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�-Lactamase enzymes (EC 3.5.2.6) are a significant threat to the continued use of �-lactam antibiotics to treat infections. A novel
non-�-lactam �-lactamase inhibitor with activity against many class A and C and some class D �-lactamase variants, avibactam,
is now available in the clinic in partnership with ceftazidime. Here, we explored the activity of avibactam against a variety of
characterized isogenic laboratory constructs of �-lactamase inhibitor-resistant variants of the class A enzyme SHV (M69I/L/V,
S130G, K234R, R244S, and N276D). We discovered that the S130G variant of SHV-1 shows the most significant resistance to in-
hibition by avibactam, based on both microbiological and biochemical characterizations. Using a constant concentration of 4
mg/liter of avibactam as a �-lactamase inhibitor in combination with ampicillin, the MIC increased from 1 mg/liter for blaSHV-1

to 256 mg/liter for blaSHV S130G expressed in Escherichia coli DH10B. At steady state, the k2/K value of the S130G variant when
inactivated by avibactam was 1.3 M�1 s�1, versus 60,300 M�1 s�1 for the SHV-1 �-lactamase. Under timed inactivation condi-
tions, we found that an approximately 1,700-fold-higher avibactam concentration was required to inhibit SHV S130G than the
concentration that inhibited SHV-1. Molecular modeling suggested that the positioning of amino acids in the active site of SHV
may result in an alternative pathway of inactivation when complexed with avibactam, compared to the structure of CTX-M-15–
avibactam, and that S130 plays a role in the acylation of avibactam as a general acid/base. In addition, S130 may play a role in
recyclization. As a result, we advance that the lack of a hydroxyl group at position 130 in the S130G variant of SHV-1 substan-
tially slows carbamylation of the �-lactamase by avibactam by (i) removing an important proton acceptor and donator in cataly-
sis and (ii) decreasing the number of H bonds. In addition, recyclization is most likely also slow due to the lack of a general base
to initiate the process. Considering other inhibitor-resistant mechanisms among class A �-lactamases, S130 may be the most
important amino acid for the inhibition of class A �-lactamases, perhaps even for the novel diazabicyclooctane class of �-lacta-
mase inhibitors.

The �-Lactam antibiotics (penicillins, cephalosporins, and car-
bapenems) are a cornerstone of therapy for many Gram-neg-

ative bacterial infections. These antibiotics act by binding to the
penicillin-binding proteins of the bacterial cell membrane, pre-
venting peptidoglycan cross-linking and eventually leading to cell
lysis and death. Recent studies also showed that �-lactams create a
“futile cycle” that involves a lytic transglycosylase (Slt) and leads to
bacterial cell death (1). Unfortunately, Gram-negative bacteria
contain �-lactamase enzymes in their periplasmic space that are
able to hydrolyze the amide bond of �-lactams, preventing these
compounds from reaching their sites of action. In order to combat
the action of these enzymes, the synthesis of additional classes of
�-lactams (i.e., future generations of cephalosporins, carbapen-
ems, and monobactams) and the synthesis of �-lactamase inhib-
itors (BLIs) (i.e., sulbactam, tazobactam, and clavulanic acid)
were undertaken. Despite the clinical success of �-lactams and
BLIs, �-lactamase enzymes evolved to exhibit resistance to both of
these strategies. A survey of these newly described �-lactamases
reveals that point mutations leading to extended-spectrum �-lac-
tamases (ESBLs; enzymes resistant to later-generation cephalo-
sporins) and inhibitor-resistant (IR) �-lactamases (enzymes
which exhibit resistance to inactivation, particularly by clavulanic
acid) are the major mechanism by which resistance is manifested.

The SHV-1 �-lactamase is a class A enzyme that is chromo-
somally encoded in Klebsiella pneumoniae. SHV-1 typically ac-
quires ESBL activity with a substitution at Ambler position G238
or E240 (2–4). In contrast, IR variants usually possess a substitu-
tion at Ambler position M69, S130, K234, or N276 (3, 4). Many of
these IR variants have appeared clinically (Table 1), indicating

that substitutions at these amino acids pose a significant threat to
our current commonly prescribed �-lactam/BLI combinations
(amoxicillin-clavulanate [Augmentin], piperacillin-tazobactam
[Zosyn], and ampicillin-sulbactam [Unasyn]) (4).

The inactivation of a �-lactamase enzyme by a BLI (such as
tazobactam, sulbactam, or clavulanic acid) involves an attack by
the active site serine (in the case of SHV, S70) on the amide bond,
formation of the acyl enzyme, and then subsequent rearrange-
ment steps that lead to an imine or enamine intermediate that
results in transient or long-lived inhibition of the enzyme (Fig.
1A) (4). In order to understand this mechanism of inhibition,
mutagenesis studies were performed to create amino acid substi-
tutions in the SHV-1 �-lactamase that led to resistance to inacti-
vation by clavulanic acid (5–14). Notably, many of these IR �-lac-
tamase variants were hypothesized to share a mechanism

Received 26 September 2014 Returned for modification 22 October 2014
Accepted 18 January 2015

Accepted manuscript posted online 17 February 2015

Citation Winkler ML, Papp-Wallace KM, Taracila MA, Bonomo RA. 2015. Avibactam
and inhibitor-resistant SHV �-lactamases. Antimicrob Agents Chemother
59:3700 –3709. doi:10.1128/AAC.04405-14.

Address correspondence to Robert A. Bonomo, robert.bonomo@va.gov.

M.L.W. and K.M.P.-W. contributed equally to this work.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.04405-14

3700 aac.asm.org July 2015 Volume 59 Number 7Antimicrobial Agents and Chemotherapy

http://dx.doi.org/10.1128/AAC.04405-14
http://dx.doi.org/10.1128/AAC.04405-14
http://aac.asm.org


involving S130 that prevents or slows permanent inhibitor inacti-
vation of the enzyme (5–14).

Avibactam is a novel non-�-lactam BLI that was recently ap-
proved by the Food and Drug Administration, in combination
with ceftazidime, for the treatment of complicated intraabdomi-
nal infections and complicated urinary tract infections (15).
Avibactam is a diazabicyclooctane (DBO) inhibitor that does not
have a �-lactam ring at the core of its structure. DBOs form a
reversible inhibitory reaction that proceeds through rapid forma-
tion of an acyl (carbamyl) enzyme and can undergo recyclization of
the ring structure to reform the active compound, albeit at a much
slower rate (16). The inactivation of class A �-lactamase enzymes by

avibactam is proposed to involve similar amino acid residues, com-
pared to the �-lactam-based inhibitors (Fig. 1B) (17).

We sought to understand the efficacy of avibactam against a
variety of SHV enzymes with known IR amino acid substitutions
to determine if avibactam is able to inactivate �-lactamases that
are resistant to inhibition by clavulanic acid. Our studies also be-
gin to explore the mechanism of carbamylation and recyclization
of avibactam against the class A �-lactamase SHV-1. In addition,
we identify the role of important amino acid residues involved in
avibactam inactivation of this class A �-lactamase and anticipate
resistance patterns that may be observed with existing variants of
SHV-1 as this drug enters the clinic. This information is essential
as future DBO BLIs continue to be developed.

MATERIALS AND METHODS
Mutagenesis. The blaSHV-1 gene was directionally subcloned into the pBC
SK(�) phagemid vector. Mutagenesis studies in this construct were pre-
viously published (7, 11–14).

MIC measurements. MIC measurements were performed by the agar
dilution method according to the Clinical Laboratory and Standards In-
stitute (CLSI) protocol (18). Briefly, bacterial cultures were grown over-
night at 37°C in Mueller-Hinton (M-H) broth. The cultures were diluted,

TABLE 1 IR SHV enzymes identified in clinical isolatesa

Amino acid �-Lactamase(s)

Met69Ile SHV-49, SHV-52, SHV-92
Ser130Gly SHV-10
Lys234Arg SHV-56, SHV-72, SHV-73, SHV-84
Asn276Asp SHV-129
a Adapted from reference 3.
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FIG 1 (A) Proposed acylation mechanism of SHV-1 by clavulanic acid (4–7). (B) Proposed acylation mechanism of CTX-M-15 by avibactam (17).
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and a Steers replicator was used to stamp 10 �l of each dilution onto the
Mueller-Hinton agar plates. Plates were incubated overnight at 37°C, and
the MIC was read as the �-lactam concentration at which bacterial growth
was no longer observed. We tested ampicillin (AMP; Sigma-Aldrich),
AMP-avibactam (AVI; AstraZeneca), AMP-sulbactam (SUL; Astatech),
AMP-clavulanic acid (CLAV; USP), piperacillin (PIP; Sigma-Aldrich),
and PIP-tazobactam (TAZO; Chem-Impex). AVI, SUL, and CLAV
were added to plates at a constant concentration of 4 mg/liter with
increasing concentrations of AMP. PIP-TAZO was maintained at a
constant 8:1 ratio.

Protein purification. SHV-1 and SHV S130G �-lactamases were pu-
rified from E. coli DH10B cells containing blaSHV-1 or blaSHV S130G carried
on a pBC SK(�) phagemid as previously described (19). Briefly, cells were
grown overnight in super optimal broth (SOB) at 37°C containing chlor-
amphenicol for plasmid maintenance. After harvesting, cells were pelleted
by centrifugation and frozen at �20°C. After 48 h, the pellets were thawed
and suspended in 50 mM Tris-HCl, pH 7.4. Lysozyme (40 �g/ml), ben-
zonase nuclease, MgSO4, and 1 mM EDTA were added as previously de-
scribed (19). The cellular debris was then removed by centrifugation, and
the lysate was separated overnight using preparative isoelectric focusing
(pIEF). Regions of the pIEF gel that demonstrated the ability to hydrolyze
nitrocefin (NCF; Becton, Dickinson and Company) were then further
purified by gel filtration (GF) column chromatography on an ÄKTA fast
protein liquid chromatography (FPLC) system to �95% purity as as-
sessed by 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE). The protein concentrations were calculated using an
absorbance of 280 nm and the extinction coefficient of each protein (ε),
which was determined using the ProtParam tool at Expasy (http://us
.expasy.org/tools).

�-Lactamase kinetics. The kinetic constants of SHV-1 and SHV
S130G �-lactamases for the hydrolysis of NCF, Km and kcat, were deter-
mined according to previously published methods (7). An Agilent 8453
diode spectrophotometer (Santa Clara, CA) was used to measure the ab-
sorbance of the hydrolysis of NCF at 482 nm (ε, 17,400 M�1 cm�1) at
25°C in 10 mM phosphate-buffered saline (PBS, pH 7.4). The �-lactam
concentration was held constant at 6 nM for SHV-1 and 390 nM for SHV
S130G, while the concentration of NCF was varied. A higher concentra-
tion of SHV S130G �-lactamase was required for all experiments, due to
the lower catalytic efficiency for NCF (7). The data were plotted, and the
Km for NCF was calculated using the Michaelis-Menten equation (equa-
tion 1) and Enzfitter (Biosoft Corporation, Ferguson, MO).

v �
Vmax � �S�
Km � �S� (1)

Inhibitory enzyme kinetics analyses were also performed with the pu-
rified SHV-1 and SHV S130G proteins, and these experiments are de-
scribed below.

The proposed interaction scheme of a class A �-lactamase and avibac-
tam is shown in equation 2 (16).

E � Iº
k�1

k1

E:Iº
k�2

k2

E � I (2)

The inhibition constant Ki app was measured in a direct competition
assay between NCF and avibactam at 25°C in PBS. NCF was held constant
at 100 �M, and the concentration of avibactam was varied (20). In this
assay, the SHV S130G �-lactamase was used at a concentration of 390 nM,
and SHV-1 was tested at a concentration of 6 nM. The Excel program was
used to plot the inverse initial steady-state velocity (1/vi) versus avibactam
concentration ([I]), and the value of the y-intercept divided by the slope of
the line was defined as Ki app obs. This value was corrected for the use of
NCF according to equation 3 to obtain the Ki app.

Ki�app� �
Ki�app, obs�

1 �
�S�

KmNCF

(3)

The k2/K value was determined using timed inactivation curves for
SHV-1 and the S130G variant with NCF as the reporter substrate at 25°C
in PBS. SHV S130G was used at a concentration of 98 nM, and SHV-1 was
used at a concentration of 6 nM. A kobs value was determined for each
avibactam concentration by using Origin 3.5.1 according to equation 4.

y � Vf � x � �Vi � Vf� �
1 � e��k(obs) � x�

k(obs)
� Ai (4)

The kobs values were plotted against the avibactam concentrations
([I]) to obtain a straight line. Equation 5 was then used to determine the
observed value of k2/K, the second-order rate constant for enzyme acyla-
tion.

kobs � k�2 �
k2

K
(obs) �

�I�

1 �
�S�
Km

(5)

The observed k2/K value was corrected for the use of NCF according to
equation 6 to obtain the k2/K value.

k2

K
�

k2

K
(obs)� �S�

KmNCF
� 1� (6)

The partition ratio or turnover number (kcat/kinact; tn) was determined
for each enzyme by incubating the purified enzyme with inhibitor at var-
ious inhibitor:enzyme ratios during a 24-h time period at 25°C in PBS.
Then, an aliquot was removed and the hydrolysis of NCF was measured.
The avibactam:�-lactamase ratio required to inhibit NCF hydrolysis by
�90% versus an uninhibited control was defined as the kcat/kinact, as pre-
viously described (20).

Electrospray Ionization (ESI)-mass spectrometry (MS). A Waters
Synapt G2-Si high-resolution quadrupole time of flight mass spectrome-
ter (Waltham, MA) equipped with a LockSpray dual electrospray ion
source was used to acquire MS data for purified protein and protein-
avibactam complexes in order to determine the nature and timeline of
avibactam inactivation of SHV-1 and SHV S130G. Glu-1–fibrinopeptide
B was used as the lock mass, and the Synapt G2-Si apparatus was cali-
brated with sodium iodide, using a mass range of 50 to 2,000 m/z. This
calibration resulted in an error of �1 atomic mass units. After protein
purification, with or without incubation with avibactam, 0.2% formic
acid was added to quench any reactions. SHV-1 and SHV S130G proteins
were incubated (at 30 �M) with a 1:1 ratio of avibactam:protein for var-
ious time points: 1 min, 5 min, 9 min, 15 min, and 24 h, at room temper-
ature in PBS. C18 Zip-Tips were used to remove residual salt and to con-
centrate the samples according to the manufacturer’s protocol (Millipore,
Billerica, MA). Then, direct infusion at a rate of 50 �l/min was used to
perform MS analysis on the eluted protein sample diluted into 50% ace-
tonitrile and 0.2% formic acid. Data were collected for 1 min. Lock mass
spectra were collected prior to each sample in a similar manner. The tune
settings for each data run were as follows: capillary voltage, 3.2kV; sam-
pling cone, 30; source offset, 30; source temperature, 100°C; desolvation
temperature, 450°C; cone gas, at 50 liters/h; desolvation gas, at 600 li-
ters/h; nebulizer bar, 6.0. Spectra were analyzed using MassLynx v4.1.
Spectra were modified for lock mass deviations by applying a gain factor
and then deconvoluted using the MaxEnt1 program.

Molecular modeling. The crystal structures of SHV-1 (PDB ID 1SHV)
and SHV S130G (PDB ID 1TDL) �-lactamases were used to construct and
validate Michaelis-Menten and acyl enzyme complexes of SHV-1 with
avibactam using Discovery Studio (DS) 3.1 molecular modeling software
(Accelrys Inc., San Diego, CA) as previously described (11, 20). Avibactam
was first constructed using the Fragment Builder tools and minimized
using a Standard Dynamics Cascade protocol of DS 3.1. Avibactam was
then automatically docked into the active sites of SHV-1 and SHV S130G
using the CDOCKER module of DS 3.1. This protocol uses a CHARMm-
based molecular dynamics scheme to dock ligands into a receptor-bind-
ing site. The best conformations were automatically aligned into polar and
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apolar active site hot spots, and the best-scoring poses were reported;
hydrogen atoms were not maintained.

To further optimize the docked poses (by adding hydrogen atoms and
preventing steric clashes between the receptor and ligand), a CHARMm
minimization step was used. In this step, the Smart Minimization algo-
rithm was utilized (1,000 steps of steepest descent with a root mean
squared (RMS) gradient tolerance of 3 Å, followed by conjugate gradient
minimization with an RMS deviation (RMSD) minimization gradient of
0.001 Å. For the last minimization of the avibactam conformations into
the active sites of SHV-1 and SHV S130G �-lactamases, an RMSD cutoff
of 1 Å was chosen.

The resulting conformations of the SHV-1–avibactam and SHV
S130G-avibactam complexes were analyzed, and the most favorable posi-
tioning of avibactam was chosen. Then, the complexes between the en-
zymes and inhibitor were created (11, 20). To check the stability of the
complexes, an 8-ps Molecular Dynamics simulation (MDS) was con-
ducted for the SHV-1–avibactam and S130G-avibactam Michaelis-Men-
ten and acyl enzyme complexes as previously described and validated
(21). A temperature of 300 K and a constant pressure were maintained
during the heating/cooling, equilibration, and production stages of MDS.
The long-range electrostatics were treated with particle mesh Ewald and
explicit solvation with the periodic boundary condition. These were run
without any constraints.

The X-ray crystallography coordinates of CTX-M-15-avibactam were
obtained (PDB ID 4HBT). DS 3.1 was used to compare the X-ray crystal-
lography structure with our acyl enzyme model of SHV-1–avibactam.

RESULTS AND DISCUSSION
Microbiological activity of avibactam in combination with am-
picillin against IR SHV variants expressed in E. coli DH10B. The
variants at Ambler positions M69, S130, K234, R244, and N276
are known to confer resistance to clavulanic acid inactivation by
different mechanisms (4). The limitations of clavulanic acid in
inhibiting these enzymes were previously highlighted (7, 11, 12,
14, 22). Table 2 summarizes the MICs that were determined for
ampicillin and ampicillin-avibactam for this collection of IR SHV
variants. Ceftazidime-avibactam was not reported in this table, as
all variants were susceptible to ceftazidime (MIC, �8 mg/liter).

As shown in Table 2, avibactam was more effective at restoring
the potency of ampicillin against the IR SHV variants than other
�-lactamase inhibitors (sulbactam, tazobactam, and clavulanate).
With ampicillin alone, all isogenic strains except E. coli producing
the S130A and K234A variants were resistant to ampicillin (MIC
range, 64 to 16,384 mg/liter). When avibactam was combined
with ampicillin, 3 of 14 variants possessed ampicillin-avibactam
MICs of �32 mg/liter. On the other hand, 12 of 14 and 9 of 14
variants were resistant to ampicillin-sulbactam and ampicillin-
clavulanic acid, respectively. For piperacillin, 11 of 14 variants
demonstrated a MIC of �128 mg/liter for piperacillin; the addi-
tion of tazobactam reduced that number to 6 of 14 variant strains.
We also observed that SHV-1 in E. coli DH10B manifested a high-
er-than-expected MIC for the sulfone inhibitors, which may be a
result of the increased �-lactamase expression level due to the high
copy number of the pBC SK(�) phagemid and its promoter (22).

Interestingly, three IR SHV variants in E. coli DH10B displayed
elevated MICs to both ampicillin-avibactam and other BLI–�-
lactam combinations, S130G, K234R, and R244S. For the S130G
variant, the ampicillin MIC was only lowered by one dilution after
the addition of avibactam (from 512 mg/liter to 256 mg/liter)
(Table 2). E. coli DH10B expressing the SHV K234R variant also
showed an elevated ampicillin-avibactam MIC (MIC of 256 mg/
liter for ampicillin-avibactam, versus MIC of 16,384 mg/liter for
ampicillin alone). The R244S variant expressed in E. coli DH10B
had a MIC of 1,024 mg/liter for ampicillin alone and 32 mg/liter
for ampicillin-avibactam. As E. coli DH10B containing SHV
S130G demonstrated the least reduction in the ampicillin MIC
after the addition of avibactam, we decided to further explore this
IR SHV to begin to understand the mechanistic basis for why it
resists inhibition by avibactam in comparison to the wild-type
SHV-1.

Avibactam inhibition of SHV-1 and S130G �-lactamases. In
order to better understand the differences in inactivation of each
of these enzymes, the inhibition of purified SHV-1 and SHV

TABLE 2 MICs for E. coli strains containing single IR SHV �-lactamases in a pBC SK(�) plasmida

E. coli DH10B

MIC (mg/liter)

AMP AMP-AVI AMP-SUL AMP-CLAV PIP PIP-TAZO

Emptyb 0.5 0.25 0.5 0.5 2 1
SHV-1 �16,384 1 �16,384 16 �1,024 256
M69I 8,192 4 8,192 128 1,024 128
M69L 16,384 8 16,384 64 1,024 256
M69V 16,384 4 16,384 128 1,024 256
S130A 2 1 1 2 32 32
S130G 512 256 256 256 1,024 128
S130T 64 8 64 0.5 256 128
K234A 16 8 8 8 8 8
K234R 16,384 256 4,096 512 >1,024 16
R244A 256 8 128 32 64 32
R244K 4,096 2 2,048 32 256 64
R244S 1,024 32 256 32 128 32
N276A 512 0.5 256 1 128 8
N276D 16,384 2 16,384 32 1,024 128
N276E 4,096 1 2,048 4 512 32
a E. coli DH10B was purchased from Agilent, SHV-1 was obtained from Helfand et al. (7), amino acid position 69 variants came from Totir et al. (5), position 130 variants came
from Helfand et al. (10), position 234 variants were from Winkler et al. (11), position 244 variants also came from Thomson et al. (14), and position 276 variants were obtained
from Drawz et al. (12). AVI, SUL, and CLAV concentrations were held constant at 4 mg/liter, and TAZO was kept at an 8:1 ratio of PIP:TAZO. Values shown in bold are for the
isolates that showed the highest AMP-AVI MIC.
b Empty strain contains pBC SK(�) plasmid with no bla gene.
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S130G by avibactam was studied. Our analysis showed that the
k2/K value of the S130G variant of SHV-1 by avibactam was less
than that of wild-type SHV-1 (1.3 M�1 s�1 versus 60,300 M�1 s�1,
respectively) (Table 3). Additionally, we found that an approxi-
mately 1,700-fold-higher avibactam concentration was required
to achieve full SHV S130G inhibition compared to SHV-1 inhibi-
tion (Fig. 2). We interpreted this to mean that the loss of the
hydroxyl group at position 130 as a result of the Gly substitution
impaired either the initial productive contact between the �-lac-
tamase and avibactam or the formation of the acyl enzyme bond
between S70 and avibactam. Despite these differences in inactiva-
tion rates, the partition ratio (kcat/kinact) for both enzymes was
identical at 1 in a 24-hour time period (Table 3), indicating that
avibactam inactivates both �-lactamases at a stoichiometric ratio
during a long time period and is not hydrolyzed.

ESI-MS of SHV-1 and S130G �-lactamases. The behaviors of
SHV-1 and S130G �-lactamases incubated with a 1:1 ratio of
avibactam:�-lactamase during a time period between 1 min and
24 h were followed using MS (Fig. 3). As anticipated from our
kinetic analyses, avibactam readily carbamylates the SHV-1 �-lac-
tamase. In contrast, we observed that the formation of the acyl
enzyme species between SHV S130G and avibactam is much
slower. As we examined the differences from 1 min to 15 min of
incubation at a 1:1 ratio of inhibitor to enzyme, SHV S130G pro-
ceeded from a minimally carbamylated enzyme to the full acyl
enzyme intermediate. In contrast, the SHV-1 �-lactamase was
fully carbamylated by avibactam during the entire observation
period. Importantly, we did not find evidence that either of these
�-lactamases hydrolyzed avibactam under these conditions, as the
carbamyl-enzyme complex between both �-lactamases and

avibactam continued to be observed at the 24-h time point. Addi-
tionally, on-enzyme fragmentation of avibactam was not observed
for either �-lactamase during this time course, as peaks of differ-
ent masses were not identified. We cautiously interpret this to
mean that avibactam does not undergo significant chemical rear-
rangements during the reaction and that a highly stable adduct is
formed between SHV-1 and SHV S130G and avibactam.

The proposed avibactam acylation mechanism in CTX-M-15
and implications for avibactam acylation in the SHV-1 �-lacta-
mase. To begin to correlate the biochemical differences in binding
and acylation between SHV-1 and the S130G variant to a catalytic
mechanism, we considered the catalytic mechanism of class A
�-lactamases and the proposed acylation mechanism of CTX-
M-15 for avibactam.

Acylation of class A �-lactamases by �-lactams and BLIs is
believed to follow two different pathways. Either E166 and a cat-
alytic water molecule or K73 are believed to initiate catalysis (4, 17,
23–25). Evidence exists in the form of X-ray crystallography struc-
tures, thermodynamic calculations, nuclear magnetic spectros-
copy, mutagenesis and kinetic measurements, and pH/pKa titra-
tion studies that supports both E166 and K73 acting as the initial
general base for the acylation of class A �-lactamases (17, 25–31).
Quantum mechanical calculations indicate that E166 is generally
the most thermodynamically favored amino acid for initiation of
acylation with the “K73 pathway” as an alternative (4, 24, 32). In
addition to these important amino acids, studies also support the
role of S130 in the acylation mechanism as a general acid/proton
donor to the nitrogen amide in order to collapse the tetrahedral
transition state (31). Despite significant effort, a clear consensus of
which pathway predominates has not been reached. Moreover,
the protonation states of K73 and E166 may change in the transi-
tion from apo-enzyme, to Michaelis-Menten complex, to acyl en-
zyme, as well as with different substrates or inhibitors in the active
site of the enzyme (17, 25, 27–29). These changing protonation
states may affect which acylation mechanism predominates under
a given set of conditions.

Lahiri et al. hypothesized based on the X-ray crystallographic
structure of the acyl enzyme of CTX-M-15–avibactam (PDB ID
4HBT) that a proton shuttle involving E166, a strategically placed
water molecule, S70, avibactam, S130, K73, and back to E166 oc-

TABLE 3 Inhibitory steady-state kinetic parameters for SHV-1 and the
SHV-1 S130G variant with AVI

Parameter SHV-1 SHV-1 S130G

NCF Km (�M) 12.5 � 2.5 3,107 � 2393
NCF kcat/Km (�M�1 s�1) 15.3 0.02
AVI k2/K (M�1 s�1) 60,300 1.3
AVI Ki app (�M) 0.022 � 0.002 10,274 � 1,000
AVI 24-h partition ratio 1 1

FIG 2 (A) Timed inactivation of SHV-1 by increasing concentrations of avibactam. (B) Timed inactivation of SHV S130G by increasing concentrations of
avibactam. The SHV S130G variant takes longer to plateau because of the lower NCF catalytic efficiency of this enzyme. An approximately 1,700-fold-higher
concentration of avibactam was required to inhibit the SHV S130G variant compared to SHV-1.
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curs (Fig. 1B and 4) (17). This mechanism was advanced based
upon a high-resolution structure (�1 Å) showing unprotonated
E166 in the apo-CTX-M-15 structure and protonation of this res-
idue after binding of avibactam (17).

We performed molecular modeling to examine the Michaelis-
Menten and acyl enzyme complexes of both SHV-1 and SHV
S130G with avibactam in order to gain deeper insight into the
mechanism of avibactam inhibition and resistance.

In the SHV-1:avibactam Michaelis-Menten complex, avibac-
tam is positioned within hydrogen-bonding distance of S70, K73,
S130, E166, A237, and R244 and is poised within the oxyanion
hole in a favorable position for carbamylation. In this model, the
catalytic water molecule is absent; we advance that the water mol-
ecule may be displaced by the carboxamide of avibactam. Addi-
tionally, K73 is positioned more than 5 Å from S70 in all confor-
mations of the simulation (Fig. 5A). In contrast, S130 is within
hydrogen-bonding distance of S70. As the K73 and E166 acylation
processes are not favored in this model (Fig. 6A), we postulate that
S130 may serve an unexpected role as the general base for depro-
tonation of S70 during acylation of the SHV �-lactamase by

avibactam (Fig. 6B). The observations of Lahiri et al. support this
hypothesis, as they noted that due to the position of the carbamate
bond of avibactam in the CTX-M-15–avibactam structure, E166,
K73, or S130 may serve as the conjugate general base (17). Based
on our model of SHV-1:avibactam, we advance that a proton
shuttle occurs starting with K234, through S130, and then S70
(Fig. 6B). S130 would also further play a role in donating a proton
to the nitrogen amide for collapse of the tetrahedral transition
state in either potential acylation mechanism. Our other IR variants
also support a different mechanism of inhibition of SHV-1 by avibac-
tam compared to sulbactam, tazobactam, and clavulanic acid, as
these variants (M69I/L/V, N276D) did not show elevated MICs to
ampicillin-avibactam but the K234R and R244S variants did.

However, we propose that the flexibility of the enzyme active
site may allow water to enter, which would permit acylation to
proceed through a traditional pathway involving E166 (Fig. 6A).
The movement of bulk water transiently into the enzyme active
site was previously postulated to occur in the IR SHV R244S vari-
ant (14). Additionally, movement of K73 may also occur, allowing
it to serve as the general base for acylation.

We must also state that that there are limitations to molecular
modeling. Here, the time frame for MDS was 8 ps, and only one
conformation (the most favorable) of avibactam was chosen for
MDS. It is possible that with a longer MDS time frame or with a
different initial avibactam conformation, the active site water
molecules would be observed. This would allow E166 to serve as
the general base or, alternatively, that K73 could move to be within
hydrogen-binding distance of S70 to serve as the general base.
From our previous molecular modeling and compound docking,
we have observed active site water molecules in enzyme-inhibitor
complexes after similar modeling parameters were used; avibac-
tam appears to be the exception (12, 33). It is possible that com-
peting acylation mechanisms may also exist.

Our MDS analysis of the SHV-1–avibactam acyl enzyme com-
plex further revealed that the catalytic water molecule that is crit-
ical for initiating acylation is again absent. Finally, we observed

SHV-1 SHV S130G
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1 min

5 min

9 min
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O

NH

Ser70

O

O

N

O
H2N

HN
O

O3S

Acyl-enzyme Δ +266

FIG 3 Mass spectrometry of SHV-1 and SHV S130G at various time points,
ranging from 1 min to after a 24-h incubation of avibactam-enzyme at a 1:1
ratio.
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FIG 4 Overlay of the CTX-M-15–avibactam crystal structure (PDB ID 4HBT;
purple) with the acyl enzyme model of SHV-1–avibactam (blue), showing
significant movement of many of the important active site residues and an
absence of water (Wat) molecules in the SHV-1–avibactam model.
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that upon acylation in SHV-1, avibactam was shifted such that
S130 was within 3.5 Å of the sulfate amide proton (Fig. 5B). There-
fore, S130 may also play a role in the recyclization of avibactam
from SHV-1, as proposed for CTX-M-15 (17). Thus, S130 may
serve as the hydrogen acceptor to initiate recyclization. Further-
more, given that the K234R variant also possesses an elevated am-
picillin-avibactam MIC, K234 may play a role in proton shuttling
to S130, allowing recyclization to proceed instead of through K73,
as proposed by Lahiri et al. (17). Further experimentation will be
required to differentiate these mechanistic details.

Why is acylation impaired in the S130G variant of SHV? The
model of the SHV S130G:avibactam Michaelis-Menten complex
disclosed that avibactam was uniquely positioned in the active site
compared to the SHV-1:avibactam Michaelis-Menten complex,
due to the loss of the S130 hydroxyl side chain (Fig. 5C). As a
result, there were fewer potential hydrogen-bonding interactions
between avibactam and the S130G variant enzyme in this model.

However, we did observe that hydrogen-bonding interactions
were possible between K234 and avibactam and between A237 and
avibactam. As a Gly at position 130 does not have the hydroxyl
group of Ser, this residue is unable to be involved in the acylation
of the enzyme by avibactam as described above for SHV-1.

Previous X-ray crystallography of SHV S130G identified a wa-
ter molecule in the active site of the enzyme that compensated for
loss of this hydroxyl group (8). In our model of SHV S130G-
avibactam, we did not observe this water molecule during our
MDS of the S130G-avibactam representations (Fig. 5C). Two wa-
ter molecules must enter the active site to allow acylation to pro-
ceed via a mechanism involving E166, as shown in Fig. 6C. Alter-
natively, K73 and S70 are within hydrogen-binding distance in the
S130G-avibactam molecular model (2.6 Å), which may permit
K73 to initiate acylation with only one water molecule required to
enter the active site to compensate for the missing hydroxyl group
of S130 (Fig. 6D). Again, we are limited by a lack of high-resolu-
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FIG 5 (A) Michaelis-Menten complex model of SHV-1–avibactam. (B) SHV-1–avibactam acyl enzyme model. (C) Michaelis-Menten complex model of SHV
S130G-avibactam. (D) SHV S130G-avibactam acyl enzyme model.
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tion crystallographic structures of SHV S130G revealing protona-
tion states of K73 and E166. The same experiments required to
identify the acylation (or competing acylation) mechanisms for
SHV-1–avibactam are also needed to determine the major mech-
anism for SHV S130G. Overall, binding and acylation are less
favorable in the S130G variant of SHV, as the number of potential
hydrogen-bonding interactions between avibactam and the en-
zyme are decreased, and the hydroxyl group of S130 is important
in any potential acylation mechanisms of SHV by avibactam.

The second catalytic water molecule was also absent in the SHV
S130G acyl enzyme complex, again due to steric interference from
the carboxamide of avibactam (Fig. 5D). An interaction with the
sulfate amide proton of avibactam by the hydroxyl group of S130

is also no longer possible, as the Gly is now at position 130; thus,
recyclization is less favored.

Conclusions. The S130G substitution in the SHV class A �-lac-
tamase, an amino acid change that is found in an IR SHV variant,
leads to resistance to inhibition by avibactam, a novel non-�-lactam
BLI. The mechanism of resistance seems to be slow onset of acylation
of the S130G enzyme by avibactam. There are several possible amino
acids that may initiate acylation of SHV and SHV S130G by avibac-
tam according to our molecular modeling (K73, E166, and S130). As
the protonation states of these residues are subject to debate, high-
resolution X-ray crystallographic structures and more sophisticated
molecular models and MDS are required to determine which acyla-
tion mechanism or mechanisms are favored.
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Since ceftazidime is effective against bacteria containing non-
ESBL SHV enzymes, the emergence of clinically significant avibac-
tam-resistant isolates containing known IR substitutions alone in
the clinic is highly unlikely. Nevertheless, we maintain that �-lac-
tamases with a combination of ESBL and IR substitutions of the
SHV type may evolve that exhibit resistance to ceftazidime-
avibactam combination therapy, as was observed in some CTX-
M-9 class A �-lactamase variants. In these variant enzymes, an
ESBL substitution restored hydrolysis of cephalosporins to a suf-
ficient quantity to allow an enzyme with the S130G substitution to
display resistance to both molecules (34). Additionally, as the
S130G substitution seems to provide resistance to many different
classes of inhibitors and is present in SHV-10, which has been
found clinically (Table 1), it is important to consider this substi-
tution in addition to the K234R change, which seems to be inti-
mately linked to the function of S130 and also a common clinical
SHV variant, when developing future BLIs.
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