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ABSTRACT The substitution N132G in the SDN motif of class A �-lactamases from
rapidly growing mycobacteria was previously shown to impair their inhibition by
avibactam but to improve the stability of acyl-enzymes formed with clavulanate. The
same substitution was introduced in KPC-2 and CTX-M-15 to assess its impact on
�-lactamases from Enterobacteriaceae and evaluate whether it may lead to resistance
to the ceftazidime-avibactam combination. Kinetic parameters for the inhibition of
the �-lactamases by avibactam and clavulanate were determined by spectrophotom-
etry using nitrocefin as the substrate. The substitution N132G impaired (�1,000-fold)
the efficacy of carbamylation of KPC-2 and CTX-M-15 by avibactam. The substitution
improved the inhibition of KPC-2 by clavulanate due to reduced deacylation,
whereas the presence or absence of N132G resulted in the inhibition of CTX-M-15 by
clavulanate. The hydrolysis of amoxicillin and nitrocefin by KPC-2 and CTX-M-15 was
moderately affected by the substitution N132G, but that of ceftazidime, ceftaroline,
and aztreonam was drastically reduced. Isogenic strains producing KPC-2 and CTX-
M-15 were constructed to assess the impact of the substitution N132G on the anti-
bacterial activities of �-lactam–inhibitor combinations. For amoxicillin, the substitu-
tion resulted in resistance and susceptibility for avibactam and clavulanate,
respectively. For ceftazidime, ceftaroline, and aztreonam, the negative impact of the
substitution on �-lactamase activity prevented resistance to the �-lactam–avibactam
combinations. In conclusion, the N132G substitution has profound effects on the sub-
strate and inhibition profiles of class A �-lactamases, which are largely conserved in
distantly related enzymes. Fortunately, the substitution does not lead to resistance
to the ceftazidime-avibactam combination.
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Avibactam is the first representative of a new family of inhibitors active against
�-lactamases of classes A and C and certain enzymes of class D (1). Like �-lactam-

containing inhibitors of the first generation, such as clavulanate, sulbactam, and
tazobactam, avibactam acts as a suicide substrate and forms a covalent adduct with the
active-site serine of the enzymes (Fig. 1). However, the carbamylation reaction is
reversible in the case of avibactam, whereas the acylation reaction is irreversible in the
case of first-generation inhibitors (2). This difference may be accounted for by the
presence of a five-membered ring in avibactam, which is sterically less constrained than
the four-membered ring of �-lactams. Consequently, the efficacy of the inhibition of
the �-lactamases by avibactam depends upon equilibrium between the native (active)
and carbamylated (inactive) forms of the enzyme (Fig. 1). This is evaluated by deter-
mining the kinetic parameters for the on (k2/Ki) and off (koff) reactions using nitrocefin
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as a chromogenic substrate. For �-lactam-containing inhibitors, such as clavulanate, the
efficacy of the inhibition of �-lactamases depend both on the velocity of the acylation
reaction and on the stability of the acyl-enzyme, which may be prone to hydrolysis (3).
This was evaluated by determining the extent of �-lactamase acylation by mass
spectrometry and the kinetic parameters kcat and Km for the hydrolysis of the inhibitor.

Avibactam in combination with ceftazidime was approved by the U.S. Food and
Drug Administration in 2015 to treat complicated intra-abdominal infections, when
used in combination with metronidazole, as well as complicated urinary tract infections
in patients with limited or no alternative treatment options. Ceftazidime-avibactam was
also approved by the European Medicines Agency in June 2016 in patients with
additional indications for hospital-acquired pneumonia, including ventilator-associated
pneumonia. Although multidrug-resistant Gram-negative bacteria are the main target
of the ceftazidime-avibactam combination, avibactam might have an additional appli-
cation in the treatment of lung infections due to Mycobacterium abscessus in cystic
fibrosis patients (4). The �-lactamase BlaMab produced by this rapidly growing myco-
bacterium is inhibited by avibactam but not by clavulanate, tazobactam, or sulbactam,
since those compounds are efficiently hydrolyzed (5). In contrast, the �-lactamase of M.
tuberculosis, BlaC, is irreversibly inactivated by clavulanate but slowly inhibited by
avibactam (6–8). BlaMab and BlaC differ by the presence of residue N and residue G,
respectively, at Ambler position 132, which corresponds to the third position of the
conserved motif SDN. Site-directed mutagenesis has shown that this difference fully
accounts for the differences in the inhibition profiles of BlaMab and BlaC (5). These
observations led to the conclusion that the N132G substitution in BlaMab might result in
resistance to �-lactam–avibactam combinations in M. abscessus (5).

In this study, we investigated whether the presence of N or G at the third position
of the SDN motif has the same effect on the inhibition of class A �-lactamases from
Enterobacteriaceae by avibactam and clavulanate as that previously reported for my-
cobacterial BlaC and BlaMab. To address this question, we introduced the substitution
N132G in the �-lactamases KPC-2 and CTX-M-15 and determined the impact of the
substitution on the kinetic parameters for the hydrolysis of �-lactams and the inhibition
by avibactam and clavulanate. Isogenic strains were also constructed to determine
whether the N132G substitution might be involved in the acquisition of resistance to
�-lactam–avibactam combinations.

RESULTS
The N132G substitution impairs the inhibition of KPC-2 and CTX-M-15 by

avibactam. Introduction of the N132G substitution in KPC-2 led to a 4,000-fold reduc-
tion in the efficiency of carbamylation (k2/Ki) of the �-lactamase by avibactam (Table 1).
The rate of decarbamylation was not affected by the substitution, as shown by koff

values of 1.8 � 10�3 s�1 versus 1.0 � 10�3 s�1 for KPC-2 N132G and the parental

FIG 1 Reaction schemes for inactivation of �-lactamases by avibactam and clavulanate.
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enzyme, respectively. These results indicate that the substitution shifted the equilib-
rium between the native and carbamylated forms of KPC-2 toward the native (active)
form of the enzyme, resulting in poor inhibition. Similarly, introduction of N132G into
CTX-M-15 resulted in a 3,000-fold decrease in the rate of carbamylation. This effect was
compensated for to a limited extent by a moderate reduction (20-fold) of the decar-
bamylation rate. Thus, the N132G substitution decreased the efficacy of inhibition of
both KPC-2 and CTX-M-15, as previously shown for class A �-lactamases from myco-
bacteria (9).

Impact of the N132G substitution on the inhibition of KPC-2 and CTX-M-15 by
clavulanate. KPC-2 efficiently hydrolyzed clavulanate with a kcat/Km ratio of 1.4 � 105

M�1 s�1 (Table 1). N132G almost fully abolished the hydrolysis of clavulanate, with an
80,000-fold decrease in kcat. The Km value was reduced 100-fold. These changes in the
kinetic parameters kcat and Km are expected for stabilization of an acylated form of the
enzyme (10).

Mass spectrometry analysis revealed that incubation of KPC-2 N132G (10 �M) with
clavulanate (500 �M) results in the rapid (�30-s) formation of two acyl-enzymes with
mass increments of 199 Da and 155 Da (Fig. 2), which were expected for the acylation
of the active serine by clavulanate followed by decarboxylation of the drug within the
active site (3). The two acyl-enzymes remained in similar proportions for at least 300
min, in agreement with the low hydrolysis rate (kcat � 1.5 � 10�4 s�1), which implies
that only 5.4% of the initial concentration of clavulanate was hydrolyzed in this time

TABLE 1 Impact of the N132G substitution on kinetic parameters of avibactam and clavulanate and the inhibition of KPC-2 and CTX-M-15

�-Lactamase

Avibactam Clavulanate

k2/Ki (M�1 s�1) k�2 (s�1) koff (s�1) kcat (s�1) Km (�M) kcat/Km (M�1 s�1)

KPC-2 (2.1 � 1.0) � 105 (1.6 � 0.4) � 10�3 (1.0 � 0.6) � 10�3 5.2 � 0.7 36 � 4 (1.4 � 0.3) � 105

KPC-2 N132G 53 � 3 (1.1 � 0.1) � 10�3 (1.8 � 1.5) � 10�3 (1.5 � 0.2) � 10�4 0.35 � 0.05 430 � 80
CTX-M-15 (2.1 � 0.1) � 105 (1.6 � 0.3) � 10�3 (6.7 � 1.1) � 10�4 (3.0 � 0.2) � 10�4 0.032 � 0.005 (9.4 � 1.6) � 103

CTX-M-15 N132G 70 � 6 (2.2 � 1.7) � 10�4 (3.2 � 1.7) � 10�5 (1.2 � 0.1) � 10�4 17 � 2 7.1 � 1.0

FIG 2 Mass spectrometry of KPC-2 and CTX-M-15 (10 �M) with clavulanate (500 �M) after various times of incubation.
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period. The native form of the �-lactamase was undetectable, indicating that KPC-2
N132G is efficiently inhibited by clavulanate in vitro. For the parental enzyme, the native
from was predominant, in agreement with the high value of kcat. Together, the kinetic
and mass spectrometry analyses indicated that introduction of the substitution N132G
in KPC-2 almost completely abolished clavulanate hydrolysis due to stabilization of two
acyl-enzymes. These modifications are expected to lead to efficient inhibition of the
�-lactamase by clavulanate.

Clavulanate was a poor substrate of CTX-M-15, with a kcat of 3.0 � 10�4 s�1 (Table
1). Mass spectrometry analysis revealed the formation of an acyl-enzyme with a mass
increment of 199 Da, which was detected only in the first minute of incubation (Fig. 2).
The secondary acyl-enzyme resulting from the decarboxylation of clavulanate (mass
increment of 155 Da) was the major form of the enzyme during the whole course of the
experiment. This behavior indicates that clavulanate inhibits CTX-M-15. Introduction of
the substitution N132G in CTX-M-15 resulted in a marginal decrease in kcat (3.0 � 10�4

s�1 versus 1.2 � 10�4 s�1). The value of Km was increased (from 0.032 �M to 17 �M).
This was not associated with any modification of the kinetics of CTX-M-15 inactivation
determined by mass spectrometry (Fig. 2). This was expected, since this analysis was
performed with a clavulanate concentration of 500 �M, which largely exceeds both Km

values. In conclusion, clavulanate is poorly hydrolyzed by CTX-M-15, and the N132G
substitution did not further decrease the hydrolysis of the drug. Clavulanate is pre-
dicted to inhibit both forms of the enzyme.

Impact of the substitution N132G on the substrate profiles of KPC-2 and
CTX-M-15. Introduction of the substitution N132G in KPC-2 resulted in a moderate
reduction in the velocity of hydrolysis of amoxicillin and nitrocefin (Table 2). Fold
decreases in the overall catalytic efficacy (kcat/Km) ranged from 3 to 5. The N132G
substitution was less well tolerated by CTX-M-15, with a 130-fold reduction in the value
of kcat for the hydrolysis of amoxicillin. The kcat/Km ratio could not be estimated since
the analysis provided only a lower limit for the value of Km (�50 �M). The kcat/Km ratio
for the hydrolysis of nitrocefin by CTX-M-15 was not significantly affected by the N132G
substitution (a 1.6-fold decrease in kcat/Km), since the 22-fold decrease in the value of
kcat was largely compensated for by a 14-fold decrease in Km.

The impact of the N132G substitution was also estimated for �-lactams that are
partners (ceftazidime) or potential partners (ceftaroline and aztreonam) of avibactam in
currently developed combinations (11) (Table 2). These three �-lactams were hydro-
lyzed by KPC-2 with moderate catalytic efficiencies (kcat/Km ratios ranging from 6.9 �

104 M�1 s�1 to 3.7 � 103 M�1 s�1). The N132G substitution resulted in large decreases
in the catalytic efficacy (kcat/Km) of KPC-2 for the hydrolysis of ceftazidime (260-fold) and
aztreonam (700-fold) and to a lesser extent for the hydrolysis of ceftaroline (11-fold).
Overall, the efficiency of hydrolysis of these �-lactams by KPC-2 was low. Similarly, the
N132G substitution resulted in large decreases in the catalytic efficiency of CTX-M-15
(95- to 170-fold).

Impact of the substitution N132G on the antibacterial activity of amoxicillin in
combination with avibactam or clavulanate. MICs of �-lactams in combination with
avibactam or clavulanate were determined by the broth microdilution technique
against isogenic strains of Escherichia coli producing various �-lactamases (Table 3). The
production of KPC-2 conferred high-level resistance to amoxicillin to the E. coli host
(MIC � 4,096 �g/ml). Avibactam reduced the MIC of amoxicillin (�16-fold), but the
strain remained resistant (MIC � 256 �g/ml) to this antibiotic. This observation sug-
gests that inhibition of the �-lactamase by avibactam cannot restore susceptibility to
�-lactams that are hydrolyzed by KPC-2 with a very high catalytic efficacy. Clavulanate
was hydrolyzed by KPC-2, and the MIC of amoxicillin remained high in the presence of
this inhibitor (2,048 �g/ml).

Introduction of the substitution N132G in KPC-2 reduced the MIC of amoxicillin in the
absence of any inhibitor (from �4,096 �g/ml to 2,048 �g/ml). This difference might be
accounted for by the 21-fold reduction in kcat, which was only partially compensated for
by a 4-fold reduction in the value of Km. Inhibition of KPC-2 by avibactam was abolished

Ourghanlian et al. Antimicrobial Agents and Chemotherapy

March 2017 Volume 61 Issue 3 e02510-16 aac.asm.org 4

http://aac.asm.org


TA
B

LE
2

Im
p

ac
t

of
th

e
N

1
3

2
G

su
b

st
itu

tio
n

in
KP

C
-2

an
d

C
TX

-M
-1

5
on

th
e

ki
ne

tic
p

ar
am

et
er

s
of

�
-la

ct
am

s
an

d
th

ei
r

hy
dr

ol
ys

is

�
-L

ac
ta

m
as

e

A
m

ox
ic

ill
in

N
it

ro
ce

fin
C

ef
ta

zi
d

im
e

C
ef

ta
ro

lin
e

A
zt

re
on

am

k c
a

t
(s

�
1

)
K m

(�
M

)
k c

a
t/

K m
(M

�
1

s�
1

)
k c

a
t

(s
�

1
)

K m
(�

M
)

k c
a

t/
K m

(M
�

1
s�

1
)

k c
a

t

(s
�

1
)

K m (�
M

)
k c

a
t/

K m
(M

�
1

s�
1

)
k c

a
t

(s
�

1
)

K m
(�

M
)

k c
a

t/
K m

(M
�

1
s�

1
)

k c
a

t
(s

�
1

)
K m

(�
M

)
k c

a
t/

K m
(M

�
1

s�
1

)

KP
C

-2
15

0
�

10
19

0
�

50
(7

.9
�

0.
2)

�
10

5
42

�
2

11
�

3
(3

.9
�

1.
0)

�
10

6
�

1.
4

�
60

0
(3

.7
�

0.
1)

�
10

3
�

40
�

60
0

(5
.1

�
2.

2)
�

10
4

�
35

0
�

5,
00

0
(6

.9
�

0.
3)

�
10

4

KP
C

-2
N

1
3

2
G

7.
0

�
0.

4
46

�
9

(1
.5

�
0.

3)
�

10
5

35
�

1
27

�
3

(1
.3

�
0.

1)
�

10
6

�
0.

00
8

�
60

0
14

�
3

�
2.

5
�

60
0

(4
.5

�
0.

2)
�

10
3

�
0.

6
�

5,
00

0
(9

.8
�

1.
9)

�
10

1

C
TX

-M
-1

5
40

�
4

19
�

1
(4

.8
�

0.
5)

�
10

5
19

0
�

30
47

�
17

(4
.0

�
1.

5)
�

10
6

�
1.

4
�

60
0

(2
.2

�
0.

2)
�

10
3

90
�

6
51

�
12

(1
.8

�
0.

4)
�

10
6

1.
2

�
0.

1
�

15
0

�
8.

0
�

10
3

C
TX

-M
-1

5
N

1
3

2
G

0.
3

�
0.

01
�

50
�

6.
2

�
10

3
8.

3
�

0.
3

3.
3

�
0.

7
(2

.5
�

0.
5)

�
10

6
�

0.
01

�
60

0
13

�
1

4.
7

�
0.

5
24

0
�

50
(1

.9
�

0.
4)

�
10

4
0.

33
�

0.
06

3,
60

0
�

1,
10

0
(9

.0
�

3.
0)

�
10

1

Inhibition of �-Lactamases from Enterobacteriaceae Antimicrobial Agents and Chemotherapy

March 2017 Volume 61 Issue 3 e02510-16 aac.asm.org 5

http://aac.asm.org


by the substitution N132G, since the MIC of amoxicillin was the same in the presence or
absence of this inhibitor (2,048 �g/ml). In contrast, KPC-2 N132G was inhibited by
clavulanate, leading to susceptibility to amoxicillin (MIC � 8 �g/ml). Thus, the changes
in the inhibition profile of KPC-2 detected in vitro (Table 1) were qualitatively associated
with the expected modifications of the profiles of susceptibility to the �-lactam–
inhibitor combinations.

For CTX-M-15, the 130-fold reduction in the value of kcat for the hydrolysis of
amoxicillin due to the N132G substitution was associated with a 32-fold reduction in the
MIC of this drug. CTX-M-15 was fully inhibited by avibactam, leading to a 2,000-fold
reduction in the MIC of amoxicillin (from 4,096 �g/ml to 2 �g/ml). In contrast, inhibition
of CTX-M-15 N132G was partial, leading to only a 16-fold reduction in the MIC of
amoxicillin (from 128 �g/ml to 8 �g/ml). As expected from in vitro data (Table 1),
clavulanate inhibited both CTX-M-15 N132G and the parental enzyme, leading to
susceptibility to this drug in the former case. As found for KPC-2, the changes in the
inhibition profile of CTX-M-15 due to N132G were qualitatively similar in vitro and in the
E. coli host.

The main differences between KPC-2 and CTX-M-15 were (i) the higher value of kcat

for the hydrolysis of amoxicillin by KPC-2 than by CTX-M-15, which prevented full
inhibition of KPC-2 by avibactam in the E. coli host, and (ii) the inhibition of CTX-M-15
by clavulanate, whereas KPC-2 was inhibited only following introduction of the N132G
substitution.

Impact of the substitution N132G on the antibacterial activities of drug com-
binations comprising ceftazidime, ceftaroline, and avibactam. KPC-2 and CTX-M-15
conferred resistance to ceftazidime, and both �-lactamases were inhibited by avibac-
tam in the E. coli host. The N132G substitution drastically reduced the MICs of ceftazi-
dime, in agreement with the impaired hydrolysis of this drug in vitro. Consequently, the
impact of the substitution on the inhibitory activities of avibactam and clavulanate
detected in vitro could not result in meaningful changes in the antibiotic susceptibility
pattern in the E. coli host. The N132G substitution cannot lead to resistance to the
ceftazidime-avibactam combination, since the decrease in the efficacy of avibactam is
fully compensated for by the impaired hydrolysis of ceftazidime. As expected, clavu-
lanate restored the activity of ceftazidime in the case of CTX-M-15 but not in the case
of KPC-2. Qualitatively, the results obtained for the combinations containing ceftaroline
or aztreonam were similar to those obtained with ceftazidime.

DISCUSSION

An extensive analysis of the sequences of class A �-lactamases has shown that N132

at the C-terminal position of the SDN motif is highly conserved (12), but the role of this
residue remains poorly understood (13). Crystal structures have shown that N132 forms
a hydrogen bond with the side chain carbonyl residues of �-lactams (14) and of
avibactam (12). N132 may have an additional role in catalysis, since its side chain oxygen
participates in interconnected hydrogen-bonding networks that comprise the catalytic
residues E166 and K73 (12, 14).

TABLE 3 Impact of avibactam on the MICs of �-lactams for E. coli strains producing various �-lactamases

�-Lactamase

MIC (�g/ml) of indicated �-lactam with or without Avi or Clava

Amoxicillin Ceftazidime Ceftaroline Aztreonam

None Avi Clav None Avi Clav None Avi Clav None Avi Clav

Noneb 2 2 2 0.25 0.25 0.25 0.06 0.06 0.06 0.25 0.25 0.25
KPC-2 �4,096 256 2,048 128 1 32 �1,024 1 128 �1,024 0.25 128
KPC-2 N132G 2,048 2,048 8 4 1 0.5 32 0.5 0.06 1 0.125 0.25
CTX-M-15 4,096 2 16 16 0.5 0.5 �2,048 0.06 0.06 128 0.25 0.25
CTX-M-15 N132G 128 8 4 0.5 0.5 0.25 0.5 0.06 0.06 0.25 0.25 0.125
aValues are the medians of results from three to five independent determinations. None, absence of avibactam and clavulanate; Avi, presence of avibactam (4 �g/ml);
Clav, presence of clavulanate (4 �g/ml).

bThe control strain, which did not produce any �-lactamase, harbored the vector pTRC99-Km.
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Here, we show that the substitution N132G has a strong negative impact on the
efficacy of KPC-2 and CTX-M-15 carbamylation by avibactam (Table 1). The substitution
N132G also drastically reduced the efficacy of clavulanate hydrolysis by KPC-2 (Table 1).
Both effects of N132G appear to be conserved in class A �-lactamases, since they have
also been detected for BlaMab from M. abscessus (9).

Reduced hydrolysis of clavulanate by KPC-2 was due to impaired deacylation, since
mass spectrometry analyses showed that KPC-2 harboring N132G is rapidly acylated by
clavulanate (Fig. 2), and kinetic analyses revealed that introduction of this substitution
in KPC-2 leads to a reduction in the value of Km (Table 1). N132G has therefore distinct,
and in some ways opposite, roles in the interactions of KPC-2 with avibactam and
clavulanate in promoting carbamylation and deacylation, respectively. It is worth
noting that the N132G substitution (this work) and the S130G substitution (15) in the
SDN motif of KPC-2 result in large reductions in the kinetic parameter k2/Ki for the
carbamylation reaction by avibactam (4,000-fold and 18,000-fold, respectively) and
resistance to �-lactam–avibactam combinations comprising ampicillin or amoxicillin
but not ceftazidime. In contrast, the substitution N132A did not reduce the efficacy of
carbamylation of CTX-M-15 by avibactam (16). Thus, impaired inhibition of CTX-M-15 by
avibactam due to the substitution N132G did not result from the absence of hydrogen
bonds involving the carboxamide side chain of N132.

Since avibactam has been very recently introduced in therapeutics, there is little
retrospect on the possibility of emergence of resistance to �-lactam–avibactam com-
binations. Prior to the introduction of the combination in clinical practice, the incidence
of resistance to ceftazidime and avibactam was very low. For example, the incidence of
resistance to the combination ceftazidime-avibactam (MIC � 16 �g/ml) was 0.3% in a
collection of 2,374 multidrug-resistant Klebsiella pneumoniae isolates that produced an
Ambler class A enzyme and no class B, C, or D enzymes (17). Likewise, resistance to
ceftazidime-avibactam was not detected in a collection of 139 non-carbapenem-
susceptible Enterobacteriaceae (18). In agreement, the construction of large panels of
isogenic strains of E. coli producing a single �-lactamase revealed that production of
none of the TEM, CTX-M, KPC, CMY, ACT, FOX, PDC, GES, PER, VEB, and OXA enzymes
that were tested, except PER-4, raised the MIC of ceftazidime above 8 �g/ml when
determined in the presence of avibactam (12, 19–21). The first report of ceftazidime-
avibactam resistance (32 �g/ml in the presence of 4 �g/ml of avibactam) in a KPC-3-
producing Klebsiella pneumoniae isolate was unrelated to prior exposure to the com-
bination (22). Ceftazidime-avibactam resistance following exposure to these drugs was
detected in 3 out of 37 consecutive patients receiving this combination (23, 24).

Mutants resistant to the avibactam-ceftazidime combination have been obtained in
vitro at a frequency on the order of 10�9 for two strains of Enterobacter cloacae and two
strains of Klebsiella pneumoniae producing a KPC-3 �-lactamase (25). The mutations,
which were obtained in a single step, produce large (�16-fold) increases in the MIC of
ceftazidime in the presence of avibactam (4 �g/ml). Resistance was due mostly to
amino acid substitutions and to short (1- to 6-residue) insertions located within the �

loop of KPC-3 and immediately adjacent to its C terminus, respectively. None of the
mutations affected the SDN motif. The role of residues in the � loop of KPC-2 and
SHV-1 enzymes was also explored by site-directed mutagenesis (26). For SHV-1, the
substitutions that decreased the activity of ceftazidime did not affect the activity of the
combination of ceftazidime and avibactam. For KPC-2, certain substitutions affecting
R164 and D179, which form a salt bridge in the parental enzyme, led to resistance to the
ceftazidime-avibactam combination. Resistance involved improved kinetic parameters
for the hydrolysis of ceftazidime rather than decreased inhibition by avibactam. In
contrast, we show here that the substitution N132G in KPC-2 and CTX-M-15 decreased
the efficacies of both the hydrolysis of ceftazidime by the �-lactamases and the
carbamylation of their active-site Ser by avibactam (Tables 1 and 2).

In conclusion, our analyses demonstrate that the substitution N132G severely impairs
the carbamylation of class A �-lactamases by avibactam. However, two factors are
expected to limit the emergence of this substitution under the selective pressure of
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drug combinations comprising avibactam. First, resistance to avibactam–�-lactam com-
binations was observed only for amoxicillin, since the substitution N132G impaired the
hydrolysis of ceftazidime. Second, N (asparagine) and G (glycine) are specified by
codons AA(U or C) and GG(A, U, G, or C). This implies that the substitution N132G
requires replacement of two A’s by two G’s, a mutagenic event expected to be very rare.

MATERIALS AND METHODS
Plasmid construction. Genes encoding KPC-2 and CTX-M-15 with the N132G substitution were

obtained by site-directed mutagenesis using primers listed in Table 4. Briefly, two overlapping fragments
of the gene encoding KPC-2 were amplified with primers T7 plus KPCa and T7-term plus KPCb. The
purified PCR products were denatured and annealed via the complementary sequences present in the
primers KPCa and KPCb, and the resulting heteroduplex was used as a template for amplification with
primers T7 and T7-term. The same approach was used to amplify the gene encoding CTX-M-15 N132G
with primers T7, CTXa, T7-term, and CTXb. The amplified genes were digested with the restriction
endonucleases BamHI and NdeI and ligated into the vector pET-29a, digested by the same enzymes. For
subcloning into the vector pTRC-99k, conferring resistance to kanamycin, the mutated genes were
amplified with KPCfor plus KPCrev and CTXfor plus CTXrev, digested with EcoRI plus SalI, and cloned into
pTRC-99k digested by the same enzymes. The sequence of the genes cloned into pTRC-99k was
confirmed. Derivatives of pET29a and pTRC-99k were used for the production of the �-lactamases and
antibiotic susceptibility testing, respectively. The vector pTRC-99k is a derivative of pTRC99a (Pharmacia),
obtained by replacing the �-lactamase resistance gene with a kanamycin resistance gene (Km lacI, pTRC
promoter, oriV colEI; D. Mengin-Lecreulx, unpublished data).

Production and purification of �-lactamases. E. coli BL21(DE3) harboring pTRC-99k derivatives that
encoded the �-lactamases were grown in brain heart infusion broth (Difco) containing kanamycin (50
�g/ml) and cultured at 37°C until the optical density at 600 nm reached 0.8. Isopropyl-�-D-1-
thiogalactopyranoside (IPTG; 500 �M) was added, and the incubation was continued for 18 h at 16°C.
Bacteria were collected by centrifugation (5,200 � g; 4°C), resuspended in buffer A (Tris-HCl, 50 mM, pH
8.8), and lysed by sonication. Cell debris was removed by centrifugation (17,400 � g; 4°C). The clarified
lysate was filtered and loaded onto an anion-exchange chromatography column (Q Sepharose FF, 1 ml;
GE Healthcare) equilibrated in buffer A. Elution was performed with a NaCl gradient in Tris-HCl (25 mM,
pH 7.5), NaCl (300 mM, buffer B). The �-lactamases were recovered in the flowthrough and loaded onto
a size exclusion chromatography column (Superdex 200 HL26/60 column; Amersham Pharmacia Biotech)
equilibrated in buffer B. The �-lactamases, which eluted as monomers, were concentrated by ultrafiltra-
tion to ca. 5 mg/ml (cutoff, 10 kDa; Amicon Ultra-15; Millipore) and stored at �20°C in buffer B. Protein
concentration was determined by the Bio-Rad protein assay using bovine serum albumin as a standard.
The purified enzymes were checked by mass spectrometry and SDS-PAGE analyses.

Determination of kinetic parameters. The kinetic parameters kcat, Km, and kcat/Km were determined
at 20°C in 2-(N-morpholino)ethanesulfonic acid (MES; 100 mM, pH 6.4) by spectrophotometry, as
previously described (7). Briefly, the initial velocity (vi) was determined by spectrophotometry for various
concentrations of �-lactams [S] and a fixed concentration of �-lactamase [E]. The values of vi were plotted
as a function of [S]. The kinetic constants Km and kcat were determined by fitting the equation vi � kcat

[E]/Km 	 [S] to the resulting curve. The molecular extinction coefficients were 14,600 M�1 cm�1 at 486
nm for nitrocefin, �1,200 M�1 cm�1 at 244 nm for amoxicillin, �9,800 M�1 cm�1 at 256 nm for
ceftazidime, �6,300 M�1 cm�1 at 306 nm for ceftaroline, �400 M�1 cm�1 at 318 nm for aztreonam, and
�2,500 M�1 cm�1 at 227 nm for clavulanate. For the last compound, the concentration of MES was
reduced to 30 mM in order to limit the absorbance of the buffer. For the hydrolysis of clavulanate, the
value of Km, which could not be evaluated by the method described above (7), was determined by
competition with nitrocefin (100 �M) at 20°C in 100 mM MES (pH 6.4) (9, 10). For avibactam, kinetic
parameters for the carbamylation (k2/Ki and k�2) and decarbamylation (koff) reactions (2, 27) were
determined at 37°C using nitrocefin (100 �M) in MES (100 mM, pH 6.4), as previously described (4) (9).

TABLE 4 Primers used for site-directed mutagenesis

Primer Sequencea

KPCa 5=-GTGCAATACAGTGATGGCGCCGCCGCCAATTTGTTG
KPCb 5=-GCCATCACTGTATTGCACGGC
CTXa 5=-CTACAGTACAGCGATGGCGTGGCGATGAATAAGCTG
CTXb 5=-GCCATCGCTGTACTGTAGCGCGGCCGC
T7 5=-TAATACGACTCACTATAGGG
T7-term 5=-CTAGTTATTGCTCAGCGGT
KPCfor 5=-ATTTGAATTCATGTCACTGTATCGCC
KPCrev 5=-ATTTGTCGACTTAGCAGCCGGATCCTTC
CTXfor 5=-ATTTGAATTCATGGCGACGGCAACCGT
CTXrev 5=-ATTTGTCGACTTACAAACCGTCGGTGAC
aThe bases introduced in the primers to generate the N132G substitutions in KPC-2 and CTX-M-15 are
underlined. The portions of the primers that display complementary sequences are italicized. The
recognition sites for EcoRI and SalI are indicated in bold.
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Kinetics constants were deduced from a minimum of 12 progress curves obtained in a minimum of two
independent experiments.

Mass spectrometry analyses. Formation of clavulanate-enzyme adducts was assessed by incubating
�-lactamases (10 �M) with clavulanate (500 �M) at 20°C in water. After various times of incubation, the
samples were injected into the mass spectrometer (QStar Pulsar I; Applied Biosystems) with a mixture of
acetonitrile (50%), water (49.5%), and formic acid (0.5%) at a flow rate of 0.05 ml/min. Spectra were
acquired in positive mode as previously described (6).

Antibiotic susceptibility testing. MICs were determined in Mueller-Hinton broth using the microdi-
lution method in 96-well plates as described by the Clinical and Laboratory Standards Institute (28).
Expression of the �-lactamase genes was induced with IPTG (500 �M) both in the preculture and in the
96-well plates. Kanamycin (50 �g/ml) was present in the preculture used to prepare the inoculum but not
in the 96-well plates used for MIC determination.
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