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A liver transplant patient was admitted with cholangitis, for which meropenem therapy was started. Initial cultures showed a
carbapenem-susceptible (CS) Escherichia coli strain, but during admission, a carbapenem-resistant (CR) E. coli strain was iso-
lated. Analysis of the outer membrane protein profiles showed that both CS and CR E. coli lacked the porins OmpF and OmpC.
Furthermore, PCR and sequence analysis revealed that both CS and CR E. coli possessed blaCTX-M-15 and blaOXA-1. The CR E. coli
strain additionally harbored blaCMY-2 and demonstrated a >15-fold increase in �-lactamase activity against nitrocefin, but no
hydrolysis of meropenem was detected. However, nitrocefin hydrolysis appeared strongly inhibited by meropenem. Further-
more, the CMY-2 enzyme demonstrated lower electrophoretic mobility after its incubation either in vitro or in vivo with mero-
penem, indicative of its covalent modification with meropenem. The presence of the acyl-enzyme complex was confirmed by
mass spectrometry. By transformation of the CMY-2-encoding plasmid into various E. coli strains, it was established that both
porin deficiency and high-level expression of the enzyme were needed to confer meropenem resistance. In conclusion, carbap-
enem resistance emerged by a combination of elevated �-lactamase production and lack of porin expression. Due to the reduced
outer membrane permeability, only small amounts of meropenem can enter the periplasm, where they are trapped but not de-
graded by the large amount of the �-lactamase. This study, therefore, provides evidence that the mechanism of “trapping” by
CMY-2 �-lactamase plays a role in carbapenem resistance.

Until a few years ago, carbapenem resistance in Escherichia coli
and Klebsiella pneumoniae was rare. In recent reports, how-

ever, genes such as KPC, NDM, VIM, IMP, and OXA, which en-
code carbapenemases, have been described (1, 2). The expression
of these enzymes in E. coli can result in carbapenem resistance.
Occasionally, E. coli or K. pneumoniae isolates resistant to carbap-
enem antibiotics are detected without the aforementioned car-
bapenemases. The explanation for this phenomenon is the pres-
ence of two mechanisms of resistance operating in unison, i.e., the
presence of large quantities of chromosomal or plasmid-encoded
�-lactamases together with decreased permeability of the outer
membrane (3–5). The extreme imbalance between the number of
antibiotic molecules entering the bacterial cell and the high quan-
tities of �-lactamase present in the periplasm is used to explain the
resistance to the carbapenems.

This explanation, however, is controversial, as both Mammeri
et al. (6) and Queenan et al. (7) have demonstrated that AmpC and
CTX-M enzymes have no or little hydrolytic activity toward car-
bapenems. Nevertheless, these authors concluded that the in-
creased MICs for carbapenems were able to be explained by the
low-but-not-zero hydrolysis rate of the antibiotics by the AmpC
enzymes (8). Another possible mechanism that might be involved
is trapping, which involves complex formation between antibiot-
ics and �-lactamases to prevent the antibiotics from reaching their
targets (9–12). However, this mechanism is controversial for
�-lactam antibiotics except moxalactam, for which trapping has
been accepted as a mechanism of resistance (13, 14). Additionally,
the trapping mechanism has been demonstrated for ceftazidime

and a mutated TEM �-lactamase (15). Recently, a covalent acyl-
enzyme complex of imipenem with AmpC �-lactamase has been
demonstrated by crystallography. The structure revealed that the
electrophilic acyl center of imipenem was not bound in the oxy-
anion hole of the enzyme but was displaced and therefore escaped
hydrolysis (16).

In the present study, we report the clinical and microbiological
characteristics associated with carbapenem resistance of an E. coli
isolate that was selected in vivo by a meropenem-containing regi-
men and provide evidence for the mechanism of trapping by a
plasmid-encoded CMY-2 �-lactamase.

MATERIALS AND METHODS
Patient and isolates. A 22-year-old female received a liver transplant in
September 2007 at the Erasmus University Medical Center, Rotterdam,
the Netherlands. The transplantation procedure was complicated by in-
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tra-abdominal infection with a multiresistant extended-spectrum-�-lac-
tamase (ESBL)-producing E. coli strain for which she received treatment
with meropenem. Shortly thereafter, she suffered from substantial intra-
abdominal bleeding due to the rupture of a mycotic aortic aneurysm. A
vascular prosthesis was positioned, and the patient was discharged in De-
cember 2007. Since infection of the vascular prosthesis was anticipated,
meropenem was continued until spring 2009. In July 2009, the patient was
readmitted with acute liver failure and cholangitis and meropenem was
restarted and continued for 7 days until adequate drainage of the biliary
tract was achieved. Initial cultures showed a carbapenem-susceptible E.
coli isolate. However, at later stages of the hospitalization, several E. coli
isolates with changed susceptibility patterns were obtained from abdom-
inal specimens (Table 1).

Identification and susceptibility testing. Patient isolates were identi-
fied to the species level with Vitek 2 (Vitek AMS; bioMérieux Vitek Sys-
tems Inc., Hazelwood, MO). Susceptibilities to antimicrobial drugs were
determined with Vitek 2 using AST-N140 (Vitek AMS) and confirmed by
Etest (AB bioMérieux, Solna, Sweden) according to the manufacturer’s
instructions. Susceptibility tests and the applied modified Hodge test were
performed according to the 2010 CLSI guidelines (17).

PFGE. The isolates were typed by pulsed-field gel electrophoresis
(PFGE) as described previously (18). Cluster designation was based on
isolates showing approximately 80% or greater relatedness, which corre-
sponds to the “possibly related (4 to 6 bands difference)” criterion of
Tenover et al. (19).

OMP analysis. Outer membrane protein (OMP) profiles were studied
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and confirmed by immunoblotting. Briefly, cell envelopes were
isolated from bacteria grown overnight at 37°C in L broth or, when indi-
cated, in a phosphate-limited medium (20, 21). Cells were disrupted by
ultrasonication, and Sarkosyl (2% end concentration) was added to the
lysates to dissolve the inner membrane proteins (22). After 30 min of
incubation at room temperature, the insoluble OMPs were collected by
centrifugation for 30 min at 16,100 � g. Cell fractions were analyzed by
SDS-PAGE as described previously (23) with 0.2% SDS and, to separate
the porins OmpF and OmpC, 5 M urea in the running gel. Proteins were
stained with Coomassie brilliant blue or transferred to nitrocellulose
membranes by semidry electroblotting. The blots were incubated with a
polyclonal antiserum that was raised against the E. coli porin PhoE and
cross-reacts with the related porins OmpF and OmpC and, subsequently,
with alkaline phosphatase-conjugated goat anti-rabbit IgG antiserum
(BioSource International Inc., Camarillo, CA). The blots were then
stained with 0.5 mg/ml 5-bromo-4-chloro-3-indolylphosphate and 0.1
mg/ml nitroblue tetrazolium (Sigma-Aldrich, St. Louis, MO) in 100 mM
NaHCO3 and 1 mM MgCl2 (pH 9.8) until color developed.

Characterization of �-lactamases. PCRs were used as previously de-
scribed to amplify several �-lactamase genes coding for ESBLs (blaCTX-M,
blaTEM, and blaSHV), plasmid-encoded AmpCs (blaCMY, blaFOX, blaMOX,
blaDHA, blaLAT, blaACT, and blaMIR), and oxacillinases (24–29). Addition-
ally, we tested for the carbapenemase genes blaVIM, blaIMP, and blaKPC (30,
31). Sequencing of PCR products was performed using a 3100 ABI Prism
genetic analyzer (Applied Biosystems, Foster City, CA) with an additional
primer for the CTX-M-1 group (28). For sequencing of the CMY-2 gene,

primers described by Bauernfeind et al. were used (32). Analysis and com-
parisons of nucleotide and amino acid sequence data were carried out
using MegAlign software (DNAStar Inc., Madison, WI).

Transformation. Plasmids were isolated from the carbapenem-resis-
tant patient isolates EC-8 and EC-9 (Table 1) and used to transform E. coli
strain BL21(DE3) (Novagen), which produces OmpF as the only porin,
and an ompF mutant derivative of this strain, designated CE1536 (33).
Transformation was done by electroporation selecting for resistance to
100 �g/ml ampicillin.

Analysis of �-lactamase activity in periplasmic fractions. �-Lacta-
mase activity in periplasmic extracts was determined using nitrocefin
(Calbiochem, Merck KGaA, Darmstadt, Germany) as a chromogenic sub-
strate (34). First, periplasmic fractions were isolated from bacteria expo-
nentially growing in L broth. The bacteria were harvested and converted
to spheroplasts (35), which were removed by centrifugation for 1 min at
16,000 � g. The supernatant was used as the periplasmic extract. Appro-
priate dilutions of the extract in 1 ml of 10 mM HEPES and 5 mM MgCl2
(pH 7.2) were incubated at room temperature with 50 �M nitrocefin, and
the initial rate of nitrocefin cleavage was measured by the change in optical
density at 486 nm (OD486). A change in the OD486 of 1 corresponds to the
degradation of 68.1 nmol nitrocefin, and the measured activity was calcu-
lated back to the �-lactamase activity of 108 cells. Inhibition studies were
performed on periplasmic extracts incubated for 1 min with 0.005, 0.05,
0.5, 5, and 50 �M meropenem (AstraZeneca) prior to the addition of
nitrocefin and subsequent measurement of �-lactamase activity. Preincu-
bation of periplasmic extracts with cephaloridine (Sigma-Aldrich, St.
Louis, MO) at 50 and 500 �M served as a control in this assay. To study the
degradation of meropenem, periplasmic extracts were incubated in 1 ml
of 10 mM HEPES and 5 mM MgCl2 (pH 7.2) with 50 nmol/ml of mero-
penem, and the opening of the �-lactam ring was measured during 10 min
at 300 nm using a Unicam UV1 spectrometer. The degradation of cepha-
loridine measured at 260 nm was used as a control. In an alternative assay,
the microiodometric method described by Zimmermann and Rosselet
was used (36). Again, the degradation of cephaloridine was measured as a
control.

For zymography, samples of periplasmic fractions were analyzed by
semi-native SDS-PAGE without SDS in the gel (37). The sample buffer
contained 0.1% of SDS, no �-mercaptoethanol, and 10% sucrose instead
of glycerol, and the samples were not boiled before electrophoresis. After
electrophoresis, the gels were rinsed twice for 15 min in 10 mM HEPES
and 5 mM MgCl2 (pH 7.2) containing 1% bovine serum albumin. �-Lac-
tamase activity was detected by incubating the gel for 15 min in 10 mM
HEPES and 5 mM MgCl2 (pH 7.2) containing 0.1 mM nitrocefin. The
result was photographed immediately.

Mass spectrometry. Periplasmic extracts were either incubated or not
with 1 mM meropenem and separated on 10% NU-PAGE gels (Invitro-
gen) under nonreducing conditions according to the manufacturer’s rec-
ommendations. The gel was stained with Coomassie brilliant blue R250.
Selected bands were excised, digested in gel with trypsin, and analyzed on
an AB Sciex 45800 MALDI TOF/TOF, all as described previously (38).
Mass spectra were searched using the Mascot engine against the Swiss-
Prot 57.11 database. For each peptide mass fingerprint search, the mass
tolerance was set to 0.05 Da. One missed tryptic cleavage was allowed. The

TABLE 1 Susceptibility of different E. coli isolates to cephalosporins and carbapenems

Drug

MIC (�g/ml) for each isolate (date of isolation, specimen type)a

EC-1
(14/9/2007, urine)

EC-2
(28/7/2009, bile)

EC-3
(30/7/2009, abdomen)

EC-8
(11/8/2009, abdomen)

EC-9
(12/11/2009, abdomen)

EC-11
(30/7/2009, urine)

EC-13
(23/10/2009, abdomen)

Cefotaxime �32 �32 �32 �32 �32 4 4
Ceftazidime 16 32 32 �256 �256 32 32
Ceftriaxone �32 �32 �32 �32 �32 2 2
Cefepime 2 �16 �16 �16 �16 0.5 0.5
Imipenem 0.125 0.125 0.125 �32 �32 0.125 0.125
Meropenem 0.012 0.125 0.125 �32 �32 0.012 0.012

a The susceptibility (MIC in �g/ml) of the isolates was determined by Etest. The dates of isolation are formatted as day/month/year.
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mass tolerance for database searching with tandem mass spectrometry
(MS/MS) spectra was set to 0.3 Da. The mass of tryptic peptides of the
AmpC �-lactamase of the resistant strains was predicted using the Pep-
tideMass program at http://web.expasy.org/peptide_mass/.

In vivo modification of AmpC �-lactamase with meropenem. To
study whether meropenem is bound in vivo by AmpC �-lactamase, bac-
teria were grown at 37°C in L broth to an OD660 of 0.6. Then meropenem
was added at various concentrations and incubation was continued at
37°C without aeration for 20 min. No cell lysis was observed in this time
period. The cells were collected by centrifugation and resuspended in the
same volume of 0.9% NaCl. A periplasmic extract derived from 5 � 107

cells of strain BL21(DE3) overproducing TEM �-lactamase from the mul-
ticopy plasmid pET11 (Invitrogen) was added per ml of washed cells to
capture any remaining free meropenem in the solution. After incubation
for 5 min at room temperature, cells were collected by centrifugation and
washed with 0.9% NaCl. The cells were then converted to spheroplasts
(35), which were lysed by freeze-thawing followed by sonication for 10 s.
Cell debris was removed by centrifugation for 30 min in a microcentri-
fuge, and the soluble fraction was analyzed by SDS-PAGE on gels contain-
ing 8% acrylamide and 5 M urea to obtain optimal separation of the
CMY-2 enzyme and the acyl-enzyme adduct. Western blotting was per-
formed as described above using a rabbit polyclonal antiserum raised
against AmpC from Enterobacter cloacae (Aviva Systems Biology, San Di-
ego, CA) at a 1:500 dilution, which was extensively preabsorbed with a
whole-cell lysate of E. coli K-12 strain DH5�.

RESULTS
Characterization of the clinical E. coli isolates. During hospital-
ization of the patient, various multiresistant E. coli strains were
isolated, and the susceptibility data are shown in Table 1. The most
remarkable result was that isolates EC-8 and EC-9 showed MICs
for imipenem and meropenem of �32 �g/ml. The genetic simi-
larity of the different isolates was investigated by PFGE, which
identified three clusters of E. coli. The carbapenem-resistant iso-
lates EC-8 and EC-9 belonged to cluster 1, EC-2 and EC-3 be-
longed to cluster 2, and EC-11 and EC-13 belonged to cluster 3
(Fig. 1). Isolates within each one of the clusters had �80% similar
PFGE profiles. Interestingly, isolates from cluster 2 exhibited
�60% similarity of PFGE profiles to cluster 1, suggesting that
isolates from clusters 1 and 2 were related (Fig. 1). The remaining
isolate (EC-1) was not related to isolates from clusters 1, 2, or 3.
These genotypic differences demonstrate that the patient was col-
onized/infected by different E. coli strains during hospital admis-
sion, suggesting that subsequent exposure to different antibiotics
has probably selected the different isolates with their correspond-
ing resistance mechanism(s).

Identification of �-lactamases. To investigate the involve-
ment of carbapenemases in the resistance phenotype, the resistant
isolates EC-8 and EC-9 were subjected to the Hodge test, which
was negative (data not shown). Additionally, all isolates were

tested by PCR for the presence of prevalent �-lactamases, such as
VIMs, IMPs, KPCs, TEMs, SHVs, CTX-Ms, and OXAs. Isolates
EC-11 and EC-13 harbored TEM-1 and SHV-genes, while EC-1,
EC-2, EC-3, EC-8, and EC-9 also contained CTX-M and OXA
genes; these genes were subsequently identified via sequencing as
CTX-M-15 and OXA-1, respectively. None of the isolates were
positive for blavim, blaimp, or blakpc.

Analysis of the OMP profiles. On its own, the presence (and
probable expression) of the identified �-lactamase genes does not
explain the resistance to carbapenem antibiotics. However, it is
known that reduced outer membrane permeability contributes to
the resistance of isolates expressing ESBL and/or AmpC enzymes
to carbapenem antibiotics (39, 40). The permeability of the outer
membrane to �-lactam antibiotics is determined largely by the
presence of a class of abundant, channel-forming OMPs, desig-
nated porins (41). E. coli K-12 strains generally produce two
porins, OmpF and OmpC, when grown under routine laboratory
conditions. To study possible differences in the porin profiles,
OMPs from the various isolates were subjected to SDS-PAGE. In
the carbapenem-susceptible isolates EC-1, EC-11, and EC-13,
OmpF and OmpC were readily detected (Fig. 2A). The carbap-
enem-resistant isolates EC-8 and EC-9, but also the carbapenem-
susceptible isolates EC-2 and EC-3, did not express OmpF and
OmpC. The absence of these porins was confirmed by Western
blotting (Fig. 2B). Another porin, PhoE, is expressed in E. coli
K-12 during growth under phosphate limitation (42, 43). Hence,
we also investigated the expression of this porin in the carbap-
enem-susceptible and -resistant isolates. PhoE was detected in

FIG 1 PFGE profiles of E. coli isolates. Genetic similarity was determined by using the Dice similarity index. The carbapenem-resistant isolates EC-8 and EC-9
cluster together.

FIG 2 SDS-PAGE gel (A) and Western blot (B) of outer membrane pro-
teins of E. coli isolates. (A) SDS-PAGE of OMP profiles of carbapenem-
susceptible (EC-1 to EC-3, EC-11, and EC-13) and -resistant (EC-8 and
EC-9) isolates. The lane marked K12 shows the OMP profile of an E. coli
K-12 control strain expressing both OmpC and OmpF. The lane marked M
contains molecular mass marker proteins. Arrows indicate the positions of
OmpC, OmpF, and OmpA. (B) Western blot of OMP profiles incubated
with anti-porin antibodies.
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OMP preparations of all strains after their growth in a phosphate-
limited medium (results not shown). Since both the carbapenem-
resistant isolates EC-8 and EC-9 and the carbapenem-susceptible
isolates EC-2 and EC-3 lacked OmpF and OmpC, we concluded
that porin deficiency on its own was not able to explain the resis-
tance of strains EC-8 and EC-9 to carbapenems.

Identification of CMY-2 �-lactamase in the resistant isolates.
Although the PCR experiments described above revealed a similar
set of �-lactamase genes in both clusters of strains, they did not
exclude differences in enzyme activity.

To test this possibility, �-lactamase activity was determined in
periplasmic extracts of the different isolates using nitrocefin as the
substrate. In comparison to the carbapenem-susceptible isolates
EC-2 and EC-3, the resistant isolates EC-8 and EC-9 demon-
strated a �15-fold-higher �-lactamase activity (data not shown).
To identify the enzyme responsible for the increased �-lactamase
activity, cell extracts were analyzed by zymography. The zymo-
gram revealed, besides a 28-kDa band present in all isolates exam-
ined, a very prominent band of 35 kDa present only in isolates
EC-8 and EC-9 (Fig. 3A). The corresponding protein was very
abundant and was readily detected in whole-cell lysates on Coo-
massie brilliant blue-stained gels, and it was the most prominent
band in periplasmic extracts of the resistant strains (Fig. 3B). Mass
spectrometry performed on the excised 35-kDa band revealed a
protein with homology to an AmpC �-lactamase of Citrobacter
freundii (accession number P05193) with 15 matching peptides (E
value, 0.00026). Subsequent PCR and sequencing of a PCR prod-
uct obtained with ampC-specific primers confirmed the presence
of a CMY-2 �-lactamase. The possibility that the CMY-2 �-lacta-
mase has carbapenemase activity was spectrophotometrically ex-
amined using meropenem as the substrate. No hydrolysis of
meropenem was observed. In control experiments, with cephalo-
ridine as the substrate, a hydrolysis rate of 110 nmol/min/108 cells
was observed. These data were confirmed in a microiodometric
assay in which no hydrolysis of meropenem was detected either,
while cephaloridine was hydrolyzed at a rate of 26 nmol/min/108

cells. Thus, in spite of the difference in �-lactamase activity be-
tween the susceptible isolates EC-2 and EC-3 and the carbap-
enem-resistant isolates EC-8 and EC-9, this �-lactamase activity
did not result in the measurable hydrolysis of meropenem.

CMY-2 covalently binds meropenem. As an alternative resis-
tance mechanism, we next considered the possibility that the car-
bapenem antibiotics are irreversibly bound (“trapped”) by the
CMY-2 �-lactamase produced in the meropenem-resistant iso-
lates. Such a mechanism was first assessed by preincubating
periplasmic extracts of the resistant strains with meropenem at
various concentrations and subsequently determining the re-
maining �-lactamase activity by measuring the hydrolysis of ni-
trocefin. The rate of nitrocefin hydrolysis, which was 558 nmol/
min/108 cells in the absence of meropenem, drastically decreased
in the presence of meropenem. An �50% inhibition of nitrocefin
hydrolysis was observed after preincubation with meropenem at a
concentration 1,000-fold lower than that of nitrocefin (Fig. 4). No
hydrolysis of nitrocefin was detected when meropenem was used
at equimolar concentrations. Preincubation of the periplasmic ex-
tract with various concentrations of the cleavable �-lactamase
substrate cephaloridine only marginally decreased the rate of ni-
trocefin hydrolysis; at an equimolar cephaloridine concentration,
the rate of nitrocefin hydrolysis was reduced by only 18% (data
not shown). Together, these results demonstrate that meropenem
binds the �-lactamase and thereby inhibits its activity. If mero-
penem were slowly hydrolyzed by the CMY-2 �-lactamase, pro-
longed preincubation of the enzyme with meropenem would have
resulted in a slow recovery of nitrocefin hydrolysis activity. How-
ever, no such recovery of enzyme activity was observed after 1 h of
preincubation at any of the meropenem concentrations tested (re-
sults not shown). This result confirms that the CMY-2 �-lacta-
mase binds meropenem but does not hydrolyze it at any biologi-
cally significant rate.

To substantiate the irreversible binding of meropenem to the
CMY-2 enzyme, periplasmic extracts, either incubated or not with
meropenem, were analyzed by SDS-PAGE. The results showed a
slight increase in the electrophoretic mobility of the �35-kDa
CMY-2 band after preincubation with meropenem (Fig. 5). This
shift in electrophoretic mobility indicates the covalent modifica-

FIG 3 Zymogram and SDS-PAGE gel revealing expression of �-lactamase in
the carbapenem-resistant E. coli isolates. (A) The zymogram was obtained by
incubating the gel, on which periplasmic proteins from isolates EC-8, EC-9,
EC-2, and EC-3 were separated, with nitrocefin as a �-lactamase substrate. A
predominant band of 35 kDa with �-lactamase activity is detected only in the
carbapenem-resistant isolates EC-8 and EC-9. A weaker band of 28 kDa is
found in all four isolates. (B) SDS-PAGE profiles of whole-cell lysates of the
same isolates as in panel A and of periplasmic extracts. The lane marked M
contains molecular mass marker proteins; their molecular mass (in kDa) is
indicated.

FIG 4 Inhibition of �-lactamase activity by meropenem. Periplasmic extracts
of isolate EC-8 were incubated for 1 min with various concentrations of mero-
penem as indicated. Subsequently, the remaining �-lactamase activity was
determined using nitrocefin as a �-lactamase substrate. �-Lactamase activity
after preincubation without meropenem is set at 100%.
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tion of the �-lactamase by meropenem. To further confirm the
covalent binding of meropenem to the enzyme, the 35-kDa bands
were excised from the gel and digested with trypsin and the result-
ing peptides were identified by mass spectrometry. In the sample
of the protein that was not incubated with meropenem, a peptide
with a mass of 2,369.04 Da that was absent from the sample incu-
bated with meropenem was detected (Fig. 6A). The mass of this
peptide corresponds to the calculated mass of 2,369.21 Da of the
peptide containing the active-site serine residue of the enzyme. In
the sample treated with meropenem, a peptide that was absent in
the sample not treated with meropenem was observed at 2,708.23
Da (Fig. 6B). The mass of this fragment is consistent with that of
the tryptic peptide containing the active-site serine, modified with
meropenem after removal of an acetaldehyde group (Fig. 6C).
These results confirm the hypothesis that CMY-2 is trapping
meropenem in an inactivated acyl-enzyme complex.

Both CMY-2 and porin deficiency are required to confer
meropenem resistance. To investigate whether the CMY-2 �-lac-
tamase of strains EC-8 and EC-9 is encoded on a plasmid and
whether the porin deficiency of these strains contributes to the
observed carbapenem resistance, plasmid DNA was isolated from
these strains and used to electroporate the laboratory E. coli strain
BL21(DE3) and its porin-deficient mutant derivative, CE1536.
SDS-PAGE and zymography revealed that the ampicillin-resistant
transformants obtained abundantly produced the 35-kDa CMY-2

�-lactamase but not the 28-kDa enzyme that was also detected in
the zymograms of periplasmic extracts of EC-8 and EC-9 (data not
shown), demonstrating that the CMY-2 gene is encoded on a plas-
mid that does not contain the gene for the 28-kDa enzyme. PCR
analysis confirmed the presence of the CMY-2 gene as the only
�-lactamase present in the transformants. As in the case of the
original isolates EC-8 and EC-9, no degradation of meropenem
was demonstrated in periplasmic extracts of the transformants of
BL21(DE3) and CE1536, while the high nitrocefin-hydrolyzing
capacity of these extracts was effectively inhibited by preincuba-
tion with low concentrations of meropenem (data not shown).
Subsequently, the susceptibility of the recombinants to carbapen-
ems and cephalosporins was investigated (Table 2). The expres-
sion of the CMY-2 �-lactamase in strain BL21(DE3) did not sub-
stantially affect the MICs for imipenem and meropenem but
increased the MICs to cefotaxime, ceftazidime, and, to a lesser
extent, cefepime (Table 2). However, introduction of the CMY-2-
encoding plasmid into the porin-deficient strain CE1536 dramat-
ically increased the MICs to imipenem and meropenem (Table 2).
These results demonstrate that both the expression of the CMY-2
�-lactamase and the absence of porins are required to confer full
resistance to meropenem and imipenem.

Trapping of meropenem by CMY-2 �-lactamase in the
periplasm. Next we investigated whether trapping of meropenem
by CMY-2 �-lactamase can also be demonstrated in vivo in the
bacterial periplasm. Various concentrations of meropenem were
added to intact cells of E. coli BL21(DE3) and its porin-deficient
derivative, CE1536, both containing the CMY-2-encoding plas-
mid. After incubation for 20 min, the binding of meropenem to
the CMY-2 enzyme was analyzed by SDS-PAGE of the soluble
fraction of cell lysates and Western blotting. In the wild-type
strain, the CMY-2 �-lactamase was readily modified even at
the lowest concentration of meropenem tested, as appeared from
the detection of the slower-migrating acyl-enzyme adduct on the
blots (Fig. 7A). In contrast, the acyl-enzyme adduct was detected
in the porin-deficient mutant only after incubation with much
higher concentrations of meropenem. These experiments demon-
strated that meropenem covalently modifies CMY-2 �-lactamase
also in its native periplasmic environment and confirmed that the
presence of porins facilitates the transport of meropenem across
the outer membrane. Curiously, a fraction of the �-lactamase
molecules in the wild-type strain escaped modification by mero-
penem even at the highest concentration tested (Fig. 7A). At pres-
ent, we do not have a clear explanation for this observation.

To test the stability of the acyl-enzyme complexes formed in
vivo, BL21(DE3) cells carrying the CMY-2-encoding plasmid were
incubated with meropenem, after which the isolated, soluble frac-
tions of the cells were incubated for various time periods at room
temperature or at 37°C before analysis by SDS-PAGE and Western
blotting. No hydrolysis of the acyl-enzyme adduct was observed,
even after 2 h of incubation (Fig. 7B), again confirming that the
CMY-2 �-lactamase does not hydrolyze meropenem at a biologi-
cally significant rate.

DISCUSSION

Despite several alarming reports describing the increase of ac-
quired carbapenemases, i.e., NDM and KPC in the United King-
dom and India, resistance to carbapenems in E. coli is still rare in
Western Europe. However, due to the worldwide spread of CTX-
M-positive E. coli strains, the selection pressure imposed by car-

FIG 5 Covalent modification of CMY-2 with meropenem revealed by SDS-
PAGE. Periplasmic extract of EC-8 was either incubated (�) or not (�) with 1
mM meropenem and analyzed by SDS-PAGE after boiling of the samples. The
plasmid-encoded CMY-2 is visible as a predominant band indicated by
the arrow. The lane marked M contains molecular mass marker proteins;
the molecular mass of the most relevant bands is indicated (in kDa).
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bapenems increases, as carbapenem treatment is often the only
option left. Carbapenems are also considered first-line treatment
for serious infections due to E. coli expressing chromosomal or
plasmid-encoded AmpC �-lactamases. As it already had been
shown that the patient in our case was colonized with CTX-M-
positive E. coli strains, i.e., isolates EC-1, EC-2, and EC-3, we ini-
tially concluded that the resistance of isolates EC-8 and EC-9 may
be due to the expression of CTX-M enzymes in combination with
decreased permeability of the outer membrane (39, 40). Subse-
quently, however, we demonstrated the presence of the additional
plasmid-encoded CMY-2 �-lactamase in EC-8 and EC-9 in accor-
dance with recent literature that describes a significant increase in
Enterobacteriaceae carrying plasmids with an ampC gene in Spain
(44), Norway (45), United Kingdom (46), Canada (47, 48), and
the United States (49). The most commonly reported plasmid-
encoded AmpC enzyme in all countries is the CMY-2 variant,
which was detected mainly in isolates of E. coli.

The phenotypes of isolates with a plasmid-encoded AmpC vary
depending on the specific AmpC expressed. In most cases, such
isolates demonstrate reduced susceptibility to 3rd-generation
cephalosporins and cefoxitin (50). However, such isolates stay
susceptible to carbapenem antibiotics because chromosomal and
plasmid-encoded AmpCs are not or are barely able to hydrolyze
these antibiotics (6, 7, 16). In E. coli and K. pneumoniae isolates
with reduced susceptibility to carbapenems, the increased MICs
observed have been suggested to result from a combination of
decreased outer membrane permeability and extreme production
of �-lactamase (39, 40). As porins are the main pathway for pas-
sage of �-lactam antibiotics across the outer membrane, decreased
expression of porins plays an important role in development of
resistance (51). When the permeability of the outer membrane is
decreased, the number of drug molecules entering the periplasm is
restricted and overproduction of �-lactamase results in an en-
zyme excess. Consequently, the relatively few drug molecules that
cross the outer membrane are unlikely to escape from enzymes to
exert their antibacterial effect. The magnitude of this effect de-
pends on the specific �-lactamases present and their expression

level. The effect of outer membrane permeability on the suscepti-
bility to carbapenem antibiotics is clearly demonstrated in our
study. Introduction of the plasmid encoding the CMY-2 �-lacta-
mase in the porin-producing strain BL21(DE3) hardly affected the
MICs for imipenem and meropenem, while the MICs for cepha-
losporins were increased. However, introduction of the plasmid
into the porin-deficient strain CE1536 dramatically increased the
MICs for imipenem and meropenem to �32 �g/ml. Also, the
MIC for cefepime was much more affected upon introduction of
the plasmid into the porin-deficient strain compared to the paren-
tal strain (Table 2).

Extreme overproduction of CMY-2, as demonstrated by the
pronounced protein band detected by SDS-PAGE in whole-cell
lysates (Fig. 3B), in combination with low influx is required for
carbapenem resistance (Table 2). But even this combination of
traits does not fully explain the high MICs for imipenem and
meropenem, as these carbapenems, in spite of their high affinity
for AmpC-type �-lactamases, show extremely low hydrolysis rates
(6, 7). Therefore, it had been suggested that resistance arises by the
formation of a stable acyl-enzyme intermediate (11, 12, 52). Thus,
due to the high affinity of the drug for the enzyme, the drug would
be “trapped” and unable to reach its target.

The proposed “trapping hypothesis” for �-lactams has re-
mained controversial for a long time due to the insensitivity of
�-lactamase assays and the failure to consider all periplasmic de-
terminants of enzyme function (10, 14).

A first line of evidence for the trapping mechanism was pro-
vided by Beadle and Stoichet (16) using crystallography, which
showed a structural basis for the very poor hydrolysis of the acyl-

FIG 6 Mass spectra of tryptic peptides of the CMY-2 enzyme after incubation in the absence or presence of meropenem. (A) Mass spectra (range, 2,200 to 2,800)
of tryptic peptides of CMY-2 either preincubated (lower spectrum) or not (top spectrum) with meropenem. The peak at a mass of 2,369.04 (arrow) corresponds
to the calculated mass of 2,369.21 Da of the peptide ADIANNHPVTQQTLFELGSVSK, containing the active-site serine (in bold) of the CMY-2 enzyme. (B) Mass
spectra (range, 2,650 to 2,900) of tryptic peptides of CMY-2 either preincubated (lower panel) or not (top panel) with meropenem. The calculated mass of the
CMY-2 tryptic peptide containing the active-site serine (2,369.21 Da) substituted with meropenem (383.46 Da) after removal of an acetaldehyde group (44.05
Da) (see panel C) is 2,708.62 Da, consistent with the peak at a mass of 2,708.23 Da that was found in our experiments in the sample incubated with meropenem
(arrow). (C) Proposed chemical mechanisms for the BlaC-catalyzed reaction with meropenem resulting in a covalent acyl-enzyme adduct (53). Reprinted from
reference 53 with permission from AAAS.

TABLE 2 Susceptibility of E. coli strain BL21(DE3), its porin-deficient
derivative CE1536, and their transformants containing the CMY-2-
encoding plasmid from isolate EC-8 for several antibioticsa

Strain

MIC (�g/ml)

Imipenem Meropenem Ceftazidime Cefotaxime Cefepime

BL21(DE3) 0.125 0.016 0.125 0.004 �0.032
BL21(DE3)

CMY-2
0.25 0.016 �256 �32 	0.25

CE1536 0.125 0.012 0.25 0.032 �0.032
CE1536

CMY-2
�32 �32 �256 �32 �16

a The susceptibility (MIC in �g/ml) of the isolates was determined by Etest.

FIG 7 Covalent modification of CMY-2 �-lactamase in vivo and stability of
the complex. (A) Cells of strain BL21(DE3) and its porin-deficient mutant,
CE1536, both carrying the CMY-2-encoding plasmid, were incubated for 20
min with meropenem at the concentrations indicated. Then the cells were
extensively washed and the soluble fraction was isolated and analyzed by SDS-
PAGE and Western blotting with AmpC-specific antiserum. (B) BL21(DE3)
cells carrying the CMY-2-encoding plasmid were incubated for 20 min with 1
�g/ml meropenem, after which the cells were washed extensively. Then the
soluble fraction was isolated and incubated for the indicated time periods at
room temperature (RT) or 37°C before analysis by SDS-PAGE and Western
blotting with AmpC-specific antiserum. The CMY-2 �-lactamase and its co-
valently modified product are indicated by filled and open arrowheads, respec-
tively.

Antibiotic Trapping by Plasmid-Encoded CMY-2 �-Lactamase

August 2013 Volume 57 Number 8 aac.asm.org 3947

http://aac.asm.org


enzyme adduct formed upon interaction of an AmpC with a car-
bapenem. Our experiments are consistent with the trapping hy-
pothesis in that we did not detect any hydrolysis of meropenem in
periplasmic extracts of isolates EC-8 and EC-9. In addition, by
performing competition/inhibition experiments, we were able to
demonstrate indirectly the high affinity of the CMY-2 �-lactamase
for meropenem. Preincubation with small amounts of mero-
penem was sufficient to fully inhibit the hydrolysis of nitrocefin by
the enzyme. Importantly, no recovery of nitrocefin-hydrolyzing
activity was observed after incubation of the periplasmic extracts
for prolonged periods with concentrations of meropenem that
fully or partially inhibited the �-lactamase, confirming the ab-
sence of meropenem-hydrolyzing activity at biologically relevant
time scales. In control experiments, large amounts of the hydro-
lysable substrate cephaloridine only marginally inhibited the hy-
drolysis of nitrocefin. Additional evidence for the covalent bind-
ing of meropenem to CMY-2 was obtained by SDS-PAGE, which
revealed a decreased electrophoretic mobility of the �-lactamase
after incubation with meropenem. The evidence for “trapping”
was further substantiated by mass spectrometry, which showed
the disappearance from the spectrum of the tryptic fragment con-
taining the active-site serine residue after incubation of the en-
zyme with meropenem. Concomitantly, a new fragment was de-
tected in the spectrum, the mass of which corresponded to that of
the peptide containing the active-site serine modified with the
expected acyl adduct. Importantly, we were able to demonstrate
that the enzyme-acyl adduct is also formed in vivo in the native
periplasmic environment of the CMY-2 �-lactamase when intact
bacterial cells are incubated with meropenem and is therefore not
an in vitro artifact. The acyl-enzyme adduct formed appeared to be
very stable, as no sign of deacylation was observed during 2 h of
incubation, i.e., during several bacterial generations. Hence, any
hydrolysis that still might occur at a very low and, in our assays,
undetectable rate cannot be biologically relevant and significantly
contribute to the observed resistance level. Previously, a mutant
form of the TEM-1 �-lactamase was suggested to trap ceftazidime
in the periplasm. By binding this third-generation cephalosporin
with high affinity and no observable deacylation of the formed
adduct, this mutant enzyme was shown to confer drastically in-
creased resistance to the antibiotic (15). Similarly, the high expres-
sion level of CMY-2, the high affinity of the CMY-2 enzyme for
meropenem (7), and the unobservable deacylation rate, combined
with the low influx of the antibiotic in porin-deficient strains,
explain the high resistance level of the patient isolates EC-8 and
EC-9 by a trapping mechanism.

It is likely that the porin-deficient mutants resulted from the
long-term treatment of the patient with meropenem after a com-
plicated liver transplantation in 2007 and that carbapenem resis-
tance emerged by stepwise accumulation of multiple drug resis-
tance determinants. Emergence of carbapenem-resistant E. coli
during carbapenem therapy is particularly bothersome since car-
bapenem therapy is often used as a first-line choice in patients
with infections caused by AmpC- or ESBL-producing bacteria. To
prevent such a scenario, the use of a rapid and specific assay for the
detection of a plasmid-encoded AmpC is highly recommended,
especially because our results suggest that this mechanism of re-
sistance is present and can spread unnoticed. It may even create a
resistance problem that might be more important than acquired
carbapenemases.

In conclusion, the carbapenem resistance of the E. coli isolates

is explained by the decreased outer membrane permeability and
the large amounts of the CMY-2 �-lactamase produced that trap
the small amounts of carbapenem entering the periplasm into a
biologically inactive complex.
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