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In CTX-M-9 extended-spectrum �-lactamases (ESBLs), an S130G mutation induced a 40- to 650-fold
increase in 50% inhibitory concentrations but decreased hydrolytic activity against cefotaxime. A D240K
mutation did not modify enzymatic efficiency against ceftazidime. Residue K240 could interact with Q270 and
therefore not with ceftazidime, in contrast with what was observed with certain TEM/SHV-type ESBLs.

CTX-M extended-spectrum �-lactamases (ESBLs) are gen-
erally characterized by much greater hydrolytic activity against
cefotaxime than against ceftazidime (2, 3). Three recently de-
scribed enzymes, CTX-M-15 (1, 12), CTX-M-16 (6), and CTX-
M-19 (19), have greater enzymatic efficiency against ceftazi-
dime. CTX-M-15 and CTX-M-16 harbor an Asp3Gly
substitution in position 240. Position 240 is known to play a
major role in the activity against ceftazidime of certain TEM/
SHV-type ESBLs (10, 13). Nevertheless, positively charged
residues (Lys and Arg) are always observed in these ESBLs.
Currently, CTX-M enzymes are susceptible to inhibitors of
�-lactamases, whereas TEM/SHV-type enzymes have acquired
a high level of resistance to inhibitors, notably through an
S130G substitution (4, 16, 18, 20), which is directly implicated
in the inhibition process (7, 8).

By analogy with SHV/TEM-type enzymes, we investigated in
the present study whether CTX-M-9 enzyme could improve its
activity against ceftazidime or acquire resistance to inhibitors
by D240K and S130G substitutions, respectively.

The CTX-M-9-encoding plasmid pClRio-7 (6) was used to
introduce the mutations into blaCTX-M-9 by site-directed mu-
tagenesis (14) using the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, Calif.). An S130G mutant was con-
structed by using the primers M9S130G-A (5�-GCCGCGTTG
CAGTACGGCGACAATACCGCCATG-3�) and M9S130G-B
(5�-ATGGCGGTATTGTCGCCTACTGCAACGCGGC3�),
whereas a D240K mutant was constructed by using the primers
M9D240K-A (5�-GATAAGACCGGCAGCGGCAAGTACG
GCACCACCAATG-3�) and M9D240K-B (5�-CATTGTGGT
GCCGTACTTGCCGCTGCCGTCTTATC-3�) (the mutated
codons are underlined). All the mutant genes were sequenced
on both strands by the dideoxy chain termination procedure of
Sanger et al. (21) as previously reported (5). The MICs of
�-lactams alone or in combination with �-lactamase inhibitors

were determined by a dilution method in agar as previously
reported (6). Table 1 lists the MICs of �-lactams for Esche-
richia coli DH5� strains producing CTX-M-9 and the S130G
and D240K mutants.

High levels of resistance were observed for amoxicillin, ti-
carcillin, and cephalothin (MICs, 64 to �2,048 �g/ml) for the
three �-lactamases. Combination with clavulanate did not re-
store the activity of amoxicillin and ticarcillin for S130G mu-
tant-producing E. coli, whereas activity was restored with the
strain producing the D240K mutant and CTX-M-9 (MICs, 256
to 512 �g/ml versus 8 to 32 �g/ml). The MICs of cefotaxime
(0.25 versus 8 �g/ml), ceftazidime (0.12 versus 1 �g/ml), and
aztreonam (0.12 versus 2 to 4 �g/ml) were lower for S130G
mutant-producing E. coli than for D240K mutant-producing
and CTX-M-9-producing E. coli. Overall, the S130G mutant
induced a resistance phenotype similar to that conferred by
inhibitor-resistant or overexpressed TEM-type penicillinase
(8), whereas the resistance phenotype conferred by the D240K
mutant was similar to that of parental enzyme CTX-M-9.

The two mutant enzymes were extracted from recombinant
E. coli DH5� by sonication and purified by ion exchange and
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TABLE 1. �-Lactam MICs for E. coli DH5� producing CTX-M-9,
the S130G mutant, and the D240K mutant

Substrate(s)
MIC (�g/ml) for E. coli DH5� producing:

S130G mutant D240K mutant CTX-M-9 No enzyme

Amoxicillin �2,048 �2,048 �2,048 2
Amoxicillin �

CLAa
256 8 8 2

Ticarcillin �2,048 �2,048 �2,048 2
Ticarcillin � CLAa 512 32 16 2
Piperacillin �64 �64 256 2
Piperacillin �

TZBb
4 2 2 2

Cephalothin 64 256 512 4
Cefotaxime 0.25 8 8 0.06
Ceftazidime 0.12 1 1 0.12
Aztreonam 0.12 2 4 0.06

a Clavulanate at a fixed concentration of 2 �g/ml.
b Tazobactam at a fixed concentration of 4 �g/ml.
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gel filtration as previously described (6). The kinetic constants
of purified enzymes (purity rates � 96%) were obtained by a
computerized microacidimetric method as previously de-
scribed (15). The concentrations of inhibitors required to in-
hibit enzyme activity by 50% (IC50s) were determined as pre-
viously reported (5).

Inhibition profiles of S130G, D240K, and CTX-M-9 en-
zymes are shown in Table 2. Those of the latter two were
similar, whereas IC50s of the S130G mutant were 40-fold (sul-

bactam) to 650-fold (tazobactam) higher than those of CTX-
M-9.

The kinetic constants of the two mutants and of the parental
enzyme CTX-M-9 are listed in Table 3. Compared to CTX-
M-9, the S130G mutant showed similar Km values but greatly
decreased hydrolytic activity (kcat), particularly on cephalospo-
rins (cephalothin, 3 versus 3,000 s�1; cefotaxime, 0.5 versus 450
s�1). S130G substitution therefore induced resistance to �-lac-
tam inhibitors but altered the extended-spectrum activity, as
previously observed in the SHV/TEM-type complex mutant
CMT-3 (18, 20, 23).

kcat values for the D240K mutant were weakly increased for
penicillin G, cefotaxime, and ceftazidime and similar to those
of CTX-M-9 for amoxicillin, ticarcillin, piperacillin and aztreo-
nam. Km values were weakly increased for all �-lactams. The
enzymatic efficiency (kcat/Km) of the D240K mutant was only
weakly reduced for cefotaxime (1.5 versus 4 s�1 �M�1) and
not significantly increased for ceftazidime (0.005 versus 0.003
s�1 �M�1) in contrast with that observed with CTX-M-16 (a

FIG. 1. Structures of CTX-M-9 (A), the D240K mutant (B), and CTX-M-16 (C) obtained by molecular modeling and the crystallographic
structure of TEM-1 (D) (17). Two black dots indicate the positions of water molecules: W1, the catalytic water molecule maintained by the lateral
chains of residues 166, 170, and 70, and W2, the water molecule of oxyanionic hole formed by the main chains of residues 70 and 237. The hydrogen
bonds between residues 170, 240, and 270 are indicated by dashed lines.

TABLE 2. Inhibition profiles of S130G, D240K, and
CTX-M-9 enzymes

Agent
IC50 (�M)

S130G mutant D240K mutant CTX-M-9 (6)

Clavulanate 18 � 1 0.025 � 0.002 0.036 � 0.001
Tazobactam 4.5 � 0.2 0.006 � 0.001 0.007 � 0.001
Sulbactam 135 � 8 3.0 � 0.5 3.5 � 0.2
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D240G mutant of CTX-M-9) (6) and K240-harboring SHV/
TEM-type ESBLs (10, 13).

To investigate the role of residue 240, the structures of
CTX-M-9, CTX-M-16, and the D240K mutant were modeled
on the basis of the crystallographic structure of the CTX-M
enzyme Toho-1 (11). The mutations were introduced as part of
an automated procedure using Hyperchem v6.3 software (Hy-
percube Inc., Gainesville, Fla.). The residues, the catalytic wa-
ter molecule, and the water molecules of the Toho-1 crystal
were minimized using the Amber96 parameters (9) and a dis-
tance-dependent dielectric constant by conjugate gradient un-
til the root mean square gradient was 	0.1 kcal/mol. The
major differences observed between the models obtained and
TEM-1 crystallographic structure (17) are shown in Fig. 1.

In the CTX-M enzymes, the loop connecting the �5 strand
and the H11 helix exhibited two additional residues and was
oriented towards the C-terminal extremity of the �3 strand,
unlike that in the TEM-type enzyme (Fig. 1D). In the CTX-
M-9 and D240K models, residue Asn-270 established a hydro-
gen bond with D240 and K240 side chains, respectively (Fig.
1A and B), while this hydrogen bond is absent in the CTX-
M-16 model and SHV/TEM-type enzymes (10, 13). In the
crystal structure of Toho-1 acyl enzymes (22), the interaction
between residues 270 and 240 is mediated by a water molecule.
However, the calculated energy from a structure harboring a
binding mediated by a water molecule was higher than that
obtained from the model harboring a direct interaction of
residues 270 and 240. This interaction may be involved in the
positioning of �3-strand residues during the catalytic process
and could therefore explain the similarities of kinetic constants
between CTX-M-9 and D240K, as well as the differences ob-
served with those of CTX-M-16 (6). Molecular modeling sug-
gests that K240 of SHV/TEM-type ESBLs increases enzymatic
efficiency against ceftazidime by establishing a hydrogen bond
with ceftazidime (10, 13). In CTX-M, this interaction could be
altered by the interaction between residues 240 and 270, the
latter of which orients the K240 side chain away from the active
site of the enzyme.

In conclusion, CTX-M-9 behaved like SHV/TEM-type
�-lactamases with regard to an S130G substitution but not the
substitution in position 240, probably because of a slight struc-
tural difference in the loop connecting the �5 strand and the
H11 helix.
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