHENIX (55). AVI and vaborbactam
occupancy was manually assigned based upon inspection of
electron density and subsequently refined in Phenix with at
least ten rounds of refinement (55). The fully refined structures
are deposited in the Protein Data Bank (PDB) with the entry
codes 8TJM (KPC-44), 8TN0 (KPC-44 w/o cryoprotectant),
8TMR (KPC-44/AVI), and 8TMT (KPC-44/vaborbactam).
Statistics for data collection and refinement are found in
Table S1. All structure figures were generated using the UCSF
Chimera program (57).
Modeling and MD simulations

The initial coordinates for KPC-2 enzyme simulations come
from the crystal structures downloaded from PDB entry 2OV5
(58), while those of KPC-44 were directly from this work. The
missing loop Asn269-Glu276 in KPC-44 crystal structure was
built using the loop_modelling_notmove.py script from Mod-
eller 10.1 (59). Protein Preparation Workflow from Maestro
(Schrödinger LLC) was then used for pdb file clean-up, adding
hydrogen, assigning protonation states (assuming a pHof 7.4 for
the ionizable groups), and removing side chain ambiguity.

GROMACS version 2020.7 and CHARMM36-feb2021
forcefield were used for MD simulations. For each initial set of
coordinates, the periodic boundary condition was applied as
follows: the box was set as cubic with absolute size of each side
greater than the largest dimension of the system by 10 Å.
Explicit water was added, and the system charge was
neutralized with 150 mM sodium and chloride ions. A steepest
descent energy minimization was performed to remove steric
clashes or inappropriate geometry until the structure
converged. Consecutive 100 ps NVT ensemble simulation with
T at 300 K using V-rescale and 100 ps NPT ensemble simu-
lations with T at 300 K and pressure at 1 bar with Berendsen
barostat were then performed to allow temperature and
pressure coupling for protein and nonprotein groups. The
convergence of system temperature, pressure, and density
were confirmed. Finally, the production run of 100 ns was
performed. Short range van der Waals was calculated using
Verlet neighbor searching algorithm with a cut-off of 1.2 nm.
Coulomb was calculated using Particle Mesh Ewald and the
cut-off was set as 1.2 nm. During the production run, coor-
dinate frames were saved at every 10 ps. Three 100 ns repli-
cates were performed for each protein. The trajectories were
visualized through the following gmx trjconv commands:
whole – center – mol(compact) – rot+trans. The
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postsimulation distance and RMSD analysis after each run
were performed by calling respective commands built in
GROMACS. The MD simulation was performed on Longhorn
server from Texas Advanced Computing Center under project
CHE21040. The GROMACS was compiled with GPU-enabled
code and the job was mainly run on GPU.
Data availability

Accession codes: Coordinates and structure factors have
been deposited in the Protein Data Bank under accession
codes KPC-44, 8TJM; KPC-44 w/o cryoprotectant, 8TN0;
KPC-44-avibactam, 8TMR; KPC-44-vaborbactam, 8TMT. All
relevant data associated with the paper are available upon
request from the corresponding author.
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