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ABSTRACT The natural diversification of CTX-M �-lactamases led to the emergence
of Asp240Gly variants in the clinic that confer reduced susceptibility to ceftazidime
(CAZ). In this study, we compared the impact of this substitution on CAZ and
ceftazidime-avibactam (CZA) MICs against isogenic Escherichia coli strains with differ-
ent porin deficiencies. Our results show a noticeable increase in CAZ resistance in
clones expressing Asp240Gly-harboring CTX-M when combined with OmpF porin de-
ficiency. Kinetic analysis revealed that the kcat/Km for CAZ was 5- to 15-fold higher
for all Asp240Gly variants but remained 200- to 725-fold lower than that for cefo-
taxime (CTX). In vitro selection of CAZ-resistant clones yielded nonsusceptible CTX-M
producers (MIC of �16 �g/ml) only after overnight incubation; the addition of
avibactam (AVI) decreased MICs to a susceptible range against these variants. In
contrast, the use of CZA as a selective agent did not yield resistant clones. AVI inac-
tivated both CTX-M-12 and CTX-M-96, with an apparent inhibition constant compa-
rable to that of SHV-2 and 1,000-fold greater than that of PER-2 and CMY-2, and k2/K
for CTX-M-12 was 24- and 35-fold higher than that for CTX-M-96 and CTX-M-15, re-
spectively. Molecular modeling suggests that AVI interacts similarly with CTX-M-96
and CTX-M-15. We conclude that the impact of Asp240Gly in resistance may arise
when other mechanisms are also present (i.e., OmpF deficiency). Additionally, CAZ
selection could favor the emergence of CAZ-resistant subpopulations. These results
define the role of Asp240 and the impact of the -Gly substitution and allow us to
hypothesize that the use of CZA is an effective preventive strategy to delay the de-
velopment of resistance in this family of extended-spectrum �-lactamases.

KEYWORDS Asp240Gly, CTX-M-96, OmpF, avibactam, cefotaxime, ceftazidimase,
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To date, CTX-M �-lactamases represent the most prevalent group of extended-
spectrum �-lactamases (ESBLs) among pathogens around the world, representing

a global pandemic (1–3). Since their initial identification, more than 180 allelic variants
have been described (ftp://ftp.ncbi.nlm.nih.gov/pathogen/betalactamases/Allele.tab).
Each variant can be categorized into at least five genetically distinct groups or clusters.
Each cluster includes CTX-M variants with less than 5% amino acid sequence differences
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within each group. Notably, a considerable number of CTX-M �-lactamases are en-
coded by the chromosome of Kluyvera species, a microorganism commonly found in
the environment and sporadically isolated from clinical settings, where the CTX-M
�-lactamases have been apparently recruited as native ESBL genes by recombination
and mobilization events and have subsequently disseminated into a variety of patho-
gens (2, 4, 5).

Microorganisms producing acquired CTX-M �-lactamases are generally resistant to
most �-lactams, including penicillins, narrow-spectrum cephalosporins, and the oxy-
iminocephalosporins cefotaxime (CTX) and ceftriaxone. MICs for ceftazidime (CAZ),
carbapenems, and 7-�-methoxy-cephalosporins such as cefoxitin usually remain in the
susceptible range. Like other class A serine-�-lactamases, CTX-M �-lactamases are
inhibited by first-generation mechanism-based �-lactamase inhibitors (clavulanate,
sulbactam, and tazobactam) (6, 7). Avibactam (AVI), a novel non-�-lactam �-lactamase
inhibitor that has been recently approved for therapeutic use in combination with CAZ,
also inhibits CTX-M �-lactamases (8), as well as the boronic acid pharmacophore
derivative vaborbactam (9).

Several amino acids are identified as functionally important for the ESBL activity of
CTX-M �-lactamases; among them, amino acids in the structurally flexible �3-strand
and the �-loop and residues such as Asn104, Ser237, Asp240, and Arg276, which are
located in the vicinity of the active site, appear to be involved in the preferred
cefotaxime-hydrolyzing activity of CTX-M enzymes (10). Several investigations revealed
that their hydrolytic activity is determined not only by substrate recognition and
catalysis but also by the maintenance of their conformational integrity and stability due
to the contribution of residues distal to the active site (11). Also, certain combinations
of amino acid residues may be responsible for the presence of more variants belonging
to a specific cluster and their higher capacity of expanding their substrate profile (12).
A proper understanding of the contribution of each residue to catalysis has implications
for the future design of novel cephalosporin antibiotics and for antibiotic stewardship.

Compared to other ESBLs, CTX-M �-lactamases hydrolyze CTX more efficiently than
CAZ. Previous investigations by Delmas et al. indicated that binding of CTX in CTX-M-9
�-lactamase results in a conformational change in the active site, involving disruption
of a hydrogen bond between main-chain groups of Asn170 and Asp240 that connects
the �-loop to the �3 strand. The result of this change is the expansion of the active site
to allow adequate positioning of CTX for catalysis, which was hypothesized to contrib-
ute to the “cefotaximase” activity of the CTX-M enzymes (13). The crystal structures
of the CTX-M-14 variants Ser70Gly, Ser70Gly:Ser237Ala, and Ser70Gly:Ser237Ala:
Arg276Ala, both in the apo form and in complex with CTX, revealed the importance of
residues Ser237 and Arg276 in establishing the interactions with CTX and their coop-
erativity in shaping the active site in the region of Asn170 and Asp240 via indirect
bridging interactions through the CTX molecule (14).

Diversification of CTX-M �-lactamases has led to the emergence of Asp240Gly and
Pro167Ser variants that broaden the substrate profile and confer on the producing
microorganisms decreased susceptibility to CAZ (2, 6). The Asp240Gly substitution is
the most prevalent (15–17), resulting in an up to 8-fold increase in CAZ MIC values
in the harboring microorganisms (18–20). The improved hydrolytic efficiency of
Asp240Gly mutants toward CAZ appears to be associated with a higher flexibility of �3,
although this substitution is also correlated with lower stability (15). Moreover, it should
be noted that Asp240Gly substitutions are selected more frequently than amino acid
changes at Pro167, probably because modifications in residues comprising the �-loop
result in a larger active site that allows accommodation of CAZ for hydrolysis but also
a significant decrease in stability (21, 22).

To understand the impact of Gly instead of an Asp at position 240, we compared the
activity of representatives from each of the five main phylogenetic groups of CTX-M
against the oxyimino-cephalosporins CTX and CAZ. Additionally, we explored the effect
of these substitutions in combination with porin deficiencies in an isogenic Escherichia
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coli background. Our goal is to understand and anticipate if these changes are
associated with high-level CAZ-resistant variants, alone or combined with AVI.

RESULTS AND DISCUSSION
CTX-M variants containing the Asp240Gly substitution confer remarkable re-

sistance to CAZ only in isogenic strains lacking OmpF. In this work, we analyzed the
susceptibility profile of one representative variant of all five phylogenetic clusters
within the CTX-M family to detect differences that may be the consequence of
functionally important amino acid substitutions among each group that could influ-
ence the hydrolytic activity. Expression of CTX-M �-lactamases in an isogenic E. coli
DH5� background allowed us to directly evaluate and compare the activities of
�-lactams and �-lactam–�-lactamase inhibitor combinations (23).

All E. coli DH5� recombinant clones expressing CTX-M �-lactamases exhibited a
resistance profile compatible with the presence of these enzymes (Table 1), that is, a
differential behavior that yields high-level resistance to CTX but spares CAZ or confers
only reduced susceptibility to the latter. As expected, addition of clavulanic acid
decreased MICs of CTX and CAZ, rendering isolates susceptible to the combination.

MICs of CTX and CAZ against E. coli K-12-derived strains are shown in Table 2. Using
Clinical and Laboratory Standards Institute (CLSI) breakpoints as a reference, all clones
demonstrated resistance to CTX. We detected a noticeable increase in CAZ resistance
only in those E. coli K-12 strains expressing CTX-M variants containing Asp240Gly when
combined with OmpF porin deficiency. In previous investigations, we demonstrated
that an alteration in OmpC expression yields intermediate resistance to CAZ (24).
Therefore, alterations in OmpF porin expression or any other mechanism leading to a
diminished amount of CAZ availability in the periplasm for blocking the target
penicillin-binding proteins seems to be an important determinant for achieving
resistance levels similar to those observed in clinical isolates producing a CTX-M
�-lactamase harboring the Asp240Gly substitution.

All Asp240Gly CTX-M variants displayed slight increases in activity toward
CAZ. An efficiency factor (EF) can be defined as the ratio between the catalytic
efficiencies of CTX-MGly240 and CTX-MAsp240 toward a specific �-lactam. For CAZ, the
kcat/Km was between 5- and 15-fold higher for all CTX-MGly variants, with CTX and
CEF having the highest values among the substrates compared. Nevertheless, even
when CTX-MGly variants displayed a higher increase in the catalytic efficiency
toward CAZ than CTX-MAsp, it remained between 200- and 725-fold lower than that
for CTX (Table 3).

Using competition assays between CAZ and nitrocefin, we did not observe percep-
tible inhibition of any CTX-M variant, even after using up to 5 mM CAZ, confirming that
Km for this antibiotic reached values in the millimolar range (data not shown). Also,
upon preincubation of the enzyme with increasing concentrations of CAZ, a slight
inhibition was observed only after at least 2 h of preincubation. These results suggest
that efficient hydrolysis of CAZ could only occur with either high concentrations of CAZ
in the medium and/or after prolonged incubation times with the enzyme, two condi-
tions that do not mimic in vivo treatment.

The hydrolytic efficiencies toward CEF and CTX were consistently higher for CTX-
M-8Asp240Gly and CTX-M-78Asp240Gly variants than for their respective wild-type CTX-M,
suggesting that polymorphisms in clusters 8 and 25 play a special role in modulating
the expression of this substitution (22). We also observed that gaining some activity
toward CAZ did not represent a loss of hydrolytic efficiency toward CEF or CTX. In fact,
the Asp240Gly mutation does not seem to have a deleterious impact on the overall
resistance phenotype of E. coli strains producing CTX-M Asp240Gly variants, as sum-
marized in Table 1; all CTX-M producers remained resistant to penicillins as well as
narrow- and expanded-spectrum cephalosporins, and only the MIC of CAZ increased by
two or more dilutions in all Asp240Gly variants except CTX-M-131.

We previously demonstrated that CTX-M-96 was efficiently inhibited by both cla-
vulanic acid and tazobactam, with the sulfone as a more potent inhibitor (24). As for
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CEF and CTX, it seemed that Asp240Gly mutation did not impair the ability of clavulanic
acid to block the �-lactamases due to the susceptibility profile of all clones tested,
where the MIC for CAZ/CLA was �0.125 �g/ml.

The Asp240Gly substitution neither affects the overall conformation nor alters
thermal stability. A biophysical characterization was carried out for evaluating the
impact of amino acid substitutions on CTX-M enzyme conformation and stability.
Circular dichroism (CD) spectra (Fig. 1A and B) indicate secondary structure preserva-
tion (Fig. 1A), while minimal perturbations in tertiary structure are noted (Fig. 1B). In this
regard, hardly any structural changes are observed among CTX-Ms containing either
Asp or Gly in position 240. Despite their observed similarity in the overall inferred

TABLE 2 MICs of oxyiminocephalosporins for E. coli K-12 and derived isogenic porin-
deficient strain JF703 (OmpF�) expressing CTX-M from the corresponding pK19-derived
constructions

CTX-M
groupa

MICb (�g/ml) of:

Cefotaxime CAZ

Asp240 Gly240 Asp240 Gly240

K-12 JF703 K-12 JF703 K-12 JF703 K-12 JF703

1 128 256 128 128 4 8 8 32
2 256 256 256 256 16 8 8 32
8 256 64 256 256 4 4 16 64
9 256 128 128 128 1 4 8 32
25 256 256 256 256 0.25 2 8 32
aGroup 1, CTX-M-12 (Asp240) and CTX-M-96 (Gly240); group 2, CTX-M-2 (Asp240) and CTX-M-131 (Gly240);
group 8, CTX-M-8 (Asp240) and CTX-M-8mut (Gly240); group 9, CTX-M-9 (Asp240) and CTX-M-16 (Gly240);
group 25, CTX-M-78 (Asp240) and CTX-M-78mut (Gly240).

bMIC of CTX and CAZ, respectively, for control strains: E. coli K-12 (�0.25 and �0.5), E. coli K-12/pK19 (�0.25
and �0.5), E. coli JF703 (0.25 and �0.5), E. coli JF703/pK19 (0.25 and �0.5), and E. coli ATCC 25922 (0.25
and �0.5).

TABLE 3 Comparative steady-state kinetic parameters of CTX-M �-lactamases

Group and
�-lactamaseb

Cephalothin Cefotaxime Ceftazidimea

kcat (s�1) Km (�M)
kcat/Km

(�M�1 · s�1)
kcat

(s�1)
Km

(�M)
kcat/Km

(�M�1 · s�1) kcat (s�1) Km (�M) kcat/Km (�M�1 · s�1)

1
CTX-M-12 973 � 68 130 � 5 7.5 � 0.8 78 � 4 44 � 3 1.8 � 0.2 ND ND (6 � 0.06) � 10�4

CTX-M-96 120 � 4 27 � 3 4.5 � 0.7 60 � 2 34 � 2 1.7 � 0.2 ND ND (3 � 0.03) � 10�3

EF 0.6 0.9 5

2
CTX-M-2 518 � 30 98 � 5 5.3 � 0.6 23 � 1 19 � 2 1.2 � 0.2 ND ND (4 � 0.04) � 10�4

CTX-M-131 142 � 6 23 � 3 6.0 � 0.9 93 � 4 70 � 3 1.3 � 0.2 ND ND (6 � 0.06) � 10�3

EF 1.1 1.1 15

8
CTX-M-8 306 � 31 164 � 10 1.9 � 0.3 12 � 0.2 14 � 1 0.9 � 0.1 ND ND (4 � 0.04) � 10�4

CTX-M-8Asp240Gly 229 � 7 78 � 3 3.0 � 0.2 21 � 0.2 7 � 1 2.9 � 0.3 ND ND (4 � 0.2) � 10�3

EF 1.6 3.2 10

9
CTX-M-9 705 � 28 188 � 4 3.8 � 0.2 42 � 3 42 � 4 1.0 � 0.1 ND ND (2 � 0.02) � 10�4

CTX-M-16 220 � 4 35 � 2 6.4 � 0.6 68 � 3 45 � 2 1.5 � 0.1 ND ND (3 � 0.06) � 10�3

EF 1.7 1.5 15

25
CTX-M-78 289 � 23 193 � 10 1.5 � 0.2 14 � 1 27 � 3 0.5 � 0.1 ND ND (3 � 0.06) � 10�4

CTX-M-78Asp240Gly 37 � 1 13 � 5 2.8 � 1.0 12 � 0.2 8 � 1 1.4 � 0.2 ND ND (3 � 0.09) � 10�3

EF 1.9 2.8 10
aND, not determined by direct hydrolysis.
bEfficiency factor (EF) is the ratio between kcat/KM of Gly240 mutant and Asp240 wild-type �-lactamases.
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structure, CD spectra of the 5 representative phylogenetic groups of CTX-M are almost
indistinguishable, although local rearrangements cannot be ruled out.

To understand the global impact of the substitution on the stability of these
proteins, we proceeded to evaluate their temperature denaturation profiles (Fig. 1C).
The evolution of the dynode voltage can be recorded simultaneously along with the
collection of CD data (Fig. 1D). An increase in its value reveals the presence of turbidity
due to the appearance of protein aggregates, allowing a direct correlation between
protein conformational changes and an aggregation behavior (25). For all CTX-M
variants, both processes occur concomitantly, revealing that the transitions are inher-
ently irreversible and cannot be analyzed by a formalism assuming thermodynamic
equilibrium. In such cases, the temperature of the onset of aggregation (To) was
obtained. Briefly, this value is derived after fitting a straight line to the initial time points
and extrapolating backwards to intersect the temperature abscissa (26).

As judged for the almost invariant To value, for the pairs CTX-M-12/CTX-M-96,
CTX-M-9/CTX-M-16, and CTX-M-78Asp/CTX-M-78Gly, we did not observe stability differ-
ences between proteins carrying Asp or Gly (45.8/45.6, 45.9/46.2, and 45.0/45.4°C,
respectively). Indeed, these 3 protein groups have remarkably similar stability. On the
other hand, CTX-M-8 and CTX-M-2 show a somewhat higher stability (47.0 and 50.5°C,
respectively). For both proteins, the Asp240Gly substitution leads to a 2°C reduction in
their To values.

CZA combination prevents the in vitro selection of CAZ-resistant strains. In vitro
selection of CAZ-resistant E. coli clones yielded CTX-M-96 (CTX-M-12 with Asp240Gly
mutation) producers with MIC values of 32 and 64 �g/ml. Notably, CTX-M-12-producing
clone variants were obtained even at 16 �g/ml, the resistance breakpoint according to
the CLSI (Fig. 2). Our data also demonstrated that CAZ MICs can increase quickly,
especially under selective pressure. The nature of the variants selected was not further
investigated in this work, but the presence of the Asp240Gly substitution and resistance
conferred might contribute to the emergence of porin-deficient strains responsible for

FIG 1 (A and B) Far-UV (A) and near-UV (B) CD spectra for CTX-MAsp (solid line) and CTX-MGly (dashed line) variants. (C and
D) Thermally induced unfolding transitions. CD measurements were recorded for CTX-MAsp (closed symbols) and CTX-MGly

(open symbols) as temperature increased. (C) The transitions were monitored by the evolution of the molar ellipticity at
222 nm. (D) The value of the dynode voltage under each condition is shown.
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infections in patients being treated with this antibiotic, as observed in this study for the
OmpF-deficient strains, although other mechanisms should not be discarded. However,
adaptation also could have been reached by acquisition of mutations enhancing
transcription of blaCTX-M genes, affecting efflux properties, or by selective drift of a
clonal population with better fitness under CAZ pressure, which may explain the
selection of CTX-M-12-producing clones even at 16 �g/ml (27).

The addition of AVI decreased the MICs of the E. coli K-12-derived strains and the
two mutants selected in the population analysis (Table 4). More interestingly, the use
of the CZA combination as a selective agent yielded only one colony at 1 �g/ml CAZ
and 4 �g/ml AVI for E. coli K-12 expressing CTX-M-12 and 0.25 �g/ml CAZ and 4 �g/ml
AVI �g/ml for CTX-M-96.

Inhibitory effect of AVI against CTX-M variants. The inhibitory effect of AVI
observed above is supported by the inhibition constants obtained for both CTX-M-12
and CTX-M-96. The apparent inhibition constant (Ki app), determined by plotting 1/v0

versus AVI concentration, was 4 � 0.6 nM for CTX-M-12 and 98 � 10 nM for CTX-M-96.
These values are comparable to constants derived for studying SHV-2 (28) and up to
1,000 lower for PER-2 and CMY-2 (29, 30).

On the other hand, acylation and encounter complex binding for AVI occur with a
k2/K value of (4.8 � 0.3) � 106 M�1 s�1 and (2.0 � 0.1) � 105 M�1 s�1 for CTX-M-12
and CTX-M-96, respectively. The acylation efficiency for other class A �-lactamases
range from 2.2 � 103 M�1 s�1 in the case of PER-2 (30) to 105 M�1 s�1 for TEM-1 and
CTX-M-15 (31, 32).

It is worth nothing that CTX-M-12, which possesses an Asp at 240, displayed a k2/K
value 24-fold higher than that of CTX-M-96 (and 	35-fold that for CTX-M-15), harboring

FIG 2 Population analysis profile of E. coli K-12 strains expressing CTX-M-12 and CTX-M-96 recovered
under CAZ pressure selection.

TABLE 4 CAZ and CAZ-AVI (4 �g/ml) MIC for mutant E. coli K-12 clones expressing
CTX-M-96

Strain

MIC (�g/ml)

CAZ CZA

E. coli K-12 �0.25 �0.25
E. coli JF703 0.25 �0.25
E. coli K-12/pK12 4 �0.25
E. coli K-12/pK96 8 0.25
E. coli JF703/pK12 8 0.25
E. coli JF703/pK96 32 �0.25
E. coli K-12-MUT1a 32 0.25
E. coli K-12-MUT2a 64 �0.25
aMutants selected in vitro (see the text for details).
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the Asp240Gly substitution. This is accompanied by Ki app values 24-fold more favorable
for CTX-M-12 and suggest that, even when AVI inhibits CTX-M enzymes, the presence
of a glycine residue slightly reduces the acylation efficiency at the expense of some
hydrogen bond loss (see below).

CTX-M-96/AVI and CTX-M-15/AVI complexes reveal similar features. To corre-
late the observed phenotypic and kinetic behavior of AVI in the inhibition of CTX-M and
support its efficacy in protecting against the in vivo selection of CAZ-resistant clones,
simulated models of the �-lactamase in association with AVI were obtained using the
coordinates of the CTX-M-96 crystallographic structure.

By analyzing the model of CTX-M-96 with AVI (Fig. 3), we hypothesize that AVI
interacts similarly with both CTX-M-96 and CTX-M-15, showing overall equivalent
interaction patterns through favored hydrogen bonds. For both enzymes, the six-
membered ring of AVI was observed in a chair conformation, interacting with the
protein through three key interactions, i.e., (i) the covalent bond that forms the
acyl-enzyme complex and interactions with both the (ii) sulfate and (iii) carboxamide
groups. AVI appears to be stabilized by hydrogen bonds with residues Ser70, Ser130,
Asn132, and Ser237, with the C-7 carbonyl group of the open AVI molecule well
positioned in the oxyanion hole. As observed in CTX-M-15, Ser237 may also interact
with both the sulfate group and the carboxamide ends of the AVI molecule. Also, the
AVI molecule adjusts in the active site in a way in which the deacylating water,
observed in other CTX-M-AVI complexes, could efficiently enable the turnover (Fig. 3).

According to our model, hydrophobic interactions are expected to occur between
AVI and residues Cys69, Tyr105, Asn170, Thr216, Thr235, and Gly236. In particular,
hydrophobic stacking between AVI’s piperidine group and Tyr105 side chain seems to
be well conserved among the class A �-lactamases (33, 34).

Conclusions. The global spread of CTX-M �-lactamases has led to a significant
increase in the use of carbapenems, with the resulting emergence of carbapenemase-
producing Enterobacteriaceae. Based on available clinical trial data and animal experi-
ments, the CLSI maintains that the MIC is a better predictor of an antibiotic’s thera-
peutic efficacy than defining the underlying resistance mechanism. In this regard, an
infection produced by a microorganism susceptible to CAZ can be treated with this
antibiotic even if a CTX-M enzyme is present (27); the caveat here is that the MIC is
within the susceptible range. This led us to evaluate the activity of CAZ against an

FIG 3 (Left) Two-dimensional representation of CTX-M-96 (Gly240) in association with AVI (created with LigPlot�); green dotted lines represent
hydrogen bonds (HB), and red semicircles denote putative hydrophobic interactions. (Right) Three-dimensional in silico modeling showing the
detailed interaction between AVI and CTX-M-96 residues; black dotted lines represent favored HB (see the text for further discussion).
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isogenic panel of E. coli strains expressing five representative pairs of Asp240/Gly240
CTX-Ms and selecting one of those pairs for evaluating the effect of OmpF deficiency
on CAZ susceptibility and the ability of CAZ alone or combined with AVI for in vivo
selection of resistant clones.

Our results show that CTX-M Asp240Gly expression does not always result in a
resistance phenotype; high-level resistance can occur only after ancillary resistance
mechanisms are present (lack of OmpF in our case). More relevant to our studies,
subpopulations resistant to CAZ are present under nonselective conditions, even in
clones expressing wild-type CTX-M under subinhibitory MIC values that may be se-
lected under monotherapy treatment with this antibiotic. Also, as the inoculum effect
strongly influences the MIC of CAZ, therapeutic failure in cases of CTX-M-producing
(CAZ-susceptible) bacteria is always a possibility, especially in critically ill patients with
serious infections such as intra-abdominal abscesses, where a heavy inoculum of
bacteria may be present (35).

Nevertheless, the use of cephalosporins for ESBL treatment could result in a lower
selective pressure against drugs such as the carbapenems. Most CTX-M are still inhib-
ited by first-generation �-lactamase inhibitors, like clavulanic acid, sulbactam, and
tazobactam, although recently two new CTX-M Asp240Gly, Ser130Thr variants that are
highly resistant to tazobactam and sulbactam, but not to clavulanic acid, have emerged
(36–38).

We stress that the evolution of CTX-M enzymes along the Asp240 pathway appears
to be favored in the simultaneous presence of both CTX and CAZ selective pressure
(39). This could be explained in part because the Asp240Gly substitution neither affects
the overall conformation nor drastically reduces thermal stability, in contrast to
Pro167Ser substitution in CTX-M-14 (21). As previously stated, novel �-lactamase
inhibitors (BLI) are needed for providing protection to some of the most valuable
antibiotics in clinical practice (40, 41). A possible preventive strategy is to delay the
development of both cephalosporin and BLI resistance using certain combinations, i.e.,
the use of AVI (42). More relevant, confirming the presence of a certain resistance
mechanism (ESBL and/or AmpC, for instance) and not only MIC determination may still
be of value in selecting a targeted antibiotic therapy, as previously suggested (43).

MATERIALS AND METHODS
Bacterial strains and plasmids. Genes encoding blaCTX-M-12, blaCTX-M-96 (blaCTX-M-12 with natural

mutation Asp240Gly), blaCTX-M-2, blaCTX-M-8, blaCTX-M-9, and blaCTX-M-78 were amplified from previously
characterized clinical isolates stored in our laboratory. Escherichia coli ATCC 25922 was used for quality
control in antimicrobial susceptibility assays (44). E. coli DH5� (Invitrogen, USA) and E. coli BL21(DE3)
(Novagen, USA) were hosts for transformation experiments. E. coli K-12 and its derived isogenic strain, E.
coli JF703 (lacking ompF), were used for assessing the influence of porin deficiency in the overall
resistance profile (45). These strains were obtained from the E. coli Genetic Stock Center (CGSC; Yale
University). Plasmid vectors pTZ57R/T (InsTAclone PCR cloning kit; Thermo Scientific, USA) and pK19 were
used for routine cloning experiments (46), while kanamycin-resistant pET28a(�) (Novagen, Germany)
was used as the expression vector.

Chemical compounds. CAZ, cefotaxime (CTX), and cephalothin (CEF) were obtained from Klonal
(Argentina). Avibactam (AVI) was acquired through an investigator-initiated trial with Actavis (now
Allergan). Nitrocefin (NCF) was purchased from Becton-Dickinson and Oxoid.

Recombinant DNA methodology. The blaCTX-M-12, blaCTX-M-96 (blaCTX-M-12 with Asp240Gly mutation),
blaCTX-M-2, blaCTX-M-8, blaCTX-M-9, and blaCTX-M-78 genes were amplified by PCR from whole DNA belonging
to the corresponding clinical strains using the cloning primers listed in Table 5. Genes for CTX-M with
Asp240Gly mutation, blaCTX-M-131 (blaCTX-M-2 with Asp240Gly mutation), blaCTX-M-8 with Asp240Gly muta-
tion, blaCTX-M-16 (blaCTX-M-9 with Asp240Gly mutation), and blaCTX-M-78 with Asp240Gly mutation were
generated by site-directed mutagenesis using blaCTX-M genes with Asp in position 240 as templates. In
brief, combinations of mutagenic and cloning primers (Table 1) were used to generate two partially
overlapping DNA fragments. These fragments were subsequently used in an overlap extension reaction
to amplify the entire coding sequence with the cloning primers. All PCRs were performed using Phusion
high-fidelity DNA polymerase (Thermo Scientific, Tecnolab, Argentina) and 1 �M primers. PCR products
were cloned at the SmaI site of pK19 vector and transformed in competent E. coli DH5�, yielding
recombinant plasmids pK12, pK96, pK2, pK131, pK8, pK8Asp240Gly, pK9, pK16, pK78, and
pK78Asp240Gly. For overexpression, these plasmids were used as templates for PCRs using Thermo
Scientific Phusion high-fidelity DNA polymerase (Thermo Scientific, Tecnolab, Argentina) and 1 �M
expression primers listed in Table 1, containing restriction sites that allowed the oriented cloning of the
mature �-lactamase’s coding sequence. The PCR products were first ligated in a pTZ57R/T vector and the
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inserts sequenced for verification of the identity of blaCTX-M genes and generated restriction sites, as well
as the absence of aberrant nucleotides. Resulting recombinant pTZ57R/T plasmids were then digested,
and the released inserts were subsequently purified and cloned in a pET28a(�) vector previously
digested with the appropriate restriction enzymes. Ligation mixtures were used to first transform E. coli
DH5� competent cells. Selected recombinant clones were sequenced for confirming the identity of the
blaCTX-M genes, and those harboring the resulting pET plasmids were used for a second transformation
step in E. coli BL21(DE3) competent cells for protein expression experiments. DNA sequences were
determined at Macrogen Inc. (South Korea). Nucleotide and amino acid sequence analyses were
conducted by NCBI (http://www.ncbi.nlm.nih.gov/) and ExPASy (http://www.expasy.org/) analysis tools.

In vitro susceptibility testing. MICs of the different �-lactams were obtained by the agar dilution
method for recombinant E. coli DH5� clones containing plasmids pK12, pK96, pK2, pK131, pK8,
pK8Asp240Gly, pK9, pK16, pK78, and pK78Asp240Gly. To evaluate behavior against CAZ and CTX in an
isogenic context expressing or not expressing OmpF, MICs for recombinant E. coli K-12 and JF703 clones
containing all pKCTX-M plasmids were evaluated by microdilution against both antibiotics. Both methods
were performed according to the Clinical and Laboratory Standards Institute (CLSI) guidelines. Controls
were included, using empty pK19 vector as donor DNA. Positive transformant clones were selected in
Luria-Bertani (LB) agar plates supplemented with 30 �g/ml kanamycin and 2 �g/ml CTX, and the
presence of the plasmid was verified by plasmid DNA extraction and visualization in 0.8% agarose gels.

Determination of �-lactamase activity. Crude lysates from overnight cultures of E. coli DH5�

harboring pKCTX-M plasmids were obtained as described before (47). �-Lactamase activity was deter-
mined spectrophotometrically by measuring the hydrolysis of 100 �M CEF as the substrate. One unit of
�-lactamase activity was defined as the amount of enzyme hydrolyzing 1 nmol substrate per min (in 20
mM phosphate buffer, pH 7.0) at 25°C. The specific activity was defined as the units of �-lactamase per
milligram of protein, determined by the Bio-Rad protein assay kit (Bio-Rad, USA).

Assessment of resistant subpopulations under CAZ and CZA selective pressure. Serial 10-fold
dilutions of overnight E. coli K-12 cultures expressing CTX-M-12 and CTX-M-96 were plated onto
Mueller-Hinton agar (MHA) plates containing increasing concentrations of CAZ or CZA (4 mg/liter) to
search for the presence of preexisting high-level-resistant mutants. Viable count (log10 CFU/ml) was
plotted against antibiotic or antibiotic/inhibitor concentration. E. coli K-12 alone and expressing pK19
were used as controls. Antimicrobial susceptibility of the clones tested, as well as 2 intratreatment
selected mutants, was confirmed by the microdilution method as described above.

Production and purification of CTX-M �-lactamases. Overnight cultures of recombinant E. coli
BL21 clones producing CTX-M-12, CTX-M-96, CTX-M-2, CTX-M-131, CTX-M-8, CTX-M-8Asp240Gly, CTX-
M-9, CTX-M-16, CTX-M-78, and CTX-M-78Asp240Gly grown in LB broth containing 30 �g/ml kanamycin
were diluted 1/20 in 500 ml of the same culture medium and grown at 37°C until an optical density of

TABLE 5 Primers used for cloning, expression, and site-directed mutagenesis

Primer Sequence (5=-3=)a Use

CTX-M-Group1 FpK AAATGGTTAAAAAATCACTGC Cloning in pK19 of CTX-M-12 and CTX-M-96
CTX-M-Group1 RpK CTACAAACCGTCGGTGACGAT Cloning in pK19 of CTX-M-12 and CTX-M-96
CTX-M-Group2 FpK TAATGATGACTCAGAGCATTCGC Cloning in pK19 of CTX-M-2 and CTX-M-131
CTX-M-Group2 RpK GCATCAGAAACCGTGGGTTACG Cloning in pK19 of CTX-M-2 and CTX-M-131
CTX-M-2 Asp240Gly Fw GCAGCGGAGGTTATGGCAC Site-directed mutagenesis
CTX-M-2 Asp240Gly Rv GTGCCATAACCTCCGCTGC Site-directed mutagenesis
CTX-M-Group8 FpK AGATGATGAGACATCGCGTTAAGC Cloning in pK19 of CTX-M-8 and CTX-M-8Asp240Gly

CTX-M-Group8 RpK TTAATAACCGTCGGTGACG Cloning in pK19 of CTX-M-8 and CTX-M-8Asp240Gly

CTX-M-8 Asp240Gly Fw CAGCGGTGGTTATGGTACGACG Site-directed mutagenesis
CTX-M-8 Asp240Gly Rv CGTCGTACCATAACCACCGCTG Site-directed mutagenesis
CTX-M-Group9 FpK AGATGGTGACAAAGAGAGTGC Cloning in pK19 of CTX-M-9 and CTX-M-16
CTX-M-Group9 RpK TTACAGCCCTTCGGCGATG Cloning in pK19 of CTX-M-9 and CTX-M-16
CTX-M-9 Asp240Gly Fw GGCGGCTACGGCACCACCAATG Site-directed mutagenesis
CTX-M-9 Asp240Gly Rv CATTGGTGGTGCCGTAGCCGCC Site-directed mutagenesis
CTX-M-78 FpK GGATGATGAGAAAAAGCGTAAGGC Cloning in pK19 of CTX-M-78 and CTX-M-78Asp240Gly

CTX-M-78 RpK GGACTAATAACCGTCGGTGAC Cloning in pK19 of CTX-M-78 and CTX-M-78Asp240Gly

CTX-M-78 Asp240Gly Fw GCGGCGGTTATGGTACGACGAATG Site-directed mutagenesis
CTX-M-78 Asp240Gly Rv CATTCGTCGTACCATAACCGCCGC Site-directed mutagenesis
PFNdeG1ht CTGCATATGCAAACGGCGGACG Expression in pET28a of CTX-M-12 and CTX-M-96
PRHindG1ht AAGCTTACAAACCGTCGGTGACG Expression in pET28a of CTX-M-12 and CTX-M-96
PFNheG2ht GCTAGCCAGGCGAACAGCGTGCAA Expression in pET28a of CTX-M-2 and CTX-M-131
PREcoG2ht GAATTCTCAGAAACCGTGGGTT Expression in pET28a of CTX-M-2 and CTX-M-131
PFNheG8/25ht CTGTATGCTAGCGCGAACGA Expression in pET28a of CTX-M-8 and CTX-M-8Asp240Gly

Expression in pET28a of CTX-M-78 and CTX-M-78Asp240Gly

PRHindG8/25ht AAGCTTAATAACCGTCGGTG Expression in pET28a of CTX-M-8 and CTX-M-8Asp240Gly

Expression in pET28a of CTX-M-78 and CTX-M-78Asp240Gly

PFNdeG9ht CTTCATATGCAGACGAGTGCGG Expression in pET28a of CTX-M-9 and CTX-M-16
PRHindG9ht AAGCTTACAGCCCTTCGGC Expression in pET28a of CTX-M-9 and CTX-M-16
aPrimers used for site-directed mutagenesis show one underlined nucleotide corresponding to the modified codon; primers used for cloning in expression vector
show the restriction enzyme recognition site as six-letter underline.
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0.9 at 600 nm was reached. Isopropyl-�-D-thiogalactopyranoside (IPTG), at a final concentration of 1 mM,
was added to induce �-lactamase expression. After 20 h of incubation at 28°C, crude extracts were
obtained through ultrasonic disruption, and after clarification by centrifugation at 10,000 � g for 30 min
(4°C, Sorvall SS34 rotor), clear supernatants containing CTX-M were dialyzed overnight against 2.5 liters
of buffer A (50 mM Tris, 200 mM NaCl, pH 8.0). Clear supernatants were filtered by 0.45-�m-pore-size
membranes and loaded onto a 5-ml HisTrap HP column (GE Healthcare Life Sciences, USA) connected to
an ÄKTA purifier (GE Healthcare Life Sciences, USA) and preequilibrated with buffer A.

The column was extensively washed to remove unbound proteins, and �-lactamases were eluted
with a linear gradient (0 to 100%; 2-ml/min flow rate) of buffer B (buffer A plus 500 mM imidazole). Eluted
fractions were analyzed by SDS-PAGE in 12% polyacrylamide gels, and �-lactamase activity was assessed
in all fractions by nitrocefin hydrolysis. Active fractions were pooled and dialyzed overnight against PBS
buffer. Thrombin digestion (GE Healthcare Life Sciences, USA) was performed at 16°C to remove the
histidine tag, according to the manufacturer’s indications, and removed by affinity chromatography in
1-ml HisTrap HP columns. Eluted proteins were conserved at �70°C until use. Protein concentration and
purity were determined by UV absorbance at 280 nm (according to Lambert-Beer law and molar
extinction coefficient) and by Coomassie blue staining on 15% SDS-PAGE gels, respectively.

Kinetics. Steady-state kinetic parameters were determined using a T80 UV-visible spectrophotom-
eter (PG Instruments Ltd., UK). Each reaction was performed in a total volume of 500 �l at room
temperature (25°C) in 25 mM phosphate buffer, pH 7.0. The steady-state kinetic parameters Km and Vmax

for CEF and CTX were obtained under initial rates as described previously (31), with nonlinear least-
squares fitting of the data (Henri Michaelis-Menten equation) using GraphPad Prism 5.03 for Windows
(GraphPad Software, San Diego, CA USA):

v �
Vmax � �S�
Km � �S� (1)

In the case of CAZ, as hydrolysis velocities did not approach saturation at testable concentrations, the
slope of the velocity versus antibiotic concentration plot was considered the second-order rate constant
for hydrolysis at steady state, kcat/Km. Inhibition constant Ki was determined by monitoring the residual
activity of the enzyme in the presence of various concentrations of CAZ and 100 �M nitrocefin as
reporter substrate; the corrected Ki (considered the observed or apparent Km) value was finally deter-
mined using the equation

Ki �
Ki obs

�1 � �S�� ⁄ Km�S�
K (2)

where Km(S) and [S] are the reporter substrate’s Km and fixed concentration used, respectively. Due to
slight inhibition of nitrocefin hydrolysis even in the presence of high concentrations of CAZ, CTX-M
enzymes were preincubated for 1 and 2 h with 0, 100, 200, 400, 580, 1,790, 3,500, and 8,200 �M CAZ prior
to the addition of nitrocefin and subsequent measurement of �-lactamase activity. Preincubation with
CEF at 50 and 500 �M served as a control in this assay.

The interaction of CTX-M enzymes with AVI was assumed to follow the models of other �-lactamases
except KPC-2 (32). Inhibition constants Ki and k2/K were determined as reported previously (30).

The following extinction coefficients and wavelengths were used (34): CEF (Δ	273 of �6,300 M�1

cm�1), CAZ (Δ	260 of �9,000 M�1 cm�1), CTX (Δ	260 of �7,500 M�1 cm�1), and nitrocefin (
 
 482 nm;
Δ	482 of �15,000 M�1 cm�1).

Circular dichroism. CD spectra were recorded on a Jasco J-810 spectropolarimeter. Data in the
near-UV (250 to 320 nm) and far-UV (200 to 250 nm) regions were collected at 25°C using 10- or
1-mm-path-length cuvettes, respectively. A scan speed of 20 nm/min with a time constant of 1 s was
used for both proteins. Each spectrum was measured at least three times, and the data were averaged
to minimize noise. Molar ellipticity was calculated as described elsewhere (48), using a mean residue
weight value of 107.

Fluorescence measurements. Fluorescence measurements were performed at 25°C in a Jasco
FP-6500 spectrofluorimeter equipped with a thermostated cell. A 3-mm-path cuvette sealed with a Teflon
cap was used. The excitation wavelength was 295 nm, and emission was collected in the range of 300
to 410 nm. The excitation and emission monochromator slit widths were both set at 3 nm.

Thermal denaturation. Thermal unfolding was monitored by the change of the dichroic signal at
222 nm. The dynode voltage (voltage applied to the photomultiplier tube to compensate for the
reduction in light intensity) was recorded simultaneously. Each protein sample (200 �l; 8 to 16 �M)
contained in a 1-mm cell cuvette was gradually heated from 25 to 60°C at a scan rate of 1°C min�1.

For the spectroscopic techniques, phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 1.5 mM
KH2PO4, 8 mM Na2HPO4) was used.

Simulated modeling of CTX-M-96 in complex with AVI. The X-ray structure of CTX-M-96 (PDB
entry 3ZNY [24]) previously obtained by our group was used to model the acyl-enzyme structure with
AVI. The reference structure, with PDB code 4HBU (CTX-M-15 in complex with AVI [34]), was used for
initial positioning of the ligand in the CTX-M-96 structure. Simulation structure was energy minimized
with the program Yasara (49), using a standard protocol consisting of a steepest descent minimization
followed by simulated annealing of the ligand and protein side chains. CTX-M-96 backbone atoms were
kept fixed during the whole procedure. Simulation parameters consisted of the use of AMBER14 force
field (50), a cutoff distance of 7.86 Å, particle mesh Ewald (PME) long-range electrostatics (51), periodic
boundary conditions, and a water-filled simulation cell.
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