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Although �-lactams have been the most effective class of antibacterial agents used in clinical practice for the past half century,
their effectiveness on Gram-negative bacteria has been eroded due to the emergence and spread of �-lactamase enzymes that are
not affected by currently marketed �-lactam/�-lactamase inhibitor combinations. Avibactam is a novel, covalent, non-�-lactam
�-lactamase inhibitor presently in clinical development in combination with either ceftaroline or ceftazidime. In vitro studies
show that avibactam may restore the broad-spectrum activity of cephalosporins against class A, class C, and some class D �-lac-
tamases. Here we describe the structures of two clinically important �-lactamase enzymes bound to avibactam, the class A CTX-
M-15 extended-spectrum �-lactamase and the class C Pseudomonas aeruginosa AmpC �-lactamase, which together provide in-
sight into the binding modes for the respective enzyme classes. The structures reveal similar binding modes in both enzymes and
thus provide a rationale for the broad-spectrum inhibitory activity of avibactam. Identification of the key residues surrounding
the binding pocket allows for a better understanding of the potency of this scaffold. Finally, avibactam has recently been shown
to be a reversible inhibitor, and the structures provide insights into the mechanism of avibactam recyclization. Analysis of the
ultra-high-resolution CTX-M-15 structure suggests how the deacylation mechanism favors recyclization over hydrolysis.

Antibiotic resistance currently represents a highly relevant
global public health issue. The �-lactam antibiotics, discov-

ered over 80 years ago, still represent the most widely used class of
antibacterial agents due to their high level of activity, especially in
serious Gram-negative infections, and their good tolerability pro-
files. A worrisome issue is represented by the widespread diffusion
of KPC-producing Klebsiella pneumoniae isolates, which were re-
sponsible for many outbreaks worldwide, and infections caused
by such strains are associated with significant mortality rate (1–3).
Thus, resistance to �-lactam antibiotics is a clinical issue of con-
siderable concern because of the global spread of multidrug-resis-
tant strains (4–6).

Resistance to �-lactams is commonly mediated by the produc-
tion of one or more �-lactamases, which inactivate the antibiotic
by hydrolyzing the amide bond of the �-lactam ring (7). �-Lacta-
mases have rapidly evolved in response to the introduction of new
�-lactams and increasingly represent an important challenge to
the efficacy of these agents, including the newest cephalosporins
and carbapenems (8). The primary strategy for maintaining the
potency of �-lactam drugs in the face of emerging resistance from
�-lactamase enzymes has been to coadminister the �-lactam drug
in combination with a �-lactamase enzyme inhibitor that will pro-
tect it from hydrolysis (9, 10). Currently, there are only three
�-lactamase inhibitors approved for use in the clinic: clavulanic
acid, sulbactam, and tazobactam (Fig. 1a to c) (11). All of these
inhibitors are derived from �-lactam scaffolds. Besides their pro-
pensity to be hydrolyzed at low levels, these inhibitors cover only
the class A �-lactamases and are clinically ineffective against class
C and class D �-lactamase enzymes (9, 12). Therefore, there is an
urgent need to develop �-lactamase inhibitors with a broader
spectrum of inhibition that can restore the effectiveness of the
�-lactam antibiotics (13, 14).

Avibactam, previously known as AVE1330A or NXL104, is a
novel non-�-lactam inhibitor of �-lactamases that is currently in
clinical development (Fig. 1d) (15–17). Avibactam is a represen-
tative of a bridged bicyclic ((2S,5R)-7-oxo-6-(sulfooxy)-1,6-
diazabicyclo[3,2,1]octane-2-carboxamide) (DBO) scaffold that
was rationally designed by incorporating the existing knowledge
about �-lactams into the properties of a novel scaffold (18). De-
spite the fact that avibactam exploits the same rationale of previ-
ous �-lactamase inhibitor/�-lactam combinations (e.g., amoxicil-
lin-clavulanate and piperacillin-tazobactam), by inhibiting the
�-lactamase and thereby restoring the susceptibility of �-lacta-
mase-producing strains, it has unique properties that account for
its broad spectrum of activity and in vitro/in vivo efficacy (19–22).
These properties include the low molecular weight of the mole-
cule, its reactivity, its polarity, and its potent inhibition of a wide
range of class A and class C �-lactamases, including extended-
spectrum �-lactamases (ESBLs) (CTX-M-15), class A carbapen-
emases (KPC-2), and chromosomal and acquired AmpC-type
class C enzymes with potencies in the nanomolar range (16, 23). In
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recent in vitro studies, avibactam paired with ceftazidime was ef-
fective against a wide range of �-lactamase-producing Gram-neg-
ative strains, and this combination was superior to clavulanate- or
tazobactam-based combinations (21, 24).

Another remarkable feature of avibactam is its unusual cova-
lent reversible mechanism of inhibition with �-lactamases (25)
(Fig. 1e). This mechanism is very different from that of clinically
used �-lactam-based �-lactamase inhibitors, with which the acyl-
enzyme formation is practically irreversible and the acyl-enzyme
intermediate can decompose through hydrolysis or further chem-
ical rearrangements (26). The observed reversible ring closure of
the strained and highly reactive avibactam ring system remains
unexpected and intriguing. To understand the rationale for the
potent broad-spectrum activity of avibactam across class A and
class C enzymes, the structures of two clinically important �-lac-
tamases were solved in complex with avibactam: (i) the CTX-
M-15 ESBL, the most prevalent member of the CTX-M family,
which is able to hydrolyze both cefotaxime and ceftazidime, and
(ii) the Pseudomonas aeruginosa chromosomal AmpC, whose in-
duction/deregulation can confer resistance to oxyimino-cephalo-
sporins and which is not susceptible to currently available conven-
tional �-lactamase inhibitors. In particular, the ultrahigh
resolution of a native and an avibactam-bound CTX-M-15 struc-
ture allowed us to examine closely the interactions within the acyl-
enzyme binding pocket and put forward a structure-based expla-
nation of the avibactam mechanism of reversible inhibition.

MATERIALS AND METHODS
Protein production and purification. The CTX-M-15 and P. aeruginosa
AmpC �-lactamases were obtained from a culture of Escherichia coli
BL21(DE3) carrying the plasmid vectors pET-CTX-M-15 and pET-
AmpC, respectively, obtained by cloning the �-lactamase-encoding genes
in the NdeI-BamHI restriction sites of plasmid vector pET-29a or pET-9a
(Stratagene), as previously described (27). One liter of the expression
strain containing CTX-M-15 [BL21(DE3)/pET29a-CTX-M-15 clone]
was grown in the presence of 50 �g/ml kanamycin at 25°C for 24 h. The
cell pellet was suspended in 400 ml of 0.5 M Tris-HCl (pH 8.0) with 0.5
mM MgCl2 and 1 mM EDTA, centrifuged for 30 min (14,000 � g), and
resuspended in 400 ml ice-cold osmotic shock buffer (0.5 mM MgCl2, 1
mM EDTA, 10 mM Tris-HCl, pH 9.0) on ice for 30 min. This was then

loaded at 3 ml/min on a 60-ml Q Sepharose column previously equili-
brated with the osmotic shock buffer at 4°C. The flowthrough was con-
centrated using Amicon Ultra 15-10K down to 25 ml and injected at 2
ml/min (system pump; Akta), followed by buffer A (20 mM MES [mor-
pholineethanesulfonic acid], pH 6). The protein were eluted using an
NaCl gradient (buffer B) (20 mM MES [pH 6], 1 M NaCl) at 2 ml/min and
then loaded onto a gel filtration column (Superdex 75 16/60). Elution was
analyzed by SDS-PAGE, and the protein concentration (�32 mg/ml) was
assessed using the Bradford assay.

P. aeruginosa AmpC was purified from the culture supernatant of E.
coli BL21(DE3)/pET-AmpC grown in the autoinducing medium ZYP-
5052 (28) at 37°C for 48 h. The supernatant was clarified by centrifugation
(10,000 � g, 10°C, 30 min), concentrated by ultrafiltration (YM10 mem-
brane [Millipore, Billerica, MA] and using an Amicon 2000A high-per-
formance ultrafiltration cell), and desalted using a HiPrep desalting 26/10
column (GE Healthcare, Uppsala, Sweden) with 10 mM HEPES buffer,
pH 7.5 (buffer H). The sample was then loaded on an XK 16/20 column
packed with 25 ml of CM Sepharose FF (GE Healthcare) previously equil-
ibrated with buffer H. Bound proteins were eluted using a linear gradient
(flow rate, 4 ml/min) of NaCl in buffer H (up to 1 M NaCl in 75 ml).
Active fractions were pooled, concentrated by ultrafiltration using a Mil-
lipore Ultra-15 (Ultracel-10K; molecular mass, cutoff, 10 kDa), and
loaded onto an XK 16/100 column packed with 125 ml of Superdex 75
preparative-grade gel. Proteins were eluted (flow rate, 1 ml/min) with
buffer H supplemented with 0.15 M NaCl. Purified �-lactamases (final
concentration, 8 to 10 mg/ml) were stored at �20°C.

Crystallization and structure determination. Crystals of native CTX-
M-15 �-lactamase and of its complex with avibactam were obtained by
vapor diffusion in a hanging-drop setup. An 8-mg/ml solution of CTX-
M-15 in 0.1 M Tris-HCl at pH 8.0 was incubated with a 3-mg/ml solution
of avibactam (provided by Novexel SA, Romainville, France). Ammo-
nium sulfate at 2.2 to 2.4 M was used as a precipitant. Crystallization of P.
aeruginosa AmpC (10 mg/ml) was similarly obtained using 0.1 M Tris (pH
8.0), 20% polyethylene glycol (PEG) 8000, and 0.1 M K2HPO4 as the
precipitant solution. Crystals were optimized by means of a microseeding
procedure, as described previously (29). Crystals of AmpC complexed
with avibactam were obtained from soaks of wild-type AmpC crystals
grown by vapor diffusion in 2-�l hanging drops in 19% (wt/vol) PEG
3350, 10% (wt/vol) 2-propanol, and 0.1 M imidazole (pH 7.0) using the
hanging-drop vapor diffusion method. AmpC crystals were harvested and
soaked for 30 min in a 200 mM solution of avibactam in crystallization
buffer.

FIG 1 Chemical structures of �-lactamase inhibitors. (a) Clavulanic acid; (b) tazobactam; (c) sulbactam; (d) avibactam; (e) schematic representation of the
proposed pathway for avibactam inhibition.
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Crystals were cryoprotected using 20% glycerol in the crystallization
buffer and flash cooled in liquid nitrogen. X-ray diffraction data were
collected on beamlines BM14U (CTX-M-15) or ID29 (native AmpC) of
the European Synchrotron Radiation Facility (ESRF, Grenoble, France)
or, with avibactam-AmpC crystals, using an FRE� X-ray source (Rigaku
Corporation, Tokyo, Japan). Data processing was done with MOSFLM
and scaled with Scala (CCP4 suite) (30). The autoBUSTER (31) software
suite was used to index, integrate, and scale AmpC-avibactam data. The
data collection parameters are reported in Table 1.

The CTX-M-15 native and cocomplex structures were obtained by
molecular replacement using Protein Data Bank (PDB) code 1IYS as a
model. Both structures were refined at 1.1 Å resolutions with REFMAC5
(CCP4 suite) using anisotropic temperature factors and hydrogen atoms
in calculated positions. The AmpC structure was determined by molecu-
lar replacement using the P. aeruginosa AmpC wild-type structure (PDB
code 2WZZ). The model was refined to 1.9 Å, and �-weighted electron
density maps were also calculated with ccp4i for both (30). Manual re-
building and placement of water molecules were performed with the pro-
gram Coot (32) and alternated with rounds of positional and B-factor
refinement with REFMAC5. The final refinement statistics are reported in
Tables 2 and 3. The structural alignments for comparison and the figures
for protein structures were prepared using the program PyMOL (33) or
CCP4mg. The model for the closed form of avibactam was made in Corina
using smiles file and manually docked on the acylated CTX-M-15 using
PyMOL.

Protein structure accession numbers. Coordinates and structure fac-
tors have been deposited in the Protein Data Bank under accession num-
bers 4HBT (native CTX-M-15), 4HBU (CTX-M-15–avibactam com-
plex), 4GZB (native AmpC), and 4HEF (AmpC-avibactam complex).

RESULTS
Native and avibactam-bound structures of CTX-M-15 at ultra-
high resolution. The structure of CTX-M-15 �-lactamase was
obtained at a resolution of 1.1 Å, offering a detailed view of the
enzyme active site in both the native form and the inhibitor-
bound enzyme (statistics are listed in Tables 1 and 2) and thus
allowing unambiguous determination of both the binding mode
and any changes in the pocket upon binding.

This is the first view of the native CTX-M-15 structure, which
maintains the ���-sandwich fold typical of other class A �-lacta-

mases and is identical (root mean square deviation [RMSD], 0.25
Å) to that of other members of the CTX-M type II class A �-lac-
tamases (e.g., CTX-M-9). The high resolution of the electron den-
sity maps of both native and avibactam cocomplex CTX-M-15
show some interesting features of the structures. Avibactam was
observed to form a covalent bond to Ser70-O (numberings for
CTX-M-15 and AmpC residues are based on conventional �-lac-
tamase numbering for the respective classes), with all its atoms
clearly visible in the electron density, indicating that the inhibitor
was bound tightly with little flexibility and no conformational
variability (Fig. 2a). The positions of catalytically relevant residues
are conserved, with very little conformational rearrangement
upon avibactam binding (Fig. 2b), with an RMSD of only 0.15 Å
upon least-squares superposition of all atoms between native and
complexed structures. The six-membered ring is observed in a
chair conformation, with the hydrogen atoms on C3, C5, and N6

TABLE 1 Data collection statistics

Parameter

Valuea for:

Native CTX-M-15
CTX-M-15–avibactam
complex Native AmpC

AmpC-avibactam
complex

X-ray source ESRF BM14U ESRF BM14U ESRF ID29 FRE�
Wavelength (Å) 0.918 0.918 0.936 1.54178
Data collection temp (K) 100 100 100 100
Space group P212121 P212121 P3221 P212121

Cell dimensions (Å) a 	 44.698, b 	 45.730,
c 	 117.086

a 	 44.483, b 	 45.69,
c 	 117.721

a 	 b 	 83.06, c 	
122.42

a 	 44.8814, b 	 71.2045,
c 	 106.2468

Subunits/asu 1 1 1 1
Matthews coefficient (Å3Da-1) 2.08 2.08 3.05 2.44
Solvent concn (%) 41.01 41.01 59.67 49.66
Resolution limits (Å) 29.27–1.10 (1.16–1.10) 23.54–1.10 (1.16–1.10) 46.617–1.79 (1.89–1.79) 106.29–1.86 (1.96–1.86)
Reflections measured 767,395 (109,593) 596,968 (85,566) 79,535 (9,784) 126,025 (11,566)
Unique reflections 97,955 (14,022) 98,124 (14,148) 38,317 (5,537) 28,813 (3,828)
Completeness (%) 99.8 (99.2) 99.9 (100.0) 83.3 (82.7) 97.9 (90.5)
Rmerge (%) 7.5 (43.8) 5.1 (14.5) 6.2 (37.4) 12.0 (62.7)
Multiplicity 7.8 (7.8) 6.1 (6.0) 2.1 (1.8) 4.9 (3.0)
I/�(I) 14.9 (4.3) 20.3 (11.2) 8.7 (1.8) 22.8 (1.8)
a Data in parentheses are for the highest-resolution shell.

TABLE 2 Refinement statistics for native CTX-M-15 and avibactam
complex

Parameter

Valuea for:

Native CTX-M-15
CTX-M-15–avibactam
complex

Resolution range (Å) 29.27–1.10 (1.13–1.10) 22.85–1.10 (1.13–1.10)
No. of reflections 92994 (6381) 93132 (6786)
Refinement type Anisotropic � calc

hydrogens
Anisotropic � calc

hydrogens
Rcryst (%) 11.69 (17.10) 10.44 (7.60)
Rfree set size (%) 5 5
Rfree (%) 13.64 (19.20) 12.24 (10.60)
Protein atoms 1,941 1,969
Ligand atoms - 17 (avibactam)
Water molecules 299 289
Ethylene glycol 4 6
Chloride ions 2 1
Sulfate ions 4 3
Average B factor (Å2) 6.14 6.024
RMSD bond lengths (Å) 0.005 0.023
RMSD bond angles (°) 1.128 2.092
RMSD planes (Å) 0.004 0.015
RMSD chiral centers (Å3) 0.063 0.126
RMSD atomic positions (Å) 0.015 0.011

a Data in parentheses are for the highest-resolution shell.
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and the axial one on C4 visible in the density (Fig. 2c and d).
Avibactam binding occurred upon cleavage of the C7-N6 bond.
The DBO scaffold, containing the urea moiety, offers two possible
C-N bonds for cleavage, 7-1 or 7-6 (see Fig. S1a in the supplemen-
tal material). The observation of the crystal structure excludes the
possibility of cleavage of the C7-N1 bond, similar to the case for
the �-lactams (see Fig. S1b in the supplemental material), which
was initially expected from early scaffold design (18). Three key
interactions are observed between the inhibitor and the protein:
the acyl-enzyme covalent bond, the highly polar sulfate recogni-
tion, and the carboxamide group. Besides the covalent carbamoyl-
ester linkage, avibactam also forms a hydrogen bond to Ser70-O
through the N6 proton that can be observed by the connectivity in
the electron density when contoured to lower sigma. The C7 car-
bonyl of the newly formed carbamate is well positioned in the
oxyanion hole in a conformation similar to that observed for the
acylated �-lactam molecules, such as ceftazidime and tazobactam
(34, 35), and forms hydrogen bonds with the amido-nitrogens of
Ser70 (2.7 Å) and Ser237 (2.9 Å). The residues around the vicinity
of the Ser70-O linkage are Lys73, Ser130, and a water molecule
positioned by Glu166 and Asn170.

While the inhibitor binding did not cause significant changes
in the conformation of the active-site residues, the high resolution
of the two structures allowed two subtle but functionally signifi-
cant observations: (i) the side chain of Lys73 is oriented toward
Ser130 rather than Glu166 upon ligand binding (Fig. 2b), and (ii)
Glu166 is clearly protonated in the inhibitor-bound form, while it

appears to be deprotonated in the native form (Fig. 2c and d).
These two changes are associated with a significant modification
of the hydrogen bond interactions between catalytically important
residues and the position and orientation of the “deacylating”
water molecule, as described in further detail below.

The sulfate group of avibactam is bound to the positively
charged pocket that is involved in stabilizing the carboxylate moi-
eties of �-lactams. The sulfate group makes polar contacts with
Thr235, Lys234, Ser237, and Ser130 and via a water molecule
with Tyr105 (not shown in Fig. 2). An intermolecular interaction
with Arg42 of the adjacent molecule in the crystal contact (green
sticks in Fig. 2a) is observed, which is a crystallographic artifact
since the protein is a monomer in solution. The carbonyl oxygen
of the carboxamide group forms hydrogen bonds with the side
chains of Asn132 (2.8 Å) and Asn104 (3.0 Å). The amide group of
the carboxamide also forms a hydrogen bond with Wat97 (3.0 Å),
which in turn interacts with the Ser237 side chain. Thus, Ser237
interacts with both ends of the molecule, stabilizing the activating
sulfate group as well as providing a hydrogen bond to the carbox-
amide, as observed from the alternate conformations in the crystal
structure. In addition to these interactions, the piperidine ring
forms a hydrophobic stack with the Tyr105 side chain which is
conserved across all class A �-lactamase enzymes. The binding of
avibactam displaces five water molecules from the active site, in-
cluding one displaced due to the change in orientation of Lys73.
However, the catalytic water molecule predicted to be involved in
the deacylation of �-lactams (36) is retained in the pocket of the
acyl-enzyme intermediate (Wat2, Fig. 2d).

Structure of avibactam bound to Pseudomonas aeruginosa
AmpC. The structure of avibactam was also solved in complex
with P. aeruginosa AmpC to 1.8 Å, by soaking native AmpC crys-
tals with the compound, and was compared with the native struc-
ture solved to 1.9 Å (statistics are listed in Table 3). The binding
pockets of class C enzymes are more open than the class A pockets,
reflecting their greater ability to accommodate the bulkier side
chains of cephalosporins (37, 38). The electron density of avibac-
tam bound to AmpC shows a covalent linkage to the catalytic
Ser64 (residues are numbered based on conventional AmpC
numbering, and a sequence alignment to P. aeruginosa AmpC is
provided in Fig. S4 in the supplemental material), with very little
movement between the bound and native structures (Fig. 3a to d).
The largest change upon avibactam binding is the movement of
the Tyr150 ring by 50 degrees planar rotation and movement
of the hydroxyl group by 2 Å (Fig. 3b). The carbonyl oxygen of the
acylated compound is located in the oxyanion hole, at a distance of
2.8 Å from the backbone amides of both Ser64 and Ser318. Inter-
actions with the surrounding residues include amino acids that
are conserved among all AmpC �-lactamase enzymes, such as
Lys67, Tyr150, Gln120, Asn152, and Lys315. Substitutions at any
of these residues have been previously reported to dramatically
lower the enzymatic activity (39). The piperidine ring interacts
with the hydrophobic side chains of Leu119, Leu320, and Ala293,
compared with only Tyr105 in CTX-M-15. The two additional
residues, Ala293 and Leu119, are unique to class C �-lactamases,
as they are located on the extra domain characteristic of this class.
The carboxamide group of avibactam forms hydrogen bonds with
the Asn152 and Gln120 side chains, while the sulfate group is
stabilized by the polar groups of Arg349, Lys315, Thr316, Asn346,
and Ser318. The sulfate pocket observed here has previously been
shown to be occupied by the carboxylate moiety of �-lactams such

TABLE 3 Refinement statistics for native AmpC and avibactam
complex

Parameter

Value for:

Native AmpC
AmpC-avibactam
complex

Resolution limit (Å) 1.79 1.9
Resolution range (Å) 34.51–1.79 34.27 1.92
Completeness overall (%) 82.07 84.07
Reflections, unique 36,340 23,950
Roverall (%)a 19.30 20.95
Rfree (%)b 24.38 24.19
Nonhydrogen protein atoms 2,843 2,776
Nonhydrogen ligand atoms 4 17
Solvent molecules 231 115
RMSD from ideal values

Bond lengths (Å) 0.023 0.009
Bond angles (°) 2.029 1.303

Avg B values (Å2)
Protein main-chain atoms 18.654 19.226
All protein atoms 20.414 19.98
Ligand 29.203 38.048
Solvent 27.807 21.015


, � angle distribution for residues inc:
Most favored regions (%) 96 92
Additional allowed regions (%) 4 8
Generously allowed regions (%) 0 0
Disallowed regions (%) 0 0
a Roverall 	 �hkl ||Fobs| � |Fcalc||/�hkl |Fobs|.
b Rfree is the cross-validation R factor computed for the test set of 5% of unique
reflections.
c Ramachandran statistics as defined by PROCHECK.
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FIG 2 Active site of CTX-M-15 in native avibactam and avibactam-enzyme complex. (a) Avibactam interactions in the CTX-M-15 pocket. Residues around the
binding pocket of the avibactam–CTX-M-15 crystal structure are depicted as yellow sticks, and that from adjacent crystal contact (Arg42) is colored green.
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as ceftazidime in their acyl-enzyme complexes (see Fig. S2 in the
supplemental material) (37, 40). There are fewer water molecules
observed in close proximity to avibactam in AmpC than in CTX-
M-15. The only water near the vicinity of Ser64-O interacts with
the carboxamide group and the carbonyl group of Ser318. Multi-
ple water-mediated interactions with the sulfate moiety are ob-
served, however (Fig. 3a).

DISCUSSION
Spectrum and potency. The structures presented here, along with
the previously published structure of avibactam bound to Myco-
bacterium tuberculosis BlaC (41), allow a view of the avibactam
binding mode in both class A and C �-lactamases. Although the
residues interacting with avibactam are not identical in AmpC and
CTX-M-15, the overall conformations of avibactam in the two
structures are very similar (see Fig. S3 in the supplemental mate-
rial). The four residues that lie in similar tertiary space in the two
classes are Ser64, Lys67, Lys315, and Tyr150 in AmpC, which
overlay Ser70, Lys73, Lys234, and Ser130 in CTX-M-15, respec-
tively. The observed binding mode in both CTX-M-15 and AmpC
shows that each functional group on avibactam makes efficient
interactions with key and conserved residues in the active-site
pocket, supporting a potent binding conformation of the acyl-
enzyme complex against these enzymes. In particular, the interac-
tion of the activating groups, i.e., the sulfate moiety, is stronger
than that of the carboxylates in �-lactam inhibitors due to their
ability to form more polar contacts in the pocket. In both CTX-
M-15 and AmpC, the sulfate group makes multiple hydrogen
bonds to the polar residues such as Ser130, Thr235, and Arg276 in
CTX-M-15 and Asn346, Thr316, and Lys315 in AmpC. The re-
maining elements of interaction, such as stabilization of the car-
boxamide group, and the placement of the carbonyl group in the
oxyanion hole or the plane of the hexocyclic ring are conserved
between CTX-M-15 and AmpC. Preservation of the avibactam
binding mode and conservation of its inhibitory properties across
the two classes can be attributed to the limited flexibility of the
avibactam molecule and the lack of additional rearrangements.
This mitigates the need for additional, potentially variable, cata-
lytic residues in the binding pocket and is in contrast to the obser-
vations with clavulanic acid and tazobactam between class A and
class C �-lactamases, where the large differences in activity have
been attributed to the positions of certain residues and their ac-
cessibility to the inhibitor, such as the presence of Tyr150 versus
Ser130 and the absence or presence of Glu166 in AmpC versus
CTX-M-15.

Mechanism of recyclization. The mechanism of recyclization
can be divided into two parts, the carbamylation of the catalytic
serine and reversible decarbamylation via compound recycliza-
tion (25). The ultrahigh resolution of the CTX-M-15 structure
provides a glimpse of the protonation states and thus a clearer
view of the mechanistic interplay in this enzyme between the two
states. Acylation in all serine �-lactamases occurs by the nucleo-

philic attack of the conserved serine hydroxyl on the carbonyl
group to form a high-energy tetrahedral intermediate that subse-
quently collapses to a carbamoyl enzyme intermediate in the case
of avibactam. The position of the carbamate bond in avibactam
suggests that the residues that are most likely to act as the conju-
gated general bases in class A enzymes are Glu166, Lys73, and
Ser130 (Fig. 2a and b). A comparison of the native and the avibac-
tam-bound CTX-M-15 structures shows a difference in hydrogen
bonding patterns and protonation states of these residues (Fig. 4a
and b). Glu166 in the native structure is deprotonated or anionic,
while in the avibactam covalent complex it is protonated and neu-
tral (Fig. 2c and d). The conformation of Lys73 appears to be
coupled to the protonation state of Glu166: when Glu166 is
charged, Lys73 interacts with both Glu166 and Ser70, and when
Glu166 is protonated, Lys73 flips away from Glu166 and interacts
with Ser130 (Fig. 2b). This is consistent with the previously de-
scribed proton shuttle pathway from Lys73 to Ser130 (42) and
may reflect a concomitant change in the protonation state of
Lys73. Based on this observation, the deprotonated Glu166 is
most likely the general base for acylation that activates the con-
served water molecule to pull the proton from Ser70, while the
general acid to donate a proton to avibactam N6 is likely to be
either Lys73 or Ser130.

Deacylation of avibactam occurs by recyclization in spite of the
presence of a water molecule in the deacylating position. In case of
CTX-M-15, the lack of hydrolysis can be explained by the proto-
nation state of Glu166. While in the acylation stage, Glu166 is
anionic and acts as a general base; in the deacylating stage, it is pro-
tonated, where the orientation of the interacting water is flipped,
making it a weaker nucleophile. Disfavored hydrolysis is further
helped by the greater inherent stability of the carbamoyl linkage of
the avibactam-enzyme complex. A plausible explanation for the
difference in protonation states of Glu166 with avibactam binding
could be the resultant charge neutralization in the vicinity by the
newly formed hydrogen bonds between the carboxamide groups
of avibactam and the nearby polar residues, Asn132 and Asn104.
In the case of AmpC, no water molecule in the vicinity of carbam-
oyl linkage that could potentially compete for deacylation via hy-
drolysis was observed.

Recyclization can be explained by the geometry of the open-
ring conformation. In the active-site pocket, the open form of
avibactam retains the substrate-like all-axial/pseudoaxial confor-
mation upon cleavage (Fig. 5a). This is a result of multiple factors.
First, just one atom distance between the sessile bond atoms and
the nearest strong anchors of the ligand to the active-site pocket
(i.e., C7 to covalent Ser70 linkage and N6 to the sulfate) restrains
significant displacement and further repositioning upon cleavage.
Furthermore, the cleaved product contains a centrally located
rigid piperidine linker that makes it significantly less flexible than
the carbam/cephem rings in �-lactams (see Fig. S2 in the supple-
mental material). The newly formed carbamate linker also makes

Avibactam is depicted in cyan. Polar interactions within 4 Å are shown in red dashed lines. Backbones from different secondary structural elements are colored
differently. Deacylating water is depicted as a red sphere. (b) Overlay of the native CTX-M-15 active site (magenta) on CTX-M-15 covalently bound to avibactam
(green). The residues within 4 Å around avibactam are shown in sticks. Avibactam is depicted in cyan, while the water molecules from each structure are shown
as spheres with the respective colors. (c) Electron density map of CTX-M-15 in the native structure. The 2Fo-Fc map in blue is contoured at 1.5 sigma, and the
fo-fc map in red is drawn around Glu166 for clarity. Residues are depicted as yellow sticks, while water is shown as red spheres. (d) Electron density map of the
CTX-M-15 active site bound to avibactam. The 2Fo-Fc map (contoured at 1.5 sigma) is shown in blue, while the Fo-Fc map is shown in red, around Glu166.
Residues and avibactam are depicted as green sticks, while water is shown as a red sphere.
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FIG 3 Avibactam binding pocket on AmpC. (a) Interactions of avibactam in the pocket. Residues within 4 Å are shown as sticks, avibactam is colored magenta,
polar interactions are shown as blue dashed lines, and water molecules are depicted as red spheres. (b) Overlay of AmpC bound to avibactam (orange) on the
native AmpC structure (green). Avibactam is depicted in magenta sticks, while the water molecules observed close to the pocket are shown as spheres of respective
colors. (c) Electron density map of the active site of the P. aeruginosa AmpC native structure. The 2Fo-Fc electron density map of the active-site residues
contoured at 1.5 � level is shown in pink mesh; the residues in the pocket are depicted as yellow sticks, while a cryoprotectant ethylene glycol molecule observed
in the pocket has been colored green. (d) Electron density map of the active site of the P. aeruginosa AmpC structure bound to avibactam. The 2Fo-Fc electron
density map of the active-site residues contoured at the 1.5 � level is shown in pink mesh; the residues in the pocket are depicted as green sticks, while avibactam
is shown as a cyan stick. Water molecules a, c, and d are depicted as red spheres.
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the axial orientation of the C2 carboxamide and consequently the
one of the C5 substituent more energetically favored (43). Finally,
the electron density of avibactam suggests a hydrogen bond be-
tween N6 and Ser70-O, which further stabilizes the constrained
conformation within the binding pocket. As a result of this con-
formation, the two ends of the cleaved bond, i.e., the C7 and N6
atoms, are displaced by only 1.4 Å to a final distance of 2.8 Å. This
puts the N6 of avibactam closer to the carbamoyl group than the
deacylating water (Fig. 5b). The angle between the carbamoyl
plane and N6 is 113.4°, making it within the Burgi-Dunitz trajec-
tory (44) for a nucleophilic attack. Similar intramolecular geom-
etry was also observed in the crystal structures of 5,5-trans-lactone
inhibitors, which show reversible acylation for porcine pancreatic
elastase acyl-enzyme (45) as well as predicted reversible acylation
by cyclic acyl phosphates (46). The disposition of residues
around the N6 nucleophile in the two acylated structures sug-
gests that Ser130 and Tyr150 are likely to participate as general
bases for recyclization in class A and class C, respectively (Fig.
2a and Fig. 3a).

Conclusion. Overall, the results described here reveal that
avibactam inhibits serine �-lactamases by forming a covalently
bound enzyme complex that has similar characteristics with class
A and class C �-lactamase enzymes, thus providing a structural
basis for the broad-spectrum inhibition by avibactam. This is an
important difference with respect to inhibitors such as clavulanic
acid. Various positional disorders have been observed previously
with other larger inhibitors, such as the phosphonates, where the

differences in the active-site volume available for the specific li-
gand binding change the position of the attacking group and, in
turn, the activity of these inhibitors against different enzyme
classes. In the case of avibactam, its small size and efficient inter-
acting groups allow it to bind to nearly all �-lactamases and make
strong interactions with the key catalytic residues near the active
sites. This should have a positive implication for susceptibility
against preexisting resistance as well as in suppression of emer-
gence of new resistance in the clinic. In addition, the structural
data show that upon covalent bonding of avibactam to the cata-
lytic serine, the avibactam ring opens but retains the conforma-
tion close to that of the unreacted form. This conformation ex-
plained the surprising reversible mechanism observed with such a
strained ring inhibitor. While the stability of the avibactam–�-
lactamase complex against water-mediated hydrolysis has allowed
a longer half-life in the periplasmic space, the reversibility of the

FIG 4 Proposed mechanism of avibactam inhibition in CTX-M-15 during
acylation (a) and during deacylation (b).

FIG 5 Substrate-like conformation of avibactam in the enzyme pocket. (a)
Overlay of covalently modified avibactam on CTX-M-15 (cyan) on a closed
avibactam model (light brown). The protein backbone is shown in cartoon
form. (b) Bond distance and angle near recyclization event in CTX-M-15.
Avibactam is depicted as a yellow stick, while Ser70 is in cyan. The distance
between deacylating water (shown as red spheres) and carbonyl C7 is shown as
a pink line, while that between attacking N6 and carbonyl C7 is a blue line. The
angles are depicted in the same color with dashed lines.
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scaffold allows for good coverage of most �-lactamases in the mi-
lieu where these are expressed.
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