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lass C ␤-lactamases such as CMY-2, found in Gram-negative
pathogens, confer resistance to a wide variety of ␤-lactam antibiotics, including narrow- and extended-spectrum cephalosporins and penicillins (1). When combined with other resistance
mechanisms, such as porin loss or efflux (2–5), or when increased
expression occurs in derepressed strains (1, 6), organisms expressing class C ␤-lactamases become resistant to cefepime and carbapenems. Point mutations and deletions in the omega loop or helix
H2 or H10 and near the C terminus of the AmpC ␤-lactamases
that cause an extended-spectrum AmpC (ESAC) phenotype have
been described (1, 7). Of the CMY enzymes, 97 unique types have
been described to date (see http://www.lahey.org/Studies), including enzymes such as CMY-30, CMY-32, CMY-33, CMY-37,
and CMY-44 (8–12), with alterations of the omega loop or the
H10 helix. Recently, Dahyot and Mammeri described a ceftazidime- and cefepime-hydrolyzing CMY-2 laboratory variant based
on a clinical mutant in which a Y-X-N loop mutation (R148H)
accounted for the ESAC phenotype (13). Little has been written
about the behavior of the ESAC variants in regard to ␤-lactamase
inhibitors, although a tazobactam-susceptible H-10 helix variant
of Escherichia coli AmpC has been described (14).
Previous studies on the Y-X-N loop of class C ␤-lactamases
explored the role of N152 in the E. coli AmpC (15) and P99 (16)
enzymes and suggested that interactions between C-6= or C-7=
substituents of penicillins or cephalosporins and N152 are important in determining substrate specificity and enzymatic stability.
We sought to characterize the role of N152 in the clinically important CMY-2 cephalosporinase to help us anticipate new resistance
phenotypes. Based upon an examination of the current structural
evidence, we hypothesized that, since N152 makes important interactions with substrates and inhibitors and is essential for enzymatic function, inhibitors with unique C-6= and C-7= substituents
might enhance affinity and be more durable against resistance

C

1596

aac.asm.org

mutations. Since N152 is a highly conserved residue in class C
␤-lactamases, it was necessary to determine first whether there
were functional variants of CMY-2 at position 152 and, second,
whether any of the variants showed altered phenotypes with substrates and inhibitors such as carbapenems and tazobactam. The
studies presented in this paper reveal that N152 substitutions indeed are tolerated in CMY-2 ␤-lactamase. In addition, the N152G,
-S, and -T variants of CMY-2 possess increased cephamycinase
activity as well as an unusual sensitivity to tazobactam. Molecular
modeling suggests that movement of other proximate active-site
residues is responsible for the “extended-spectrum ␤-lactamase”like phenotype demonstrated by these enzymes.
MATERIALS AND METHODS
Mutagenesis. Variants at position 152 of CMY-2 ␤-lactamase were prepared by site saturation mutagenesis using a Stratagene QuikChange kit
with blaCMY-2 directionally subcloned in the pBCSK(⫺) vector, as described previously (17, 18), and confirmed by DNA sequencing of 96
randomly selected clones. Mutagenesis and sequencing primers are
shown in Table S1 in the supplemental material. The entire blaCMY-2 gene
was sequenced for each variant. This initial screening yielded 12 of the 19
variants. Mutagenesis primers were designed to prepare the N152A, -C,
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Class C cephalosporinases are a growing threat, and clinical inhibitors of these enzymes are currently unavailable. Previous
studies have explored the role of Asn152 in the Escherichia coli AmpC and P99 enzymes and have suggested that interactions
between C-6= or C-7= substituents on penicillins or cephalosporins and Asn152 are important in determining substrate specificity and enzymatic stability. We sought to characterize the role of Asn152 in the clinically important CMY-2 cephalosporinase
with substrates and inhibitors. Mutagenesis of CMY-2 at position 152 yields functional mutants (N152G, -S, and -T) that exhibit
improved penicillinase activity and retain cephamycinase activity. We also tested whether the position 152 substitutions would
affect the inactivation kinetics of tazobactam, a class A ␤-lactamase inhibitor with in vitro activity against CMY-2. Using standard assays, we showed that the N152G, -S, and -T variants possessed increased catalytic activity against cefoxitin compared to
the wild type. The 50% inhibitory concentration (IC50) for tazobactam improved dramatically, with an 18-fold reduction for the
N152S mutant due to higher rates of enzyme inactivation. Modeling studies have shown active-site expansion due to interactions
between Y150 and S152 in the apoenzyme and the Michaelis-Menten complex with tazobactam. Substitutions at N152 might
become clinically important as new class C ␤-lactamase inhibitors are developed.
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inactivation, i.e., mixing fixed amounts of enzyme (4 nM) and variable
concentrations of inhibitor and, at various time points (0, 15, 30, 60, 120,
300, and 600 s), assaying an aliquot of the mixture with NCF as the substrate (20, 25). The timed-inactivation plots were fitted with a singleexponential decay to obtain the apparent inhibition constant (kapp) for
each inhibitor concentration. The kapp values were plotted versus the inhibitor concentration to obtain the kinact and KI values using the equation
kapp[I] ⫽ kinact/(1 ⫹ KI/[I]). Tazobactam follows a complex inhibition
pathway given by the following reaction (according to the method of
Stachyra et al. [26]):
k3

k2

E ⫹ Iº EI→ EI* → E ⫹ P
Ki ⫽ k⫺1⁄k1

/

(1)

k4

EI**

EI* represents the imine that forms following the initial acylation step of
serine ␤-lactamases and undergoes formation of a stable inhibited complex, EI**, at a rate k4, which represents, for most serine enzymes, formation of the stable (albeit not the final) inhibition intermediate, the transenamine (26–28). Here, kinact/KI represents the inactivation efficiency,
where kinact ⫽ k2k4/(k2 ⫹ k3 ⫹k4) (26).
Molecular modeling. The CMY-2 ␤-lactamase structure (Protein
Data Bank entry 1ZC2) was used to generate the model of N152S with
Discovery Studio molecular modeling software (DS 2.1) (Accelrys, Inc.,
San Diego, CA) as described previously (29). The protein report and utility tools were used to correct crystallographic disorder, remove all alternative conformations, add missing atoms, and correct connectivity and
bond order. The crystallographic waters were removed, and the enzyme
was immersed in a box of water, 7 Å from any face of the box (solvation
module of DS 2.1), using explicit periodic boundary conditions. The complex was minimized in several steps using the steepest-descendant and
conjugate gradient algorithms to reach the minimal convergence (0.01
kcal/[mol · Å]). All energy minimizations and molecular dynamics simulations of the enzyme and enzyme complexes were carried out using the
force field parameters of CHARMM. The particle mesh Ewald (PME)
method was used to treat long-range electrostatics, and bonds that involved hydrogen atoms were constrained with the SHAKE algorithm.
For the tazobactam Michaelis-Menten complex, the minimized and
equilibrated N152S CMY-2 variant model was used. The ligand structure
was built using the fragment builder tools of DS 3.1. The minimized ligand
was docked in the active site of the enzyme model using the flexible docking algorithm. The protocol allowed placement of a flexible ligand in the
flexible active site of the CMY-2 variant. The conformations generated
were visually inspected, and the most favorable ones were chosen (tazobactam carbonyl in the oxyanion hole formed by the Ser64 and Ser318
backbone amide NH groups). The complex was created and minimized
using the conjugate gradient algorithm, with the generalized Born model
for the solvent.

RESULTS AND DISCUSSION

Mutagenesis and expression of N152 CMY-2 variants: substitution reduces expression levels of N152 CMY-2 variants. Screening of 96 clones by DNA sequencing yielded 12 variants. The remaining variants (N152C, -A, -P, -Q, -L, -Y, and -F) were
obtained by site-directed mutagenesis. We used a polyclonal antibody to assess steady-state production of ␤-lactamase by the
N152 variants to help interpret MIC findings (18, 29–32). Notably, the anti-CMY-2 antibody detects E. coli CMY-2, Enterobacter
cloacae P99, Klebsiella pneumoniae ACT-1, and the AmpC ␤-lactamases of Enterobacter aerogenes, Morganella morganii, and Citrobacter freundii. We saw no cross-reactivity of the anti-CMY-2
antibody against laboratory strains of E. coli possessing TEM-1,
SHV-1, K-1, or OXA-1 ␤-lactamases (32), and there was no nonspecific binding to other cellular proteins. In these systems, which
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-F, -L, -P, -Q, and -Y variants by site-directed mutagenesis and were
confirmed by DNA sequencing.
MIC determinations. MICs were determined for all 19 variants at
position 152 by agar dilution using ampicillin, piperacillin, cefoxitin,
ceftriaxone, cephalothin, and cefotaxime (all from Sigma), ceftazidime
(Hoffman-LaRoche), cefepime and aztreonam (Bristol Meyers Squibb),
and piperacillin with tazobactam (Pfizer) in Mueller-Hinton agar according to Clinical and Laboratory Standards Institute guidelines (19). Tazobactam was used with piperacillin in a fixed 8:1 ratio. Modal MIC values
are reported for 3 to 5 determinations.
Immunoblots. To prepare samples, E. coli DH10B cells transformed
with pBCSK(⫺) blaCMY-2 with all 19 N152 variants and the wild type
(WT) were grown in lysogeny broth to an optical density at 600 nm
(OD600) of 0.8. Five milliliters at this cell density was pelleted at 12,000
rpm for 2 min. After discarding the supernatant, the pellet was resuspended in 80 l of 5⫻ sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading dye and boiled at 100°C for 10 min. Immunoblotting was performed with the samples as described previously (20).
The membrane was probed with rabbit polyclonal anti-CMY-2 antibody
at 1.0 g/ml in blocking buffer, and bands were detected with protein
G-horseradish peroxidase conjugate (Bio-Rad). The blot was developed
using an ECL developing kit (GE Healthcare Life Sciences) according to
the manufacturer’s instructions. The gels were analyzed using ImageJ
software (http://rsb.info.nih.gov/ij), and expression levels were normalized to the WT expression level using the major band with a molecular
mass of 39.7 kDa.
Protein purification. CMY-2 and N152G, -S, and -T CMY-2 ␤-lactamases were expressed in E. coli AS226-51 cells (Invitrogen), derived from
a strain that does not produce a chromosomal AmpC ␤-lactamase. As
described previously, crude extracts were purified to homogeneity by preparative isoelectric focusing and gel filtration or cation exchange chromatography using a GE Superdex 75 10/300 column with 1⫻ phosphatebuffered saline (pH 7.4) or GE HiTrap Q HP columns with 50 mM HEPES
(pH 7.0) and elution buffer consisting of 50 mM HEPES and 1 M NaCl
(pH 7.0) (20). Protein purity was assessed with SDS-PAGE and was
⬎95%. Samples were concentrated and then used directly in kinetic assays. Protein concentrations were determined with the Bradford assay
(21) using bovine serum albumin as the standard.
Kinetic assays. Standard multiple-turnover kinetic analyses of reaction velocity versus substrate concentration were performed using 5 nM
CMY-2 or N152G, -S, and -T CMY-2 in phosphate-buffered saline (pH
7.4). ␤-Lactam hydrolysis was monitored at ambient temperature (23 to
26°C) using an Agilent 8453 diode array spectrophotometer in a total
reaction volume of 500 l. Assays were performed with nitrocefin (NCF)
(Becton-Dickson, Cockeysville, MD) (⌬ε482 ⫽ 17,400 M⫺1 cm⫺1), cefoxitin (Sigma) (⌬ε260 nm ⫽ ⫺7,700 M⫺1 cm⫺1), and cefoperazone
(Sigma) (⌬ε275 nm ⫽ ⫺8,640 M⫺1 cm⫺1). The steady-state kinetic parameters Vmax and Km were obtained by fitting reaction curves to the Michaelis-Menten equation using Origin 8.0 (OriginLab, Northampton, MA).
When hydrolysis could not be measured directly, a competition assay
using NCF as a reporter substrate was performed; an apparent Km is reported for the compound, correcting for the NCF Km (22). We initiated
the reaction with the addition of enzyme to a mixture of NCF and the poor
substrate and took initial velocity measurements during the first 5 to 10 s
of the progress curves to better approximate formation of the MichaelisMenten complex (23).
Inhibitor assays. We determined the 50% inhibitory concentration
(IC50) ratios (with 5-min preincubation) for tazobactam using 4 nM
CMY-2 protein and 200 M nitrocefin as a reporter substrate. Data were
fitted to the following equation to plot the fractional velocity versus [I]
(the inhibitor concentration) as follows: Vi/Vo ⫽ 1/[1 ⫹ ([I]/IC50)] (24).
The IC50 is time dependent for suicide inhibitors, and the most commonly
used time point in the literature (5 min) was selected to enable comparisons with values in the literature. KI (the inhibitor concentration required
for half-maximal inactivation) and kinact were determined by using timed
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TABLE 1 MICs for N152 CMY-2 variants and relative expression levels of N152 variants, as determined in Western blots probed with a polyclonal
anti-CMY-2 antibody, relative to WT CMY-2 ␤-lactamase expression levels
MIC (g/ml)a
ATM

AMP

PIP

TZP 8:1

CAZ

FOX

CRO

CEF

CTX

FEP

Relative expression
level (⫾10%)

DH10B
WT
N152A
N152C
N152D
N152E
N152F
N152G
N152H
N152I
N152K
N152L
N152M
N152P
N152Q
N152R
N152S
N152T
N152V
N152W
N152Y

ⱕ0.06
2
ⱕ0.06
ⱕ0.06
ⱕ0.06
ⱕ0.06
ⱕ0.06
0.25
ⱕ0.06
ⱕ0.06
ⱕ0.06
ⱕ0.06
ⱕ0.06
ⱕ0.06
ⱕ0.06
ⱕ0.06
0.25
0.25
ⱕ0.06
0.125
ⱕ0.06

ⱕ4
128
ⱕ4
8
ⱕ4
8
ⱕ4
64
ⱕ4
8
ⱕ4
ⱕ4
8
ⱕ4
8
8
32
64
ⱕ4
ⱕ4
ⱕ4

ⱕ2
8
ⱕ2
4
ⱕ2
ⱕ2
ⱕ2
16
ⱕ2
8
ⱕ2
4
4
ⱕ2
ⱕ2
ⱕ2
16
32
2
2
2

ⱕ2/0.25
4/0.5
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25
ⱕ2/0.25

ⱕ0.25
16
0.5
1
0.5
ⱕ0.25
ⱕ0.25
4
1
0.5
1
0.5
0.5
ⱕ0.25
ⱕ0.25
ⱕ0.25
8
4
ⱕ0.25
ⱕ0.25
0.5

ⱕ4
32
8
8
8
8
8
8
8
8
8
ⱕ4
8
ⱕ4
ⱕ4
8
ⱕ4
8
8
8
8

ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015

ⱕ4
1,024

ⱕ2
4
ⱕ2

64

ⱕ2

ⱕ4
ⱕ4
ⱕ4

ⱕ2
ⱕ2
ⱕ2

ⱕ4
ⱕ4

ⱕ2
ⱕ2

128
64

ⱕ2
ⱕ2

ⱕ4

ⱕ2

ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015
ⱕ0.015

0
100
66
39
25
33
35
49
27
14
10
65
25
60
45
33
51
59
32
27
45

a

MICs are the mode of 3 to 5 determinations. ATM, aztreonam; AMP, ampicillin; PIP, piperacillin; TZP 8:1, piperacillin and tazobactam in a fixed ratio of 8:1; CAZ, ceftazidime;
FOX, cefoxitin; CRO, ceftriaxone; CEF, cephalothin; CTX, cefotaxime; FEP, cefepime.

possess intact secretion systems, the protein detected is the fully
processed ␤-lactamase enzyme, which correlates with MIC values
(33).
The reactivity of the anti-CMY-2 antibody has been well characterized and described (30, 32). The facts that the antibody is
polyclonal in nature and recognizes multiple epitopes ensure that
a single amino acid substitution will not influence recognition and
allows one to use the antibody to assess the overall expression of
these CMY-2 variant proteins. Additionally, for the N152 variants,
this amino acid is not included in the major epitopes (30). The
N152 CMY-2 variants had variable expression levels, ranging
from 10% (N152I) to 65% (N152A) of WT levels (Table 1), as
determined by Western blotting using the anti-CMY-2 polyclonal
antibody. These results suggest that N152 substitution has an effect on enzyme stability, as previously suggested (34).
MIC testing: N152G, -S, and -T CMY-2 variants retain activity against penicillins and cephalosporins. Previous investigations of the N152 site in class C ␤-lactamases identified the importance of this residue in conferring a substrate “selectivity switch”
in bacteria expressing AmpC enzymes. Lefurgy et al. examined the
MICs of all 19 variants of P99 ␤-lactamase at the N152 position
and found that the N152G, -S, and -T variants demonstrated
higher MICs against penicillins (penicillin G and ampicillin) and
cephalothin, but not against cefoxitin or cefotaxime, than the
other variants (16), indicating a selectivity switch from cephalosporinase to penicillinase activity in bacteria expressing N152
P99 variant ␤-lactamases.
In the case of CMY-2, MIC testing showed that the N152G, -S,
and -T CMY-2 variants retained activity versus ampicillin (32 to
64 g/ml), penicillin G (⬎64 g/ml) (data not shown), and piperacillin (8 to 64 g/ml) despite reduced levels of ␤-lactamase
expression (⬃50% of the WT level) (Table 1). The N152T strain
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exhibited 4-fold-higher MICs against piperacillin than the WT (64
versus 16 g/ml). N152G, -S, and -T retained WT activity versus
cefoperazone (0.5 to 1 g/ml) (data not shown). All of the variants
were susceptible to ceftazidime, although N152G, -S, and -T had
higher MICs than the other variants, especially N152S, with an
MIC of 8 g/ml. Similar findings were observed with aztreonam,
with higher MICs for the N152G, -S, and -T variants (0.25 g/ml)
than the variants with other substitutions. With the exception of
the N152L, -P, -Q, and -S variants, all of the constructs had an
MIC of 8 g/ml for cefoxitin. All the variants were susceptible to
ceftriaxone, cefepime, meropenem, imipenem, ertapenem (data
not shown for the latter three antibiotics), and piperacillin in combination with tazobactam (ⱕ2/0.5 g/ml). Thus, the selectivity
switch seen for P99 with position 152 variants (16) does not appear to occur in CMY-2.
Kinetics of substrate turnover: retention of cephalosporinase activity in N152 CMY-2 variants. Standard multiple-turnover kinetics (steady state) (Table 2) showed that the N152G, -S,
and -T variants were able to hydrolyze nitrocefin with catalytic
efficiencies 28 to 57% of the WT enzyme values. However, the
catalytic efficiency against cefoxitin was increased in the variants,
especially N152S CMY-2, which showed a 3.6-fold increase in kcat/
Km. There was also a 1.8-fold increase in the catalytic efficiency
against cefoperazone, an extended-spectrum cephalosporin with a
bulky piperacillin-like R1 side chain. Comparing the N152S variants of CMY-2 and N152S P99, the difference in catalytic efficiency against cefoxitin increased, with N152S CMY-2 having an
⬃500-fold-higher kcat/Km than the P99 variant (16). Similar results were noted for the hydrolysis of extended-spectrum cephalosporins such as cefoperazone. Despite the increased MICs
against penicillins, these proved to be difficult substrates with
which to monitor hydrolysis directly, similar to findings seen with
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TABLE 2 Kinetic constants for selected N152 variants and substratesa
Nitrocefin

Cefoxitin

Cefoperazone

␤-Lactamase

kcat (s⫺1)

Km (M)

kcat/Km
(s⫺1 M⫺1)

kcat (s⫺1)

Km (M)

kcat/Km
(s⫺1 M⫺1)

kcat (s⫺1)

Km (M)

kcat/Km
(s⫺1 M⫺1)

WT CMY-2
N152G
N152S
N152T

(4 ⫾ 1) ⫻ 102
(4 ⫾ 1) ⫻ 102
(3.2 ⫾ 0.6) ⫻ 102
(4 ⫾ 1) ⫻ 102

32 ⫾ 8
90 ⫾ 20
46 ⫾ 5
120 ⫾ 20

12 ⫾ 2
3.9 ⫾ 0.4
6.9 ⫾ 0.5
3.2 ⫾ 0.6

35 ⫾ 8
40 ⫾ 20
53 ⫾ 7
40 ⫾ 20

14 ⫾ 2
16 ⫾ 4
6.0 ⫾ 0.4
13 ⫾ 3

2.5 ⫾ 0.2
2.3 ⫾ 0.4
8.9 ⫾ 5
3.2 ⫾ 0.6

40 ⫾ 10
39 ⫾ 7
40 ⫾ 10
30 ⫾ 10

10 ⫾ 2
11 ⫾ 2
5⫾1
8⫾2

3.9 ⫾ 0.5
3.5 ⫾ 0.5
7⫾1
4.2 ⫾ 0.6

a

Determinations of kinetic parameters were performed in triplicate, and values are reported as means ⫾ standard deviations.

TABLE 3 Apparent Km(Ki) and inhibition values for select N152
variantsa
␤-Lactamase

Ampicillin,
Km(Ki) (nM)

WT CMY-2
N152G
N152S
N152T

240 ⫾ 20
120 ⫾ 10
19 ⫾ 2
47 ⫾ 5

a

Tazobactam
IC50 (nM)

KI (M)

kinact (s⫺1)

3,200 ⫾ 400
900 ⫾ 200
180 ⫾ 30
330 ⫾ 30

50 ⫾ 20
60 ⫾ 20
50 ⫾ 20
30 ⫾ 20

0.050 ⫾ 0.006
0.25 ⫾ 0.04
0.30 ⫾ 0.06
0.12 ⫾ 0.03

Values are reported as means ⫾ standard deviations.
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CMY-2. Expansion of the active site might also occur with the
N152G CMY-2 variant.
The individual kcat and Km values for CMY-2 with cefoxitin
reported here vary from previously reported values (35); nonetheless, there is excellent agreement in the reported catalytic efficiency, kcat/Km, which is a more robust parameter in steady-state
kinetic determinations. The differences in kcat and Km are likely
due to the limitations of standard kinetic measurements with poor
substrates such as cefoxitin, as well as differences in expression,
purification, and quantification of protein concentrations. Without the use of stopped-flow methods, initial lag-phase kinetics
might be missed, resulting in larger kcat values. Small absorbance
changes at low cefoxitin concentrations might also affect determinations of Km.
N152G, -S, and -T CMY-2 variants are more susceptible to
inhibition by tazobactam because of more rapid inactivation.
When examining the inhibition properties of the N152G, -S, and
-T variants, it was noted that the IC50s for tazobactam were decreased significantly for the variants (Table 3). Timed-inactivation experiments using nitrocefin as a reporter substrate revealed
that, for tazobactam, the KI values for the variants were similar to
those for the WT enzyme, but the rates of inactivation were
greater.
Previously, the inhibition complex of CMY-2 with tazobactam
was examined and found to have a Ki of 40 M for this inhibitor
(40). The UV absorbance characteristics of the tazobactam intermediate suggested the presence of an enamine intermediate. An
intact adduct of 266 Da was demonstrated by mass spectrometry.
Subsequent studies with other serine ␤-lactamases have demonstrated the importance of the trans-enamine as the stable inhibition intermediate that predominates (27, 28, 41, 42). Preliminary
X-ray crystallographic data for the N152S CMY-2 variant with
tazobactam indicate formation of a stable trans-enamine intermediate (34).
Our study is the first to examine the role of the N152 residue in
the kinetics of inactivation with tazobactam. Inactivation by
mechanism-based inhibitors specifically designed to inhibit class
A serine ␤-lactamases is a complex chemical process that has been
well reviewed in the literature (43). Depending on the time point
at which one examines the complex, different inhibitor intermediates predominate in the inactivation. Each intermediate might
be deacylated from the enzyme, with the possible exception of the
final inhibition product, which is covalently attached to Ser130 in
the class A ␤-lactamases. Furthermore, the reaction is rapid and
irreversible so that kinetic parameters for early reversible events of
inhibition are influenced by irreversible events. Thus, parameters
that describe reversible processes might be difficult to capture
cleanly, and time-dependent parameters such as the IC50 might be
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the P99 enzymes (16). An earlier study (35) measured ampicillin
Km values for CMY-2 (0.16 ⫾ 0.02 M for a plasmid-derived
enzyme and 0.2 M for a chromosomally derived enzyme), which
are in good agreement with the value reported here. In competition assays, the N152G, -S, and -T variants demonstrated significantly lower apparent Km values for ampicillin, especially the
N152S variant (Table 3), similar to findings seen with the P99
enzyme [N152S P99, Km(Ki) ⫽ 86 nM; N152S CMY-2, Km(Ki) ⫽
19 nM] (16).
Dubus et al. (15) showed that the N152E, -D, -H, and -L variants of Escherichia coli AmpC ␤-lactamase lost activity versus substrates and inhibitors, with effects on both acylation and deacylation rates. Similar results were found by Trehan et al., who
examined the N152A-substituted AmpC of E. coli (36). They concluded that some mutations at position 152 led to less destabilization of AmpC when it was inhibited by poor substrates, such as
imipenem and moxalactam, that possess bulky C-6= or C-7=(␣)
substituents that interfere sterically with N152 in class C ␤-lactamases or N132 in class A ␤-lactamases. However, for the N152A
AmpC variant, there was also an overall catalytic cost to the N152substituted enzyme. Lefurgy et al. examined the kinetic properties
of N152S and -T P99 variants with penicillin and cephalosporin
substrates and concluded that hydrogen bonding of S152 or T152
to K67 or to the substrate accounted for the preservation of catalytic activity (16). They hypothesized that a water molecule can
play a catalytic role in the N152G variant of P99, as has been
shown for S130G SHV (25, 37, 38). The recently reported crystal
structure of the N152G P99 variant shows considerable space left
by the N152G mutation, occupied by the His6 tag at the C terminus of the protein (39).
Overall, the WT P99 enzyme is less active than CMY-2 for its
signature substrate, cefoxitin, with an ⬃20-fold-higher kcat/Km for
the CMY-2 enzyme, as shown in our study and in previous reports
(35). The increased catalytic efficiency of the N152S and -T variants for cefoxitin is likely a consequence of improved H-bonding
to the R1 side chain of cefoxitin or a reduction in steric hindrance
at this site in the protein, as suggested by the model of N152S
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Menten complex (yellow, shown without tazobactam), demonstrating a decrease from the N152-O-␦–Y150-OH distance (5.2 Å) to the S152-O-␥–Y150-OH
distance (3.9 Å), enlarging the active site to accommodate R1 side chains. In the Michaelis-Menten complex, this distance decreases further to 3.5 Å. The distance
between the catalytic serine at position 64 and Tyr150, thought to be the general base that activates the serine OH for attack on the ␤-lactam carbonyl, does not
vary in these constructs. (b) Michaelis-Menten complex of tazobactam with the N152S CMY-2 variant, with the inhibitor carbonyl moiety in the oxyanion hole
formed by the backbone nitrogens of S64 and S318. The S152-O-␥–Y150-OH distance is decreased further to 3.5 Å, from 4 Å, when tazobactam is docked in the
active site.

hard to compare among different inhibitors and different enzymes. In comparing CMY-2 with other class C ␤-lactamases, one
finds that the IC50 for tazobactam is higher for CMY-2 than for
P99 or the AmpC ␤-lactamase of E. coli (IC50s for tazobactam, 32,
1.3, and 4.6 M, respectively) (26). However, the N152G, -S, and
-T mutants show nanomolar IC50s, which is difficult to rationalize
from a structural standpoint, given that there is no C-6 substituent
to interact with position 152. When timed-inactivation experiments are performed to obtain KI and kinact for tazobactam over a
10-min time course, the rates of inactivation of WT CMY-2 with
tazobactam are similar to values reported in the literature for P99
with these inhibitors (26). For tazobactam, the rates of inactivation for the N152 variants increase 2- to 6-fold, with no measurable change in the KI value, compared to that for the WT CMY-2.
Thus, changes in IC50 for this irreversible rapid mechanism-based
inhibitor reflect higher rates of inactivation for the inhibitor. Previous studies of tazobactam inhibition of class A and C ␤-lactamases suggested that KI values for tazobactam were similar among
enzymes but that the rates of inactivation varied dramatically (44).
Molecular modeling. Superimposition of the 2.09-Å crystal
structure of CMY-2 (1ZC2) on the models of the N152S mutant
and the N152S CMY-2:tazobactam Michaelis-Menten complex is
shown in Fig. 1. The model suggests that there are very minimal
changes in the overall backbone structure of the N152S CMY-2
mutant and the Michaelis-Menten complex (root mean square
deviation, 0.5 Å) and very small changes in the positioning of the
key catalytic residues S64, K67, and Y150, as well as other residues
of potential importance in substrate and inhibitor interactions,
i.e., K316, Q120, T315, and A220. However, the S152-O-␥–
Y150-OH distance is 3.9 Å, compared to the N152-O-␦–Y150-OH
distance of 5.2 Å in the wild-type enzyme. This expands the activesite region around residue 152. In the Michaelis-Menten complex
with tazobactam shown in Fig. 1b, the S152-O-␥–Y150-OH distance is decreased further to 3.5 Å.
The molecular models of the N152S variant compared to those
of the WT CMY-2 suggest that the active site is expanded in the
position 152 region, similar to what is seen in N152G P99 (39).
This expansion would allow for improved accommodation of spe-

1600

aac.asm.org

cific R1 groups of ␤-lactams such as cefoxitin and cephalothin
([2-thienylacetyl]amino containing), piperacillin and cefoperazone (piperazinyl containing), and aztreonam and ceftazidime
(oxyimino containing).
N152S CMY-2, a class C “ESBL.” Similar to the phenotype
observed for the class A family of ␤-lactamase enzymes, where
single point mutations (e.g., G238S SHV) cause a shift in substrate
specificity from penicillinase to cephalosporinase and enhanced
susceptibility to mechanism-based inhibitors like tazobactam, the
N152S variant of CMY-2 demonstrates an extended-spectrum
␤-lactamase (ESBL)-like phenotype. MICs against cephalothin
and ceftazidime are preserved. The enzyme can hydrolyze cefoxitin and cefoperazone more readily and is easily inhibited by tazobactam. This phenotype results from the increased rates of inactivation that are observed rather than the lower KI values for the
inhibitor seen with the class A ESBLs. Such increased susceptibility to tazobactam in the setting of extended-spectrum activity has
been described for an H10 deletion mutant (⌬G286-S287-D288)
of E. coli AmpC (14), although the mechanistic basis was not determined.
In conclusion, N152 substitutions in the CMY-2 class C ␤-lactamase result in a novel phenotype which is of interest, as inhibitors of the class C enzymes are awaited in the clinic. The stability
and expression of these variants might be sufficient to result in
altered susceptibility of Gram-negative pathogens to commonly
prescribed antibiotics, e.g., resistance to cephalosporins but enhanced susceptibility to ␤-lactam–␤-lactamase inhibitor combinations. The relationship between MICs, the expression of resistance determinants like plasmid and chromosomal ␤-lactamases,
and the kinetic properties of these enzymes is complex (35), as
evidenced by the results presented here. Further structural and
kinetic investigations are under way to elucidate the role of residue
152 in CMY-2 in inhibition reactions. These important mechanistic insights will help us to better understand the basis for the highly
efficient inhibition of both class A and class C ␤-lactamases by
tazobactam and to extend the life of this important sulfone inhibitor.
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FIG 1 (a) Molecular model of CMY-2 (atoms colored by type) superimposed on the N152S variant (orange) and the N152S CMY-2:tazobactam Michaelis-

N152 Substitutions and ␤-Lactamase Inhibition
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