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ABSTRACT Class A �-lactamases are a major cause of �-lactam resistance in Gram-
negative bacteria. The recently FDA-approved cyclic boronate vaborbactam is a
reversible covalent inhibitor of class A �-lactamases, including CTX-M extended-
spectrum �-lactamase and KPC carbapenemase, both frequently observed in the
clinic. Intriguingly, vaborbactam displayed different binding kinetics and cell-based
activity for these two enzymes, despite their similarity. A 1.0-Å crystal structure of
CTX-M-14 demonstrated that two catalytic residues, K73 and E166, are positively
charged and neutral, respectively. Meanwhile, a 1.25-Å crystal structure of KPC-2 re-
vealed a more compact binding mode of vaborbactam versus CTX-M-14, as well as
alternative conformations of W105. Together with kinetic analysis of W105 mutants,
the structures demonstrate the influence of this residue and the unusual conforma-
tion of the �3 strand on the inactivation rate, as well as the stability of the revers-
ible covalent bond with S70. Furthermore, studies of KPC-2 S130G mutant shed light
on the different impacts of S130 in the binding of vaborbactam versus avibactam,
another recently approved �-lactamase inhibitor. Taken together, these new data
provide valuable insights into the inhibition mechanism of vaborbactam and future
development of cyclic boronate inhibitors.
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The �-lactam antibiotics are among the most commonly prescribed antibacterial
agents used to treat a variety of infections due to their broad spectrum of activity

and favorable pharmacological properties (1–3). The most frequent mechanism of
�-lactam resistance involves the production of �-lactam-degrading enzymes known as
�-lactamases, which hydrolyze the amide bond of the four-membered �-lactam ring
essential to the activity of these antibiotics (4–7). �-Lactamases are divided into four
classes (Ambler classes A, B, C, and D) based on their amino acid sequence homology.
Classes A, C, and D are serine �-lactamases (SBLs), which use a serine residue for
hydrolysis, whereas class B enzymes are metalloenzymes that instead use zinc ions for
the hydrolysis reaction (8).

Class A �-lactamases are the most prevalent class of �-lactamases and are usually
found in Gram-negative pathogens (9–11). Many class A �-lactamases display hydro-
lytic activity against a wide range of �-lactam compounds (12–14). Extended-spectrum
�-lactamases (ESBLs) can hydrolyze penicillins, monobactams, and cephalosporins
belonging to the first, second, and third generations. Currently, the class A CTX-M
family of �-lactamases are the most prevalent ESBLs worldwide (15, 16). Carbapen-
emases have an even broader spectrum of activity than ESBLs and can inactivate all
classes of �-lactam antibiotics, including the classical �-lactamase inhibitors (i.e., cla-
vulanate, sulbactam, and tazobactam). The class A Klebsiella pneumoniae carbapen-
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emase (KPC) is the most common cause of carbapenem resistance seen in the United
States (13, 14, 17).

The growing problem of antibiotic resistance mediated by the production of ESBLs
and carbapenemases has prompted the search for novel �-lactamase inhibitors (Fig. 1)
(18, 19). In 2015, the FDA approved a novel non-�-lactam �-lactamase inhibitor,
avibactam, in combination with the third-generation cephalosporin ceftazidime to
combat bacteria producing class A and C �-lactamases such as CTX-M, KPC, and AmpC
(20). Unfortunately, even this inhibitor has demonstrated cases of resistance due to
porin mutations and increased expression of KPC-3 (21), as well as various mutations in
KPC-2 and KPC-3 (22), suggesting that additional inhibitor discovery is necessary. An
emerging class of novel �-lactamase inhibitors is boronic acids, which have undergone
extensive investigation due to their ability to form a stable reversible covalent bond
with the active-site serine residue of SBLs (23–25). Boronic acids potently inhibit SBLs
because of their effective mimicking of the tetrahedral transition state that is part of the
acylation or deacylation steps of SBL catalysis (26, 27). Currently, boronic acid transition
state inhibitors (BATSIs) have exhibited inhibition against a wide range of SBLs (28, 29).
Most recently, an FDA-approved cyclic boronate inhibitor, vaborbactam (formerly
RPX7009), in combination with the carbapenem meropenem, demonstrated potent
activity against Gram-negative bacteria, including KPC-producing carbapenem-resistant
Enterobacteriaceae (CRE). Specifically, vaborbactam can inhibit class A �-lactamases
such as CTX-M, KPC, SHV, and TEM and class C �-lactamases such as P99, MIR, and FOX
(30, 31).

A recent study showed different binding kinetics of vaborbactam during its inhibi-
tion of KPC-2 versus CTX-M-15 despite the highly similar active sites of these two class
A enzymes (31). Compared with CTX-M-15, the inactivation and koff rates of KPC-2 are
�3 and 50 times lower, respectively, leading to an �15-fold difference in the binding
affinity. The importance of binding kinetics for drug efficacy has received increasing
attention, with many studies demonstrating that the residence time (i.e., the duration
of drug occupation of the target binding site) corresponds more to the drug’s in vivo
efficacy than the equilibrium dissociation constant (Kd) (32–34). However, most of these
studies focused on how the residence time can influence the pharmacokinetics of the
drug inside animals or humans (35, 36). It is largely unknown how binding kinetics can
impact the activity of a drug on the cellular level, especially relative to their bactericidal
effects (37). While the study comparing KPC-2 and CTX-M-15 was informative, it also
highlighted the need to elucidate the unique binding kinetics of vaborbactam for
KPC-2 and CTX-M, as well as its influence on vaborbactam’s cell-based activity.

In this study, we examined the structural basis for vaborbactam’s inhibition of two
clinically relevant class A enzymes, CTX-M-14 and KPC-2. Crystals of CTX-M-14 routinely
diffract to sub-angstrom resolution, allowing us to visualize hydrogen atoms on cata-
lytically important residues and gain insights into vaborbactam’s mode of inhibition of
class A �-lactamases (19, 38). Most importantly, the crystal structure of vaborbactam
with KPC-2, combined with binding kinetics and mutagenesis studies, helps shed light
on the origin and manifestation of vaborbactam’s long residence time in KPC-2 as well
as the importance of the inactivation rate and Kd for vaborbactam’s cell-based activity.

FIG 1 Chemical structures of serine �-lactamase inhibitors.
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RESULTS AND DISCUSSION
Ultrahigh-resolution X-ray crystal structure of CTX-M-14 with vaborbactam.

The structure of the class A ESBL CTX-M-14 complexed with vaborbactam was solved
to a 1.0-Å resolution (Fig. 2; Table S1). CTX-M-14 was crystallized in the P21 space group,
with two molecules in the asymmetric unit (ASU). The structure was refined to an Rwork

and Rfree of 0.1046 and 0.1209, respectively. Two copies of vaborbactam were observed
in each monomer, with one covalently linked with S70 in the active site and the other
one binding noncovalently outside the active site, near residues N104, Y105, and T227
and likely a crystal artifact. The interactions that vaborbactam forms with the CTX-M-14
active site mirror those seen in the previous CTX-M-15–vaborbactam complex (PDB
code 4XUZ) (Fig. 2A) (30). However, the CTX-M-15–vaborbactam complex was deter-
mined to a resolution of 1.5 Å, whereas solving our complex at a 1.0-Å resolution
allowed us to see additional detailed and important structural features, such as the
protonation state of catalytic residues. We were particularly interested in the protona-
tion state of K73 and E166, two residues that participate in the acylation and deacy-
lation reaction central to the catalysis of class A �-lactamases (39–41).

The vaborbactam carboxylate group forms hydrogen bonds (HBs) with S130, T235,
and S237, three residues that usually interact with the C-3/4-carboxylate group of
�-lactam substrates. The two boronic acid oxygens (i.e., endocyclic ring oxygen and
exocyclic hydroxyl) are placed inside the “oxyanion hole” of CTX-M-14 formed by the
backbone amides of S70 and S237. Like most serine hydrolases, this oxyanion hole,
which is a small subpocket surrounded by several HB donor atoms, helps coordinate
the carbonyl group oxygen of the substrate next to the scissile bond (42, 43). Whereas
the exocyclic oxygen interacts with both backbone NH groups of the oxyanion hole, the
endocyclic oxygen forms only one HB with the NH group of S237. The NH of the amide
group of vaborbactam donates a hydrogen bond to the S237 backbone carbonyl, while
the carbonyl of the same amide group of vaborbactam accepts a hydrogen bond from
the N104 and N132 side chain amide groups. Meanwhile, nonpolar contacts are
observed between the six-membered ring and Y105 and between the five-membered
thiophene ring and the C� atoms of P167 and N170.

Examination of the Fo-Fc electron density map shows hydrogen atoms on several
residues, including the catalytically important residues K73 and E166 (Fig. 2B). There are
three positive peaks on the N� of K73, corresponding to a positively charged lysine,
which serves as an HB donor to the side chains of S70 and N132 and the main-chain

FIG 2 Vaborbactam complex crystal structure with CTX-M-14 class A �-lactamase. (A) Vaborbactam
covalently bound in the active site of CTX-M-14 (1.0-Å resolution; PDB code 6V7H). The unbiased Fo-Fc

omit map of vaborbactam is contoured at 3� and represented with gray mesh. Hydrogen bonds are
shown as black dashed lines. (B) Protonation state of K73 and E166 in the CTX-M-14 –vaborbactam
complex. The 2Fo-Fc omit map (gray) is contoured at 3� around the protein residues, and the unbiased
Fo-Fc omit map (red) is contoured at 2� around K73 and E166, corresponding to hydrogen atoms located
on the terminal groups of K73 and E166.

Class A �-Lactamase Interaction with Vaborbactam Antimicrobial Agents and Chemotherapy

October 2020 Volume 64 Issue 10 e00398-20 aac.asm.org 3

https://www.rcsb.org/structure/4XUZ
https://www.rcsb.org/structure/6V7H
https://aac.asm.org


carbonyl group of S130. Additionally, a single positive peak on the E166 carboxyl group
indicates that it is neutral and in its glutamic acid form. For the first time, these results
shed light on the protonation states of these two residues in the vaborbactam complex.

Crystal structure of KPC-2 with vaborbactam. The KPC-2 complex with vabor-
bactam was solved to a 1.25-Å resolution (Fig. 3; Table S1). The KPC-2–vaborbactam
complex crystal belongs to the space group P22121, with one protein molecule in the
ASU. The structure was refined to an Rwork and Rfree of 0.1566 and 0.1789, respectively.
The Fo-Fc map showed an unambiguous density in the KPC-2 active site corresponding
to two closely related conformations of vaborbactam, differing from one another by a
flip of the thiophene ring. Similar to the CTX-M-14 complex, vaborbactam forms several
HBs with the enzyme (Fig. 3A), including the hydroxyl side chains of S130, T235, and
T237, the oxyanion hole, and N132. The patterns of HB with vaborbactam are nearly
identical for the two enzymes. One main difference in side chain polar groups inter-
acting with vaborbactam is T237, which, like S237 in CTX-M-14, forms an HB with the
vaborbactam carboxylate group. In addition, compared with N104 in CTX-M-14, P104 in
KPC-2 abolishes the HB with the vaborbactam side chain carbonyl group. However, the
HB between this carbonyl group and N132 is maintained in both KPC-2 and CTX-M-14.
A key difference in the binding mode of vaborbactam between KPC-2 and CTX-M-14 is
the conformation of the thiophene moiety of the inhibitor, which reorients inward to
make hydrophobic interactions with W105, and the hydrocarbon atoms of the T237
side chain and C238 backbone. These contacts between vaborbactam and KPC-2
largely mimic the interactions that the �-lactam antibiotics cefotaxime and faropenem
form with KPC-2 (44).

Vaborbactam induces some conformational changes in the KPC-2 active site upon
binding. In the apoenzyme (PDB code 5UL8) (44), W105 alternates between two
conformations that flank opposite sides of the active site, whereas in the complex
structure, W105 adopts two conformations that are positioned to make hydrophobic
contacts with the six-membered ring and thiophene moiety of vaborbactam (Fig. 3B).
One conformation of W105 is similar to that in the apoenzyme, whereas the other
conformation is unique to the particular complex, allowing the protein to establish
more nonpolar contacts with vaborbactam. In the apoenzyme, S130 also has two
conformations. Conformation 1 is located closer to K73, with a distance of 3.5 Å
between S130 O� and K73 N�, and is the conformation normally observed in class A
�-lactamases (44). Conformation 2 moves closer to K234, forming a stronger HB (2.7 Å)
than conformation 1 (3.0 Å). In the complex structure, S130 adopts a single conforma-
tion, conformation 2, forming an HB with the vaborbactam carboxylate group and
K234.

FIG 3 Vaborbactam complex crystal structure with class A carbapenemase KPC-2. (A) Vaborbactam
covalently bound in the active site of KPC-2 (1.25-Å resolution; PDB code 6V7I). The unbiased Fo-Fc omit
map of vaborbactam is contoured at 3� and represented with gray mesh. Hydrogen bonds are shown
as black dashed lines. (B) Superimposition of KPC-2–vaborbactam (gray) and KPC-2 apo (PDB code 5UL8;
purple) structures.
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Effects of W105 mutations on vaborbactam binding kinetics. Substitution of the
W105 residue in KPC-2 has been previously shown to affect substrate binding and
catalysis as well inhibition by some �-lactamase inhibitors (45). W105 appears to
establish more nonpolar interactions with vaborbactam in KPC-2 than the correspond-
ing Y105 in CTX-M-14. To probe the contribution of W105 to the vaborbactam activity
and binding kinetics, various W105 substitutions were introduced in KPC-2 by site-
directed mutagenesis, and mutant proteins were purified for biochemical studies. As
expected, W105 substitutions significantly affected the kinetics of vaborbactam binding
and KPC-2 hydrolysis of �-lactam substrates.

An enzymatic competition assay using the chromogenic �-lactamase substrate
nitrocefin revealed that vaborbactam behaves as a two-step tight-binding inhibitor that
initially binds to SBLs in a noncovalent fashion (characterized by the affinity constant
[K]). Subsequently, covalent bond formation occurs between the active-site serine and
boron of vaborbactam (characterized by the rate constant [k2]) (31). Vaborbactam
exhibited various degrees of acylation efficiency (or inactivation rate, characterized by
k2/K) with the W105 mutants (Table 1). Wild-type KPC-2 had a k2/K of 5.8 � 103 M�1 s�1.
Mutants that had aromatic residue substitutions at residue 105, such as W105F and
W105Y, had comparable acylation efficiencies at 4.1 � 103 M�1 s�1 and 3.8 � 103 M�1

s�1, respectively. Generally, residue 105 mutants that replaced tryptophan with a nonar-
omatic residue had much lower acylation efficiencies with vaborbactam (e.g., 20-fold
decrease for the W105D mutant compared to the wild-type KPC-2), except the W105N
mutant, which had a 2-fold decrease compared with the wild-type KPC-2. In contrast to
acylation efficiency, W105 substitutions had minimal impacts on the off rate of dissociation
(characterized by koff) of vaborbactam. For example, the largest difference in koff was
roughly 2-fold when wild-type KPC-2 was compared to the W105L mutant.

Effects of W105 mutations on the enzymatic activity of KPC-2. The impact of the
W105 substitutions on the enzymatic activity of KPC-2 was evaluated using nitrocefin
and meropenem as substrates (Table 2). The W105 substitution appeared to have a
substrate-dependent effect on KPC-2 hydrolysis. The catalytic efficiency of KPC-2
against nitrocefin (characterized by kcat/Km) was significantly impaired for W105 mu-
tants in which the tryptophan was replaced with a nonaromatic residue. For example,
the W105D mutant was 14-fold less proficient in nitrocefin hydrolysis than the wild-

TABLE 1 Impact of KPC-2 W105 mutations on reaction with vaborbactam

Enzyme mutation k2/K (M�1 s�1) koff (s�1) Residence time (min) Kd (nM)

WT 5.8 � 103 � 0.3 � 103 4.3 � 10�5 � 0.6 � 10�5 394 � 50 7.4 � 0.9
W105F 4.1 � 103 � 0.1 � 103 3.9 � 10�5 � 0.5 � 10�5 437 � 59 9.3 � 1.1
W105N 2.9 � 103 � 0.1 � 103 5.0 � 10�5 � 0.6 � 10�5 337 � 46 17 � 2
W105L 0.63 � 103 � 0.01 � 103 2.3 � 10�5 � 0.3 � 10�5 721 � 101 37 � 4
W105V 0.94 � 103 � 0.1 � 103 3.5 � 10�5 � 0.3 � 10�5 473 � 41 38 � 3
W105D 0.32 � 103 � 0.07 � 103 3.5 � 10�5 � 0.3 � 10�5 477 � 48 110 � 12
W105A 0.85 � 103 � 0.07 � 103 7.7 � 10�5 � 0.8 � 10�5 219 � 23 90 � 10
W105Y 3.8 � 103 � 0.3 � 103 3.6 � 10�5 � 0.2 � 10�5 463 � 20 9.6 � 0.8
W105S 0.92 � 103 � 0.08 � 103 4.4 � 10�5 � 0.6 � 10�5 386 � 53 47 � 6

TABLE 2 Impact of KPC-2 W105 mutations on nitrocefin and meropenem hydrolysis

Enzyme mutation

Nitrocefin Meropenem

Km (�M) kcat (s�1) kcat/Km (s�1 �M�1) Km (�M) kcat (s�1) kcat/Km (s�1 �M�1)

WT 43 � 4 190 � 6 4.40 � 0.25 15 � 2 3.8 � 0.1 0.26 � 0.02
W105F 71 � 3 192 � 13 2.70 � 0.07 16 � 2 1.8 � 0.1 0.12 � 0.01
W105N 160 � 14 135 � 17 0.84 � 0.04 59 � 5 3.1 � 0.1 0.053 � 0.003
W105L 357 � 18 290 � 4 0.81 � 0.03 55 � 4 2.5 � 0.1 0.046 � 0.002
W105V 236 � 9 198 � 8 0.84 � 0.06 59 � 7 4.2 � 0.3 0.073 � 0.007
W105D 558 � 68 172 � 10 0.31 � 0.02 122 � 4 15.7 � 0.2 0.129 � 0.003
W105A 299 � 29 238 � 3 0.80 � 0.07 65 � 10 2.8 � 0.2 0.044 � 0.004
W105Y 79 � 5 247 � 9 3.12 � 0.11 19 � 1 2.6 � 0.04 0.14 � 0.01
W105S 293 � 11 169 � 3 0.58 � 0.02 64 � 8 2.2 � 0.2 0.035 � 0.001
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type KPC-2. Overall, the W105 substitutions had slightly less effect on meropenem
hydrolysis, with only a 7-fold difference in kcat/Km between the wild-type KPC-2 and the
least efficient mutant, the W105S variant. It is also worth noting that when nitrocefin and
meropenem were compared, W105 mutations increased the Km values for both antibiotics
but had less influence on kcat. A notable exception is W105D in meropenem hydrolysis,
where the kcat value was 4 times higher than that of the wild type (WT). As W105 forms
extensive nonpolar interactions with �-lactam substrates (44), W105 mutations would most
certainly affect substrate binding. For carbapenems like meropenem, their unique hydroxy-
ethyl group hinders the attack of the catalytic water on the acyl-enzyme linkage, as
demonstrated by the usually low deacylation rate of carbapenems compared with those of
other �-lactams (44, 46–49). It is possible that some W105 mutations, especially W105D,
may induce alternative conformations of the hydroxyethyl group and enable the catalytic
water to access and break the acyl-enzyme bond.

Effects of W105 mutations on vaborbactam potency. To study the microbiolog-
ical impact of W105 substitutions, plasmids carrying mutant KPC-2 genes were trans-
formed into Pseudomonas aeruginosa (PAM1154 strain lacking the major efflux pump,
MexAB-OprM) (50, 51). The evaluation of the effect of the W105 substitutions on
resistance to various �-lactam antibiotics demonstrated multiple antibiotic-specific
effects. The W105D mutant revealed a behavior unique among the other mutants; it
lost resistance to all �-lactams except carbapenems (Table S2).

The effect of mutations on vaborbactam potency was investigated next by the
evaluation of the concentration response of meropenem potentiation by vaborbactam
against the strains producing various W105 mutations. Vaborbactam potency was
defined as the 50% potentiation value (PV50) of antibiotic potentiation (22). The PV50 is
the concentration of a �-lactamase inhibitor (BLI) that is required to reduce the
antibiotic MIC to the middle of the MIC range, where the maximal MIC is the MIC for
a KPC-producing strain with no inhibitor added and the minimal MIC is the MIC in the
presence of an inhibitor at a concentration required to achieve maximum inhibition (or,
simply, a MIC for a vector-alone strain). There appeared to be no significant variation in
PV50s, which ranged from 0.65 �g/ml to 1.49 �g/ml (0.73 �g/ml for the wild type KPC-2)
(Table 3; Fig. S1). However, close examination of the meropenem MIC in the absence of
vaborbactam, vaborbactam PV50, and the fold reduction of meropenem MIC in the
presence of vaborbactam at 1.25 �g/ml (concentration of vaborbactam inside the
interval of PV50s) revealed interesting correlations with the mutants’ enzymatic activity
and inhibition by vaborbactam. Overall, for mutants with catalytic efficiencies (kcat/Km)
similar to that of the WT, such as the W105F, W105Y, and W105D mutants, the MIC of
meropenem in the absence of vaborbactam was approximately 32 �g/ml, the same as
for the WT. The other mutants, which had lower kcat/Km values, especially the W105L,
W105A, and W105S mutants, had MICs up to 4 times lower. For the potentiation effect
of vaborbactam, mutants with inactivation rates or Kd values similar to those of the WT,
such as the W105F, W105Y, and W105N mutants, had �10% decreases in PV50s

TABLE 3 MIC of meropenem in combination with vaborbactam against P. aeruginosa expressing KPC-2 W105 mutants

Enzyme mutation

Vaborbactam concn (�g/ml)

PV50
a (�g/ml)

Decrease
in MICb0 0.16 0.31 0.63 1.25 2.5 5 10

WT 32 32 16 2 0.25 0.063 0.063 �0.031 0.73 � 0.02 128
W105F 32 16 8 1 0.125 0.063 �0.031 �0.031 0.65 � 0.11 256
W105N 16 8 4 1 0.25 0.063 0.063 �0.031 0.65 � 0.01 64
W105L 8 8 4 2 0.5 0.125 0.063 �0.031 1.06 � 0.11 16
W105V 8 4 4 1 0.25 0.125 0.063 �0.031 0.87 � 0.11 16
W105D 32 16 8 4 2 0.5 0.125 �0.031 1.49 � 0.09 16
W105A 8 8 4 2 0.25 0.125 �0.031 �0.031 0.87 � 0.1 32
W105Y 32 16 8 2 0.25 �0.031 �0.031 �0.031 0.68 � 0.05 128
W105S 8 8 4 2 0.25 0.125 �0.031 �0.031 1.00 � 0.02 32
aData are averages of three measurements. Differences from the WT are statistically significant (P � 0.05) for W105D, W105L, and W105S.
bFold decrease in meropenem MIC with vaborbactam at 1.25 �g/ml.
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compared to the WT (no statistical significance) and exhibited WT-level fold reductions
in meropenem MIC (64- to 256-fold) at a vaborbactam concentration of 1.25 �g/ml.
Meanwhile, those with lower inactivation rates or higher Kd constants, such as the
W105D, W105L, W105A, W105V, and W105S mutants, displayed 20 to 100% higher
PV50s than the WT (statistically significant difference with P values of �0.05 for the
W105D, W105L, and W105S mutants) and lower MIC reduction (16- to 32-fold). This is
particularly evident for W105D, because the meropenem MIC for the strain expressing
the W105D enzyme in the absence of vaborbactam was the same as that for the WT,
yet the PV50 of vaborbactam was increased �2-fold, and the meropenem MIC in the
presence of 1.25 �g/ml vaborbactam was 8 times higher than that for the WT (Table 3).

Influence of S130G mutation on vaborbactam inhibition. S130 plays an impor-
tant role in the catalytic mechanism of class A �-lactamases, including KPC-2 (12), and
mutations at this position significantly affect interactions with substrates and inhibitors,
including avibactam (52, 53). The effect of the S130G substitution on vaborbactam
potentiation of various antibiotics was studied in microbiological experiments with P.
aeruginosa PAM1154 expressing the KPC-2 WT and S130G mutant (Table S2). Consistent
with earlier studies, KPC-2 S130G lost the ability to hydrolyze the majority of �-lactam
antibiotics, as suggested by the drastic decreases in the MICs of most compounds
(52–54). P. aeruginosa producing the KPC-2 S130G variant demonstrated resistance to
the penicillins (i.e., carbenicillin and piperacillin) but not to other �-lactams. Subse-
quently, carbenicillin and piperacillin were chosen to study the concentration response
to vaborbactam using a checkerboard method (Table 4; Fig. S2). As previously reported,
cells producing KPC-2 S130G were highly resistant to avibactam potentiation of peni-
cillins (54). The PV50 of avibactam for carbenicillin and piperacillin potentiation was
increased �40- to 100-fold. Carbenicillin and piperacillin MICs against the KPC-2
WT-producing strain were reduced by 64- to 256-fold in the presence of avibactam at
4 �g/ml, and those against the strain that produced KPC-2 S130G were reduced only
2-fold. Notably, the S130G substitution did not significantly affect antibiotic potentia-
tion by vaborbactam.

Detailed kinetic studies confirmed the significant effect of the S130G substitution on
the acylation efficiency of avibactam (52, 54, 55); it was decreased more than 1,000-fold
(Table 5). Conversely, vaborbactam inactivated the KPC-2 S130G variant with an
approximately 10-fold-higher efficiency than its inactivation of the KPC-2 WT
(6.7 � 104 � 0.3 � 104 versus 5.8 � 103 � 0.3 � 103 M�1 s�1) (Tables 1 and 5). Another
unexpected impact of S130G on vaborbactam kinetics was an almost 100-fold increase in

TABLE 4 Concentration response of carbenicillin and piperacillin potentiation by vaborbactam and avibactam against KPC-2-producing
strains of P. aeruginosa

Plasmid BLI Antibiotic

Antibiotic MIC (�g/ml) in the presence of BLI at (�g/ml):
PV50

(�g/ml)0 1 2 4 8 16 32

WT Vaborbactam Carbenicillin 1,024 64 16 8 4 2 1 1.9
S130G Vaborbactam Carbenicillin 128 4 2 1 �0.5 �0.5 �0.5 �1
WT Avibactam Carbenicillin 1,024 64 64 32 16 8 2 4.6
S130G Avibactam Carbenicillin 128 128 128 64 64 64 32 �150
WT Vaborbactam Piperacillin 128 1 0.5 0.25 �0.13 �0.13 �0.13 �1
S130G Vaborbactam Piperacillin 128 2 0.5 0.25 0.25 �0.13 �0.13 �1
WT Avibactam Piperacillin 128 2 1 0.5 0.25 �0.13 �0.13 �1
S130G Avibactam Piperacillin 128 128 64 64 64 32 16 �100

TABLE 5 Kinetic parameters of KPC-2 inhibition by avibactam and vaborbactama

Enzyme mutation Inhibitor k2/K (M�1 s�1) koff (s�1) Residence time (min) Kd (nM)

WT Avibactam 2.3 � 104 � 0.2 � 104 3.3 � 10�4 � 0.1 � 10�4 51 � 2 14 � 1
S130G Avibactam 8.6 � 1.3 ND ND ND
WT Vaborbactam 5.8 � 103 � 0.3 � 103 4.3 � 10�5 � 0.6 � 10�5 394 � 50 7.4 � 0.9
S130G Vaborbactam 6.7 � 104 � 0.3 � 104 4.5 � 10�3 � 1.0 � 10�3 3.8 � 1.0 67 � 13
aND, not determined.
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the rate of recovery of enzymatic activity (4.5 � 1.0 � 10�3 versus 4.3 � 0.6 � 10�5 s�1)
(Tables 1 and 5). Of note, due to an increase in the rate of onset of inhibition (k2/K), the Kd

value remained in the nanomolar range, providing a possible explanation as to why the
S130G mutation did not impact the antibiotic potentiation activity of vaborbactam.

Vaborbactam mode of action. Previous boronic acid inhibitors of SBLs are
transition-state analogs that mimic the intermediates found in either the acylation or
deacylation steps of catalysis (56). The overall placement of the two vaborbactam
boronate oxygen atoms resembles the acylation transition state rather than the deacy-
lation transition state of class A �-lactamases, with the endocyclic oxygen positioned
near the location of the �-lactam ring nitrogen of the substrate rather than the catalytic
water. A distinct feature of the vaborbactam complexes is their interactions with the
oxyanion hole, consisting of the NH groups of S70 and S/T237 in CTX-M-14 and KPC-2.
Typically, substrates and inhibitors engage it with a single acceptor (oxygen atom or
hydroxyl) (57–61). Vaborbactam, on the other hand, inserts the exocyclic oxygen into
the oxyanion hole while establishing an additional HB with the backbone amide group
of residue 237 through the endocyclic oxygen. The structural basis for this difference is
illustrated by comparison with previous boronic acid acylation transition state analogs,
such as compound 1 (Fig. 1), in complex with CTX-M-14 (19). In contrast to the linear
structure of compound 1, the cyclic structure of vaborbactam restrains the orientation
and hydrogen bonding capability of the endocyclic oxygen. Unlike the corresponding
oxygen in compound 1, the endocyclic oxygen of vaborbactam is unable to form a HB
with S130, which is compensated by a less favorable HB with S237 backbone N (3.1 Å,
in comparison to 2.7 Å for the HB between the corresponding oxygen of compound 1
and S130) (Fig. 4A). In addition, whereas the carboxylate group of vaborbactam mimics
the C-3/4 carboxylate group of �-lactams, the carboxylate group of compound 1 is part
of the unique side chain taken from ceftazidime. As a result, it does not interact in the
�-lactam carboxylate recognition site formed by S130, T235, and S237; instead, it is
rotated out of the active site.

Previous studies have shown that K73 and S130 form a relay network to protonate
the �-lactam ring nitrogen (38). The protonation states of catalytic residues in the
complex with compound 1 represent a reaction stage during the collapse of the
acylation transition state, where a charged K73 is poised to transfer a proton to S130,
which in turn serves as an acid and HB donor to the ring nitrogen, mimicked by the
boronic acid oxygen (19, 39). The lack of an HB between S130 and K73 in the
vaborbactam complex makes it resemble the acylation transition state less and raises
the question of the K73 protonation state. In one recently determined ultrahigh-
resolution crystal structure, K73 was shown to be neutral (PDB code 4UAA) (19). It is
therefore interesting to observe that K73 is still positively charged, resembling the

FIG 4 Comparison of boronic acid complex structures. (A) Superimposition of CTX-M-14 –vaborbactam
(PDB code 6V7H; green) with CTX-M-14 – boronic acid inhibitor compound 1 (PDB code 4UA9; purple). (B)
Superimposition of CTX-M-14 –vaborbactam (PDB code 6V7H; green) with KPC-2–vaborbactam (PDB
code 6V7I; purple).
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complex with compound 1. Meanwhile, E166 is in a neutral state, as observed in all
complex structures (19). Such information regarding residue protonation states will be
useful for future modeling of these boronate compounds, which are currently being
intensively studied and developed as broad-spectrum inhibitors active against all four
classes of �-lactamases (62–64).

Structural basis and biological implication of vaborbactam binding kinetics.
The high binding affinity and long residence time of vaborbactam for class A
�-lactamases is mostly derived from the covalent bond between the catalytic serine
and the boron atom. However, it is unclear what extent of influence other factors, such
as conformational entropy and noncovalent interactions, might have on the binding
kinetics, including the inactivation and dissociation rates, as well as the stability of the
covalent bond itself. The analysis of W105 KPC-2 mutants, together with the compar-
ison of KPC-2 and CTX-M-15 from previous experiments, offers further insights into the
interactions between vaborbactam and class A �-lactamases.

A recent study showed that the inactivation rate and koff rates of vaborbactam are
approximately 3 and 50 times lower, respectively, for KPC-2 than CTX-M-15 (31).
Another recent study reported similar trends of the binding kinetics for these two
enzymes, albeit with some differences in the exact numbers, possibly due to different
experimental conditions (65). The previously determined CTX-M-15 complex structure
(PDB code 4XUZ) with vaborbactam is nearly identical to our CTX-M-14 model in the
active site (30). Comparing the complex crystal structures of KPC-2 and CTX-M-14/15
illustrates several differences in vaborbactam binding between the two proteins, due to
some unique structural features of the KPC-2 active site (Fig. 4B). In particular, unlike
CTX-M enzymes, KPC-2 and related class A carbapenemases possess a disulfide bridge
between the adjacent C69 and C238, which has been demonstrated to be important for
activity (54, 66, 67). The disulfide bridge results in an outward shift of G239 and V240
on the �3 strand, which restrains the conformation of the thiophene moiety of
vaborbactam. Consequently, vaborbactam adopts a more compact configuration in
KPC-2. This configuration can be accommodated in CTX-M-15 active site, although a
more extended side chain conformation is assumed due to more favorable interactions
with the CTX-M-15 residues.

The unique vaborbactam conformation and the presence of W105 also lead to more
extensive interactions between the inhibitor and residue 105 in KPC-2, in comparison
to the equivalent Y105 in CTX-M-15. These nonpolar interactions suggest that W105
may potentially influence the binding kinetics of the inhibitor. The W105 mutants,
particularly those with smaller side chains, exhibited lower inactivation rates, demon-
strating that W105 contributes to the recruitment of vaborbactam to the enzyme active
site. The �20-fold decrease of k2/K in the W105D mutant may also have resulted from
unfavorable electrostatic interactions between the aspartate side chain and the vabor-
bactam boronate or carboxylate groups. Interestingly, the W105Y mutation decreased
the inactivation rate only slightly, indicating that Y105 of CTX-M-15 may play a similar
role in vaborbactam binding. The faster inactivation rate of CTX-M-15 by vaborbactam
is likely due to the fewer constraints on vaborbactam conformation in the CTX-M-15
active site, allowing easier access to S70 than in KPC-2.

Despite the effect on the inactivation rates, the W105 mutations, including W105D,
had a negligible influence on the koff values. This indicates that noncovalent interaction
may not be a significant contributing factor in determining the koff rate. The �50-fold
difference in koff values between KPC-2 and CTX-M-15 thus appears to have most likely
originated from various stabilities of the covalent bond between S70 and the boron
group, which is unique in its reversibility. We hypothesize that this is again likely due
to the unique C69-C238 disulfide bond. The two cysteine residues are located next to
S70 and T237, the residues making up the oxyanion hole that interacts with the two
boronate oxygen atoms. The disulfide bond rigidifies the oxyanion hole and stabilizes
the interactions between the boronate group and S70. In fact, the temperature factors
of S70 and T237 backbone nitrogen atoms are 8.93 and 10.03 Å2, respectively, in the
KPC-2 complex structure, which are significantly lower than the average values of the
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protein atoms (15.07 Å2). In comparison, the temperature factors of S70 and S237
backbone nitrogen atoms are 4.12 and 7.58 Å2, respectively, in CTX-M-15, the latter of
which is slightly higher than the average value of 7.40 Å2. As temperature factors serve
as an indicator of atomic movement, this variation at least supports our hypothesis that
the oxyanion hole seems to be more stable in KPC-2 (68–71).

Previous studies have also suggested that residence time, or koff, correlates better
with in vivo drug activity than Kd (32–37). These experiments were mostly focused on
animal models. The study of the W105 mutations demonstrates that the inactivation
rate, or the on rate, still matters in cell-based activity. There was no apparent correlation
(r2 � 0.06) between the koff rate or residence time of vaborbactam and vaborbactam
potency (PV50) of meropenem potentiation (Fig. S3A). At the same time, better corre-
lation was observed between the kon rate and/or Kd versus vaborbactam potency (r2 �

0.5 to 0.7) (Fig. S3B and C). Specifically, the W015D mutation had little effect on the koff

rate or residence time of vaborbactam and on the activity of meropenem hydrolysis.
However, it led to an �20-fold decrease in the inactivation rate, an �2-fold increase in
PV50, and an �8-fold increase in meropenem MIC at a few critical vaborbactam
concentrations (e.g., 1.25 and 2.5 �g/ml) that significantly enhanced meropenem’s
cell-based activity against bacteria expressing WT KPC-2. These results echo another
recent study suggesting that the overall binding affinity is likely a better predictor of
drug development success than residence time (72).

Our studies on the effect of the S130G mutation on vaborbactam and avibactam
binding to KPC-2 have also offered further insight into key differences in protein interac-
tions between these two compounds, despite both acting as covalent inhibitors. Like
�-lactam antibiotics, avibactam forms an acyl-enzyme bond with S70, and the acylation
process involves a series of proton transfers catalyzed by active-site residues such as K73
and S130. In contrast, vaborbactam relies on the unique reactivity of the boron group to
form the covalent bond with S70. The S130G mutation would therefore significantly hinder
the acylation reaction of avibactam, while having much less impact on vaborbactam.
Interestingly, the KPC-2 complex with vaborbactam also reveals some minor steric clashes
between S130C� and the carbon atom of the ligand’s six-membered ring, with a distance
of 3.5 Å. This may at least partly explain why the S130G substitution actually increased the
inactivation efficiency of vaborbactam, possibly by relieving steric hinderance in the active
site. However, the mutation also eliminates a favorable HB between S130 and the inhibitor
for both avibactam and vaborbactam and increases the flexibility of the active site. Such
effects may reduce the stability of the covalent complex and lead to more rapid dissociation
of the inhibitor than is seen with the WT enzyme.

Conclusion. Bacterial antibiotic resistance to �-lactam antibiotics is a significant
health threat worldwide. Of notable health concern is the class A �-lactamase KPC-2,
due to its broad substrate profile, which includes extended-spectrum cephalosporins
and carbapenems. Our biochemical and structural analyses have provided important
insights into the binding kinetics and molecular interactions underlying the clinical
utility of vaborbactam, a unique cyclic boron-based inhibitor, in countering bacterial
resistance caused by KPC-2 and its mutants. They highlight the unique structural
features of the KPC-2 active site, particularly as a result of the C69-C238 disulfide bond,
which contribute to the difference in binding kinetics between KPC-2 and CTX-M
enzymes. In addition, the CTX-M-14 structure illustrates for the first time the protona-
tion states of key catalytic residues K73 and E166 in a cyclic boronate complex crystal
structure. These results offer valuable information for the modeling and development
of future boronate inhibitors.

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

were introduced using the Quik-Change Lightning site-directed mutagenesis kit (Agilent Technologies).
The presence of desired mutations was confirmed by DNA sequencing of the entire KPC-2 gene.

Determination of MICs and vaborbactam potentiation experiments. For microbiological studies,
KPC-2 WT and its mutant genes were cloned in the pUCP24 shuttle vector. Resulting plasmids were
transformed into P. aeruginosa PAM1154. MICs of various antibiotics were determined by standard broth
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microdilution method using cation-adjusted Mueller-Hinton broth (MHB) medium (73). Potentiation of
antibiotic activity by vaborbactam in bacterial strains carrying WT and mutant KPC-2 genes was
performed using a standard checkerboard assay (74). BLI potency was defined as the PV50, i.e., the
minimal concentration of a BLI that is required to reduce 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 only strain, corresponding to the complete inhibition of KPC. To determine PV50s
of antibiotic activity potentiation by BLIs, MICs obtained in checkerboard experiments were converted to
log2 values and plotted against log10 of BLI concentrations. Prism software was used to calculate PV50s
using a four-parameter dose response inhibition equation. The resulting numbers as well as BLI
concentrations were imported in Prism software. PV50s were calculated using a dose-response –
inhibition, variable slope (four parameters) equation (22). PV50s are presented as averages from three
experiments. Statistical significance was calculated based on the t test. All microbiological studies were
performed with 15 �g/ml of gentamicin in the media.

Purification of KPC-2 wild-type and mutant proteins for biochemical studies. For protein
expression, the full KPC-2 gene coding sequence with its Shine-Dalgarno (SD) box was cloned into the
pET28a vector, which produced a construct with periplasmic KPC-2 secretion and a 6� His tag on its C
terminus. The recombinant plasmids were transformed into BL21(DE3) E. coli pLysS strain. Two milliliters
of overnight culture was inoculated in 1 liter of LB medium with 50 �g/ml of kanamycin and 20 �g/ml
of chloramphenicol and grown at 37°C with shaking at 300 rpm until an optical density at 600 nm
(OD600) of 0.7 to 0.8 was reached. IPTG (isopropyl-�-D-thiogalactopyranoside) was added to 0.2 mM, and
cells continued to grow for an additional 3 h. Cells were harvested by centrifugation, and the cell pellet
was resuspended in 40 ml of ice-cold 50 mM Tris-HCl (pH 8.0), 500 mM sucrose, 1 mM EDTA, and 1 tablet
of complete protease inhibitor (Roche). The suspension was incubated on ice with six cycles of 15 s
vortexing and a 5-min pause between them. The suspension was centrifuged for 30 min at 30,000 � g,
supernatant was collected and sonicated for 30 s to reduce viscosity, and MgCl2 and imidazole were
added to 5 mM. Lysate was loaded by gravity flow onto a 1-ml column with HisPur cobalt resin (Thermo
Scientific) pre-equilibrated with 50 mM sodium phosphate (pH 7.4)–300 mM NaCl–5 mM imidazole
buffer. Column was washed with 40 ml of the same buffer, and 6� His tagged protein was eluted with
50 mM sodium phosphate (pH 7.4)–300 mM NaCl–70 mM imidazole buffer. All wash and elution 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). Purity of all proteins was at least 95% as
determined by SDS-PAGE. Protein preparations were aliquoted and stored at �20°C until further use.

Determination of Km and kcat values for nitrocefin cleavage by KPC-2 and mutant proteins.
Purified protein was mixed with various concentrations of nitrocefin in 50 mM sodium phosphate (pH
7.0)– 0.1 mg/ml bovine serum albumin (reaction buffer), and substrate cleavage was monitored at
490 nm every 10 s for 10 min on a SpectraMax plate reader at 37°C. Initial rates of nitrocefin cleavage
were calculated and used to obtain Km and kcat values with Prism software (GraphPad).

Determination of Km and kcat values for meropenem cleavage by KPC-2 and mutant proteins.
Purified protein was mixed with various concentrations of meropenem in reaction buffer, and substrate
cleavage was monitored at 294 nm every 30 s for 30 min on SpectraMax plate reader at 37°C. Initial rates
of meropenem cleavage were calculated and used to obtain Km and kcat values with Prism software
(GraphPad).

Determination of k2/K inactivation constant for KPC-2 WT and mutant proteins inhibition by
vaborbactam/avibactam. Inactivation kinetic parameters were determined by the reporter substrate
method for a slow, tight binding inhibitor kinetic scheme (75).

E � I↔
K

EI↔
k	2

k2

EI*

where E is free enzyme, I is inhibitor, EI is noncovalent enzyme-inhibitor complex, and EI* is covalent
enzyme-inhibitor complex.

Protein was quickly mixed with 100 �M nitrocefin (NCF) and various concentrations of vaborbactam/
avibactam in reaction buffer, and absorbance at 490 nm was measured immediately every 2 s for 180 s
on SpectraMax plate reader (Molecular Devices) at 37°C. The resulting progression curves of OD490 versus
time at various vaborbactam and avibactam concentrations were imported into Prism software
(GraphPad), and pseudo-first-order rate constants (kobs) were calculated using the following equa-
tion: P � V0(1 � e�kobs � t)/kobs, where V0 is the uninhibited KPC-2 rate, P is absorption signal, e is
the mathematical constant, and t is time.

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 the inhibitor
concentration, [NCF] is the nitrocefin concentration, and Km(NCF) is the Michaelis constant of NCF for
KPC-2.

Determination of koff rates of enzyme activity recovery after KPC-2 and mutant inhibition by
vaborbactam. Purified enzyme at 1 �M in reaction buffer was mixed with vaborbactam at an 8-fold
higher concentration than its stoichiometry ratio (unpublished data). After 30 min incubation at 37°C, the
reaction mixture was diluted 30,000-fold in reaction buffer, 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 during
4 h at 37°C. Resulting reaction profiles were fitted into the following equation using Prism software
(GraphPad) to obtain koff values: P � Vs � t 	 (Vo � Vs)(1 � e�koff � t)/koff, 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 NCF only.

Class A �-Lactamase Interaction with Vaborbactam Antimicrobial Agents and Chemotherapy

October 2020 Volume 64 Issue 10 e00398-20 aac.asm.org 11

https://aac.asm.org


Crystallization experiments. CTX-M-14 for crystallization was expressed and purified as previously
described (19). Vaborbactam was dissolved in dimethyl sulfoxide (DMSO) as a 200 mM stock solution and
stored at �20°C. CTX-M-14 crystals were grown by mixing 15 mg/ml of protein solution with 1.0 M
potassium phosphate (pH 8.3). The CTX-M-14 –vaborbactam complex was obtained through crystal
soaking for 20 h with 10 mM vaborbactam in 1.0 M potassium phosphate (pH 8.3). Crystals were
cryoprotected in 1.0 M potassium phosphate (pH 8.3) and 30% (wt/vol) sucrose before flash cooling
with liquid nitrogen. KPC-2 for crystallization was expressed and purified as previously described
(44). Prior to crystallization setup, 5 mM vaborbactam was mixed with 11.4 mg/ml 6� His-tagged
KPC-2 and incubated at room temperature for 5 min. KPC-2–vaborbactam crystals were grown by
mixing protein solution with 2 M ammonium sulfate and 5% (vol/vol) ethanol. Crystals were
cryoprotected in 2 M ammonium sulfate, 5% (vol/vol) ethanol, and 20% (vol/vol) glycerol and flash
cooled with liquid nitrogen.

Data collection, structure determination, and refinement. Diffraction data for the vaborbactam
complexes with CTX-M-14 and KPC-2 were collected at the Advanced Photon Source (APS) beamline
19-ID. Diffraction data were indexed and integrated with iMosflm (76) and scaled with SCALA (77) from
the CCP4 suite (78). Phasing was performed using molecular replacement with the program Phaser (79)
with the CTX-M-14 structure (PDB code 4UA6) and KPC-2 structure (PDB code 5UL8). Structure refinement
was performed using Phenix.refine (80) in the Phenix suite (81) and model building in WinCoot (82). The
program eLBOW in the Phenix suite was used to obtain geometry restraint information for vaborbactam
(83). The final model qualities were assessed using MolProbity (84). Figures were prepared using PyMOL
2.3.4 (Schrödinger).

Data availability. The atomic coordinates and structure factors have been deposited in the Protein
Data Bank (PDB) under accession codes 6V7H (CTX-M-14 –vaborbactam) and 6V7I (KPC-2–vaborbactam).
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