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fDepartment of Cell Biology, Microbiology & Molecular Biology, University of South Florida, Tampa, Florida,
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ABSTRACT CTX-M is the most prevalent family of extended-spectrum �-lactamases.
We recently developed a tetrazole-derived noncovalent inhibitor of CTX-M-9. Here,
we present the biochemical and microbiological activity of this inhibitor across a
representative panel of serine �-lactamases and Gram-negative bacteria. The com-
pound displayed significant activity against all major subgroups of CTX-M, including
CTX-M-15, while it exhibited some low-level inhibition of other serine �-lactamases.
Complex crystal structures with the CTX-M-14 S237A mutant and CTX-M-27 illustrate
the binding contribution of specific active-site residues on the �3 strand. In vitro
pharmacokinetic studies revealed drug-like properties and positive prospects for fur-
ther optimization. These studies suggest that tetrazole-based compounds can pro-
vide novel chemotypes for future serine �-lactamase inhibitor discovery.

KEYWORDS antibacterial, �-lactamase, inhibitor

The production of �-lactamases is one of the main mechanisms of resistance to
�-lactam antibiotics, particularly in Gram-negative bacteria (1). These enzymes

hydrolyze and deactivate �-lactam compounds, which are covalent inhibitors of
penicillin-binding proteins (PBPs), essential for bacterial cell wall synthesis (2). On the
basis of sequence similarity and the catalytic mechanism, there are four classes of
�-lactamases. Classes A, C, and D utilize a serine residue to catalyze the hydrolysis
reaction, whereas class B �-lactamases are zinc-based metalloenzymes (1). Classes A
and C are the most frequently observed in the clinic (3), whereas class B �-lactamases,
such as NDM-1, and class D enzymes, such as OXA-48, have also emerged as serious
health threats (4–6).

CTX-M class A �-lactamases are the most common extended-spectrum �-lactamases
(ESBLs) with enhanced activity against third-generation cephalosporins, such as cefo-
taxime (7, 8). There are at least six subgroups of CTX-M enzymes: CTX-M-1, CTX-M-2,
CTX-M-8, CTX-M-9, CTX-M-25, and KLUC (9). Among these, subgroups CTX-M-1 (partic-
ularly member CTX-M-15) and CTX-M-9 (including CTX-M-14 and CTX-M-27) are the
most clinically prevalent (10). In an effort to combat the bacterial resistance caused by
CTX-M ESBLs, we have recently applied a structure-based fragment approach to
develop an aryl tetrazole-based noncovalent inhibitor of CTX-M-9 displaying a Ki of 89
nM (compound 1; Fig. 1) (11, 12). Although the inhibitor was optimized initially for
CTX-M-9, the similarities shared by the active sites of CTX-M enzymes and other serine
�-lactamases suggest that this compound may inhibit other clinically important
�-lactamases. In addition, the contribution of active-site residues to inhibitor binding,
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particularly that involving several side chains displaying variations among different
CTX-M enzymes and other serine �-lactamases, such as residues 237 and 240, was not
well understood (13). To evaluate the potential of the aryl tetrazole scaffold for future
development of �-lactamase inhibitors, particularly inhibitors of CTX-M enzymes, we
have tested the activity of compound against a series of �-lactamases through bio-
chemical, microbiological, and structural analyses, together with pharmacokinetic (PK)
assays.

RESULTS AND DISCUSSION

The apparent Ki values against purified enzymes were analyzed using nitrocefin
hydrolysis assays. The biochemical testing included four clinically isolated CTX-M
enzymes (three from the CTX-M-9 subgroup and CTX-M-15) and one CTX-M-14 S237A
mutant. The active-site residues are highly conserved among CTX-M enzymes, with the
one notable exception of residue 240, which is an aspartate in CTX-M-9 and CTX-M-14
and a glycine in CTX-M-15 and CTX-M-27 (14). Ser237, conserved in CTX-M enzymes and
important for hydrogen bonding with compound 1, also displays some variation
among class A �-lactamases and is replaced by an alanine in some narrow-spectrum
�-lactamases, such as TEM-1 (13, 15). Compound 1 showed similar binding affinities to
CTX-M-9 and CTX-M-14, as CTX-M-9 differs from CTX-M-14 only by a single substitution
outside the active site (V231A). CTX-M-27 also differs from CTX-M-14 at a single residue
(D240G). Even though CTX-M-15 and CTX-M-27 belong to two different subgroups,
their active-site residues are identical, which is reflected by their similar binding
affinities for compound 1 (Table 1). The D240G substitution decreased ligand binding
by �3-fold. Meanwhile, the S237A mutation reduced the binding affinity more signif-
icantly by more than 10-fold, suggesting an important contribution to ligand binding.

To understand the molecular interactions underlying the binding of the inhibitor to
the different CTX-M enzymes, we determined complex crystal structures of compound
1 bound to the CTX-M-14 S237A mutant and CTX-M-27 (Fig. 2; see also Table S1 in the
supplemental material). The compound binds the mutants in a fashion nearly identical
to that for the CTX-M-14 wild-type (WT) enzyme, except that the hydrogen bond (HB)
interactions with Ser237 and Asp240 in the CTX-M-14 WT are absent in the S237A

FIG 1 Chemical structure of an aryl tetrazole-based inhibitor of CTX-M-9 (compound 1).

TABLE 1 Inhibition of serine �-lactamases in biochemical assays

�-Lactamase Ki (�M)

CTX-M-9 0.089a

CTX-M-14 0.085 � 0.02
CTX-M-27 0.28 � 0.09
CTX-M-15 0.25 � 0.02
CTX-M-14 S237A 1.23 � 0.27
TEM-1 No inbb

SHV-2 25.8 � 1.9
KPC-2 97.3 � 1.7
AmpC 386.9 � 43.3
OXA-48 478.3 � 166.6
aAs previously reported in reference 12.
bNo inb, no inhibition.
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mutant and CTX-M-27, respectively. The biochemical and structural results suggest that
Ser237 plays an important role in inhibitor binding. It may play a similar role in
enhancing interactions with substrates, particularly extended-spectrum �-lactam anti-
biotics, such as cefotaxime, as a serine or threonine residue is often observed at
position 237 in class A enzymes with ESBL activity (13, 15). Meanwhile, the HB with
Asp240 is less crucial. Previous experiments demonstrated that the replacement of a
benzene ring by benzimidazole increases inhibitor binding for CTX-M-9 by 15-fold (12).
Compared with the benzene ring, the benzimidazole moiety forms an additional HB
with Asp240 and amide-� stacking interactions with the peptide backbone surround-
ing Gly238 on the �3 strand (Fig. 2). These new results suggest that the amide-�
stacking interactions may have contributed more to the increase in binding affinity
than the HB with Asp240, highlighting the � surfaces of the �3 strand amide bonds as
a binding hot spot in CTX-M.

FIG 2 Complex crystal structures of compound 1. (A and B) Compound 1 in the active sites of CTX-M-14 S237A (A) and CTX-M-27 (B). The mFo – DFc omit
electron density map (green) and 2mFo – DFc omit electron density map (blue) are contoured at 2 and 1.5 �, respectively. Hydrogen bonds are shown as black
dashes. (C and D) Schematic diagram of protein-inhibitor interactions of compound 1 with CTX-M-14 S237A (C) and CTX-M-27 (D). The figures were generated
using PyMOL and Discovery Studio Visualizer software.
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In addition to CTX-M enzymes, compound 1 displayed inhibition of several other
serine �-lactamases from all three classes, most notably, SHV-2, a class A enzyme that
also has ESBL activity (1). However, we observed no inhibition of TEM-1, a narrow-
spectrum �-lactamase. This is likely due to the steric clashes with Glu240 in TEM-1, as
the benzimidazole group of compound 1 was engineered to form a HB with the smaller
side chain of Asp240 in CTX-M-9. In comparison, the end of the �3 strand shifts away
from the active site in SHV-2, allowing its Glu240 to avoid such steric clashes. However,
these changes in the �3 strand reduce both nonpolar and HB interactions between
SHV-2 and the inhibitor. Similarly, in KPC-2, a significant protrusion in the �3 strand,
caused by the Cys69-Cys238 disulfide bond, can also affect the interactions with the
benzimidazole group of compound 1. In addition, in comparison to Asn104 and Ser237
in CTX-M enzymes, other class A �-lactamases lack similar side chains at one or both of
these positions, abolishing favorable HB contacts with the inhibitor and resulting in
lower binding affinities (13). Taken together, these results suggest that this scaffold may
be suitable for engineering cross-class inhibitors of serine �-lactamases, although
additional design and synthesis will be needed to target conserved binding hot spots
in different classes of �-lactamases.

We also tested the ability of compound 1 to synergize with cefotaxime across a
panel of Gram-negative clinical strains expressing various �-lactamases (Table 2). The
MICs were determined by the broth microdilution method according to Clinical and
Laboratory Standards Institute (CLSI) recommendations, including quality control test-
ing with Escherichia coli strain ATCC 25922 against cefotaxime (MIC value, 0.06 �g/ml).
The most significant effect, an 8-fold reduction in the cefotaxime MIC, was observed in
E. coli strains expressing CTX-M-9 and CTX-M-14, consistent with the high affinity of
compound 1 for these two enzymes. A similar decrease in MIC was also achieved for
Klebsiella pneumoniae expressing CTX-M-2, whose active-site residues are identical to
those of CTX-M-9. This observation may reflect similarities in the permeability of
compound 1 in E. coli and K. pneumoniae. In comparison, a 4-fold reduction was
observed for E. coli expressing CTX-M-15, consistent with the slightly lower affinity of
compound 1. Aside from the binding affinity of compound 1, other factors, such as
protein expression level, might have also played a role in influencing the cell-based
activity against bacteria expressing CTX-M-1 and particularly against those expressing
CTX-M-8, both of which share the same active-site residues as CTX-M-9. In addition, the
compound showed minimal (2-fold decrease) to no effect against other non-CTX-M
�-lactamases, some of which were weakly inhibited by the inhibitor in vitro. Not
surprisingly, clavulanate, a covalent inhibitor of class A �-lactamases with apparent Kis
of �0.02 to 40 �M, was more active in reducing the MIC of cefotaxime in the control
experiments (Table 2) (16). Overall, these results suggest that compound 1 can inhibit
serine �-lactamases, particularly CTX-M enzymes, inside bacteria.

The drug-like properties of compound 1 were evaluated using in vitro absorption,

TABLE 2 Reduction of cefotaxime MIC in inhibiting bacterial growtha

�-Lactamase
CTX MIC
(�g/ml)

CTX � Cpd1 MIC
(�g/ml)

Cpd1 MIC reduction
(�g/ml)

CTX � Cla MIC
(�g/ml)

Cla MIC reduction
(�g/ml)

E. coli CTX-M-1 256–128 64–32 4 0.25 1,024–512
E. coli CTX-M-15 64 16 4 0.12 512
K. pneumoniae CTX-M-2 512–256 64–32 8 0.5 1,024–512
E. coli CTX-M-8 32–16 16–8 2 0.06 512–256
E. coli CTX-M-9 128 16 8 0.12 1,024
E. coli CTX-M-14 64 8 8 0.06 1,024
E. coli SHV-5 16 16 0.06 256
E. coli TEM-24 4 2 2 0.06 64
E. coli AmpC 8 4 2 8
E. coli OXA-48 0.5 0.25 2 0.5
E. coli NDM-1 32 32 32
K. pneumoniae KPC-2 16 16 0.5 32
aCTX, cefotaxime; Cpd1, compound 1; Cla, clavulanate. Cefotaxime plus compound 1 and cefotaxime plus clavulanate were used at a 1:1 ratio.
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distribution, metabolism, and excretion (ADME) assays (Table 3). Compound 1 exhibited
low predicted intrinsic clearance (CLint) in both rat and human, on the basis of in vitro
liver microsome stability assays, and displayed excellent kinetic solubility but low
permeability (A to B) in an MDCK cell monolayer assay. Importantly, compound 1 did
not measurably inhibit the hERG channel at 10 �M in an in vitro assay, implying a low
risk of hERG-mediated cardiotoxicity. Mammalian cytotoxicity studies with HEK293 cells
were also carried out on compound 1 (data not shown). Compound 1 was incubated
with HEK293 cells for 48 h at various concentrations (0 to 100 �g/ml). The results
demonstrated that compound 1 had no deleterious effect on cell survival even at 100
�g/ml. To control for the potential effect of serum protein in the toxicity studies, we
determined the MIC of cefotaxime using E. coli BL21(DE3) cells expressing the CTX-M-14
WT in the presence of compound 1 (10 �g/ml) and 10% heat-inactivated fetal bovine
serum (FBS). The inhibitor reduced the MIC value of cefotaxime by 16-fold and 8-fold
in the absence and presence of FBS, respectively. In addition, FBS did not have any
effect on the MIC of cefotaxime alone without the inhibitor. These results suggest that
the majority of compound 1 was not sequestered by serum protein in the cell culture
medium and thus was able to exert its biological effect.

On the basis of these in vitro data, a PK study was performed in male BALB/c mice
with a single intravenous (i.v.) dose of compound 1 at 10 mg/kg of body weight (Fig. 3).
In this study, compound 1 exhibited a low plasma clearance value of 12.9 ml/min/kg,
which is �15% of the rate of hepatic blood flow in mice. The elimination half-life was
2.94 h, and the volume of distribution at steady state (Vss) was 0.38 liter/kg, less than
the normal volume of total body water (0.7 liter/kg). The area under the concentration-
time curve (AUC) was 12,748 ng · h/ml. Overall, the in vitro ADME and PK data indicated
favorable drug-like properties for compound 1 and highlight the potential PK advan-
tages that can be realized with nonelectrophilic, non-�-lactam-derived chemotypes.
The PK/ADME data also revealed areas for improvement of the aryl tetrazole chemo-
type, such as improvement of the low membrane permeability, which could limit oral
absorption.

In conclusion, the tetrazole-based inhibitor represents a promising novel scaffold for
the development of inhibitors of serine �-lactamases, particularly the CTX-M family of

TABLE 3 In vitro ADME profile of compound 1

Parameter Value for compound 1

Human microsome stability CLint
a � 9.6 ml/min/kg

Rat microsome stability CLint � 21.2 ml/min/kg
Kinetic aqueous solubility 195 �M
MDCK cell permeability (A to B) Papp

b � 1.27 � 10�6 cm/s
hERG IC50 �10 �M
aCLint � CL · 45 mg microsome/g liver · g liver weight/kg body weight.
bPapp, apparent permeability.

FIG 3 Mean plasma concentration-time profiles of compound 1 following a single intravenous (IV)
administration (dose, 10 mg/kg) to male BALB/c mice.
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ESBLs. These studies have also revealed important contributions of residues on the �3
strand for future efforts to discover drugs with activity against these enzymes.

MATERIALS AND METHODS
Construct designs. Genes encoding CTX-M-9, CTX-M-14, and CTX-M-27 were cloned into the pET-9a

vector. The CTX-M-14 S237A mutant was generated by site-directed mutagenesis using CTX-M-14 as a
template and cloned into the pET-9a vector. The gene encoding CTX-M-15 was custom synthesized (DNA
2.0/ATUM) and cloned into the pJ411 vector. The genes encoding KPC-2, E. coli AmpC, SHV-2, and TEM-1
were cloned into the pET-GST vector modified with an N-terminal 6� His– glutathione S-transferase (GST)
tag. The gene encoding OXA-48 was custom synthesized (DNA 2.0/ATUM) and cloned into the pD441-NH
vector with an N-terminal 12� His tag. All the constructs were transformed into NEB 5-alpha competent
E. coli cells (New England BioLabs) and plated onto LB agar containing 50 �g/ml kanamycin. Single
colonies were isolated and grown overnight at 37°C in LB medium containing 50 �g/ml kanamycin. Cells
were harvested, and plasmid DNA was obtained using a miniprep kit. The gene sequences of all the
�-lactamases were verified.

Expression and purification. All the �-lactamase-encoding genes were transformed into E. coli
BL21(DE3) cells. Single colonies were grown overnight at 37°C in LB medium supplemented with 50
�g/ml kanamycin. The overnight culture was then diluted into 1 liter LB medium at 1:500 and incubated
at 37°C until the optical density at 600 nm reached 0.6 to 0.8. Protein expression was initiated by the
addition of 0.5 mM IPTG (isopropyl-�-D-thiogalactopyranoside), and incubation was continued overnight
at 20°C. The cells were harvested by centrifugation at 5,000 � g for 10 min. For CTX-M �-lactamases (12),
the cell pellet was resuspended in buffer A (50 mM MES [morpholineethanesulfonic acid], pH 6.0, 2 mM
EDTA). For E. coli AmpC, SHV-2, and TEM-1, the cell pellets were resuspended in buffer A (20 mM Tris-HCl,
pH 8.0, 300 mM NaCl, 20 mM imidazole, 10% [vol/vol] glycerol). For KPC-2 (17) and OXA-48, the cell
pellets were resuspended in buffer A (20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 20 mM imidazole). After
resuspension, cells were disrupted by sonication followed by ultracentrifugation at 35,000 rpm for 40 min
to remove cellular debris. The supernatant containing CTX-M �-lactamases was loaded onto a CM
Sepharose column. The proteins were eluted with a gradient of increasing NaCl concentrations. The
supernatants containing KPC-2, E. coli AmpC, OXA-48, SHV-2, and TEM-1 were loaded onto a HisTrap
affinity column. The proteins were eluted with a gradient of increasing imidazole concentrations. The
fractions containing the �-lactamases were pooled and concentrated. All �-lactamase samples were
further purified using a HiLoad 16/60 Superdex 75 column. The purity of the proteins was determined
by SDS-PAGE to be �95%.

�-Lactamase inhibition assays. The hydrolytic activities of the purified �-lactamases were mea-
sured using the �-lactamase substrate nitrocefin in 100 mM Tris-HCl, pH 7.0, 0.01% (vol/vol) Triton X-100,
for all �-lactamases except OXA-48, which was measured in 100 mM Tris-H2SO4, pH 7.0, 50 mM NaHCO3,
0.01% (vol/vol) Triton X-100 (18). The absorbance at 486 nm was monitored using a BioTek Synergy
microplate reader. The nitrocefin concentrations used in the assays were 40 �M for CTX-M �-lactamases,
OXA-48, TEM-1, and E. coli AmpC and 20 �M for KPC-2 and SHV-2. The protein activity was measured in
the presence of increasing amounts of compound 1. The 50% inhibitory concentrations (IC50s) were
obtained from the sigmoidal concentration dependence curve generated using SigmaPlot software
(version 12.5). The Ki values were calculated by the method described by Waley (19).

Determination of MIC values and compound 1 potentiation experiments. The MICs were
determined by the broth microdilution method according to the Clinical and Laboratory Standards
Institute (CLSI) recommendations, including quality control testing with Escherichia coli strain ATCC
25922 (20). The potentiation of antibiotic activity by compound 1 in bacterial strains was performed as
previously described (12).

Crystallization and structure determination. Crystals of CTX-M-14 S237A were grown at 20°C using
the hanging-drop vapor diffusion method. Protein solution (40 mg/ml) was mixed 1:2 (vol/vol) with a
reservoir solution containing 1.0 M potassium phosphate, pH 8.3. Crystals of CTX-M-27 were grown at
20°C using the hanging-drop vapor diffusion method. Protein solution (22.8 mg/ml) was mixed 1:2
(vol/vol) with a reservoir solution containing 0.1 M sodium acetate, pH 8.3, and 1.6 M ammonium sulfate.
Crystals of CTX-M-14 S237A were soaked for 48 h in 1.0 M potassium phosphate, pH 8.3, containing 2.5
mM compound 1 and then cryoprotected with 1.0 M potassium phosphate, pH 8.3, supplemented with
30% (wt/vol) sucrose before flash cooling with liquid nitrogen. Crystals of CTX-M-27 were soaked
overnight in 0.1 M sodium acetate, pH 8.3, and 1.6 M ammonium sulfate containing 2.5 mM compound
1 and then cryoprotected with 0.1 M sodium acetate, pH 8.3, and 1.6 M ammonium sulfate supplemented
with 30% (wt/vol) sucrose before flash cooling with liquid nitrogen. X-ray data for the CTX-M-14
S237A/compound 1 complex and CTX-M-27/compound 1 complex were collected using beamline
22-ID-D at the Advanced Photon Source (APS), Argonne, IL. Diffraction data were indexed and integrated
with the iMOSFLM program (21) and scaled with the SCALA program (22) from the CCP4 suite (23).
Phasing was performed using molecular replacement with the program Phaser (24) with the CTX-M-14
structure (PDB accession number 4UA6) (25) and CTX-M-27 structure (PDB accession number 1YLP) (26).
Structure refinement was performed using the phenix.refine tool of the PHENIX software suite (27) and
model building in the WinCoot program (28). The program eLBOW in PHENIX was used to obtain
geometry restraint information for compound 1 (29). The mFo – DFc and 2mFo – DFc composite omit
electron density maps (where Fo and Fc are the experimentally measured and model-based amplitudes,
respectively, m is the figure of merit, and D is the sigma-A weighting factor) were generated with the
composite omit map program of PHENIX (30). The final model qualities were assessed using the
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MolProbity web server (31). Figures were generated in PyMOL (version 2.0) software (Schrödinger).
Discovery Studio Visualizer software was used to generate ligand-protein interactions.

Pharmacokinetic analysis of compound 1 in mice. The mouse pharmacokinetic study was con-
ducted at Sai Life Sciences Limited, Pune, India, in accordance with the Study Plan SAIDMPK/PK-13-12-
449 and the guidelines of the Institutional Animal Ethics Committee (IAEC). Nine male BALB/c mice were
weighed before dose administration and then dosed with the compound 1 solution formulation at 10
mg/kg of body weight. The dosing volume administered was 5 ml/kg for intravenous administration.
Compound 1 was formulated as follows. An accurately weighed amount of 3.93 mg of compound 1 was
taken into a labeled bottle; 0.098 ml of N-methyl-2-pyrrolidone, 0.098 ml of Solutol HS, and 1.768 ml of
20% (2-hydroxypropyl)-beta-cyclodextrin in water was added to the bottle. The bottle was vortexed for
2 min after each addition, and the final solution formulation was sonicated for 2 min to obtain a clear
solution. Blood samples (approximately 60 �l) were collected from the retro-orbital plexus of three mice
at predose and 0.048, 0.16, 0.25, 0.5, 1, 2, 4 and 8 h postdose. Samples were collected into labeled
microtubes containing K2EDTA solution (20% K2EDTA solution) as an anticoagulant. Plasma was imme-
diately harvested from the blood by centrifugation at 4,000 rpm for 10 min at 4 � 2°C and stored at
temperatures below �70°C until bioanalysis. The noncompartmental analysis module in Phoenix Win-
Nonlin software (version 6.3) was used to assess the pharmacokinetic parameters. The areas under the
concentration-time curves (the AUC from time zero to the last quantifiable concentration [AUClast] and
the AUC from time zero to infinity [AUCinf]) were calculated by use of the linear trapezoidal rule. The
terminal elimination rate constant (kel) was determined by regression analysis of the linear terminal
portion of the log plasma concentration-time curve. The terminal half-life (t1/2) was estimated to be
0.693/kel, CLi.v. was equal to dose/AUCinf (where CLi.v. is clearance after i.v. administration), and Vss was
equal to MRT � CLi.v. (where MRT is the mean residence time).

HEK293 cell cytotoxicity assays. The cytotoxicity assays were performed using human embryonic
kidney (HEK293) cells, and the methods were performed as previously described (32). Controls with
solvent only were used as a baseline to compare treatments, and the results are represented as percent
recovery.

Accession number(s). The PDB accession numbers for the complex crystal structures of compound
1 bound to the CTX-M-14 S237A mutant and CTX-M-27 are 6BT6 and 6BU3, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.02563-17.

SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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