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ABSTRACT: Metallo-â-lactamases (MBLs) are considered an emerging family of Zn2+-dependent enzymes
that significantly contribute to the resistance of many nosocomial pathogens againstâ-lactam antimicrobials.
Since these plasmid-encoded enzymes constitute specific molecular targets forâ-lactams, their exact mode
of action is greatly important in deploying efficient anti-infective treatments and for the control of severe
multi-resistant nosocomial infections, which becomes a global problem. A novel hybrid VIM-1/VIM-2-
typeâ-lactamase (named VIM-12) has recently been identified in a clinical isolate ofKlebsiella pneumoniae
in Greece. The sequence of this enzyme is highly similar with that of VIM-1 at its N-terminal region and
with that of VIM-2 at its C-terminal region, raising the question of whether this sequence similarity reflects
also a similar functional role. Moreover, the possible contribution of this novelâ-lactamase to the overall
antibiotic resistance of this specific clinical isolate was investigated. The gene encoding VIM-12 was
cloned and expressed, and the recombinant enzyme was used for detailed kinetic analysis, using a variety
of â-lactam antibiotics. VIM-12 was found to exhibit narrow substrate specificity, compared to other
known â-lactamases, limited mainly to penicillin and to a much lesser extent to imipenen. Interestingly,
meropenem was found to act as a noncompetitive inhibitor of the enzyme, although the active site of
VIM-12 exhibited complete conservation of residues among VIM enzymes. We conclude that VIM-12
represents a novel and unique member of the family of known metallo-â-lactamases, exhibiting atypical
substrate specificity.

The production ofâ-lactamases is a predominant mech-
anism of bacterial resistance, and more than 470â-lacta-
mases, either chromosomally or plasmid-mediated, have been
described to date (1). They are clustered into four classes:
three serine-dependent [serine-â-lactamases (SBLs)] enzyme
classes (A, C, and D) and one metal-dependent [metallo-â-
lactamases (MBLs)] class (B) (2). The MBLs are zinc-
dependent hydrolases and are completely distinct from their
serine counterparts in terms of sequence, fold, and mecha-
nism (3, 4). They are small enzymes sharing a common four-
layer Râ/âR fold, with a central â-sandwich and two
R-helices on either side (5, 6). This motif, arising possibly
by a gene duplication event (7), is also found in other proteins
(glyoxalases and certain flavoenzymes) (8, 9) and exhibits
an intrinsic metal-binding site, located at the edge of the

â-sandwich (10, 11). For the metallo-â-lactamases, this site
is occupied by a divalent zinc ion having a tetrahedral array
of three histidines and water. The role of zinc in the
hydrolytic mechanism, beyond that of Lewis acid catalysis,
is not certain. Nonetheless, there is a consensus that the water
ligand of the zinc ion is theâ-lactam ring opening nucleo-
phile, via a mechanism parallel to that of the zinc metallo-
proteases (12-15).

Three MBL subclasses (B1-B3) exist (16). Despite a very
low degree of sequence similarity among the three subclasses,
the general structures and the relative positions of the
secondary structure elements are similar, in particular among
enzymes of subclasses B1 and B2 (17, 18). Gram-negative
microorganisms producing acquired MBLs are increasingly
implicated in nosocomial infections. Two distinct MBL types,
IMP (19) and VIM1 (20), are more commonly detected
worldwide, while two additional types, GIM (21) and SPM
(22), have been sporadically detected. The sequences of the
former MBL types, though, are less than 40% identical, and
they exhibit similar kinetic properties, efficiently hydrolyzing
most â-lactam compounds, including carbapenems (23).
Additionally, bothblaIMP- andblaVIM-type genes are carried
as gene cassettes by class 1 integrons.
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The VIM-type MBLs belong to subclass B1 of molecular
class B. So far, 13 published VIM variants have been
described that can be clustered into three groups on the basis
of sequence similarity (24), represented by VIM-1 (25),
VIM-2 (26), and VIM-7 (27). The VIM-1 group also
comprises VIM-4, VIM-5, and VIM-11A (28-30). Six VIM
variants (VIM-3, -6, -8, -9, -10, and -11B) are considered
derivatives of VIM-2 (31-33). The amino acid sequence of
VIM-2 is 90% identical with that of VIM-1 (26), and
apparently, VIM-2 is the most widespread VIM-type MBL
(34). VIM-type MBLs were first described inPseudomonas
aeruginosa(25) and thereafter in other Gram-negative non-
fermenters and enterobacterial species such asEscherichia
coli, Klebsiella pneumoniae, andEnterobacter cloacae(32,
35-38). Recent studies indicate that VIM-producing micro-
organisms are endemic in various Mediterranean countries,
including Greece, as well as in the Far East (38-41).

Despite the fact that the amino acid sequences of VIM-1
and VIM-2 diverge by only 7%, notable differences have
been reported for their kinetic parameters using several
â-lactam substrates, suggesting that the few structural
differences between these two natural variants have func-
tional significance (42). The detailed characterization and
the elucidation of the catalytic mechanisms employed by
MBLs are prerequisites for rational inhibitor design. In the
challenging quest for new specific inhibitors, a detailed
understanding of their biochemical properties and structure
is desirable.

In this study, we focused on the biochemical characteriza-
tion and kinetic analysis of a novel plasmid-encoded MBL
(named VIM-12) from aK. pneumoniaeclinical isolate,
which is anchored by a gene cassette inserted into a class 1
integron (43). The clinical isolate was recovered in Thes-
saloniki, Greece, from blood cultures of a 67-year-old
surgical patient. The same VIM-12 enzyme was recently
identified from our group also in anE. coli clinical isolate
(44). The sequence of the 266-amino acid VIM-12 polypep-
tide is 97.0 and 93.6% identical with those of VIM-1 and
VIM-2, respectively (Figure 1a). Preliminary kinetic experi-
ments assessing the enzyme’s activity in the presence of
various antibiotics showed interestingly that VIM-12 was
hydrolyzing efficiently only penicillin and not other antibiot-
ics. In an attempt to further characterize this unusual
enzymatic behavior, we cloned the corresponding gene,
purified the recombinant enzyme, and performed detailed
kinetic analysis and competition experiments in the presence
of various antibiotics (Figure 2). Our aim was to extract
information about the mechanism of antibiotic resistance,
which would be of great clinical importance.

MATERIALS AND METHODS

Bacterial Strains and Plasmids and MIC Determinations.
K. pneumoniae2873 was the clinical isolate which harbored
the blaVIM -12 gene.E. coli DH5R (Invitrogen) was used as
the host strain for recombinant plasmid pGEM-Teasy Vector
(Promega), andE. coli BL21 (Novagen) was used for the
overexpression of the VIM-12 enzyme. Plasmid pGEM-
Teasy Vector was used for the cloning and sequencing of
the PCR-amplified fragment of theblaVIM -12 gene. Plasmid
pET15b (Novagen) was used as a T7-based expression vector
for the overexpression of theblaVIM -12 gene. MICs for

penicillin G, imipenem, meropenem, ceftazidime, aztreonam,
cefotaxime, and cefoxitin were determined by Etest and Etest
MBL (AB Biodisk, Solna, Sweden) inE. coli strain BL21
with and without the insertion of theblaVIM -12-carrying
plasmid pET15b, anE. coli transconjugant carryingblaVIM -12

in the originally described p2873 plasmid and clinicalE. coli
strain 28 from our collection carryingblaVIM -12.

Cloning and Expression of the blaVIM-12 Gene. The
blaVIM -12 gene was amplified by PCR using the following
set of primers: VIM-12 F (5′-GCATATGTTAAAAGT-
TATTAGTAGTTTATTGG-3′) and VIM-12 R (5′-GGATC-
CCTACTCAACGACTGAG-3′) (the underline indicates the
NdeI andBamHI restriction sites, respectively). Plamid DNA
extracted fromK. pneumoniae2873 (Qiagen DNA Miniprep
Kit) was used as the template in the PCR which was
performed under the following conditions: 2 min at 95°C,
30 cycles of denaturation for 45 s at 95°C, annealing for 1
min at 52 °C, extension for 1 min at 72°C, and a final
extension for 10 min at 72°C. The PCR product was cloned
via TA cloning into plasmid pGEM-Teasy Vector (Promega)
and was sequenced to ensure that no mutations were
incorporated. The recombinant plasmid was transformed into
DH5R cells, and plasmid extract from the transformed cells
was digested withNdeI andBamHI enzymes. The restriction
fragment was subcloned into the pET15b vector (Novagen)
which was transformed intoE. coli BL21 for overexpression.
The strain was grown aerobically in 2 L of buffered Luria-
Bertani medium containing chloramphenicol (100µg/mL),
at 37°C. Isopropylâ-D-thiogalactopyranoside (IPTG) (Sigma
Chemical Co.) was added to a final concentration of 0.5 mM
when the culture reached anA600 of 0.6, and the incubation
was continued for an additional 5 h at 20°C.

Purification of the VIM-12 Metallo-â-lactamase.The
VIM-12 enzyme was purified fromE. coli BL21 carrying
recombinant plasmid pET15b-blaVIM -12 as follows. Cells
from a 1 Lculture were harvested by centrifugation (4000g
for 20 min), resuspended in 10 mL of 50 mM Hepes-KOH
(pH 8.0) containing 100µM ZnSO4, 500 mM NaCl, 0.1%
Triton, 5 mMâ-mercaptoethanol, 10µg/mL lysozyme, 1 mM
phenylmethanesulfonyl fluoride (PMSF), and 5% glycerol,
and disrupted by sonication. The lysate was clarified by
centrifugation at 100000g for 1 h, and the supernatant was
used for purification of the enzyme using an agarose Ni-
NTA column (Qiagen) equilibrated in 50 mM Hepes-KOH
buffer (pH 8.0) containing 100µM ZnSO4, 500 mM NaCl,
5 mM â-mercaptoethanol, 1 mM PMSF, and 5% glycerol.
The column was washed with the same buffer supplemented
with 20 mM imidazole, and the enzyme was eluted with the
same buffer including 500 mM imidazole. The fractions
containing â-lactamase were detected after SDS-PAGE
analysis and subsequent Coomassie Brilliant Blue or silver
staining (>95% pure), followed by immunoblotting using
an anti-His antibody which confirmed the presence of the
recombinant protein in the elution fractions. To ensure that
no contaminant proteins of the same molecular mass with
VIM-12 were comigrating in the SDS-PAGE analysis,E.
coli lysates from cultures without induction were used to
perform the same affinity purification scheme. The active
fractions containing recombinant VIM-12 were supplemented
with 20% glycerol and were immediately stored at-20 °C
to avoid any loss of enzymatic activity.
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VIM-12 ActiVity Assay and Determination of Kinetic
Parameters.In general, substrate hydrolysis by VIM-12 (1-5
µM) was monitored by following the absorbance variation
at 40°C, in 50 mM Hepes-KOH (pH 6.8) supplemented with
50 µM ZnSO4 and 10 mM KCl in a 1 mLfinal volume of
reaction mixture, using a lambda 2 spectrophotometer
(Perkin-Elmer, Rahway, NJ) equipped with thermostatically
controlled cells. The progress of the hydrolysis of antibiotics

was monitored in 30 s intervals following the initial velocity
of the reaction and stopped when it reached a plateau. The
wavelengths used were 235 nm for penicillin G (10-500
µM), 299 nm for imipenem (10-500 µM) and meropenem
(10-500 µM), 292 nm for aztreonam (50-500 µM), 237
nm for ceftazidime (10-200 µM), 257 nm for cefotaxime
(50-100µM), and 295 nm for cefoxitin (500µM). For the
determination of optimal assay conditions, we tested the

FIGURE 1: (a) Clustal-W protein sequence alignment of all published VIM-type MBLs generated by using the PAM350 matrix. (b) Neighbor-
joining dendrogram showing the relatedness of VIM-12 and other acquired VIM-type MBLs. Calculation of the tree was based on
panel a.
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activity of VIM-12 at different pH values (range of 6.0-
8.5), different temperatures (range of 25-50 °C), Zn2+

concentrations (0-500 µM), and KCl concentrations (0-
100 mM). Since Zn2+ ions are important for optimal enzyme
activity, we tried to replace them with either Mg2+ or Mn2+

metal ions (50-100 µM) to identify any effects on the
enzyme’s activity.

The steady-state kinetic parameters (Km and Vmax) were
determined (under standard assay conditions) by analyzing
â-lactam hydrolysis under initial rate conditions using the
Lineweaver-Burk linearization of the Michaelis-Menten
equation, with the statistic package GraFit (45). The kcat

values were calculated by dividing theVmax values by the
concentration of the recombinant enzyme. Competition
experiments were performed to study the interaction of
imipenem (50-300 µM), meropenem (1-20 µM), ceftazi-
dime (50-300µM), and aztreonam (50-300µM) with the
enzyme, using penicillin G (50-300 µM) as the reporter
substrate. The susceptibility to inhibition was determined
with and without preincubation of the enzyme with various
concentrations of each antibiotic for 10 min at 40°C, before
measuring the residualâ-lactamase activity.

RESULTS

Purification of Recombinant VIM-12.In this study, a novel
plasmid-encoded VIM-type metallo-â-lactamase from a
clinical isolate ofK. pneumoniaeis described. The electro-
phoresis of the PCR product revealed a DNA band with an
expected size of 801 bp. Sequencing of the PCR product
verified the expected size and the fact that no mutations were
incorporated. Subsequent cloning of the gene into the pET15b
expression vector resulted in N-terminal His6-tagged VIM-
12 that was purified in one step on a Ni-NTA affinity
chromatography column. VIM-12 was judged to be>95%
pure by SDS-PAGE analysis followed by either Coomassie
Brilliant Blue or silver staining. The same purification
protocol was used forE. coli cell lysates that were not

subjected to IPTG induction. There were no detectable
contaminant protein bands migrating at the same molecular
mass as recombinant VIM-12. Therefore, we concluded that
the recombinant VIM-12 isolated from the elution fractions
could be subsequently used for further biochemical analysis.
In addition, an anti-His antibody was used to detect the
presence of VIM-12 and to further ensure that the purification
was not masked by contaminant proteins. VIM-12 was
migrating with an apparent molecular mass of 28 kDa which
was consistent with the predicted molecular mass of the
protein (Figure 3). The sequence of VIM-12 polypeptide (266
amino acids, molecular weight of 28 120) was 97.0 and
93.6% identical with those of VIM-1 and VIM-2, respectively
(Figure 1a). VIM-12 differs from VIM-1 by eight amino acid
residues at positions 246, 251, 257, 258, 284, 287, 294, and
299 (standard class B metallo-â-lactamase numbering scheme)
(46). All these residues are located at the protein surface
and are distant from the active site. A dendrogram based on
CLUSTAL W (47) multiple alignment of the VIM lactamases
showed that VIM-12 was clustered between the VIM-1 and
VIM-2 groups (Figure 1b).

Biochemical Characterization of VIM-12 Metallo-â-lac-
tamase.On the basis of the high degree of sequence similarity
between VIM-12 and VIM-1 and VIM-2 (Figure 1a), we
expected that the substrate specificity of this hybrid metallo-
â-lactamase would not be significantly different from that
of VIM-1 or VIM-2, a hypothesis that was subsequently
tested. The optimal conditions of the VIM-12 lactamase
activity were determined by performingâ-lactam antibiotic
hydrolysis assays, in 50 mM Hepes-KOH buffer, at different
pH values, different temperatures, different metal ion con-
centrations (Zn2+, Mg2+, and Mn2+), and different KCl
concentrations, using as a substrate penicillin G. The
hydrolytic activity of VIM-12 was optimal at pH 6.7 and 40
°C (see the Supporting Information). Addition of zinc ions
to a final concentration of 50 or 100µΜ did not affect the
hydrolytic activity of the enzyme, while concentrations higher
than 100µM had a considerable negative effect. Concentra-
tions of KCl higher than 20 mM weakened slightly the
hydrolytic ability of VIM-12. The substitution of zinc ions
with magnesium and manganese ions did not support the
activity of the enzyme.

Determination of Kinetic Parameters of VIM-12.The
kinetic parameters of the purified VIM-12 were determined
in the presence of severalâ-lactam substrates (Figure 2).
Surprisingly, the biochemical assays revealed that VIM-12
exhibited a narrow substrate profile, as only penicillin G was
efficiently hydrolyzed (Figure 4a). VIM-12 also exhibited a
moderate rate of hydrolysis of imipenem (Figure 4b), with
a relativekcat/Km value of 0.0003µM-1 s-1. Also, hydrolysis
of meropenem, ceftazidime, cefoxitin, and cefotaxime was
not observed, in contrast to other VIM-type lactamases
(Figure 4b). Moreover, we did not observe hydrolysis with
the monobactam aztreonam. The following kinetic parameters
were determined:Vmax ) 616.07( 21.37µM/min andKm

) 280.11( 28.04µM for penicillin G (Figure 5a), andVmax

) 0.507( 0.030µM/min andKm ) 93.62( 11.1µM for
imipenem (Figure 5b). Although VIM-12 hydrolyzes imi-
penem very slowly, this specific antibiotic represents a true
substrate for VIM-12 and in the subsequent experimentation
was manipulated as such. Thekcat values were calculated by
dividing the respectiveVmax value by the concentration of

FIGURE 2: Chemical structures of all antibiotics used in this study
as substrates of VIM-12: (a) penicillin G, (b) imipenem, (c)
meropenem, (d) aztreonam, and (e) ceftazidime.
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the recombinant VIM-12. This calculation was based on the
assumption that all the enzyme molecules were active. In
addition, we did not observe any decrease in the enzymatic
activity during the experimental procedure.

To study the mode of interaction of VIM-12 with the
antibiotics that were not hydrolyzed, competition experiments
were conducted using penicillin G as the reporter substrate.
These inhibition studies would reveal whether theâ-lacta-
mase was able to bind these antibiotics via its active site.
The initial velocity in the presence or absence of inhibitors
was determined from the initial slopes of time plots. Data
obtained from these assays were used to create the corre-
sponding Lineweaver-Burk diagrams and to calculate the
inhibition constants for each antibiotic. Figure 6a shows
double-reciprocal plots with increasing concentrations of
meropenem. The slope of the line was replotted against the

concentrations of meropenem, and the results are shown in
the top panel. The linearity of this plot is indicative of simple
noncompetitive inhibition and led to the determination of a
Ki value of 4.2µM. Further evidence for simple noncompeti-
tive kinetics for meropenem comes from the Dixon plot
(Figure 7a). The same detailed kinetic analysis was per-
formed for imipenem, ceftazidime, and aztreonam. In contrast
with meropenem, imipenem exhibits simple competitive
inhibition (Figure 6b). The slope of the line was replotted
against the concentrations of imipenem, and the results
are shown in the top panel. The linearity of this plot is
indicative of simple competitive inhibition with a cal-
culatedKi value of 80.6µM. The Dixon plot (Figure 7b)

FIGURE 3: PCR amplification ofblaVIM -12 (left), purification on a Ni-NTA affinity chromatography column (center), and immunoblot
analysis of a representative fraction containing purified His6-VIM-12 (right).

FIGURE 4: Representative hydrolysis curves of variousâ-lactam
compounds in the presence of recombinant VIM-12: (a) penicillin
G (b) and (b) imipenem (9), meropenem (O), aztreonam (×) and
ceftazidime (2). All reactions were carried out as described in
Materials and Methods. FIGURE 5: Penicillin and imipenem hydrolysis by recombinant

VIM-12. (a) Michaelis-Menten plot of penicillin hydrolysis. The
inset is a double-reciprocal plot (1/V vs 1/[penicillin]). (b) Michae-
lis-Menten plot of imipenem hydrolysis. The inset is a double-
reciprocal plot (1/V vs 1/[imipenem]).
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confirmed this mode of inhibition. Ceftazidime acts as a very
weak simple noncompetitive inhibitor, while aztreonam
exhibited no inhibitory effect whatsoever. The inhibition
constants determined for each antibiotic in this study were
compared with previously reported values and are sum-
marized in Table 1. The results that we obtained with and
without preincubation of the enzyme with each antibiotic
were identical.

The kinetic analysis showing that VIM-12 exhibits narrow
substrate specificity was confirmed by in vivo experiments

that tested the sensitivity ofblaVIM -12-overexpressingE. coli
strain BL21 against the spectrum of antibiotics that were
tested in vitro. The MIC values that were observed (Table
2), and in particular the very low MICs for meropenem of
the strains that were tested, were consistent with the fact
that VIM-12 does not seem to contribute significantly to
carbapenem resistance, besides its prominent function of
hydrolyzing penicillin (which is the natural substrate). In
addition, we tested under the same conditions anE. coli
clinical isolate that was recently published and encompasses
a VIM-12 enzyme. Again, this strain proved to be almost as
sensitive asblaVIM -12-overexpressing strainE. coli BL21,

FIGURE 6: (a) Double-reciprocal plot (1/V vs 1/[penicillin]) for the
hydrolysis of penicillin by VIM-12 in the presence of meropenem.
The reaction was carried out at each one of the indicated
concentrations in the presence or absence of inhibitor (meropenem).
All reactions were carried out at 40°C as described in Materials
and Methods: without meropenem (2) or with 1 (b), 5 (9), or 10
µM meropenem (0). The inset is a replot of the slopes of the
double-reciprocal lines vs meropenem (MP) concentration. (b)
Double-reciprocal plot (1/V vs 1/[penicillin]) for the hydrolysis of
penicillin by VIM-12 in the presence of imipenem. The reaction
was carried out at each one of the indicated concentrations in the
presence or absence of inhibitor (imipenem). All reactions were
carried out at 40°C in 1 mL of 50 mM Hepes buffer (pH 6.8)
without imipenem (O) or with 50 (b), 100 (0), 200 (9), or 300
µΜ imipenem (4). The inset is a replot of the slopes of the double-
reciprocal lines vs imipenem concentration.

FIGURE 7: (a) Dixon plot of the hydrolysis of penicillin by VIM-
12 in the presence of meropenem (MP). The penicillin concentra-
tions were 250 (b), 500 (9), 750 (2), and 1000µM (0). The inset
is a replot of the slopes of the Dixon lines vs 1/[penicillin] (1/[S]).
(b) Dixon plot of the hydrolysis of penicillin by VIM-12 in
the presence of imipenem (IMP). The penicillin concentrations
were 100 (9), 250 (0), 500 (b), 750 (O), and 1000µM (4). The
inset is a replot of the slopes of the Dixon lines vs 1/[penicillin]
(1/[S]).
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thus consolidating our results about this peculiar behavior
of VIM-12 against antibiotics other than penicillin.

DISCUSSION

The spread of plasmid-encoded MBL genes among op-
portunistic and pathogenic bacteria, together with the lack
of clinically useful inhibitors, is becoming a serious and yet
unsolved clinical problem. The recombination system based
on integrons and mobile gene cassettes plays a major role
in the dissemination of these genes among various pathogens.
This study identified the emergence of a novel class B
plasmid-encoded metallo-â-lactamase, VIM-12, anchored by
a gene cassette inserted into a class 1 integron from a clinical
isolate ofK. pneumoniae.

VIM-12 is a new member of the VIM lineage, which
exhibits narrow substrate specificity, limited to penicillins.
The sequence of VIM-12 polypeptide was 97.0 and 93.6%
identical with those of VIM-1 and VIM-2, respectively.
However, the dendrogram that was produced on the basis
of all known VIM protein sequences indicates that VIM12
clusters between VIM-1 and VIM-2 enzymes, which is
clearly indicated by the respective sequence alignments
(Figure 1). Moreover, VIM-12 bears at its N-terminal region
the SGEPS amino acid signature which is characteristic of
the VIM-1 lactamases [the corresponding signature for
VIM-2 is SVDSS (Figure 1a)]. A possible explanation for
the origin of VIM-12 might have been a recombination event

between VIM-1 and VIM-2 that facilitated the anchoring of
this novel hybrid VIM-type lactamase in the clinical isolate
strain ofK. pneumoniae, although this hypothesis is difficult
to prove and this gene might have also arisen independently.
ShouldblaVIM -12 be an evolutionarily new recombinant gene,
it may have not yet acquired its full functional potential.
Although the amino acid differences between these enzymes
were relatively few in number and located distant from the
active site, it seems that they could influence substrate
binding, a fact that was partially confirmed in the case of
VIM-1 and VIM-2 which, despite their high degree of
sequence similarity, exhibit quite different kinetic properties.
In terms of structure-function relationships, further research
is required to determine the significance of these amino acid
changes.

The fact that VIM-12 is limited so far to this specific
clinical isolate and the fact that at least its recombinant form
that we investigated has limited substrate specificity could
support this hypothesis. However, we cannot exclude the
possibility that VIM-12 is a novel and genuine MBL that
has been elusive so far in many bacterial strains. In fact, a
recent report on the identification of the same plasmid-
encoded gene in anE. coli clinical isolate (E. coli strain 28,
recovered February 2006 in Thessaloniki, Greece) (44)
indicates that either VIM-12 already started to spread among
Gram-negative bacteria or it has been elusive so far among
clinical isolates and its identification requires further inves-
tigation. Nevertheless, the amino acids that configure the
active site of VIM-12 were identical with those encountered
in all VIM active sites (48). In addition, all the amino acid
residues that have been reported to play important role in
Zn2+ binding (48, 49) were present in the VIM-12 sequence,
including an asparagine at position 120 that, as recently
reported, places Zn2+ for optimal MBL activity. Taking into
account this structural similarity of the active site of VIM-
12 when compared to the available structural data for VIM-2
(PDB entries 1KO2 and 1KO3), we would expect similar
substrate hydrolysis profiles. However, recent studies have
proposed that besides the conserved residues that seem to
participate in Zn2+ coordination in MBLs, the active site is
probably modulated by a hydrogen bonding network of
residues located along the MBLs’ primary structure (48). The
fact that the kinetic properties of VIM-12 were found to be
atypical compared to those of other VIM-type metallo-â-
lactamases raises the question of whether the N-terminal and
C-terminal residues that exhibit homology with residues in
VIM-1 and VIM-2, respectively, could contribute in such a
bonding network that results in this atypical specificity of
VIM-12. This hypothesis requires further experimentation
with extensive mutational analysis and support by crystal-
lographic data. All other lactamases of this group hydrolyze
most â-lactam compounds, except aztreonam, far more
effectively.

A reason that cannot be excluded when we try to explain
the ability of VIM-12 to efficiently hydrolyze only penicillin
is the stereochemistry of the antibiotics that were used in
this study (Figure 2). All of them were synthetic derivatives
of penicillin bearing different side groups and a lactamic ring
in the opposite direction. However, imipenem bears a rather
flexible side chain that could facilitate binding to the active
site and efficient, albeit slower, hydrolysis. On the other hand,
meropenem contains bulky rings that contribute to a less

Table 1: Kinetic Parameters of the Purified VIM-12
Metallo-â-lactamase, Compared with Those of VIM-1 and VIM-2a

enzyme antibiotic
Km

(µM)
kcat

(s-1)
kcat/Km

(µM-1 s-1)
Ki

(µM)

VIM-12 penicillin 280 34 0.121 -
imipenem 94 0.028 0.0003 80.6
meropenem >1000 <0.01 <10-5 4.2
ceftazidime >1000 <0.01 <10-5 728
aztreonam >1000 <0.01 <10-5 NDb

VIM-1 penicillin 841 29 0.034 NDb

imipenem 1.5 2 1.3 NDb

meropenem 48 13 0.27 NDb

ceftazidime 794 60 0.076 NDb

aztreonam >1000 <0.01 <10-5 NDb

VIM-2 penicillin 49 55.8 1.14 NDb

imipenem 10 9.9 0.99 NDb

meropenem 5 1.4 0.28 NDb

ceftazidime 98 89 0.9 NDb

aztreonam NDb <0.5 NDb NDb

a The kinetic data for VIM-1 are from ref20, and those for VIM-2
are from ref1. b Not determined.

Table 2: Susceptibility Status of Competent Cells with and without
blaVIM -12 Inserts and OtherblaVIM -12-Carrying Strains Tested in
This Studya

MIC (µg/mL)

IMP MP PEN G ATM CEF

E. coli DH5R 0.25 0.064 > 32 0.047 0.125
DH5R-VIM-12 0.38 0.094 > 32 0.094 1
E. coli BL21 0.25 0.064 g 32 0.016 0.064
BL21-VIM-12 0.38 0.064 > 32 0.023 0.125
TrcsE. coli

26R793 (blaVIM -12)
2 0.5 >256 4 > 128

E. coli 28 (VIM-12) 1 0.25 > 32 0.5 > 256
a Trcs, transconjugant strain; IMP, imipenem; MP, meropenem;

PENG, penicillin G; ATM, aztreonam; and CEF, ceftazidime.
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flexible overall structure. This structural difference could
explain why this antibiotic is not suitable for correct
recognition and processing by VIM-12, although it has been
reported as an appropriate substrate for other VIM-type
lactamases. Interestingly, it seems that VIM-12 contains
allosteric sites for binding of meropenem (and possibly for
ceftazidime and other antibiotics that were not tested in this
study) and these sites favor inactivation of VIM-12 in a
noncompetitive mode, something that has never been re-
ported before for VIM-type lactamases. If we assume VIM-
12 is a rather new entry in the expanding family of MBLs,
then this enzymatic behavior appears to be quite reasonable,
from an evolutionary point of view. Nevertheless, the fact
that theK. pneumoniaeclinical isolate that encompasses this
enzyme with limited ability to hydrolyze lactam antibiotics
exhibits at the same time remarkable antibiotic resistance
points toward the possibility that this organism possibly
possesses alternative mechanisms against antibiotic action
(such as a different porin profile, different penicillin binding
proteins, or different antibiotic efflux pumps) that require
further investigation.

The individual kinetic parameters of VIM-12 are listed in
Table 1. Aztreonam was not hydrolyzed by VIM-12, a fact
consistent with the behavior of all VIM-type metallo-â-
lactamases. In addition, we could not observe any detectable
hydrolysis of caftazidime, cefotaxime, and cefotoxin either
in vitro or in vivo. Finally, only slow hydrolysis of imipenem
was detected, but not of meropenem. The very low imipenem
hydrolytic efficiency of VIM-12 compared with those of
other VIM-type lactamases resulted from a combination of
a relatively higherKm value with an extremely low turnover
rate (Table 1).

The competition experiments that were conducted to
clarify the mode of recognition of theseâ-lactam compounds
from the VIM-12 enzyme showed that quite lowKi values
were determined with carbapenems, especially in the case
of meropenem, despite the lack of its hydrolysis. The detailed
kinetic analysis showed that imipenem acts as competitive
inhibitor, as expected, with respect to the fact that imipenem
represents a true substrate of VIM-12 and not a dead-end
competitive inhibitor. It also important to mention that the
kinetic analysis presented in this study is supportive of the
observation that this competitive inhibition comes as a result
of displacement of penicillin from the active site of VIM-
12, rather than a competitive binding from the accumulation
of hydrolysis product. Although this latter effect cannot be
entirely excluded, all the competition experiments that we
performed point toward the first possibility.

On the other hand, meropenem cannot be hydrolyzed but
can bind the enzyme acting as a noncompetitive inhibitor.
This observation is indicative of the possible presence in the
enzyme structure of an allosteric site that facilitates the
binding of this antibiotic. Interestingly, the decrease in
susceptibility to carbapenems conferred by VIM-12 inK.
pneumoniaeand its transformant, although not very high, is
significant, strongly supporting as we mentioned above the
possibility that additional mechanisms are responsible for
this resistance. This finding is also supported by the very
low meropenem MIC (0.25µg/mL) of theblaVIM -12-bearing
clinical isolateEscherichia coli28 (Table 2). Nevertheless,
in view of the kinetic data shown, the inhibitory effect of
carbapenems on this enzyme might play a role in determining

in the future antibiotic combinations capable of synergisti-
cally improving the treatment of nosocomial infections.

From the results of this study, we conclude that VIM-12
is the first of a new subgroup of class B1 metallo-â-
lactamases to emerge inK. pneumoniae. Its biochemical
properties further underscore the notion that considerable
functional and structural diversity can be encountered among
class Bâ-lactamases. Additional investigation of enzymes
of this class, which are becoming increasingly clinically
important, will contribute to the understanding of the
mechanistic properties which remain poorly understood.
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