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ABSTRACT b-Lactam antibiotics are presently the most important treatments for
infections by pathogenic Escherichia coli, but their use is increasingly compromised
by b-lactamases, including the chromosomally encoded class C AmpC serine-b-lacta-
mases (SBLs). The diazabicyclooctane (DBO) avibactam is a potent AmpC inhibitor;
the clinical success of avibactam combined with ceftazidime has stimulated efforts
to optimize the DBO core. We report kinetic and structural studies, including four
high-resolution crystal structures, concerning inhibition of the AmpC serine-b-lacta-
mase from E. coli (AmpCEC) by clinically relevant DBO-based inhibitors: avibactam, rel-
ebactam, nacubactam, and zidebactam. Kinetic analyses and mass spectrometry-
based assays were used to study their mechanisms of AmpCEC inhibition. The results
reveal that, under our assay conditions, zidebactam manifests increased potency
(apparent inhibition constant [Kiapp], 0.69mM) against AmpCEC compared to that of
the other DBOs (Kiapp 5 5.0 to 7.4mM) due to an ;10-fold accelerated carbamoyla-
tion rate. However, zidebactam also has an accelerated off-rate, and with sufficient
preincubation time, all the DBOs manifest similar potencies. Crystallographic analyses
indicate a greater conformational freedom of the AmpCEC-zidebactam carbamoyl
complex compared to those for the other DBOs. The results suggest the carbamoyl
complex lifetime should be a consideration in development of DBO-based SBL inhib-
itors for the clinically important class C SBLs.

KEYWORDS antimicrobial resistance, serine b-lactamase inhibitors,
diazabicyclooctane, avibactam, relebactam, nacubactam, zidebactam, Avycaz,
cephalosporin resistance

Infections by pathogenic Escherichia coli are a major worldwide health concern (1–3)
and are often treated with b-lactam antibiotics (e.g., penicillins and cephalosporins)

(Fig. 1A). However, b-lactamase-mediated resistance to these and other b-lactams is
increasing (4). There are two structural/mechanistic groups of b-lactamases, the nucle-
ophilic serine-b-lactamases (SBLs; Ambler classes A, C, and D) and the zinc-dependent
metallo-b-lactamases (MBLs; Ambler class B), of which the SBLs are presently more
abundant and, therefore, of particular clinical concern (5). While no MBL inhibitors
have been approved for clinical use, established SBL inhibitors (clavulanic acid [6], sul-
bactam [7], and tazobactam [8] [Fig. 1B]) are potent inhibitors of many class A SBLs
(excepting carbapenemases), although their inhibition of class C and class D SBLs is
much weaker (9). The AmpC type class C SBLs, unlike many b-lactamases, are chromo-
somally encoded and present in most E. coli strains (10). Mutations in promoter and at-
tenuator regions lead to hyperproduction of AmpC in pathogenic E. coli (11, 12), con-
ferring resistance to first-, second-, and third-generation cephalosporins and most
penicillins, although as yet not to carbapenems (10).

The clinical introduction of ceftazidime-avibactam (CZA; Avycaz) was a milestone in
treatment of infections caused by bacteria producing class C SBLs, including AmpC
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SBLs (13). The diazabicyclooctane (DBO) (Fig. 1A) avibactam (AVI; formerly NXL-104) is
the first clinically useful non-b-lactam b-lactamase inhibitor and has potent activity
against many class A and C and some class D SBLs (14).

Contrary to the proposed mechanisms of the established b-lactam SBL inhibitors,
which involve essentially irreversible formation and subsequent hydrolysis of acyl-
enzyme complexes, the cyclic urea carbonyl of avibactam reacts reversibly with the
nucleophilic serine residue to form a carbamoyl-enzyme complex (Fig. 1D) (14–16). The
success of avibactam has promoted efforts to optimize DBO-containing SBL inhibitors,
in particular by modification of the C2 amido sidechain, the binding of which approxi-
mately mimics the respective C6 or C7 amido sidechains of the penicillins and cephalo-
sporins (Fig. 1A). These have yielded several promising new inhibitors, including rele-
bactam (REL), nacubactam (NAC), and zidebactam (ZID) (17–21). While the interactions
of avibactam with a wide variety of SBLs have been studied (e.g., see references
22–28), structural information on the binding of other DBOs is more limited (17, 18,
29–32).

To enable structure-activity relationship (SAR)-guided efforts on DBOs, we now
report kinetic and crystallographic studies on the inhibition of the AmpC SBL from
Escherichia coli (AmpCEC) by avibactam, relebactam (20) (formerly MK-7655, used in
combination with imipenem and cilastatin [Recarbrio]), nacubactam (18) (formerly OP-
0595, currently in phase II), and zidebactam (19) (formerly WCK-5107, currently in
phase II). The results reveal a distinctive kinetic profile for AmpCEC inhibition by ZID,
which differs from those observed for AVI, REL, and NAC. Together with studies on the
inhibition of class A, D, and other structurally distinct class C SBLs (17, 18, 29–32), the
results will help guide further optimization of the DBO scaffold for potent broad-spec-
trum SBL inhibition.

RESULTS AND DISCUSSION
Zidebactam shows enhanced activity against isolated AmpCEC compared to

other DBOs due to rapid binding. Steady-state competitive inhibition kinetics of
AmpCEC by AVI, REL, NAC, and ZID were measured using the fluorescent substrate FC-5

FIG 1 b-Lactam antibiotics and b-lactamase inhibitors. (A) Penicillin and cephalosporin antibiotics. (B) Established b-lactam-based SBL
inhibitors. (C) Diazabicyclooctane (DBO)-based SBL inhibitors with different C2 acyl amido sidechains. The different colors for the inhibitor
sidechains are used throughout. (D) Proposed mechanisms for binding and recyclization of DBOs to class C SBLs (29). While either a two-
base mechanism, including K67 and Y150 (shown here), or a single-base mechanism involving only K67 (not shown) has been proposed for
deprotonation and reprotonation of S64, in both scenarios recyclization requires deprotonation of the DBO N-sulfate nitrogen by Y150 (29).
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(33) and analyzed as previously described (34). All the tested DBOs were potent inhibi-
tors for AmpCEC, with apparent inhibition constant (Kiapp) values ranging from 7.4mM
for AVI to 0.69mM for ZID. Without preincubation of the DBO inhibitor with AmpCEC,
ZID is ;10-fold more potent (pIC50 [negative log of IC50], 7.60) than AVI, REL, or NAC
(pIC50s of 6.62, 6.61, and 6.75, respectively). However, with prolonged incubation (10 to
360min), all DBOs exhibited similar potencies (pIC50s of 8.16, 8.41, 8.53, and 8.46,
respectively; see Table 1 and see Table S3 and Fig. S3D in the supplemental material).
Assays at pH 7.0 to 8.0 did not show a significant pH dependence of inhibition
(Table S3).

More detailed studies showed that carbamoylation of AmpCEC by ZID is ;10-fold
faster than that for the other tested DBOs (360� 103 M21 s21 compared to 36� 103

M21 s21, 38� 103 M21 s21, and 52� 103 M21 s21 for AVI, REL, and NAC, respectively),
rationalizing its increased potency under the assay conditions without preincubation.
However, the decarbamoylation rate of ZID, as measured by the jump-dilution method,
is also accelerated (0.35� 1023 s21 compared to 0.060� 1023 s21, 0.032� 1023 s21,
and 0.049� 1023 s21 for AVI, REL, and NAC, respectively) (Table 1).

Comparing the steady-state kinetics of AmpCEC inhibition by AVI, REL, and ZID to
reported results for the Acinetobacter baumannii-derived class C cephalosporinase
ADC-7 and the Pseudomonas aeruginosa-derived class C cephalosporinase PDC-3
reveals similar trends in potency, i.e., similar differences in carbamoylation as well as
decarbamoylation rates are clear for the four different DBOs studied here (Table S4)
(17). Thus, relatively fast binding likely contributes to the generally improved potency
of ZID compared to AVI, REL, and NAC versus class C SBLs, at least with short incuba-
tion times.

DBOs restore CAZ activity against AmpC-expressing E. coli. To confirm AmpCEC

inhibition by the DBOs in cells, they were tested against DH5a Escherichia coli and the
same strain carrying the pAD7 AmpCEC plasmid (35). First, the intrinsic antibacterial ac-
tivity of DBOs was confirmed, with MICs of 16mg ml21 for AVI, 128mg ml21 for REL,
2mg ml21 for NAC, and#0.25mg ml21 for ZID being observed, both against the wild-
type DH5a and the AmpCEC-expressing DH5a (Table S5). This is in agreement with
reported MIC values with E. coli ATCC 25922 (16mg ml21 for AVI, .64mg ml21 for REL,
2mg ml21 for NAC, and 0.125mg ml21 for ZID) (36). The observed antimicrobial activity
of DBOs against E. coli has been attributed to different degrees of inhibition of penicil-
lin binding protein 2 (PBP-2) (18, 37).

Second, the DBOs were then tested in combination with the cephalosporin CAZ.
The AmpCEC-producing strain was significantly less susceptible to CAZ than the wild
type (MIC of 256mg ml21 compared to 1mg ml21). All DBOs fully restored ceftazidime
activity when tested at 4mg ml21 and in a dose-dependent manner below their MICs
(Table S5). Ceftazidime is a known potent PBP-3 inhibitor (38), and synergistic effects
of the DBOs PBP-2 inhibition have been reported (39).

Protein-observed SPE-MS. Protein-observed solid-phase extraction mass spec-
trometry (SPE-MS) assays were utilized to investigate the reversible character of the

TABLE 1 Kinetic analysis of AmpCEC inhibition by DBOsa

DBO Kiapp (mM) k2/K (M21 s21),×103 koff (s21),×1023 t1/2 (min)

pIC50

0 min 360 min
AVI 7.46 0.3 366 1 0.0606 0.01 1926 1 6.626 0.04 8.166 0.02
REL 7.16 0.3 386 1 0.0326 0.01 3646 2 6.616 0.04 8.416 0.01
NAC 5.06 0.1 526 2 0.0496 0.01 2366 1 6.756 0.04 8.536 0.02
ZID 0.696 0.04 3606 10 0.3506 0.01 396 4 7.606 0.02 8.466 0.02
aKiapp values and pseudo first-order rates (k2/K) were determined by assaying 100 nM AmpCEC with 5mM FC-5
(33). koff rates were determined by jump dilution (100,000-fold) of AmpCEC (1mM) that had been preincubated
with AVI, REL, NAC, or ZID (10mM) at room temperature for 30min and then assayed using 25mM FC-5. pIC50s
were obtained from assays using 500 pM AmpCEC and 5mM FC-5 with the respective preincubation time at
room temperature. The buffer was 50mM Tris, pH 7.5, 0.01% (vol/vol) Triton X-100. Data were analyzed as
described in Materials and Methods.
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DBO binding. After incubation with 1.1 equivalents of DBOs, rapid reaction was
observed in all cases, indicating complete AmpCEC carbamoylation within 1min. DBO
adducts with mass increments of 1265Da, 1338Da, 1324Da, or 1391Da were
observed, consistent with covalent modification of AmpCEC by AVI, REL, NAC, and ZID,
respectively (Fig. S4 and S6). In agreement with the accelerated carbamoylation on
AmpCEC by ZID compared to the other DBOs, as implied by the kinetic assays, direct
competition experiments involving addition of AmpCEC to a 1:1 mixture of AVI with ei-
ther REL, NAC, or ZID after 1min showed preferred initial binding of ZID over AVI
(77:23), while REL and NAC showed almost equivalent binding compared with AVI
(44:56 and 49:51, respectively).

Monitoring of the reactions over a 24-h period revealed equilibration of the DBO-
derived AmpCEC-carbamoyl complexes. While REL and NAC were still bound in
amounts similar to those of AVI (49:51 and 53:47, respectively) after 12 h, the ZID car-
bamoyl-enzyme complex showed a constant ratio of 51:49 (ZID:AVI) after 12 h of equili-
bration (Fig. 2 and Fig. S5). Studies where REL, NAC, or ZID were added to the AVI car-
bamoyl-enzyme complex, derived by preincubation of AmpCEC with AVI, showed
equilibration to the same ratios of AVI to REL/NAC/ZID after 12 to 24 h (Fig. S5).
Equilibration toward the same ratios of AVI to REL/NAC/ZID after 12 to 24 h were also
observed when starting from the respective REL-, NAC-, and ZID-carbamoyl-enzyme
complexes followed by addition of AVI (Fig. S5). Overall, these observations are in
broad agreement with the inhibition studies, which show enhanced potency of ZID
compared to AVI, REL, and NAC with short, but not with prolonged, incubation times.

A second mechanism, in addition to recyclization, for release of covalently linked
DBOs from class A Klebsiella pneumoniae carbapenemase (KPC) b-lactamases has been
reported; this involves the loss of the DBO N-sulfate group followed by hydrolysis of
the resulting imine intermediate (e.g., see references 15 and 32). For AVI and NAC,
small amounts of signals corresponding to the respective carbamoylated enzymes at
280Da were observed, consistent with desulfation of the bound DBO. However, after
24 h the samples were reanalyzed, and no changes in the ratios of the intact 280-Da
complexes were observed (Fig. S6). No evidence of further desulfation, or recovery of
the unmodified enzyme, was observed over a period of 24 h (Fig. S6B). These observa-
tions contrast with observations for DBO fragmentation by KPC type SBLs, where the
relative amounts of the 280-Da species compared to the intact complex were
observed to increase with time (e.g., see references 15 and 32). Since the ratio of the

FIG 2 Time courses for DBO binding in competition with AVI measured by mass spectrometry. AmpCEC (3mM) was added to a mixture of AVI (3.3mM) and
NAC, REL, or ZID (3.3mM) in 50mM Tris, pH 7.5. Experiments were performed in duplicate. Reactions were monitored using protein-observed SPE-MS.
Spectra were deconvoluted (Fig. S4) using the maximum entropy algorithm in the MassHunter Workstation Qualitative Analysis V.7 program (Agilent
Technologies). The relative peak areas of the1265-Da, 1338-Da, 1324-Da, or1391-Da adducts for AVI, REL, NAC, and ZID, respectively, are plotted. Low-
abundancy signals with 280-Da mass increments relative to the intact DBO complexes were observed for all DBO carbamoyl-enzyme complexes but with
various intensities for different DBOs (these are likely artifacts of the MS process [see the text and Fig. S6]); here, peak areas of the –80-Da species were
added to those for the intact adducts.
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intact inhibitor complex to the 280-Da complex remains consistent in our study, it is
probable that in our observations the loss of sulfate is not a result of an enzyme reac-
tion but is an artifact of the MS method, as reported previously (15).

Structural basis of AmpCEC inhibition by DBOs. As both carbamoylation and
decarbamoylation rates of ZID for AmpCEC are accelerated, its unusual kinetic profile
compared to the other tested DBOs at least in part may result from a reduced activa-
tion energy resulting from better stabilization of the common high-energy tetrahedral
intermediate involved in carbamoylation and decarbamoylation (16) (Fig. 1D) rather
than interactions that stabilize the carbamoyl-enzyme complex of AmpCEC (40, 41). To
investigate the basis for the kinetics observed for ZID compared to other DBOs against
AmpCEC, structures of AmpCEC in complex with AVI (1.51 Å resolution; PDB entry
6TBW), REL (1.72 Å resolution; PDB entry 6TPM), NAC (1.47 Å resolution; PDB entry
6T7L), and ZID (1.30 Å resolution; PDB entry 6T5Y) were solved. The complexes were
obtained using relatively short (10- to 15-min) inhibitor soakings of AmpCEC crystals,
which were produced as reported previously (34). In all cases, there was one protein
molecule in each asymmetric unit; structures were solved by molecular replacement,
using the reported AmpCEC structure (PDB entry 6T3D [34]).

No changes in the overall fold of AmpCEC were observed on DBO binding (backbone
root mean square deviations of 0.12 Å [AmpCEC-AVI], 0.14 Å [AmpCEC-REL], 0.11 Å
[AmpCEC-NAC], and 0.15 Å [AmpCEC-ZID] compared to apo-AmpCEC [PDB entry 6T3D
(34)]). In all cases, analysis of electron density maps revealed modification of the nucle-
ophilic S64 with no substantial changes in the conformations of active-site residues
being observed. The DBOs all reacted to form ring-opened products, with the piperi-
dine ring adopting a chair conformation (Fig. 3 and 4). The carbamoyl-carbonyl oxygen
is positioned to interact with the backbone NH of A318 (2.8 to 2.9 Å). The N-sulfate
group is anchored in the active site via polar interactions with N346 (2.6 to 3.0 Å), T316
(2.3 to 2.7 Å), and K315 (2.8 to 3.1 Å; except for AVI); a detailed summary of active-site
interactions is given in Table S7. It should be noted that AmpC-mediated resistance to
AVI has been reported to arise from mutations leading to substitutions in this con-
served sulfate-binding pocket (29, 42). These mutants are also likely to confer resist-
ance to REL, NAC, and ZID. However, resistance to AVI can also arise from mutations to
the X-loop and the H-10 helix (29, 43–45). The X-loop and H-10 helix are located at the
R2 binding pocket of the active site, and the different acyl-amido sidechains of REL,
NAC, and ZID, which are positioned in this pocket, are likely to have an impact on inhi-
bition of those AVI-resistant mutants.

In reported structures of AmpC-DBO complexes, the orientation of the N-sulfate
nitrogen can adopt two conformations. In one (conformation A; Fig. 3 and 4), the N-sul-
fate nitrogen is close to the Y150 phenol sidechain, while in the other (conformation B;
Fig. 3 and 4) the nitrogen atom points toward the opposite face of the active site. For
class C SBLs, acylation and recyclization are proposed to be catalyzed by Y150, K67,
and N152 (Fig. 1D) (29). In conformation A, the N-sulfate nitrogen is positioned for ster-
eoelectronically favored reaction (in part, as judged by the Bürgi-Dunitz angle [aBD]
[46] of the N-sulfate nitrogen position and the distance to the carbamoyl carbon, Fig. 3
iii and iv). In contrast, in conformation B, the N-sulfate nitrogen lone pair is predicted
to be positioned away from the carbamoyl carbonyl group. AVI has been observed
in conformation A in complex with chromosomally encoded Pseudomonas aerugi-
nosa-derived cephalosporinase (PDC-1; PDB entry 4OOY [29]) as well as with the
Enterobacter cloacae AmpCEnt385 and the plasmid-encoded TRU-1 (PDB entry 6FM7 [28])
(Fig. 3A). AVI is observed in conformation B with the plasmid-encoded FOX-4 (PDB
entry 5ZA2 [27]) (Fig. 3B). With PDC-1, REL is observed in conformation A (PDB entry
4NK3 [22]; Fig. 3A) and NAC in conformation B (PDB entry 4X68 [18]) (Fig. 3B).

In the AmpCEC-AVI complex structure, ring-opened AVI is observed in conformation
A, with the N-sulfate nitrogen positioned proximal to the phenolic oxygen of Y150
(Y150:Oh , 3.3 Å) and the carbamoyl-carbon (3.1 Å, aBD = 113°). Interestingly, of the other
three DBOs, only reacted NAC is observed solely in conformation A, where its N-sulfate
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nitrogen is 3.3 Å from Y150:Oh and 3.1 Å from the carbamoyl carbon; however, the aBD

is 122°, which deviates from the preferred aBD of ;107° (46). For REL and ZID, both
conformations A and B were observed and refined in equal occupancy. The N-sulfate
nitrogen is 3.8 and 3.5 Å from Y150:Oh in conformation A and 4.7 and 4.8 Å from Y150:
Oh in conformation B for REL and ZID, respectively (Fig. 3). While the aBD angles are
comparable in both conformations A and B (112° to 115°), the orientation of the N-sul-
fate nitrogen is stereoelectronically unfavorable for reaction with the carbamoyl car-
bonyl group in conformation B, where the distance to the carbamoyl carbon is signifi-
cantly increased compared to that of conformation A (3.9 Å compared to 3.0 Å for REL
and 3.8 Å compared to 2.8 Å for ZID; Fig. 3 and Table S7). It should be noted that in the
refined structures in all four cases, there is evidence for relatively weak electron density
close to the DBO sulfate; this indicates low occupancy (likely,10%) of an alternative
sulfate position; however, due to its low intensity, assignment was not possible.

Based on the proposed decarbamoylation mechanisms of DBOs for class C SBLs
(Fig. 1D) (29) and stereoelectronic considerations of the mechanism of the nucleophilic

FIG 3 Comparison of DBO-derived AmpCEC complexes with DBO complexes of other class C SBLs. (A) Conformation A. (B)
Conformation B. In each case, the panels show the following details. (i) Schemes showing that in conformation A, the N-sulfate
nitrogen is proximal to Y150:Oh and is favorably arranged for DBO formation, while in conformation B, the N-sulfate nitrogen is
oriented away from Y150:Oh and is not favorably arranged for DBO formation. (ii) Distances (a) between the DBO N-sulfate nitrogen
and Y150:Oh . (iii) Bürgi-Dunitz angle (aBD) for the N-sulfate nitrogen and the C=O of the carbonyl group. (iv) Distances (b) between
carbonyl-carbon and N-sulfate nitrogen. (v) Distances and angles. PDB entries were the following: AmpCEnt385-AVI (55) (6LC8), PDC-1-
AVI (29) (4OOY), PDC-1-REL (20) (4NK3), TRU-1-AVI (28) (6FM7), PDC-1-NAC (18) (4X68), and FOX-1-AVI (27) (5ZA2). In the structure of
the AmpCEnt385-AVI complex, K67 is observed in two conformations; in one it is not positioned to interact with N152 (55).
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attack, the REL- and ZID-derived complexes appear less primed for recyclization, since
they form both conformations A and B, than those of AVI and NAC, where only confor-
mation A is observed. Thus, the structural observations do not obviously correlate with
the accelerated dissociation of ZID compared to AVI, REL, and NAC in solution (Table
1). However, it should be noted that the crystallographically observed binding modes
may not accurately represent those in solution, where conformations A and B may be
in dynamic equilibrium.

The amide or acyl amido sidechains of all the DBOs interact with the sidechains of
N152 (3.0 to 3.2 Å) and Q120 (2.8 to 3.1 Å) in a manner similar to that for the C7 acyl
amido sidechains of cephalosporins, e.g., as observed in an AmpCEC-cephalothin acyl-
enzyme complex (PDB entry 1KVL) (47). There are variations in the nature of other
aspects of sidechain interactions, although the relevance of these to potency is
unclear.

The REL piperidyl sidechain adopts a single conformation and is oriented in a man-
ner similar to that observed in the complex with the Pseudomonas-derived cephalo-
sporinase 1 (PDC-1) (20) (PDB entry 4NK3), albeit in a slightly rotated manner (;30°;

FIG 4 Views of active sites of the complexes of AmpCEC with AVI (A), NAC (B), REL (C and E), and ZID
(D and F). AVI and NAC were modeled in the single conformation A, where the N-sulfate nitrogen is
proximal to Y150. REL and ZID were modeled in both N-sulfate conformations A and B. With ZID, two
conformations of the acyl amino sidechain were modeled. Hydrogen bonds are colored balls.
Structures of DBOs in their open form, bound to the active-site serine, are in Fig. 2; acyl amido
sidechains are in boxes. Polder omit maps (56) and overlays of AVI and ZID conformations A and B
are in Fig. S8. Stereo views of all panels are in Fig. S9 to S11.
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Fig. S10). The piperidyl nitrogen does not appear to engage in any direct or water-
mediated hydrogen bonding interactions with AmpCEC active-site residues.

Whereas the N-sulfate nitrogen of NAC adopts conformation A in the AmpCEC com-
plex structure, it is observed in conformation B in complex with the class C SBL PDC-1
(PDB entry 4X58; Fig. S10) (18). In the AmpCEC-NAC complex, the terminal amine of the
DBO sidechain has an orientation different from that observed with PDC-1. In the
AmpCEC-NAC complex, the amino sidechain interacts with a water molecule (w1, 2.8 Å;
Fig. 4B), which is not observed in the apo-AmpCEC structure and which is positioned to
further interact with the sidechain of N152 (3.1 Å).

In addition to the two conformations (A and B) observed for the N-sulfate nitrogen,
two conformations were observed for the ZID acyl-hydrazide sidechain (Fig. 4D and F).
Thus, there are (at least) four possible conformations. It was not possible to correlate
the two sets of conformations; therefore, only two overall conformations were refined.
Thus, the binding mode of ZID appears more variable than those for the other DBOs, a
factor that might contribute to the relatively increased carbamoylation and decarba-
moylation rates for ZID. However, the validity of such a correlation is uncertain, as to
date no other structures of ZID in complex with class C SBLs are available. In one side-
chain conformation (refined with N-sulfate conformation B), the ZID piperidinyl nitro-
gen of the acyl-hydrazide is positioned to interact with a water molecule (w1, 3.2 Å;
Fig. 4D), which in turn interacts with the main-chain carbonyl of S212 (2.6 Å) and the
sidechain of Y221 (2.8 Å). The position of w1 is conserved in all AmpCEC-DBO complex
structures reported here as well as in the unreacted AmpCEC structure. In the second
sidechain conformation (refined with N-sulfate conformation A), the acyl-hydrazide
sidechain more closely resembles the ZID binding mode, as observed at the KPC-2
active site (17) (PDB entry 6B1J; Fig. S8), and does not interact with w1.

Conclusions. Following the clinical introduction of AVI as a broad-spectrum class A
and C SBL inhibitor in combination with ceftazidime, interest in DBOs both as SBL
inhibitors and as antibacterials has grown significantly. Efforts are ongoing in multiple
groups to optimize DBOs. Our results provide detailed insight into the mechanism of
inhibition of a clinically relevant SBL, AmpCEC, by four DBOs. They reveal differences in
the interactions of differently substituted DBOs with AmpCEC that may be of general
relevance in optimizing the activity of DBOs and other reversibly reacting SBL
inhibitors.

All the tested DBOs potently inhibit isolated AmpCEC. Interestingly, ZID manifests
;10-fold faster carbamoylation and decarbamoylation rates than the other tested
DBOs (Table 1). As supported both by application of established competition assays
and by protein-observed MS studies, this results in the increased potency of ZID after
short preincubation times (#1min), which becomes less prominent on prolonged pre-
incubation times (as monitored over 6 to 24 h) (Fig. S2 and S3). Indeed, the DBOs have
nearly equivalent potencies after prolonged preincubation, i.e., under equilibration
conditions. Coupled with the results of our MS-based competition experiments (Fig. 2
and Fig. S4 and S5), these observations imply that the equilibrium positions between
the unreacted DBOs and the covalent AmpCEC-DBO complexes are similar for the
tested DBOs. The similar potencies observed after equilibration of different DBOs with
AmpCEC suggest that the AmpCEC-DBO complexes have stabilities similar to those of
ring-closed DBOs/uncomplexed AmpCEC in solution (40, 41, 48). Thus, at least in the
case of AmpCEC, the difference between ZID and the other DBOs lies in the rate of its
reaction with and release from AmpCEC.

Crystallographic analyses for the four DBO-derived complexes reveal that in the
cases of AVI and NAC, the DBO-derived complexes (at least predominantly) adopt con-
formations that appear primed for AVI recyclization (conformation A; Fig. 3 and 4) via
nucleophilic attack of the N-sulfate nitrogen with the carbonyl group of the carbamoyl
complex. However, in the case of the REL- and ZID-derived complexes, only approxi-
mately half of the molecules are in the productive conformation (A), while the other
half adopt conformation B (Fig. 3 and 4), in which the N-sulfate nitrogen lone pair is
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directed away from the reactive carbonyl group. Thus, the crystallographic studies do
not appear to correlate with the different kinetic properties of ZID compared to the
other DBOs in solution, and care should be taken in assuming the crystallographically
observed conformations reflect those relevant to solution binding. In solution, it is pos-
sible that conformations A and B are in dynamic equilibrium. It should be noted that
the details of general acid/base catalysis in the reaction of DBOs with AmpCEC have not
been studied in detail. Detailed modeling studies employing quantum mechanics/mo-
lecular mechanics-type methods are of interest to study the relevance of the two con-
formations, in particular conformation B, in solution. If, indeed, conformation B is not
productive with respect to DBO recyclization, efforts to optimize its formation relative
to conformation A may be productive.

Although the basis of the different kinetics of ZID is unclear, it is notable that while
the relatively large ZID sidechain engages in some additional hydrogen-bonding inter-
actions, the available evidence suggests that the overall binding mode of ZID is more
flexible than that for the other DBOs with four possible binding modes (conformations
A/B and the two sidechain conformations), which are observed in one (conformation
A, AVI and NAC) or two (A and B, REL) N-sulfate conformations. The relatively high car-
bamoylation and decarbamoylation rates (and, hence, differences in activation energy)
for ZID compared to the other DBOs may relate to the apparently increased flexibility
in the AmpCEC-ZID complex, although further work is required to validate this
proposal.

ZID further demonstrated excellent activity that is superior to that of AVI when
tested against an engineered AmpCEC-expressing E. coli strain, likely due in part to its
intrinsic antibacterial activity (Table S5). However, the apparent difference in the half-
life of the carbamoyl complexes for ZID compared to the other DBOs also may be
related to their in vivo properties. It is possible that the relatively short residence time
of the AmpCEC-ZID complex hampers activity in vivo, where drug and substrate concen-
trations can fluctuate and resistance mechanisms (e.g., efflux pumps) may increase the
importance of the residency times of the target-inhibitor complex (40, 41, 48). Thus,
we propose that there is scope for optimization of the active-site residency times of
DBOs in general and suggest that assays to assess this are important in medicinal
chemistry efforts on DBOs.

MATERIALS ANDMETHODS
Materials. DBO derivatives were from commercial suppliers (AVI [AstraZeneca], REL [MedKoo

Biosciences, Inc.], NAC [Advanced ChemBlocks, Inc.], and ZID [MedKoo Biosciences, Inc.]). Recombinant
AmpCEC was produced as previously described (34).

Kinetic studies. Assays were performed and analyzed as described previously (34). In summary,
assays in the presence of inhibitors were carried out under steady-state conditions monitoring hydrolysis
of the fluorescent substrate FC-5 (33) in 100mM phosphate buffer, pH 7.5, supplemented with 0.01%
(vol/vol) Triton X-100. Fluorescence was measured using a PHERAstar (BMG Labtech) plate reader, re-
cording emission spectra at an excitation wavelength of 380 nm and emission wavelength of 460 nm.
Data were analyzed using Prism 5 (GraphPad Software). pIC50s were determined after various incubation
times (0, 10, 30, 60, and 360min) via nonlinear regression (see Fig. S2 in the supplemental material). The
pseudo first-order rate constant, kobs, and the apparent inhibition constant, Kiapp, were obtained by
assaying 100 nM AmpCEC with 5mM FC-5 in the presence of various concentrations of the inhibitor.
Reactions were initiated by addition of AmpCEC and immediately monitored continuously over 30 s.
Activity was fitted to an exponential course in relation to the uninhibited enzyme and a no-enzyme con-
trol to give initial rate constants (kobs) (Fig. S1 and Table S2), as described previously (49). The second-
order rate constant (k2/K) was obtained from linear regression of measured kobs values against inhibitor
concentrations (see Fig. S3b in the supplemental material) and corrected by the Michaelis constant (Km)
and concentration of the substrate. Kiapps (50) were determined by linear regression of the reciprocals of
the initial rates against inhibitor concentration (Fig. S3a) and corrected using the experimentally deter-
mined substrate Km and substrate concentration. Inhibitor off rates (koff) were measured using the jump-
dilution method (51); thus, AmpCEC (1mM) was incubated with the respective inhibitor (10mM) for
30min at room temperature and diluted 100,000-fold in the assay buffer to a final enzyme concentration
of 10 pM and then immediately assayed using 25mM (final concentration) FC-5. Off rates were deter-
mined from exponential regression in relation to turnover of no enzyme and no inhibitor controls (Fig.
S3c). Half-lives of the enzyme-inhibitor complexes were directly calculated from the measured koff
values.
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MICs. MICs were determined by broth microdilutions in triplicate and interpreted using published
guidelines described by the CLSI. CAZ was tested alone (0.25 to 256mg ml21) against DH5a Escherichia
coli and DH5a E. coli containing the pAD7-AmpCEC plasmid and in combination with AVI (0.125, 0.25,
0.5, 1, 2, 4, or 8mg ml21), REL (4mg ml21), NAC (4mg ml21), and ZID (0.125, 0.25, 0.5, 1, 2, 4, or 8mg
ml21) using the DH5a E. coli strain containing the pAD7-AmpCEC plasmid (35) (Table S5). DBOs were
also tested as the sole administered antimicrobial (0.25 to 256mg ml21) against both strains (Table S5).

Protein SPE-electrospray ionization-MS spectrometry. AmpCEC (3mM) in 50mM Tris, pH 7.5, was
incubated with avibactam, relebactam, nacubactam, or zidebactam (all at 3.3mM) at room temperature.
Mass spectra were acquired in the positive ion mode using an integrated autosampler/solid-phase
extraction (SPE) RapidFire365 system (Agilent Technologies) coupled to an Agilent 6550 accurate mass
QTOF mass spectrometer. After the indicated time (Fig. 3 and Fig. S4), 50ml of the solution was loaded
onto a C4 SPE cartridge (Agilent Technologies); the cartridge was then washed with buffer A (0.1% [vol/
vol] aqueous formic acid) and then eluted into the mass spectrometer in buffer B (15% [vol/vol] water,
85% [vol/vol] acetonitrile, 0.1% [vol/vol] formic acid). The cartridge was reequilibrated with buffer A
between samples. Data were analyzed using MassHunter Qualitative Analysis software V.7 (Agilent
Technologies) using the maximum entropy deconvolution algorithm.

Protein crystallization and inhibitor soaking. AmpCEC was crystallized (space group P4332, 1 mole-
cule per asymmetric unit) in its apo form as described previously (34). For soaking experiments, crystals
were transferred into a well solution supplemented with AVI, REL, NAC, or ZID and then incubated at
room temperature for 10, 6, 8, or 10min, respectively, cryo-cooled, and stored in liquid nitrogen. Data
sets from single crystals were collected using the i03 MX beamline at the Diamond Light Source (Table
S1). Structures were solved by molecular replacement in Phaser (52) using the structure of apo-AmpCEC

(PDB entry 6T3D [34]) as the starting model. Alternating cycles of refinement using PHENIX (53) and
model building using Coot (54) were performed until Rwork and Rfree converged.

Data availability. Coordinates and structure factors of AmpCEC crystal structures have been depos-
ited in the Protein Data Bank. PDB entries are 6TBW, 6TPM, 6T7L, and 6T5Y for crystal structures of
AmpC from Escherichia coli in complex with AVI, REL, NAC, and ZID, respectively.
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