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Avibactam is a β-lactamase inhibitor that is in clinical develop-
ment, combined with β-lactam partners, for the treatment of bac-
terial infections comprising Gram-negative organisms. Avibactam
is a structural class of inhibitor that does not contain a β-lactam
core but maintains the capacity to covalently acylate its β-lacta-
mase targets. Using the TEM-1 enzyme, we characterized avibac-
tam inhibition by measuring the on-rate for acylation and the off-
rate for deacylation. The deacylation off-rate was 0.045 min−1,
which allowed investigation of the deacylation route from TEM-1.
Using NMR and MS, we showed that deacylation proceeds through
regeneration of intact avibactam and not hydrolysis. Other than
TEM-1, four additional clinically relevant β-lactamases were shown
to release intact avibactam after being acylated. We showed that
avibactam is a covalent, slowly reversible inhibitor, which is a unique
mechanism of inhibition among β-lactamase inhibitors.
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There is an urgent need for new antibacterial agents that are
active against drug-resistant bacteria. In particular, some

Gram-negative pathogens have accumulated enough resistance
mechanisms to render them virtually untreatable by modern
antibacterial chemotherapy (1, 2). A mainstay for treatment of
Gram-negative infections is the β-lactam classes of drugs. The
most common form of resistance to β-lactam antibiotics is the
expression of various β-lactamase enzymes capable of hydrolyz-
ing the β-lactam ring of β-lactam drugs, rendering them in-
effective. As new β-lactams have been introduced into clinical
use, a changing landscape of β-lactamases has been selected and
disseminated. Presently, over 1,000 β-lactamases have been
documented comprising several structural classes and a wide
range of substrate promiscuities and catalytic efficiencies (3, 4).
In efforts to restore the efficacy of β-lactam antibiotics, β-lac-

tamases have also been targeted with a variety of inhibitors (5, 6).
The three inhibitors approved for clinical use are clavulanic acid,
tazobactam, and sulbactam, all of which contain a β-lactam core. A
challenge for the development of broad-spectrum β-lactamase in-
hibitors is the mechanistic diversity in β-lactamase enzymes, with
the largest distinction being between the enzyme classes that use a
serine residue as the nucleophilic species and the metallo-β-lac-
tamases, which directly activate water for hydrolysis (7). A shared
mechanistic feature of the marketed β-lactam–based inhibitors
is their reaction with the serine enzymes to form a covalent acyl-
enzyme intermediate. On ring opening, the acyl-enzyme inter-
mediate can undergo additional rearrangements or be released
through hydrolysis to regenerate the active β-lactamase enzyme (8).
Originally designed to combat class A serine β-lactamase enzymes
such as TEM-1, the clinical use of β-lactam–based inhibitors has
been diminished by the emergence of enzymes against which they
are ineffective. Despite intense investigation by pharmaceutical
companies, no new β-lactamase inhibitor has reached the market
in over 19 years.
Avibactam (Fig. 1) is a member of a class of inhibitors called

the diazabicyclooctanes (DBOs) (9), and it is currently entering
phases II and III clinical trials combined with ceftaroline and
ceftazidime for the treatment of serious infections caused by

Gram-negative organisms (http://clinicaltrials.gov). A design
strategy for β-lactamase inhibitors has been to focus on scaffolds
that maintain the capacity to rapidly acylate a wide range of
β-lactamases while minimizing the liability of hydrolysis. Avi-
bactam has been described as possessing these desirable prop-
erties (9), but the molecular understanding of how it inhibits its
targets is not well-understood.
In this work, the detailed enzymatic mechanism of inhibition for

avibactam against the β-lactamase TEM-1 is described. Investi-
gation of onset of and recovery from TEM-1 inhibition, coupled
with biophysical measurements of the enzyme–inhibitor complex,
leads us to propose a model for covalent β-lactamase inhibition
that is reversible but not susceptible to hydrolysis. Profiling of
additional clinically important class A and C β-lactamases sug-
gests that this highly unusual reversible acylation and deacylation
mechanism is a general mechanism of inhibition for avibactam.

Results
Onset of Acylation. The onset of inhibition of TEM-1 β-lactamase
by avibactam was investigated using conventional and stopped-
flow spectroscopy. Without stopped-flow spectroscopy, the ad-
dition of enzyme resulted in a time lag of ∼3 s in our apparatus
and allowed investigation of avibactam concentrations up to
2.5 μM. Under these conditions, the observed pseudo first-order
rate constant for formation of inhibited enzyme, kobs, was not
saturable with respect to the concentration of avibactam. Stop-
ped-flow equipment allowed interrogation of shorter time regi-
mens from 250 ms to 7 s and higher avibactam concentrations
from 8 to 50 μM. The kobs values from both studies overlaid with
each other and remained linear at the highest avibactam con-
centration (Fig. 2). Although this linear relationship is required
of a one-step inhibition mechanism, it is also consistent with a
two-step binding and acylation process, where the initial binding
constant is very weak (10). Covalent β-lactamase inhibitors fol-
low a two-step binding and acylation reaction, and based on this
precedent, avibactam inhibition was modeled to a two-step
mechanism as described in Materials and Methods. Fitting the
plot of kobs vs. inhibitor concentration to an equation discussed
in Materials and Methods yielded a slope of 1.6 × 105 M−1s−1

(±0.1 × 105 M−1s−1 at 95% confidence interval). For a two-step
mechanism with a weak affinity for the initial encounter complex,
the slope value determined in this manner is the second-order
rate constant for β-lactamase acylation. The contributing terms
for the noncovalent Ki and the ring-opening chemical step k2
cannot be determined precisely (11).
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Off-Rate of Deacylation. The experiments investigating the onset of
avibactam inhibition revealed that the off-rate for return of en-
zyme activity was much slower than the time regimen for onset of
acylation. Therefore, a separate experiment was performed to
measure the deacylation off-rate. The most common routes of
deacylation of β-lactamase inhibitors are through hydrolysis,
chemical rearrangement, or a combination of these paths (8). Off-
rates for deacylation from TEM-1 were measured using a jump
dilution method (12) comparing avibactam with clavulanic acid
and tazobactam. Avibactam displayed a slow return of activity
with an off-rate of 0.045 ± 0.022 min−1, which converts to a resi-
dence time half-life (t1/2) of 16 ± 8 min (Fig. 3). In contrast, TEM-
1 with clavulanic acid displayed a partial return of activity, which
is attributed to rearrangement from the acylated enzyme form to
additional irreversible acyl-enzyme species (13). TEM-1 in-
hibition by tazobactam follows a branched deacylation pathway
that favors hydrolysis over rearrangement (14), which in the off-
rate assay, manifested as a rapid return to nearly full activity.
The measured off-rate for avibactam suggested that slow

deacylation through hydrolysis or reversibility was occurring, and
it is in contrast to previously reported extremely long t1/2 values
of >1 or >7 d for avibactam inhibition of TEM-1 (15, 16). We
investigated the methods used in these earlier studies and con-
cluded that these data resulted from measuring initial rates of
enzyme activity within seconds after dilution of a 1 μM acyl-
enzyme (EI*) complex. Under these conditions, we were able to
reproduce those earlier results (Fig. S1). When only the initial
rates are measured, the percent activity observed is very small,
because it is a measure of the amount of free enzyme present in
the 1 μM EI* sample. If the EI* acyl-enzyme is stable to hy-
drolysis, then sampling it over the course of days will not change
the amount of free TEM-1 or initial percent enzyme activity

observed. By following the return of activity in a continuous
manner for 1 h at a much lower EI* concentration (25 pM as in
Fig. 2), the deacylation from TEM-1 can be measured.

Lack of Hydrolysis or Rearrangement. The recovery of enzyme ac-
tivity on dilution of the acylated enzyme led to experiments
designed to identify the deacylation routes involved. Avibactam
has been assumed to covalently acylate its β-lactamase target
based on acyl-enzyme adducts seen in electrospray ionization MS
(16). To eliminate the possibility of a tight noncovalent interaction,
the acylated TEM-1 was subjected to strong denaturing conditions
followed by MS. The retention of the acyl-enzyme adduct (Fig. S2)
under these conditions supports the covalent nature of this linkage.
The observation that enzyme inhibition was maintained for >24 h
at 1 μM acyl-enzyme (Fig. S1) suggested that the carbamoyl acyl-
enzyme intermediate is stable to hydrolysis. This suggestion was
confirmed by 1H NMR spectroscopy. As opposed to tazobactam,
which was hydrolyzed by TEM-1 (Fig. 4A), avibactam remained
intact after 24 h of incubation with a high concentration of TEM-1
(Fig. 4B), and therefore, it is not turned over as a substrate of the
enzyme. In addition, this sample was analyzed for small-molecule
species by MS in negative and positive ion modes, and only the
mass of avibactam was detected. We estimate that our quantitative
method could have detected >5% loss of avibactam, which sets
a limit for a first-order hydrolytic rate constant at <0.002 h−1. This
finding translates to a half-life of >14 d for the hydrolytic stability
of the acyl-enzyme under these conditions.
Other classes of β-lactamase inhibitors undergo chemical rear-

rangements from their initial acyl-enzyme species, and such re-
arrangements are observable at high ratios of inhibitor to enzyme
(17, 18). To investigate this possibility, a high concentration of
avibactam was incubated with TEM-1, and the off-rate was
measured (Fig. S3A). Compared with clavulanic acid, which fol-
lows a branched deacylation pathway, the off-rate and level of
activity return were unaffected by a high concentration of

Fig. 1. Structures of β-lactamase inhibitors used in this study.

Fig. 2. kobs vs. I plot for avibactam onset of inhibition vs. TEM-1. The ranges
of avibactam concentrations were 60 nM to 2.5 μM in a stirred cuvette and
0.8 to 50 μM by stopped flow. Data were fit as described in Materials and
Methods. Error bars shown are ±SEM from the fit to kobs from the onset of
inhibition time courses.

Fig. 3. Recovery of activity time courses for β-lactamase inhibitors. Avi-
bactam (AVI), tazobactam (TAZ) and clavulanic acid (CLA) were incubated
with TEM-1 to allow acylation and then diluted to follow enzyme reac-
tivation. Results shown are the averages of three measurements. Data for
the avibactam time course were fit to Eq. 1 as described in Materials and
Methods, yielding a koff of 0.045 ± 0.022 min−1 (mean ± 2 SD).
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avibactam. In addition, analysis of TEM-1 by MS at a high con-
centration of avibactam did not reveal additional acyl-enzyme
adducts (Fig. S3B), which further supports the lack of chemical
rearrangements or a branched pathway for avibactam deacylation.

Equilibration of Acyl-Enzyme with Free Enzyme and Free Inhibitor.
Because we did not observe irreversible deacylation pathways
through hydrolysis or chemical rearrangement, we explored the
possibility of deacylation occurring through a reversible reaction
to release intact avibactam. In a reversible mechanism, the posi-
tion of the equilibrium between the acyl-enzyme, free enzyme,
and free inhibitor will depend on the total concentrations of the
enzyme and inhibitor relative to the bound complex Kd. Three
independent methods were used to substantiate the reversible
mechanism. A solution of acyl-enzyme (EI*) at 1 μM was pre-
pared and diluted serially, and each acyl-enzyme concentration
was allowed to equilibrate for 2 h. Assays were then performed to
measure the proportions of acyl-enzyme, free enzyme, and free
inhibitor present after equilibration. First, protein MS showed that
the percentage of free enzyme increased as the extent of the di-
lution of the acyl-enzyme complex increased (Fig. 5A). Second,
the percentage of enzyme activity, which is a measure of free
enzyme, increased as the extent of dilution increased (Fig. 5B).
Third, the amount of intact, free avibactam was quantified using
small-molecule MS. The percentage of free avibactam in solution
increased as the extent of dilution of the acyl-enzyme complex
increased (Fig. 5B), consistent with deacylation reforming and
releasing intact avibactam. The equilibrium titrations by the three
methods overlaid with each other. Each measurement represents
a measurement of Ki*, which had an average value of 2.1 ± 1.0 nM.
An independent measurement of Kd was made using isothermal
titration calorimetry in a competitive titration with a previously

described reversible ligand (19) (Fig. S4). The isothermal titration
calorimetry-measured Kd was 3.3 ± 0.4 nM. The agreement be-
tween Ki* and Kd supports the two-step mechanistic model, where
Ki is large relative to Ki* and k−2 is much lower than k2.
Regeneration of intact avibactam was also shown by an acyl-

enzyme transfer experiment. TEM-1 was acylated, free avibactam
was removed by centrifugal ultrafiltration, and then, a second
β-lactamase, CTX-M-15, was added (Fig. 6A). The acylated pro-
tein MS peak for TEM-1 decreased with a concomitant appear-
ance of acylated CTX-M-15, consistent with the hypothesis that
intact avibactam was released from TEM-1 to allow acylation of
CTX-M-15. The percentage of acylated TEM-1 and CTX-M-15
equilibrated to a greater percentage of acylated CTX-M-15 (Fig.
6B), consistent with the higher affinity of CTX-M-15 (5 nM IC50)
for avibactam vs. TEM-1 (8 nM IC50) (16).

Fig. 4. Hydrolysis of β-lactamase inhibitors. (A) 1H Carr–Purcell–Meiboom–Gill
NMR spectra of 40 μM tazobactam alone (Upper) and 40 μM tazobactam +
4 μM TEM-1 sampled after 5 min at 37 °C (Lower). (B) 1H Carr–Purcell–Mei-
boom–Gill NMR spectra of 40 μM avibactam alone (overlay 1) and 40 μM
avibactam + 4 μM TEM-1 sampled from 5 min to 24 h at 37 °C (overlays 2–5).
Experiments were performed as described in SI Materials and Methods. Signals
originating from the TEM-1 enzyme are labeled with asterisks.

Fig. 5. Equilibration of avibactam-TEM-1 acyl-enzyme. (A) Mass spectra of
acylated TEM-1 (EI*) after dilution to various concentrations and equilibra-
tion for 2 h at 37 °C. (B) Fit of measurement of equilibria between avibactam-
TEM-1 acyl-enzyme complex and free avibactam + TEM-1 as a function of
complex dilution. The percent avibactam bound was measured by TEM-1
protein MS (blue squares), avibactam MS (green triangles), and initial en-
zyme activity (red circles). For the avibactam MS titration, the observed %
free avibactam was used to calculate the % bound by assuming a mass
balance that fraction bound is equal to (1 − fraction unbound). Error bars
shown are ±SEM from three measurements for each detection technique.
For calculation of Ki*, data for the different detection methods were fit in-
dependently assuming the tight-binding condition (39). The value of Ki*
determined by the three techniques is 2.1 ± 1.0 nM (mean ± 2 SD), and the
solid line indicates the fit to this value.
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To assess the generality of the reversible mechanism, additional
β-lactamases were tested in acyl-enzyme exchange experiments.
TEM-1 was used as the apo acceptor enzyme from four donor
acylated class A and C enzymes: CTX-M-15, KPC-2, Enterobacter
cloacae P99, and Pseudomonas aeruginosa AmpC (Fig. 6C). In each
case, the mass equivalent to avibactam was observed to migrate
in a time-dependent manner from the acylated donor enzyme onto
the acceptor TEM-1 (Fig. S5). The observation of acyl-enzyme
transfer suggests that acylation of these other β-lactamases is re-
versible and that alternate deacylation routes through rearrange-
ment or hydrolysis, if present, are kinetically less significant.
Among these enzymes, as measured by IC50, avibactam is a more
potent inhibitor of TEM-1 and CTX-M-15 than KPC-2, P99, or
AmpC (16). Reflecting these potency differences, the competition
reactions equilibrated to different proportions of acyl-TEM-1.
A proposed kinetic scheme can now be defined for avibactam

inhibition of the TEM-1 class A β-lactamase (Fig. 7). In the absence
of hydrolytic or chemical rearrangement pathways, avibactam can
bemodeled as a two-step, reversible covalent inhibitor. The upper
bound of the acylation on-rate could not be determined and is

limited by either a low-affinity noncovalent encounter complex
(Ki) or the rate of serine nucleophilic attack to form the carba-
moyl acyl-enzyme (k2). The off-rate from the acyl-enzyme, with a
t1/2 value of 16 min, is the rate-limiting step for the regeneration of
free TEM-1 enzyme.

Discussion
The non–β-lactamnature of theDBO scaffold prompted a detailed
investigation into its mode of inhibition of the model β-lactamase,
TEM-1. Previous work with avibactam and TEM-1 used a two-step
model for inhibition, where the ring-opening acylation step was
treated as irreversible (16, 20). Our observation of reversible ac-
ylation led us to use a two-step reversible model that is also used to
describe slow-binding inhibitors (10). However, unlike slow-bind-
ing inhibitors, where the rate of formation of the initial enzyme
inhibitor complex (E to EI) is faster than the rate of conversion to
a more stable inhibited complex (EI to EI*), for avibactam in-
hibition of TEM-1, we could not separate the rate of formation of
EI from the conversion to EI* because of the combined effect of
a low-affinity encounter complex and a rapid acylation rate.
As an enzyme class, β-lactamases are highly catalytically effi-

cient, such that on-rates for β-lactam substrates can approach the
limit of diffusion control (21). The design of inhibitors based on
β-lactam scaffolds has sought to drive inhibitor effectiveness by
maintaining efficient enzyme acylation while slowing or elimi-
nating hydrolysis. Avibactam is not a β-lactam, but the mea-
surement that we made of the apparent second-order enzyme
inactivation rate constant against TEM-1 of >1.6 × 105 M−1s−1 is
comparable with the inactivation efficiency values reported for a
variety of β-lactam–based compounds with magnitudes of 104 to
106 M−1s−1 (22–24). In this light, the DBO bridged bicyclic
scaffold seems comparable with β-lactams in terms of acylation
efficiency by the TEM-1 catalytic machinery.
In contrast to β-lactam–based inhibitors, for which acylation is

a one-way, kinetically irreversible reaction, the acylation reaction
of avibactam with TEM-1 was shown to be slowly reversible, with
a half-life of enzyme recovery of 16 min. Before the discovery of
the DBO series, other acylating β-lactamase inhibitors had been
shown to rapidly decompose off the acyl-enzyme species through
routes of hydrolysis or chemical rearrangement (8, 25). Deacy-
lation through ring closing to regenerate the intact inhibitor is
not seen with β-lactam–based inhibitors, presumably because of
the high ring strain of the four-membered lactam ring (26). In
avibactam, the site of attack by the catalytic serine is the carbonyl
of a five-membered cyclic urea, which may be less intrinsically
strained than a β-lactam, thereby permitting ring closing and
intact inhibitor regeneration for the DBO scaffold vs. hydrolytic
release and inhibitor destruction for the β-lactam scaffold.
Across serine hydrolase enzymes, inhibitors that acylate through

ester or carbamate linkages are kinetically irreversible as long as
they are protected from hydrolytic turnover. Compared with the
ester linkage, the carbamoyl acyl-enzyme linkage is generally more
stable to enzyme-assisted hydrolysis (27, 28), and inhibitors that
acylate through a carbamate have been reported with extremely

Fig. 6. Acyl-enzyme exchange between TEM-1 and CTX-M-15. (A) Time
course of acyl-enzyme exchange from acyl-TEM-1 to apo-CTX-M-15 detected
by MS. The peaks corresponding to apo- and acyl-enzyme forms are labeled.
(B) Plot of apo- and acyl-enzyme species of TEM-1 and CTX-M-15 over time.
(C) Acyl-enzyme exchange to apo-TEM-1 from donor-acylated CTX-M-15,
KPC-2, E. cloacae P99, and P. aeruginosa AmpC. Time courses are shown in
Fig. S5 and the percentages of acyl-enzyme species at the final time point for
each reaction are depicted.,

Fig. 7. Scheme for the inhibition of TEM-1 by avibactam.
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long residence times, indicating stability to hydrolytic deacylation
(27, 29). In this light, the hydrolytic stability of the avibactam acyl-
enzyme is not without precedent. Deacylation through intra-
molecular ring closure, however, is an unusual finding, particularly
as the exclusive deacylation route. Reversible acylation was shown
with a monocyclic γ-lactam inhibitor of elastase, a serine hydrolase
with mechanistic comparability to β-lactamases (30). Nevertheless,
reversible acylation/deacylation through a carbamate linkage and
a lack of hydrolysis seem to be unique features of avibactam
among β-lactamase inhibitors. This mechanism also underscores
the chemical use of avibactam compared with β-lactam–based
inhibitors, because on release, the regenerated avibactam is intact
and competent to reacylate its β-lactamase target and initiate
another cycle of inhibition.
For inhibitors that display slow-off kinetics, often, the rate-

limiting step involves a protein or ligand conformation change.
Discerning the precise adjustments in a protein–ligand complex
that govern a slow kinetic step requires a sophisticated under-
standing of ligand binding and protein dynamics (31, 32). With
avibactam and its β-lactamase targets, the acyl-enzyme species
may be able to resist hydrolysis because of its carbamate linkage,
but reformation of the cyclic urea is a remarkable feat. Under-
standing how the deacylating ring-closing chemistry is promoted
will require future work with both static X-ray structures and
solution-based biophysical techniques.
Importantly, the reversible acylation behavior for TEM-1 and

avibactam is not restricted to the TEM-1 model β-lactamase. Acyl-
enzyme transfer was shown using additional, clinically problematic
enzymes of classes A and C. The broad spectrum of inhibition
of avibactam across classes A and C enzymes distinguishes it
from other inhibitor classes, especially β-lactam–based series (6).
Furthermore, the ability of avibactam to restore the minimum
inhibitory concentration (MIC) activity of its cephalosporin
partners may be enhanced by its slow-off kinetic profile. The
factors that translate β-lactamase inhibition into MIC restoration
are complex to dissect; nevertheless, inhibitors that span a wide
range of off-rates have been described, from fast-off boronic
acids to truly irreversible β-lactam–based compounds (5). Studies
that carefully account for permeability differences across scaf-
folds could shed light on whether the enzyme off-rate magni-
tudes do result in microbiological differentiation.
In the context of slowly reversible inhibitors, the concept of the

residence time of the inhibited target has been shown to be a key
driver of pharmacokinetic-pharmacodynamic (PK-PD) relation-
ships for enzyme targets in a wide variety of therapeutic areas
(33, 34). Avibactam, combined with ceftaroline or ceftazidime, has
shown efficacy in preclinical animal models and also in phase II
clinical trials of patients with Gram-negative infections (35–38).
The increased understanding of the mechanism of avibactam in-
hibition described in the present work may provide insight into the
PK–PD relationship for β-lactam/avibactam combination therapies.

Materials and Methods
Reagents were purchased from Sigma unless otherwise indicated. Nitrocefin
was purchased from Acme Bioscience. All assays were performed at 37 °C in
100 mM phosphate buffer (50 mM monobasic + 50 mM dibasic sodium
phosphate) adjusted to pH 7.0 and, for the enzyme assays, supplemented
with 0.1 mg/mL BSA. Avibactam was prepared by Novexel SA (16). TEM-1
was prepared as described previously (16), with replacement of SP Sepharose
(GE Healthcare) for the zinc chelation step. CTX-M-15, KPC-2, E. cloacae P99,
and P. aeruginosa AmpC β-lactamases were prepared by Novexel SA; enzyme
activity was assessed by measuring nitrocefin hydrolysis rates, and it was
found to be equivalent to the values reported by Novexel SA.

Acylation Kinetic Measurements. Using a Cary 400 Bio UV visual spectropho-
tometer (Varian) outfitted with a temperature controller, reactions were
initiated in stirred 1-cm quartz cuvettetes by adding 20 μL 2.5 nM TEM-1 and
980 μL 204 μM nitrocefin solution in the presence or absence of avibactam.
Enzyme activity was monitored using a continuous measurement of 460 nm

absorbance in 0.1-s intervals between measurements. For data analysis, the
offset between reaction initiation and the first absorbance read was 3 s.
Experiments at higher avibactam concentrations were performed on a Bio-
Logic SFM-4 Stopped-Flow/Quench-Flow instrument using a cuvettete with
a 2-mm path length. A three-syringe method was used to give a constant
final concentration of 2 nM TEM-1 and 200 μM nitrocefin. The total flow rate
was adjusted to 3 mL/s. Absorbance was recorded continuously at 490 nm
in 0.002-s intervals. For data analysis, the offset between reaction initiation
and the first absorbance read was 250 ms.

Data for TEM-1 and avibactam were fit to the two-step, reversible

inhibition model E+ I�
k1

k−1
EI�

k2

k−2
EI∗; where Ki = k−1

k1
and K∗

i =
Kik−2

k2 + k−2
.

Time courses were fit to Eq. 1 (10) to obtain k, also known as the pseudo
first-order rate constant, kobs (Eq. 1):

P =VSt + ðV0 −VSÞ
�
1− e−kt

�
k

: [1]

In the on-rate experiment, V0 represents uninhibited enzyme velocity, and it
was measured in a reaction with TEM-1 and no avibactam. VS represents the
fully inhibited enzyme velocity, and it was estimated using a reaction with
no TEM-1. Eq. 2 was used to derive the apparent second-order rate constant
for enzyme inactivation (Eq. 2):

kobs = k−2 + k2
½I�

Ki

�
1+

½S�
Km

�
+
�
I
�: [2]

In the case where Ki is large relative to [I], then Eq. 2 simplifies to (Eq. 3)

kobs =k−2 +
k2
Ki

½I��
1+

½S�
Km

�: [3]

The reported value for the kobs vs. [I] slope (the k2
Ki
second-order rate constant)

includes an adjustment for the (1 + S/Km) term to account for the nitrocefin
substrate concentration (200 μM relative to the nitrocefin Km of 76 μM). The
reported 95% confidence interval was calculated using MATLAB software
(Mathworks). In the plot of kobs vs. [I], k−2 was not precisely measurable, and
it was determined independently with a separate off-rate experiment.

Deacylation koff Measurement. Enzyme (1 μM) was incubated with inhibitor
(5 μM avibactam, 20 μM tazobactam, or 100 μM clavulanic acid) for 5 min at
37 °C and diluted 4,000-fold in the assay buffer with or without inhibitor.
The free enzyme control was diluted in the absence of the inhibitor. The
background absorbance control omitted the enzyme. After dilution, TEM-1
activity was assayed in a 96-well microtiter plate by adding 20 μL to 180 μL
400 μM nitrocefin for a final TEM-1 concentration of 25 pM. Absorbance at
490 nm was monitored continuously in a Spectramax plate reader (Molec-
ular Devices). Data were fit to Eq. 1 to obtain koff. In the off-rate experiment,
V0 represents fully inhibited enzyme velocity, and it was estimated using a
reaction with no TEM-1. VS represents the uninhibited enzyme velocity, and
it was measured in a reaction with TEM-1 and no avibactam. The koff value is
reported as ±2 SD from three separate determinations.

Preparation of TEM-1 Acyl-Enzyme. In a 200 μL reaction volume, 1 μM TEM-1
was incubated with and without 5 μM avibactam for 5 min at 37 °C and sub-
jected to two ultrafiltration cartridge (UFC) steps to remove excess inhibitor
(Ultrafree-0.5 with Biomax membrane, 5-kDa cutoff; Millipore). Centrifuga-
tion at 10,600 × g for 8 min was performed at 4 °C. After each ultrafiltration
step, 20 μL retentate were diluted with 180 μL assay buffer to restore the
original enzyme concentration. After two UFC treatments, the amount of free
avibactam was quantified by liquid chromotography/MS/MS and found to be
<5% of the original concentration. Loss of protein during UFCwas assessed by
measuring TEM-1 activity (on 4,000-fold dilution) in the acyl-enzyme sample
compared with non-UFC–treated enzyme, and loss was found to be <5%.

Equilibration of Acyl-Enzyme with Free Enzyme. Acyl-TEM-1 (1 μM), prepared
as described above, was diluted threefold serially in eight steps (from 1 μM
to 150 pM) and equilibrated for at least 2 h at 37 °C. Samples were analyzed
by enzyme activity, protein MS, and small-molecule MS as described in SI
Materials and Methods.

Acyl-Enzyme Exchange. For the acyl-enzyme exchange experiment from acyl-
TEM-1 to apo-CTX-M-15, acylated TEM-1 and apo-CTX-M-15 were combined to
final concentrations of 1 μM each and incubated at 37 °C. Aliquots (30 μL) were
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collected at indicated time points and analyzed as described in SI Materials and
Methods. Details for the acyl-enzyme exchange to apo-TEM-1 from acyl-CTX-M-
15, acyl-KPC-2, acyl-P99, and acyl-AmpC are also described in SI Materials
and Methods.
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