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The cephalosporinase CMY-107, a Tyr199Cys mutant form of CMY-2 encoded by an IncI self-transferable plasmid carried by an
Escherichia coli clinical strain, was characterized. The enzyme hydrolyzed oximino-cephalosporins and aztreonam more effi-
ciently than CMY-2 did.

Of the five groups of plasmid-borne AmpC �-lactamases
(cephalosporinases), the Citrobacter freundii-derived CMY-

type enzymes are the most widespread. CMY-2 is considered the
progenitor of numerous variants (www.lahey.org/Studies/other
.asp#table1) (1–3), most of which efficiently hydrolyze penicillins
and older cephalosporins, while their activity against expanded-
spectrum cephalosporins and aztreonam is relatively low. There
have, however, been variants classified as extended-spectrum
AmpCs (ESACs) (4), such as CMY-30, -32, -42, -94, and -95,
exhibiting enhanced hydrolysis against oximino-�-lactams mostly
because of replacements in conserved �-loop residues (5–8). An
additional group of naturally occurring CMY-2-derived ESACs,
including CMY-33 and CMY-44, are capable of efficiently hydro-
lyzing cefepime, a property that has been attributed to deletions in
the H-10 helix (4, 9, 10).

We describe here CMY-107, a Tyr199Cys mutant form of
CMY-2 with extended-spectrum (ES) properties that is produced
by an Escherichia coli clinical strain of sequence type 2013
(ST2013), as determined by an established multilocus sequence
typing scheme (11).

E. coli EL-495 was isolated in 2012 in an Athens hospital from
the urine of an outpatient with vesicoureteral reflux who had been
repeatedly treated with cefuroxime. The �-lactam resistance pro-
file of EL-495 indicated cephalosporinase production (Table 1).

The strain was susceptible to aminoglycosides, fluoroquinolones,
and co-trimoxazole. The resistance pattern of EL-495 was trans-
ferred by conjugation to E. coli 1R716 (lac Strr) (Table 1) (12).
Whole-cell DNA preparations from EL-495 and a transconjugant
clone (Trc-495) were used as templates in PCR assays for various
bla genes (13, 14). Sequencing of the PCR products showed that
both strains carried a blaCMY-2-like gene (see below) and blaTEM-1.
Isoelectric focusing of cell extracts obtained by sonication showed
the production of two �-lactamases with isoelectric points of 5.4
(TEM-1 penicillinase) and 9.0 corresponding to the CMY-2-type
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TABLE 1 Etest MICs of �-lactams tested against E. coli strains carrying wild-type plasmid pEL495 and CMY-encoding recombinant plasmids

�-Lactam

MIC (�g/ml) for E. coli strain:

EL-495(pEL495)c Trc-495(pEL495)c 1R716 DH5�(pAC-cmy107)c DH5�(pAC-cmy2)d DH5�(pACYC184) DH5�

Ticarcillin �256 �256 1.5 �256 �256 2 2
Ticarcillin � CLa �256 �256 1.5 �256 �256 2 2
Piperacillin 64 48 1.5 �256 �256 2 1.5
Piperacillin � TZb 8 8 0.5 12 16 1 1
Cefoxitin 128 128 2 �256 �256 2 2
Cefuroxime �256 �256 2 �256 �256 2 2
Ceftazidime 128 128 0.12 �256 128 0.12 0.19
Cefotaxime 32 32 �0.06 256 32 �0.06 �0.06
Aztreonam 16 12 �0.06 64 24 �0.06 �0.06
Cefepime 0.5 0.5 �0.06 1 1 �0.06 �0.06
Imipenem 0.5 0.5 0.19 0.5 0.5 0.12 0.12
a CL, clavulanic acid (at a fixed concentration of 2 �g/ml).
b TZ, tazobactam (at a fixed concentration of 4 �g/ml).
c Produces CMY-107.
d Produces CMY-2.
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enzyme. It was therefore concluded that resistance to oximino-�-
lactams was due primarily to the latter cephalosporinase.

Electrophoresis of plasmid DNA derived from EL-495 and trc-
EL-495 by alkaline lysis (15) demonstrated the transfer of a 70-kb
plasmid (pEL495) that hybridized with a blaCMY-2 probe (16) and
was classified into the IncI family by PCR-based replicon typing
(17). The blaCMY locus was characterized by PCR mapping and
sequencing of the amplicons, as well as primer walking directly on
pEL495 (Fig. 1; see Table S1 in the supplemental material) (14,
18–20). The blaCMY gene differed from blaCMY-2 (GenBank acces-
sion no. X91840) by an A-to-G transition at position 656 of the
coding sequence, resulting in a Cys-for-Tyr199 substitution in the
mature protein. The novel variant was designated CMY-107.
blaCMY-107 was part of a 2,590-bp segment similar to those com-
monly found in plasmid-borne loci that encode CMY-2-like en-
zymes (Fig. 1). Upstream of blaCMY-107, a 159-bp fragment of
ISEcp1 (that included the right inverted repeat, as well as the pro-
moter region provided by ISEcp1) and the pndC gene (belonging
to the IncI scaffold) were found. An identical structure has been
described in pSTHV23035, a CMY-2-encoding IncI� plasmid
from Salmonella enterica serovar Typhimurium (GenBank acces-
sion no. GQ398239) (21). Upstream of sugE, a sequence compris-
ing the open reading frames encoding the FinQ (fertility inhibi-
tion system) and TrbA (plasmid transfer function) proteins was
also identified, as in pSTHV23035 (Fig. 1).

The fact that the CMY-107-encoding locus of pEL495 was
identical to that of pSTHV23035—and rather rare among blaCMY-
carrying IncI replicons—indicated a common ancestry. To docu-
ment this notion, an E. coli K802N transconjugant harboring
pSTHV23035 (21) was used to purify the plasmid as it was done
for pEL495, and the two molecules were compared by restriction
fragment length polymorphism analysis after EcoRI digestion.
Their electrophoretic profiles were similar, with the sole differ-
ence being an additional band (	3,000 bp) in the digests of
pSTHV23035. Moreover, hybridization with a blaCMY-2-specific

probe showed that blaCMY was located in a 5,500-bp fragment in
both plasmids (see Fig. S1 in the supplemental material).

Previously described plasmids pBC-cmy2 and pAC-cmy2, de-
rived from pBC-SK(�/
) and pACYC184, respectively (5), were
used to construct pBC-cmy107 and pAC-cmy107 by site-directed
mutagenesis with the QuikChange mutagenesis kit (Stratagene)
and two mutagenic primers, Y199C-F (5=-CAG AAC GAA CAA
AAA GAT TGT GCC TGG GGC TAT CGC GAA-3=, where bold-
face and underlining indicate the altered nucleotide and codon
199 in blaCMY-107, respectively) and Y199C-R (5=-TTC GCG ATA
GCC CCA GGC ACA ATC TTT TTG TTC GTT CTG-3=). The
recombinant plasmids were used to transform E. coli DH5�. The
resulting clones produced CMY-2 and CMY-107 and were used
for cephalosporinase purification [pBC-SK(�/
) derivatives]
and comparative determination of �-lactam MICs under isogenic
conditions (pACYC184 derivatives). CMY-107 and CMY-2 were
purified to near homogeneity (�95%) after two ion-exchange
chromatography steps with Q- and S-Sepharose columns (22).
The activities of the enzymes against various �-lactam substrates
were assessed by UV spectrophotometry (23, 24). The hydrolysis
constants of penicillin G, cephalothin, and cefoxitin were similar
for CMY-107 and CMY-2. CMY-107 was more active against ce-
furoxime and cefotaxime than CMY-2 was because of its much
higher kcat, which was partially compensated for by higher Km

values. The turnover rate (kcat) of CMY-107 for ceftazidime was at
least 1 order of magnitude higher than that of CMY-2. Also, mea-
surable hydrolysis of aztreonam was observed with CMY-107,
whereas CMY-2 was inactive against this compound (Table 2).
The rates of cefepime and imipenem hydrolysis by both enzymes
were too low to be measured accurately. The differences between
the kinetic parameters of CMY-107 and CMY-2 were compatible
with the MICs of �-lactams (Table 1), confirming the ES proper-
ties of the former cephalosporinase. The inhibition profile of
CMY-107 was typical for an AmpC (the Ki values for cloxacillin,
aztreonam, RO-48-1220, and tazobactam were 0.8, 7.0, 110, and

FIG 1 Structure of the CMY-107-encoding locus carried by pEL495. The sequencing primers used in this study are indicated by the black arrows. For the
sequences of the oligonucleotide used for PCR mapping and sequencing, see Table S1 in the supplemental material. The gene arrangement is identical to that of
the respective locus of pSTHV23035.

TABLE 2 Kinetic parameters of CMY-107 and CMY-2 cephalosporinases on various �-lactam substratesa

Substrate

CMY-107 (Cys199) CMY-2 (Tyr199)

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

Penicillin G 20 � 3 0.8 � 0.1 25 24 � 3 0.6 � 0.08 40
Cephalothin 202 � 14 13 � 3.0 16 267 � 10 17 � 1.0 16
Cefoxitin 0.30 � 0.02 0.12 � 0.02 2.5 0.35 � 0.04 0.15 � 0.02 2.3
Cefuroxime 0.56 � 0.07 0.04 � 0.01 14 0.014 � 0.005 0.005 � 0.001 2.8
Cefotaxime 0.80 � 0.1 0.075 � 0.02 10.7 �0.01 � 0.002 0.005 � 0.001 �2
Ceftazidime 0.14 � 0.05 0.15 � 0.02 0.9 0.01 � 0.002 0.02 � 0.003 0.5
Aztreonam 0.018 0.007 2.6 NHc

a Values are the means of three independent measurements.
b When the Km was �10 �M, the respective values were determined as Kis with cephalothin as the reporter substrate.
c NH, no hydrolysis observed after 1 h of incubation of 250 � aztreonam with 0.3 � enzyme.
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FIG 2 (A) Three-dimensional structures of CMY-2 (left) and CMY-107 (right) corresponding to the average minimized structures of the two enzymes obtained
after 5-ns MD simulations. Structures forming the active site are highlighted (orange ribbons), and the side chains of residues of interest are shown as sticks.
Tyr199 in CMY-2 was interacting with His210, located in the middle of the � loop. In CMY-107, the side chain of Cys199 could not participate in any interaction
with His210, while the side chain of Clu61 interacted less frequently with the amide of Val211 (an interaction that was strong in CMY-2 simulations). (B)
Thermal-factor profiles of the two enzymes in their free forms and in ceftazidime (CAZ) acyl enzymes. In CMY-107, the regions around position 211 in free
enzymes and Tyr221 in CAZ acyl enzymes (indicated by arrows) were more flexible than in the respective species of CMY-2. (C) Thermal denaturation of CMY-2
and CMY-107 in the presence of SYPRO orange performed in a Bio-Rad MiniOpticon instrument. The ES enzyme was less stable than CMY-2 (melting
temperature [Tm] of CMY-2, 56.3 � 0.3°C; Tm of CMY-107, 52.8 � 0.3°C [values obtained in three independent experiments]).
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820 nM, respectively), without remarkable differences from that
of CMY-2.

The enzymatic activity of CMY-107 resembles that of the
Val211Gly (CMY-30) and Val211Ser (CMY-42) ES variants of
CMY-2 (5, 7). Analysis of the crystal structure of CMY-2 (Protein
Data Bank entry 1ZC2), as well as molecular dynamics (MD) sim-
ulations (25), showed that tyrosine at position 199 in CMY-2 (lo-
cated at the amino end of the � loop) is “bridged” with position
211 as its side chain interacts with (i) His210 through stacking and
quadrupole interactions and (ii) the carboxylate of Glu61, which
also interacts with the main-chain nitrogen of Val211 (Fig. 2A,
left). Replacement of Tyr199 with cysteine in CMY-107 would
lead to the abolishment of these interactions, with the side chain of
His210 being free to move and, at the same time, Glu61 interacting
less frequently with the amide group of Val211 (Fig. 2A, right), as
indicated by 5-ns MD simulations of a model of the enzyme per-
formed as described previously (25).

Disruption of the His210-Tyr199-Glu61-Val211(-NH) system
in CMY-107 by the Tyr199Cys substitution seemed to affect the
MD of the enzyme in ways similar to those in which Val211Gly
and Val211Ser did (22). The thermal factors of the mutant en-
zyme’s backbone in its free form were significantly elevated in
�-loop region at positions 210 to 213 compared to those of
CMY-2 (Fig. 2B, left). Moreover, in ceftazidime acyl-enzyme spe-
cies, CMY-107 exhibited increased flexibility in the Tyr221 region
(Fig. 2B, right). Interpretation of atomic fluctuations through
principal-component analysis revealed some additional traits
common to CMY-107 and the other �-loop ES CMY-2 variants
regarding the main inner protein movements across the MD tra-
jectories. In free CMY-107, the � loop exhibited an intense con-
certed movement that was correlated with the Q120 loop and H10
helix/R2 loop fluctuations (see Fig. S2, left panel, in the supple-
mental material), while in ceftazidime acyl enzymes, the bound
substrate exhibited increased vibrations that were correlated with
either the H10/R2 loop (through the dihydrothiazine ring of cef-
tazidime) or the movements of the � loop and especially those of
His210, Val211, and Tyr221 (see Fig. S2, right panels).

Molecular simulations of CMY-107 indicated that the enzyme
possesses elements that are more flexible than those of CMY-2.
Thermal denaturation experiments (22) showed that this flexibil-
ity is translated into decreased thermal stability, with CMY-107
exhibiting a melting temperature 3.5°C lower than that of CMY-2
(Fig. 2C). As the same was observed for CMY-30 and CMY-42,
there are clear indications of a correlation between reduced ther-
mal stability and increased hydrolysis of oximino-�-lactams by
CMY-2-derived ESACs. A plausible hypothesis is that the in-
creased flexibility/“destabilization” of the active site in oximino-
�-lactam/acyl-enzyme species of CMY-107 would lead to faster
hydrolysis of the ester through more frequent adaptation of con-
formations resembling a transition state.

The clinical significance of CMY-2-type ESACs is largely un-
known. Their frequency may be higher than suggested by their
sporadic occurrence. The transcription of blaCMY-2-type genes is
controlled by the strong promoter provided by ISEcp1, resulting
in increased cephalosporinase production and, consequently, in-
creased resistance to newer �-lactams. This, in turn, could mask
the effects of ESAC production. Nevertheless, the occurrence of
CMY-107, as well as the CMY-94 (Leu293Ser), CMY-95
(Leu293Ser/Val211Ala), and CMY-33 (Leu293-Ala294 deletion)
ESACs, mutant forms of CMY-2 that emerged during ceftazidime,

aztreonam, and cefepime chemotherapy (8, 10), suggests that pro-
longed treatment of patients colonized with CMY-2-expressing
members of the family Enterobacteriaceae with oximino-�-lac-
tams may lead to the selection of ES mutants. Spread of the respec-
tive genes is also evident, as the Tyr199Cys mutant form of CMY-2
was first identified in a surveillance study in France during 2004 to
2008 (26). The CMY-30 and CMY-42 ESACs have also been iso-
lated more than once (27–30). The E. coli EL495 isolate described
here belongs to a rare ST (ST2013) (http://mlst.warwick.ac.uk
/mlst/dbs/Ecoli), a single-locus variant of ST73 that, to our knowl-
edge, has not previously been associated with blaCMY-2. Findings
presented here underscore the mobility of the blaCMY-2-type
genes, as well as the possibility of selection of diverse ESACs under
the appropriate pressure. Apart from their potential clinical im-
portance, studies of ESACs provide insights regarding the struc-
ture-function relationships of AmpCs.

Nucleotide sequence accession number. The nucleotide se-
quences described in this study have been assigned accession no.
KR061886 in the GenBank database.
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