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ABSTRACT: Emerging β-lactamase-mediated resistance is threatening the
clinical utility of the single most prominent class of antibacterial agents
used in medicine, the β-lactams. The diazabicyclooctane avibactam is able
to inhibit a wider range of serine β-lactamases than has been previously
observed with β-lactamase inhibitors such as the widely prescribed
clavulanic acid. However, despite its broad-spectrum activity, variable
levels of inhibition have been observed for molecular class D β-lactamases.
In order to better understand the molecular basis and spectrum of
inhibition by avibactam, we provide structural and mechanistic analysis of
the compound in complex with important class A and D serine β-
lactamases. Herein, we reveal the 1.7- and 2.0-Å-resolution crystal
structures of avibactam covalently bound to class D β-lactamases OXA-
10 and OXA-48. Furthermore, a kinetic analysis of key active-site mutants
for class A β-lactamase CTX-M-15 allows us to propose a validated mechanism for avibactam-mediated β-lactamase inhibition
including a unique role for S130, which acts as a general base. This study provides molecular insights that will aid in the design
and development of avibactam-based chemotherapeutic agents effective against emerging drug-resistant microorganisms.
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The β-lactam antibiotics target the final synthesis step in
peptidoglycan (PG) biogenesis, whereby they act as

substrate analogues of the penultimate D-ala-D-ala on the PG
stem peptide to inhibit the penicillin binding protein (PBP)-
catalyzed transpeptidation of adjacent PG strands. The most
clinically prevalent resistance mechanism for the β-lactams in
Gram-negative bacteria is the expression of β-lactamase
enzymes that hydrolyze the four-membered lactam ring,
yielding an inactivated product. These enzymes are often
encoded on readily transferable plasmids that facilitate their
transmission throughout microbial populations.1

The β-lactamases are often grouped into four distinct classes
(A-D) based upon sequence homology.2 The class A, C, and D
serine β-lactamases (SBLs) evolved from the PBP trans-
peptidases and are the most clinically prevalent and employ an
active-site serine as a nucleophile in β-lactam hydrolysis. In
contrast, the class B metallo-β-lactamases (MBLs) utilize active-
site zinc ions to mediate lactam bond fission. SBL-catalyzed β-
lactam hydrolysis occurs via the formation and subsequent
hydrolysis of a serine-bound acyl enzyme intermediate. Despite
having a low overall sequence identity, amino acid sequence
comparisons and structural analysis have identified three
common active-site motifs among the SBLs: motif (i) harbors
the nucleophilic serine required for acylation (SXXK), motif
(ii) is required for protonation of the β-lactam nitrogen leaving

group upon acylation (S/Y-X-N/V), and motif (iii) is involved
in activation of the motif ii S/Y proton donor and in substrate
recognition and oxyanion stabilization (K/R-T/S-G).2 The
class A enzymes have a conserved E166 (thought to be the
general base required for activation of the catalytic water during
hydrolytic deacylation), located in a region known as the Ω
loop (residues 161−179). In contrast, the class D (OXA)
enzymes lack Ω loop E166 and instead involve a carboxylated
lysine (i.e., lysine reversibly modified with CO2 at the ε amino
group) in a SXXK motif, which is thought to play a dual role as
the general base involved in both serine activation during
acylation and in activation of the catalytic water during
hydrolytic deacylation.3−5

To overcome SBL-mediated resistance, three β-lactam-based
inhibitors were introduced into clinical practice in the late
1970s and early 1980s: clavulanic acid, sulbactam, and
tazobactam.6 These compounds are mechanism-based covalent
inactivators that form a stable acyl-enzyme intermediate with
the catalytic serine. At clinically used concentrations, the bound
inhibitor hydrolytically deacylates, either directly or through a
series of covalent intermediates, resulting in the eventual
turnover of inactivated inhibitor and catalytically active
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enzyme.7 Traditionally, these inhibitors target the class A β-
lactamases and are clinically ineffective against strains harboring
the emerging class C and D SBL enzymes.8 Furthermore, there
are now several class A β-lactamases that have evolved
resistance to these compounds (e.g., inhibitor-resistant TEM
and complex mutant TEM),6,9 making the development of
novel inhibitors paramount.
Perhaps of greatest promise for the immediate future are the

novel class of non-β-lactam-based β-lactamase inhibitors
termed diazobicyclooctanes (DBOs). These were originally
designed in the late 1990s and display remarkably potent and
broad-spectrum inhibition of SBLs. The DBO compound
avibactam is currently in phase III clinical development as part
of a combination therapy in conjunction with ceftazidime to
treat complicated urinary-tract and intra-abdominal infec-
tions.10 Ceftazidime-avibactam is active against the majority
of Enterobacteriaceae, including multidrug resistant strains and
importantly is effective against Pseudomonas aeruginosa.11 In
animal models, avibactam-ceftazidime has been utilized to
effectively treat ceftazidime-resistant Gram-negative bacterial
septicemia, meningitis, pneumonia, and pyelonephritis. The
avibactam-ceftazidime safety and tolerability in clinical trials
have been outstanding, and there have been relatively few
adverse drug affects documented.11

Although avibactam displays excellent inhibitory activity
against the class A and C enzymes, more variable levels of
inhibition have been observed toward the class D SBLs.12

Avibactam forms a unique carbamyl linkage with the catalytic
serine, which does not decompose via a hydrolytic mechanism
as is true for the β-lactam-based SBL inhibitors (Figure 1).

Instead, the decarbamylation of avibactam occurs via
recyclization of the DBO fused-ring structure, reforming the
intact inhibitor that can then either recarbamylate the same
active site or be released into solution to inactivate subsequent
SBLs.13 The most common mechanism of resistance to
ceftazidime-avibactam is the expression of β-lactamases that
are unhindered by avibactam (e.g., the MBLs and the majority
of class D SBLs). Crystal structures of avibactam bound to class
A enzymes BlaC and CTX-M-15 and class C enzyme AmpC
have recently been released.14,15 Additionally, Lahiri and
colleagues recently reported the crystal structures of OXA-24
and OXA-48 bound to avibactam at 2.3 and 2.4 Å resolution.16

However, the mechanism and roles of individual amino acids in
SBLs that contribute to avibactam activity remain largely
unresolved.
To address the underlying molecular details of avibactam

inhibition, we have undertaken a multifaceted structural,
kinetic, and mutagenesis study on known targets. We have
utilized class A enzyme CTX-M-15, which is the most widely
distributed extended-spectrum β-lactamase (ESBL) globally17

as a model enzyme. The universally conserved S130 acts both
as a general acid during carbamylation and a general base
during decarbamylation in the avibactam recycling pathway. We
further reveal the 2.0- and 1.7-Å-resolution crystal structures of
avibactam covalently bound to the catalytic serine of the clinical
variants, OXA-48 and OXA-10. Narrow-spectrum oxacillinase
OXA-10 is among the most prevalent class D enzymes in P.
aeruginosa,18 and carbapenem hydrolyzing OXA-48 is prevalent
in the emerging carbapenem-resistant Enterobacteriaceae
(CRE).12,19 The data elucidates the active-site features likely
responsible for the variable inhibition observed for this class of
SBL enzymes that uniquely relies on a post-translationally
modified (carboxylated) lysine during catalysis.

■ RESULTS AND DISCUSSION
Inhibition of CTX-M-15 by Avibactam. We have solved

the cocrystal structure of avibactam complexed with the CTX-
M-15 class A SBL in space group P21 at 1.6 Å resolution, with
two protein chains in the asymmetric unit (ASU). [See Table
S1 in the Supporting Information (SI) for a full list of data
collection and refinement statistics.] Recently, Docquier et al.

Figure 1. Avibactam-mediated reversible SBL inhibition.

Figure 2. Inhibition of CTX-M-15 by avibactam. Stereoview active-site close-up of carbamyl-avibactam-bound CTX-M-15. The carbon atoms of
avibactam are pink, and all other atoms are colored by type (N, blue; O, red; S, yellow). The avibactam-bound CTX-M-15 protein backbone is
displayed as a green cartoon. The catalytic water (W1) is shown as a green sphere. Hydrogen bonding and electrostatic interactions are depicted as
black dashes.
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presented a 1.1-Å-resolution X-ray cocrystal structure of the
avibactam-CTX-M-15 carbamyl-enzyme complex, which crys-
tallized in space-group P212121 with a single protein monomer
in the ASU (PDB ID 4HBU). However, a close electrostatic
interaction between the bound avibactam sulfate group and
R42 on an adjacent monomer was observed as a crystallo-
graphic artifact (avibactam N6 sulfate to R42 guanidino η1
distance = 3.0 Å).14 Despite this difference in avibactam
binding, we find that the compound itself takes on a nearly
identical conformation between the two crystal forms and
resulting structures (Figure S1a in the SI).
From our cocrystal structure, we see that upon carbamylation

by the SXXK S70, the avibactam C7−N6 amide bond is
liberated rather than the C7−N1 bond (Figure 2). The
avibactam sulfate projects into an electropositive pocket formed
by K234 and is stabilized by interactions with T235 and K234
on motif iii. The R1 carboxamide is oriented away from the
active-site core and is within hydrogen bonding distance (3.0
and 2.7 Å) away from the side-chain amide nitrogens of N104
and N132 (Figures 2 and S1).
Water (W1), the nucleophile responsible for hydrolytic

deacylation of the β-lactams, occupies the typical catalytic
position, oriented by hydrogen bonds to the side chains of
E166 and N170 protruding from the CTX-M-15 Ω-loop motif.
We suggest that a major contributing factor to the avoidance of
the carbamyl enzyme to hydrolytic decarbamylation is that the
carbamyl carbon is less susceptible to nucleophilic attack than
its ester (acyl-enzyme) counterpart.20,21 This stability is
presumably due to a resonance effect in which the lone pair
of electrons on the sp2-hybridized N1 aligns with the carbonyl
CO p orbitals, thereby increasing the electron density at the
electrophilic carbonyl carbon.22 Carbamyl bond formation is a
common feature observed for inhibitors of serine hydrolases,
some of which have also been shown to retain the catalytic
water in the carbamylated state.23,21

Carbamylation/Decarbamylation Kinetics for CTX-M-
15 Active-Site Mutants. To evaluate the mechanistic details
governing the reversible recyclization reaction of avibactam
inhibition, we mutagenized key active-site residues within CTX-
M-15 and measured enzyme activity using the colorimetric
cephalosporin, nitrocefin, as a reporter substrate. We confirmed
that mutants adopt a WT fold by dynamic light scattering and
that no hydrolysis of avibactam occurred using liquid
chromatography−mass spectrometry (LC−MS) (Figures S3
and S7−S16).12
For class A SBLs such as CTX-M-15, there are alternative

views on the mechanism of S70 activation during β-lactam
acylation. In one perspective, Ω-loop E166 activates S70 for
nucleophilic attack by O-γ deprotonation through a water

molecule. The second proposal involves K73 as the base
responsible for S70 activation. Here, we find that E166Q has a
comparable avibactam carbamylation rate to wild type [WT and
E166Q carbamylation rates (k2/Ki) = 1.6 ± 0.2 × 105 and 9.3 ±
1.2 × 104 M−1 s−1], suggesting that E166 is not directly
involved in the carbamylation mechanism. In contrast, K73A
was almost completely carbamylation-deficient (2.8 ± 0.1 ×
10−1 M−1 s−1) (Table 1). These data support the proposition
that K73 is the general base responsible for S70 activation
during avibactam carbamylation. This may in part facilitate
avibactam’s ability to inhibit each SBL subclass that bears the
universally conserved SXXK lysine.
During carbamylation, the avibactam N6 nitrogen is

protonated following ring opening. We hypothesized that the
S130 γ-OH is responsible for this protonation event due to its
proximity to N6 in the carbamyl-enzyme crystal structure (2.9
Å, Figure 2). We observed a dramatic reduction in the
carbamylation rate for the S130A mutant [WT and S130A
carbamylation rates (k2/Ki) = 1.6 ± 0.2 × 105 and 3.3 ± 0.4
M−1 s−1] (Table 1). Therefore, we propose that in an analogous
fashion to its role in β-lactam nitrogen protonation during
acylation, S130 also acts as the general acid responsible for
protonation of the avibactam N6 during carbamylation.
For subsequent avibactam recyclization to occur, the N6

nitrogen must be deprotonated to facilitate intramolecular
attack of the carbamyl linkage reforming the N6−C7 bond.
Because of its proximity to the N6 nitrogen in the CTX-M-15-
bound structure (2.9 Å, Figures 2 and S1b), Docquier et al.
proposed that S130 may potentially act as the general base
responsible for reversible recyclization.14 To test this, we
analyzed the decarbamylation rate for the S130A CTX-M-15
mutant. The carbamyl enzyme intermediate was virtually
unable to decarbamylate in the S130A mutant [WT and
S130A decarbamylation rates (koff) = 1.5 ± 0.1 × 10−4 and 7.7
± 0.7 × 10−7 s−1] (Table 1), consistent with the role of S130 as
the general base responsible for avibactam recyclization.
Despite intensive research on SBLs over the past several
decades, this is the first example of S130 acting as a general
base, a feature that exemplifies the novelty of the avibactam
inhibitor and the functional plasticity of this residue.
In the carbamyl avibactam-CTX-M-15 crystal structure, K73

and K234 are directly hydrogen bonded to the side chain O-γ
of S130, suggesting that they may be responsible for regulating
the protonation state of S130 during carbamylation/decar-
bamylation (Figures 2 and S1b). The K73A mutant mimics the
effect of S130A whereby it is almost completely deficient in
decarbamylation (koff = 2.1 ± 0.3 × 10−7 s−1). However, K234
displays only a moderate reduction in decarbamylation rate as
compared to the wild-type enzyme (Table 1). We therefore

Table 1. Kinetic Values for the Carbamylation and Decarbamylation of Avibactam against a Panel of CTX-M-15 Active-Site
Mutantsa

parameter WT K73A N104A S130A N132A E166Q K234A

on-rate k2/
Ki (M

−1

s−1)

1.6 ± 0.2 × 105 2.8 ± 0.1 × 10−1 3.9 ± 0.2 × 104 3.3 ± 0.4 3.7 ± 0.3 × 105 9.3 ± 1.2 × 104 8.0 ± 0.9 × 102

off-rate koff
(s−1)

1.5 ± 0.1 × 10−4 2.1 ± 0.3 × 10−7 7.1 ± 0.1 × 10−5 7.7 ± 0.7 × 10−7 1.6 ± 0.1 × 10−4 1.8 ± 0.3 × 10−4 4.0 ± 0.8 × 10−5

off-rate t1/2
(min)

76 6 × 104 160 9 × 103 74 63 292

Kd (μM) 0.001 0.8 0.002 0.2 0.001 0.002 0.05
aThe carbamylation and decarbamylation rates were measured using colorimetric reporter substrate nitrocefin. The KD values are calculated from the
carbamylation and decarbamylation rates.
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suggest that K73 may potentially be the base responsible for
S130 activation during recyclization, with K234 playing an
additional electrostatic role in modulating the pKa depression of
S130 to facilitate its necessary oxyanion state.
The class A SBL-catalyzed hydrolytic deacylation of β-

lactams is thought to proceed through E166-catalyzed
hydrolysis of the acyl-enzyme intermediate and subsequent
protonation of the S70 O-γ via an E166 coordinated water
molecule.24 However, for avibactam recyclization, we find that
the E166Q decarbamylation rate is virtually identical to the
wild-type rate, suggesting that E166 is not required for S70
protonation (Table 1). Because of the close proximity of the
K73 N-ζ to the S70 O-γ in the unbound CTX-M-15 crystal
structure (2.7 Å)14 and the apparent decarbamylation
deficiency of the K73A mutant (t1/2 ≈ 1000 h), we suggest
that K73 acts as part of a concerted proton shuttle pathway for
S70 regeneration during avibactam decarbamylation.
In the carbamyl avibactam-CTX-M-15 crystal structure, the

side-chain amide nitrogen atoms of N132 and N104 are within
hydrogen bonding distance 2.7 and 3.0 Å away from the
avibactam C2 carboxamide oxygen (Figures 2 and S1b). We
found that mutant N104A, but not N132A, had a 4-fold
reduction in the carbamylation rate as compared to the WT

enzyme but a minimal effect on decarbamylation (Table 1).
Previous structural and kinetic analysis suggests that the N104
side -chain amide nitrogen is also important for the stabilization
of the acylamide R1 group of the β-lactam antibiotics in the
class A SBLs.25,26 Thus, the role of N104 in class A β-
lactamases is likely to contribute to Michaelis complex
formation by interacting with the avibactam C2 carboxamide
in an analogous fashion to the R1 side chain of β-lactams.
Future drug design efforts should seek to maintain a hydrogen
bond acceptor at the avibactam C2 carboxamide oxygen
position.

Inhibition of the Class D SBLs by Avibactam. To
understand the structural basis for DBO-mediated inhibition of
the class D β-lactamases, we determined cocrystal structures of
avibactam bound to OXA-10 and OXA-48 at three different pH
values (6.5, 7.5, and 8.5, hereafter called OXA-48-AVI6.5, OXA-
48-AVI7.5, and OXA-48-AVI8.5) to 1.7, 2.5, 2.1, and 2.0 Å
resolution, respectively (Table S1). Generally, all protein
monomers within the ASU contain high structural similarity
[with root-mean-square deviations (rmsd’s) of <0.2 Å for all
common α-carbon (CA) atoms in all chains in the ASU].
Therefore, we limit our analysis to chain A for each product
complex. For simplicity, we further limit our analysis to OXA-

Figure 3. Inhibition of OXA-48 and OXA-10 by avibactam. (a) Active-site close-up of carbamyl-avibactam OXA-48. The carbon atoms of avibactam
are pink with all other noncarbon atoms colored by atom type. The avibactam-bound OXA-48 protein chain is displayed in an orange cartoon
representation, and key active-site residues are shown as sticks with atoms colored by type. (b) Active-site overlay of carbamyl-avibactam and
uncomplexed OXA-10. The avibactam-bound and unbound OXA-10 protein chains are illustrated in a cyan and white cartoon representation, and
key active-site residues are depicted as sticks with atoms colored by type (OXA-10 numbering). (c) Active-site overlay of carbamyl-avibactam and
uncomplexed OXA-48. The carbamyl-avibactam and OXA-48 protein chain are displayed as in A. The unbound OXA-48 protein chain is illustrated
in a gray cartoon representation, and key active-site residues are depicted as sticks with atoms colored by type. (d) Active-site overlay of carbamyl-
avibactam OXA-48 and OXA-10. The OXA-48 and OXA-10 protein chains, active-site residues, and bound avibactam are displayed as in a and b. (e)
Structure of oxacillin. (f) Active-site overlay of carbamyl-avibactam-bound OXA-48 and acyl-oxacillin-bound K84D OXA-24 (PDB ID 4F94). The
carbamyl-avibactam-bound structure is displayed as in a. The OXA-24 protein backbone is illustrated as a white cartoon, and key active-site residues
are shown in a stick representation with atoms colored by type. The acyl-oxacillin carbon atoms are gray, and all other atoms are colored by type. In
a, b, c, d, and f, all hydrogen bonding and electrostatic interactions are depicted as black dashes.
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48-AVI7.5 unless otherwise stated. All avibactam-bound
complexes display a clear and unambiguous ligand omit map
Fo−Fc electron density for avibactam within the active site of
each protein chain in the ASU (Figure S2). The carbamyl
avibactam molecules were refined at full occupancy, with the
exception of the OXA-48-AVI8.5 (chains A and B), which were
refined at an occupancy of 0.7 (Table S1).
The high resolution of the models allows us to make detailed

observations about key active-site interactions. For clarity, we
use OXA-48 residue numbering throughout the text when
describing both OXA-48 and OXA-10, except in Figure 3b,
whereby we use OXA-10 numbering for consistency with the
PDB file. The average temperature factors for the refined
avibactam in the OXA-48- and OXA-10-bound structures are
22.4 and 17.5 Å2 (similar to the average protein B factors of
30.3 and 22.6 Å2), indicating that the inhibitor is bound in a
rigid fashion with little conformational variation and flexibility
(Table S1). In the complexes, the bound avibactam forms a
carbamyl bond between the active-site S70 O-γ and its C7
carbon, as evidenced by the continuous Fo−Fc ligand omit map
electron density in this region (Figure S2). Like the class A and
C enzymes (CTX-M-15 and AmpC),14 the C7−N6 bond
breaks rather than the C7−N1 bond upon class D SBL-
mediated carbamylation. We attribute the C7−N6 bond fission
in part to the fact that N6-OSO3− is a better leaving group than
the corresponding RR′N1−. From a structural standpoint, the
location of S118 (equivalent to S130 in the class A enzymes)
likely also contributes to the observed bond fission as it is
ideally positioned to protonate an N6 rather than an N1 leaving
group (Figure 3a,b).
In the OXA-48 and OXA-10 carbamylated forms, the six-

membered piperidine ring of avibactam adopts a chair-type
conformation, with the C4 and N1 atoms located above and
below the plane (Figure 3a,b). The C7 carbonyl oxygen of the
newly formed carbamyl linkage is located in the oxyanion hole
of the enzyme and is bound by the backbone amide protons of
S70 and Y211 at 2.7 and 2.8 Å, respectively. The avibactam
sulfate group projects into a positively charged cavity consisting
of R250, T209, and K208, which binds the analogous C3/C4
carboxylate of β-lactams (Figures 3a,b and S4).27 OXA-48 and
OXA-10 display a strong electrostatic interaction between the
avibactam sulfate oxygens (O62 and O63) and R250 guanidino
groups η1 and η2 at 2.8 and 3.2 Å, an interaction that is not
observed in the class A and C SBL-avibactam complexes. In the
OXA-48- and OXA-10-bound structures, the avibactam C2
carbamate is not stabilized by hydrogen bonding with
asparagine residues as observed in the class A and C carbamyl
avibactam-bound CTX-M-15 and PAO1 AmpC crystal
structures.14

When aligning the native and avibactam-bound OXA-10 and
OXA-48 crystal structures, we observe that the protein chains
are nearly identical (rmsd on all common Cα atoms = 0.4 and
0.4 Å), with a remarkably similar juxtaposition of active-site
residues (Figure 3b,c). Thus, the class D SBL active site is
poised for interaction with avibactam without the need for
complicated conformational rearrangements that can substan-
tially slow acylation, as observed for S. aureus PBP2a.28,29

Comparison of Carbamyl-Avibactam in Class D SBLs
OXA-10 and OXA-48. The OXA-10 and OXA-48 enzymes
differ by 2 orders of magnitude in their avibactam
carbamylation rates (1.1 ± 0.1 × 101 and 1.4 ± 0.1 × 103

M−1 s−1), despite having a virtually identical arrangement of
catalytic residues (Figure 3d).12 Although the carboxylation of

K73 may be important to the observed carbamylation rates (see
discussion below), structural differences between enzymes may
also play a role. When overlaying the avibactam-bound OXA-48
and OXA-10 crystal structures (49% amino acid sequence
identity), we see that the two protein chains align very well
(rmsd on 112 common CA atoms = 0.97 Å). The only
substantial difference between the two proteins is a β-hairpin
connecting strands β5 and β6 (Figure 3d), which flanks the
active site and is an important feature defining carbapenemase
activity via interaction with the carbapenem hydroxyethyl
moiety.30 For OXA-48, β-hairpin residue R214 interacts
electrostatically with D159 on the Ω loop (R214 η1 to D159
δO distance = 3.0 Å), bringing the β-hairpin closer to the
catalytic core than observed for the elongated OXA-10 β5-β6
hairpin (Figure 3d). From the OXA-48-bound avibactam
structure in two out of four monomers in the ASU, we see
that there is a hydrogen bond between the R214 η2 guanidino
nitrogen and a water molecule (W2, refined at full occupancy)
at 2.9 Å, which in turn hydrogen bonds to the amide nitrogen
of the avibactam C2 carboxamide at 3.0 Å (Figure 3d).
Therefore, the β5-β6 hairpin may be important for stabilizing
the avibactam C2 carboxamide, and thus future structure-based
drug-designed efforts should aim to maintain this water-
mediated interaction.

Comparison of Avibactam and β-Lactam Binding in
the Class D SBLs.When overlaying avibactam-bound OXA-48
onto the 2.4-Å-resolution crystal structure of acyl-oxacillin-
bound K84D OXA-24 (PDB ID 4F94, unpublished data), we
see that the two protein chains align well (rmsd = 1.1 Å on 80
common CA atoms). Furthermore, the oxacillin and avibactam
ligands display analogous overall orientations despite their
chemical differences (Figure 3f). In both structures, the acyl/
carbamyl carbonyl oxygen interacts with the backbone amides
of oxyanion hole residues S70 and Y211 on strand β5 (OXA-48
residue numbering). The electronegative substituent (the
avibactam N6 sulfate and penicillin C3 carboxylate) both
project toward the basic patch defined by R250, K208, and
T209. Additionally, the avibactam C2 carboxamide and the
analogous β-lactam R1 functional group orient away from the
catalytic core, toward bulk solvent in both structures (Figure
3f). Taken together, the observed similarities between DBO
and β-lactam binding in part help to explain the broad-
spectrum SBL target profile for avibactam, which clearly acts as
a substrate analogue. The DBO C2 carboxamide group may be
a key site for chemical modification in future drug design
efforts, as has been the case for the β-lactam R1 moiety.31

β-Lactams hydrolytically deacylate from the SBL catalytic
serine rather than recyclize to the active antibiotic.32 However,
both the avibactam N6 and the analogous oxacillin N4 atoms
are within hydrogen bonding distance (3.1 and 3.3 Å) of
recyclization general base S118 (Figure 3f). We propose that
recyclization is prohibited in the β-lactams due to an
intrinsically high energy barrier to cyclizing the strained four-
membered lactam ring, as opposed to that for the five-
membered ring that is formed upon avibactam recyclization.

Carboxylation State of Lysine 73 in the Avibactam
Carbamyl-Enzyme Complexes. The N-carboxylation state
of K73 is sensitive to pH, with carboxylation increasing at
higher pH values presumably due to an increased reactivity of
K73 to carbon dioxide in more basic solutions and the greater
stability of carbamic acid in the anionic form at higher pH.4

OXA-48 with no avibactam present was crystallized at pH 7.5
and displays a clear, unambiguous K73 omit map Fo−Fc
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electron density for carboxylated lysine, which was refined at
full occupancy for both monomers within the ASU (Figure
S5a). Interestingly, in the avibactam-bound OXA-48 structures
at both pH 6.5 and 7.5, no monomers display evidence of
carboxylation at K73 upon inspection of the Fo−Fc K73 omit
electron density maps (Figure S5b,c). Therefore, the presence
of the bound avibactam appears to disfavor K73 carboxylation
in the carbamyl-enzyme complexes.
Only in the pH 8.5 structure, OXA-48-AVI8.5, do two out of

four monomers in the ASU (chains A and B) display partial
occupancy for N-carboxylated K73 (Figure S5d). At the same
time, these are the only chains from all OXA-48 structures that
display partial rather than full occupancy for avibactam (Table
S1). However, it should be noted that at pH 8.5 avibactam was
shown to degrade when free in solution by LC−MS (Figure
S16), providing an alternative or additional reason for the
observed partial occupancy. As an interesting aside, to our
knowledge, this is the first report showing that avibactam is not
stable at high pH.
Recently, Ehmann et al. have shown by monitoring OXA-10

carbamyl exchange with TEM-1 that OXA-10, like the majority
of SBLs tested, undergoes a reversible rather than hydrolytic
route to avibactam decarbamylation.12 Taken together, the
absence of K73 N-carboxylation clearly disfavors hydrolytic
decarbamylation of avibactam for the class D enzymes. The acyl
enzyme crystal structure of OXA-24 bound to tazobactam
(which undergoes hydrolytic deacylation rather than decar-
bamylation) displays a carboxylated K73 (PDB ID 3ZNT,
unpublished), further corroborating the notion that motif i
lysine carboxylation is a key feature governing hydrolysis in the

class D enzymes. However, it is currently unclear whether
carboxylated K73 is the general base responsible for S70
activation during carbamylation and how this modification
affects avibactam carbamylation rates for the class D SBLs.
In the avibactam-bound OXA-48 structure, the decarboxy-

lated K73 is oriented toward S118 rather than W57 as observed
in the unbound, carboxylated state (Figure 3c). In the
avibactam-bound form, the decarboxylated K73 hydrogen
bonds to S118 at a distance of 2.9 Å, which in turn hydrogen
bonds to the N6 proton on avibactam at 3.1 Å (Figure 3a,c).
This conformational switch is reminiscent of the CTX-M-15
avibactam-bound structure whereby K73 is hydrogen bonded to
S130 (equivalent to the OXA-48 S118) (Figure 2), yet this
interaction is not present in the unbound CTX-M-15
structure.14 We propose that upon avibactam recyclization
this hydrogen bonding network results in K73-mediated
deprotonation of S118, which in turn removes the avibactam
N6 hydrogen facilitating an attack on the carbamyl bond and
subsequent recyclization.

Universal Mechanism for Avibactam-Mediated SBL
Inhibition. Analysis of the avibactam-bound carbamyl enzyme
crystal structures of the class A, C, and D β-lactamases (CTX-
M-15, P. aeruginosa PA01 AmpC,14 and OXA-48) reveals that
the DBO core takes on a similar orientation with respect to the
conserved SBL active-site motifs in all three structures (Figure
S6). Taken together, these crystal structures along with the
CTX-M-15 mutant kinetic data allows us to propose a universal
mechanism for SBL inhibition. Electrostatic stabilization of the
N6 sulfate likely helps to orient the bound avibactam in the
precatalytic Michaelis complex, whereby the sulfate occupies

Figure 4. Proposed general catalytic mechanism for avibactam-mediated SBL inhibition.
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the electropositive pocket formed by SBL motif iii. The
catalytic serine is activated via general base-mediated
deprotonation (SXXK, Figure 4), likely by K73 for the class
A SBLs, K67 for the class C SBLs, and K73 for the class D
enzymes. The subsequent attack of the activated serine O-γ on
the avibactam C7 carbonyl results in the formation of a
transient tetrahedral intermediate that is stabilized by the
oxyanion hole of the enzyme (consisting of the backbone
amides of the catalytic serine and residue X from the K-T/S-G-
X motif (iii)). The lone pair of electrons on the C7 oxygen
drive back into carbonyl formation, expelling the negatively
charged N6 nitrogen, which is concomitantly protonated by the
motif ii serine (or tyrosine for the class C enzymes), resulting in
the formation of a stable carbamyl enzyme complex. The
complex resists decomposition by hydrolysis likely due in part
to the inherent stability of the carbamyl bond and/or by
removal of the general base involved in β-lactam hydrolytic
deacylation (as proposed for the decarboxylation of the SXXK
carboxy-lysine in the class D enzymes). Upon eventual
avibactam decarbamylation, a reversible mechanism of recyc-
lization generally occurs, whereby the SXXK lysine takes part in
a concerted acid−base shuffling of protons from the motif ii
serine (for class A and D) or tyrosine (for class C), which
deprotonates the N6 nitrogen facilitating an intramolecular
nucleophilic attack on the electrophilic C7 carbamyl carbon.
The decarbamylation results in the departure of the catalytic
serine leaving group, which likely abstracts a proton from the
N-ζ of the now protonated SXXK lysine to regenerate the
active site (Figure 4).
Concluding Remarks. Avibactam binds to the three major

classes of SBLs (classes A, C, and D) in an overall similar
fashion. However, subtle differences in active-site hydrogen
bonding networks and electrostatic interactions lead to
substantial discrepancies in carbamylation rates both between
and within these enzyme subclasses. Using CTX-M-15 as a
model enzyme, we show that the motif ii serine is the likely
base required for avibactam’s characteristic recyclization. The
crystal structures of OXA-48 and OXA-10 bound to avibactam
uncover unique binding features that should help to guide
prospective synthesis efforts targeting the inhibition of the class
D SBLs. It is our hope that this study will serve as a valuable
tool for the future design and development of this exciting new
class of inhibitors.

■ METHODS
DNA Manipulations and Plasmid Construction.

Primers used for PCR DNA amplification and site-directed
mutagenesis were purchased from MOBIX lab (McMaster
University, Hamilton, ON, Canada) or Integrated DNA
Technologies (IDT; Coralville, IA). The list of primer
sequences used can be found in Table S2. pET-28b(CTX-M-
15), encoding mature CTX-M-15 (Q26-L288), was constructed
by amplifying the blaCTX‑M‑15 gene from K. pneumoniae strain
H0142423 (Mt. Sinai Hospital, New York, NY) using CTX-M-
15 F and CTX-M-15 R primers and cloning into pET-28b.
pET-28b(KPC-2) and pET-28b(OXA-48) were constructed by
cloning the mature genes into pET-28b. Genes were
synthesized by IDT.
Site-Directed Mutagenesis of CTX-M-15. A two-primer,

two-stage PCR method36 was used to engineer CTX-M-15
variants harboring the following point mutations: K73A,
N104A, S130A, N132A, E166Q, and K234A. pET-28b(CTX-
M-15) was used as a template in mutagenesis experiments to

generate the listed pET-28b(CTX-M-15) variants for protein
expression and purification.

Protein Expression and Purification. For kinetics studies,
an E. coli BL21(DE3) colony transformed with its respective β-
lactamase construct, CTX-M-15 (WT, K73A, N104A, S130A,
N132A, E166Q, K234A), KPC-2, or OXA-48, was inoculated
into LB medium containing 50 μg/mL kanamycin and grown at
37 °C. Protein expression was induced with 1 mM IPTG at
OD600 0.7, and cultures were incubated overnight at 16 °C.
Cells were harvested by centrifugation, and cell paste from 1 L
of culture expressing β-lactamase was washed with 8 mL of
0.85% NaCl, resuspended in buffer containing 50 mM HEPES
pH 7.5, 350 mM NaCl, and 20 mM imidazole, and then lysed
by cell disruption at 20 000 psi. Lysate was centrifuged using a
Beckman JA 25.50 rotor at 20 000 rpm (48 254g) for 45 min at
4 °C. The supernatant was applied to a 5 mL HiTrap Ni-NTA
column (GE Lifesciences) at a constant flow rate of 3 mL/min.
The column was washed with five column volumes of the same
buffer, and step gradients of increasing imidazole were used for
washing and elution steps. Fractions containing purified β-
lactamase, based on SDS-PAGE, were pooled and dialyzed
overnight at 4 °C in buffer containing 50 mM HEPES pH 7.5,
150 mM NaCl, and 20% glycerol. All purified enzymes were
verified to be >95% pure as assessed by SDS-PAGE and stored
at −20 °C.

CTX-M-15 Enzyme Assays. Nitrocefin was synthesized as
reported previously.33 Kinetic parameters of purified mutant
CTX-M-15 β-lactamase hydrolysis of nitrocefin were deter-
mined at 30 °C in 50 mM HEPES buffer (pH 7.5). Rates of
hydrolysis were measured in a 96-well microplate format at 490
nm using a Spectramax reader (Molecular Dynamics). Enzyme
concentrations were adjusted so as to yield the following
concentrations in 200 μL: WT (0.5 nM), K73A (5 nM),
N104A (0.1 nM), S130A (0.1 nM), N132A (0.5 nM), E166Q
(100 nM), and K234A (20 nM). All enzyme dilutions were
done in 100 ng/μL bovine serum albumin (BSA). Nitrocefin
concentrations ranged from 320 to 2.5 μM.
For WT, N104A, and N132A, carbamylation experiments

were carried out using a Bio-Logic SFM-4 stopped-flow/
quench-flow instrument using a cuvette with a 2 mm path
length. A four-syringe method was used to give a constant final
concentration of 20 nM enzyme and 200 μM nitrocefin in 50
mM HEPES pH 7.5 with 0.01% Tween20. The maximum
concentration of avibactam used was 10 μM. The total flow rate
was adjusted to 3 mL/s. Absorbance was read continuously at
490 nm. For data analysis, the offset between reaction initiation
and the first absorbance read was 700 ms. For E166Q and
K234A, acylation experiments were carried out in a 96-well
microplate format monitored continuously at 490 nm using a
Spectramax reader (Molecular Dynamics). Enzyme concen-
trations were adjusted so as to yield the following final
concentrations in 200 μL wells: 200 nM E166Q and 10 nM
K234A. For E166Q on-rate assays, the maximum concentration
of avibactam used was 1 μM with 100 μM nitrocefin as the
reporter substrate. For K234A on-rate assays, the maximum
concentration of avibactam used was 256 μM with 200 μM
nitrocefin as the reporter substrate.
Data were fit to a two-step reversible inhibition model as

described previously,34
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Time courses were fit to eq 4 to obtain the pseudo-first-order
rate constant for enzyme inactivation, kobs.
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where P, vs, v0, and t are the amount of product formed, the
steady-state rate (approximated by a no-enzyme control), the
initial rate (approximated by a no-inhibitor control), and time.
Equation 5 was used to derive k2/Ki, the second-order rate
constant for enzyme carbamylation,
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where [I], [S], and Km are the concentrations of avibactam and
nitrocefin and the Km value of each enzyme for nitrocefin
(Table S3). Error values reported are the standard errors of the
fit.
For K73A and S130A on-rate assays, discontinuous sampling

was employed from samples incubated at 30 °C for 120 and 20
h, respectively. Enzyme concentrations were adjusted so as to
yield 5 nM K73A and 0.5 nM S130A final. The maximum
concentrations of avibactam used were 320 and 64 μM for
K73A and S130A, respectively. Rates were measured periodi-
cally as above by adding 180 μL of the above to 20 μL of
nitrocefin (final concentration 50 μM) and fit to eq 6 to obtain
the pseudo-first-order rate constant for enzyme inactivation,
kobs,

35

= + − * −v v v v( ) e kt
s 0 s (6)

where v is the rate of sample taken at time t. Equation 5 was
used to derive k2/Ki, the second-order rate constant for enzyme
carbamylation as above. Because the samples were incubated in
the absence of nitrocefin, the concentration of substrate used in
calculations was 0.
For WT, N104A, and N132A, decarbamylation experiments

were performed using the jump dilution method.36 Enzyme (1
μM) was incubated with avibactam (10 μM) for 20 min at 30
°C and diluted 1/400 in buffer, and 20 μL was added to 180 μL
of nitrocefin for final concentrations of enzyme (0.25 nM),
avibactam (5 nM), and nitrocefin (400 μM). For E166Q and
K234A, decarbamylation experiments were performed using a
PD-10 desalting column (GE Healthcare) according to the
manufacturer’s gravity protocol. E166Q (200 nM) or K234A
(20 nM) was incubated with avibactam (5 μM) at 30 °C for 0.5
and 2 h, respectively. After desalting via a PD-10 column (1.4-
fold dilution), 180 μL was added to 20 μL of nitrocefin (final
concentration 400 μM for K234A and 200 μM for E166Q). For
WT, N104A, N132A, E166Q, and K234A, experiments were
carried out in 96-well microplate format monitored continu-
ously at 490 nm using a Spectramax reader (Molecular
Dynamics). Data were fit to eq 4 to obtain koff. In the off-
rate experiment, vs was approximated by a no-inhibitor control
and v0 by a no-enzyme control. Each error value reported is the
standard deviation of three technical replicates.

For K73A and S130A, decarbamylation experiments were
performed using a PD-10 spin column as above. K73A (5 nM)
or S130A (1 nM) was incubated with avibactam (256 and 128
μM, respectively) at 30 °C for 60 h (K73A) or 3 h (S130A).
After the removal of excess avibactam via a PD-10 column (1.4-
fold dilution), discontinuous sampling of the mixtures was done
by taking 90 μL of the above in 10 μL of nitrocefin (final
concentration 100 μM). Data were fit to eq 6 to obtain koff.

35 In
the off-rate experiment, vs was approximated by a no-inhibitor
control and v0 by a no-enzyme control. Each error value
reported is the standard deviation of three technical replicates.

Crystallization, Data Collection, and Structure Deter-
mination. Avibactam-bound CTX-M-15, OXA-10,37 and
OXA-48 crystals were grown using the sitting drop vapor
diffusion method at 25 °C. For CTX-M15, drops contained 2
μL of 30 mg/mL CTX-M15 in an equal volume of precipitant
(0.2 M ammonium sulfate, 0.1 M MES pH 6.5, 30% PEG 5K
MME, 5 mM avibactam). For OXA-10, drops contained 3 μL
of 10 mg/mL protein in an equal volume of precipitant (1.8 M
(NH4)2SO4, 0.1 M MES pH 6.5, 10 mM CoCl2, 2 mM
avibactam). For the OXA-48 crystal structures, drops contained
2 μL of 50 mg/mL protein in an equal volume of precipitant
[(i) OXA-48-AVI6.5/0.1 M sodium cacodylate pH 6.5, 40% v/
v MPD, 5 wt %/v PEG 8K, 2 mM avibactam, (ii) OXA-48-
AVI7.5/200 mM tris pH 7.5, 0.1 M ammonium chloride, 40%
MPD, 5% PEG 8K, 100 mM NaCl, 2 mM avibactam, (iii)
native OXA-48 (the OXA-48-AVI7.5 precipitant minus
avibactam), and (iv) and OXA-48-AVI8.5/0.1 M TRIS pH
8.5, 20% ethanol, 2 mM avibactam]. Crystallization mother
liquor plus 25% glycerol was used as a cryo-protectant, and the
crystals were flash frozen in liquid nitrogen. The CTX-M-15-
AVI, OXA-48-AVI7.5, OXA-48-AVI8.5, native OXA-48, and
OXA-10-AVI crystals diffracted to 1.6, 2.1, 2.0, 1.7, and 2.0 Å at
beamline CMCF-2 at the Canadian Light Source (CLS). The
OXA-48-AVI6.5 crystals diffracted to 2.5 Å in our in-house X-
ray machine. At the CLS and X-ray home source, data was
collected at wavelengths of 1.0 and 1.54 Å at a temperature of
100 K.
Data were processed using iMOSFLM38 and the CCP439

program suite. For cross-validation purposes, a total of 5% of
reflections were set aside. The avibactam-bound CTX-M-15,
OXA-48, and OXA-10 structures were solved by molecular
replacement using the program Phaser,40 with chain A of the
native (CTX-M-14, OXA-48 and OXA-10) crystal structures as
starting models [PDB IDs 1YLT,41 3HBR,42 and 1FOF37].
Several cycles of manual rebuilding in coot,43 followed by
refinement using REFMAC (CCP4),39 were carried out. All
structures were refined with isotropic B-factors. Water and
avibactam were added manually by examination of the Fo−Fc
and 2Fo−Fc electron density maps. Coordinates and structure
factors were deposited in the PDB with accession codes (4S2I,
4S2J, 4S2K, 4S2N, 4S2P, and 4S2O) for CTX-M-15-AVI,
OXA-48-AVI6.5, OXA-48-AVI7.5, OXA-48-AVI8.5, native
OXA-48, and OXA-10-AVI crystal structures. Figures 2, 3, S1,
S2, S5, and S7 were designed using PyMol,44 and Figures S1
and S4 were created using LIGPLOT+.45
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Figures for ligand electron density, ligand binding modes
and distances, dynamic light scattering for CTX-M-15
variants, and LC-MS analysis of avibactam. Tables
regarding primers used, nitrocefin kinetics, and crystallo-
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