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Metallo-�-lactamases (MBLs) are of increasing clinical significance; the development of clinically useful MBL inhibitors is chal-
lenged by the rapid evolution of variant MBLs. The Verona integron-borne metallo-�-lactamase (VIM) enzymes are among the
most widely distributed MBLs, with >40 VIM variants having been reported. We report on the crystallographic analysis of
VIM-5 and comparison of biochemical and biophysical properties of VIM-1, VIM-2, VIM-4, VIM-5, and VIM-38. Recombinant
VIM variants were produced and purified, and their secondary structure and thermal stabilities were investigated by circular
dichroism analyses. Steady-state kinetic analyses with a representative panel of �-lactam substrates were carried out to compare
the catalytic efficiencies of the VIM variants. Furthermore, a set of metalloenzyme inhibitors were screened to compare their
effects on the different VIM variants. The results reveal only small variations in the kinetic parameters of the VIM variants but
substantial differences in their thermal stabilities and inhibition profiles. Overall, these results support the proposal that protein
stability may be a factor in MBL evolution and highlight the importance of screening MBL variants during inhibitor develop-
ment programs.

Antibiotic resistance is a formidable threat to society; each year,
an estimated 2 million people are infected with antibiotic-

resistant bacteria in the United States alone, resulting in �23,000
deaths (1). �-Lactam antibiotics remain of immense clinical im-
portance in the treatment of bacterial infections, but resistance
increasingly compromises their clinical use. The most important
mechanism of resistance to �-lactam antibiotics is mediated by
�-lactamases, which catalyze �-lactam hydrolysis, thus inactivat-
ing the antibiotics (Fig. 1). �-Lactamases are broadly divided into
four classes: those in classes A, C, and D employ a hydrolysis
mechanism involving a nucleophilic serine residue, while class B
comprises the metallo-�-lactamases (MBLs), which employ metal
ions in catalysis (2). Although, to date, the serine enzymes have
been the most clinically relevant �-lactamases, MBLs are of in-
creasing clinical concern, in part due to their broad-spectrum ac-
tivities. MBLs catalyze the hydrolysis of virtually all classes of
�-lactams, with monobactams being the exception (3, 4). Ac-
quired MBLs, encoded by DNA on mobile elements, have been
reported in multiple major Gram-negative pathogens, including
members of the Enterobacteriaceae and Pseudomonas and Acineto-
bacter species, making MBL-producing microorganisms a serious
public health concern (5–7). MBLs are divided into the B1, B2,
and B3 subgroups, with subgroup B1 MBLs having the most clin-
ical relevance. Recent years have seen the worldwide spread of
acquired subgroup B1 MBLs, most importantly the imipenemase
(IMP), Verona integron-borne metallo-�-lactamase (VIM), and
New Delhi metallo-�-lactamase (NDM) groups (8). Despite rela-
tively low amino acid sequence identity (9, 10), all identified MBLs
share an ��/�� sandwich fold as well as a conserved active site,
which binds two or, less commonly, one zinc(II) ion. The roles of
the zinc(II) ions in catalysis include substrate binding, activation
of “hydrolytic” water, and stabilization of reaction intermediates.
The active sites of the MBLs are characterized by mobile loops,
including a hydrophobic L3 loop (residues 60 to 67, according to

the standard class B �-lactamase (BBL) numbering scheme [10])
and a hydrophilic L10 loop (residues 223 to 242), both of which
are involved in substrate binding (8, 11–13).

The VIM enzymes currently constitute one of the largest
groups of subgroup B1 MBLs, comprising 46 reported variants
(http://www.lahey.org/Studies/other.asp). They can be divided
into the VIM-1 (14), VIM-2 (15), VIM-7 (16), VIM-12 (17), and
VIM-13 (18) clusters based on amino acid similarities (19).
VIM-1 was first reported in 1999 in Italy (20), with the VIM-2
variant being identified shortly thereafter in France (21) and Italy
(22). VIM-4, differing from VIM-1 by one residue (Ser228Arg),
was later reported in Pseudomonas aeruginosa isolates in Greece
(23). VIM-5 was subsequently identified in Turkey in Klebsiella
pneumoniae and Pseudomonas aeruginosa isolates (24, 25) and was
later identified in Enterobacter cloacae isolates (26). VIM-38,
which differs from VIM-5 by a single substitution (Ala316Val),
was recently identified in Pseudomonas aeruginosa isolates in Tur-
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key (27). This conservative substitution at the C terminus (sec-
ond-to-last residue) is present in �50% of VIMs. The greatest
variability in amino acid sequence across the five VIM variants is
found in the N-terminal leader sequence and, to a lesser extent, in
the C-terminal residues (see Fig. S1 in the supplemental material).
VIM-2, one of the most widely reported MBLs, shares �90%
amino acid similarity with the VIM-1 cluster (28). VIM-5 and
VIM-38 belong to the VIM-1 cluster and differ from VIM-1 by 5
and 6 residues, respectively (Ala130Lys, His224Leu, Glu225Ala,
Ser228Arg, and Lys291Thr, with an additional Ala316Val substi-
tution for VIM-38). Both VIM-5 and VIM-38 contain His224Leu
and Ser228Arg substitutions relative to VIM-1; these residues are
positioned on the L10 loop and are proposed to influence the
substrate specificity of VIM variants (13, 29–32).

Unlike the serine-�-lactamases, as yet, there are no clinically
useful MBL inhibitors. The development of broad-spectrum MBL
inhibitors is challenging, in part because of structural variation
across (and even within) subclasses but also because of the re-
quirement for selective inhibition of bacterial MBLs over human
MBL-fold enzymes, some of which have important physiological
roles. The continued emergence of new MBL variants with altered
substrate selectivity presents a further challenge to inhibitor de-
velopment. Despite the increased number of reports of VIM vari-
ants, structural information is available for only five of these vari-
ants (VIM-2, VIM-4, VIM-7, VIM-26, and VIM-31), and
biochemical characterization has been carried out for �10 VIM
variants (15, 19, 30, 32, 33). Biochemical studies have reported
that VIM-5 manifests a level of carbapenemase activity similar to
those of VIM-1 and VIM-2 but with greater efficiency toward
imipenem than meropenem (26). However, as exemplified by
studies with NDM variants (34), it is desirable to compare the
activities of MBL variants under the same experimental condi-
tions. To date, the important question of whether all the clinically
relevant MBL variants are similarly inhibited has not been ad-
dressed.

Here, we report studies on the biochemical and biophysical
properties of VIM-4, VIM-5, and VIM-38, in comparison with
those of the VIM-1 and VIM-2 enzymes, carried out under the
same experimental conditions. We observe modest differences in
the kinetic parameters for �-lactamase activities against a variety
of �-lactam substrates; however, the results reveal clear differ-
ences in the thermal stabilities of the VIM variants, as recently
reported for NDM variants (34). Interestingly, the tested variants
show clear differences in their inhibition profiles, with one iso-
quinoline derivative selectively inhibiting VIM-5 and VIM-38
more potently than VIM-1, VIM-2, or VIM-4. Crystallographic

studies on VIM-5 reveal structural differences that rationalize the
observed differences in inhibition potency.

MATERIALS AND METHODS
Cloning and mutagenesis. DNA encoding full-length VIM-38, lacking its
N-terminal periplasmic signaling sequence, was cloned into the pET-28a
vector (Novagen) for the production of recombinant protein with an
N-terminal His6 tag (pET28a-blaVIM-38). Site-directed mutagenesis
(Ala316Val) was performed to generate VIM-5 using pET28a-blaVIM-38 as
a template. Insertion PCR was carried out to incorporate a cleavage site for
human rhinovirus 3C (HRV3C) protease into the N terminus of the
VIM-5 and VIM-38 sequences. Primers used for mutagenesis are listed in
Table S1 in the supplemental material.

For the production of N-terminally His6-tagged VIM-1, Escherichia
coli codon-optimized VIM-1 coding sequences were inserted into
pNIC28-Bsa4 by using standard procedures (35).

Protein production and purification. E. coli BL21(DE3) cells were
transformed with plasmids encoding VIM-1, VIM-5, and VIM-38 for
protein production. The cells were cultured in 2� TY medium supple-
mented with kanamycin (50 �g/ml), until mid-log phase (optical density
at 600 nm [OD600] of �0.7) was reached. The production of the recom-
binant proteins was then induced by the addition of 0.1 mM isopropyl-
�-D-1-thiogalactopyranoside (IPTG), and the cells were cultured for a
further 16 h at 18°C. Cells were harvested by centrifugation (7,000 � g for
10 min) and lysed by sonication. Three-step protein purification was car-
ried out using nickel ion affinity chromatography followed by size exclu-
sion chromatography, as previously reported (34). The purified VIM-5
and VIM-38 proteins were incubated overnight at 4°C with His-tagged
HRV3C protease or with His-tagged tobacco etch virus (TEV) for VIM-1,
to remove the N-terminal His6 tag, and further purified by using a second
nickel ion affinity column to obtain the untagged enzymes. VIM-2,
VIM-4, and C-terminally His6-tagged VIM-1 were produced and purified
as previously described (19, 36, 37). The purity of the proteins was ascer-
tained by SDS-PAGE; mass spectrometric analysis under both denaturing
and nondenaturing conditions was used to verify the masses and metal
contents of the purified VIM-5 and VIM-38 enzymes (see Fig. S2 and S3 in
the supplemental material).

Analysis of secondary structure content and melting temperature.
Circular dichroism (CD) analyses were carried out using a Chirascan CD
spectrophotometer (Applied Photophysics) equipped with a Peltier tem-
perature-controlled cell holder. CD measurements were collected in the
range of 185 to 260 nm; spectra were baseline corrected and smoothed
using a Savitzky-Golay filter. Data were normalized at 207 nm to account
for differences in protein concentrations (38), and the estimation of sec-
ondary structure content was performed with Dichro Web (39) using the
CONTIN Analysis Programme (reference set 6) (40). Melting tempera-
tures (Tm) of the recombinant enzymes were determined by monitoring
temperature-induced changes in the CD signal at 222 nm. The tempera-
ture was increased by 1°C per min, and the CD signal was recorded at
temperatures ranging from 25°C to 92°C. The samples were then cooled

FIG 1 Outline scheme for MBL-mediated �-lactam hydrolysis.
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from 92°C to 25°C at the same rate, and a CD spectrum of the refolded
proteins was determined. The activity of the enzymes was recorded before
thermal denaturation and after refolding by monitoring nitrocefin hydro-
lysis. The thermal denaturation data were fitted to a Boltzmann sigmoidal
curve by using GraphPad Prism 5.0 software. CD spectra and thermal
denaturation curves are shown in Fig. 2 and in Tables S2 and S3 in the
supplemental material.

Determination of kinetic parameters. The hydrolysis of a represen-
tative panel of �-lactam substrates was monitored at their respective ab-
sorbance wavelengths. The wavelengths and extinction coefficients used
were previously described (34). The assays were carried out using 50 mM
HEPES buffer (pH 7.2) supplemented with 1 �g/ml bovine serum albu-
min (BSA), 1 �M ZnSO4, and 0.01% Triton X-100. In the case of VIM-1,
C-terminally His6-tagged VIM-1 was used for kinetic analyses. Note that
no differences were observed between the activities of untagged VIM-1
and C-terminally His6-tagged VIM-1 for the selected antibiotics (data not
shown). The initial rates were obtained from the changes in absorbance at
various substrate concentrations. Steady-state kinetic parameters (Km and
kcat) were determined by fitting the initial velocity data to the Michaelis-
Menten equation using GraphPad Prism 5.01 software (see Table S4 in the
supplemental material).

Inhibition assays. Inhibitors were prepared as reported previously
(36, 41). Enzyme-mediated hydrolysis of nitrocefin was monitored by
determining the changes in absorbance at 495 nm, as previously described
(36, 37). Residual activities were first determined at a 100 �M inhibitor
concentration. For the determination of 50% inhibitory concentrations
(IC50s), the reporter substrate (nitrocefin) was used at near-Km values,
and the enzyme was preincubated with the inhibitors for 10 min at room
temperature prior to the addition of the substrate (42). The residual ac-
tivities were obtained at increasing inhibitor concentrations (0.2 to 2,000
�M); the data were analyzed using GraphPad Prism 5.01 software.

NMR binding assays. Binding assays were carried out using 1H-edited
Carr-Purcell-Meiboom-Gill (CPMG) nuclear magnetic resonance
(NMR) analyses. Spectra were recorded by using a Bruker AVIII 600-MHz
NMR spectrometer equipped with a BB-F/1H Prodigy N2 cryoprobe using
3-mm Match NMR tubes (Cortectnet). The PROJECT-CPMG sequence
(90°x-[�-180°y-�-90°y-�-180°y-�]n-acq) was applied, and water suppres-
sion was achieved by presaturation. Data were collected with a sweep
width of 12,019 Hz, an acquisition time of 2.7 s, and a filter width of
125,000 s. Assays were conducted using 50 mM Tris-D11 (pH 7.5) supple-
mented with 0.02% NaN3 in 90% H2O and 10% D2O. Equilibrium disso-
ciation constant (KD) measurements for the reporter ligand (50 �M thio-
mandelic acid) and inhibitors (0 to 300 �M) were carried out as
previously reported (43). Data were processed with Bruker 3.1 software
and fitted by using Origin Pro8.5.1 (see Table S5 in the supplemental
material).

VIM-5 crystallography. Purified VIM-5 was crystallized using the sit-
ting-drop vapor diffusion method with 96-well, 3-subwell Intelliplates
(Art Robbins). Drops of 300 nl were obtained by adding a protein solution

(23 mg/ml) and the reservoir buffer at a 2:1 ratio (protein/reservoir).
Crystals formed in wells containing 0.1 M Tris buffer (pH 8.5), 25% poly-
ethylene glycol 3350 (PEG 3350), and 0.2 M NaCl. A cryoprotectant so-
lution was prepared by diluting the well solution with glycerol to a final
concentration of 25% (vol/vol) glycerol. An �10� drop volume of cryo-
protectant was then added to the top of a drop containing crystals, and the
crystals were harvested using a nylon loop, followed by plunging into
liquid nitrogen. Data were then collected for a single crystal at the Dia-
mond Light Source synchrotron beamline. Data were processed by using
XDS and CCP4-SCALA in XIA2 (44–46). Initial phases were obtained by
molecular replacement (MR) (47) using the PHASER (48) subroutine
within PHENIX (49, 50), with the structure of VIM-4 (Protein Data Bank
[PDB] accession number 2WRS) (51) as the search model. Crystallo-
graphic structure refinement was carried out by iterative rounds of model
building using WinCoot (52) and maximum likelihood restrained refine-
ment using PHENIX. Data collection and refinement statistics are given in
Table S6 in the supplemental material.

Protein structure accession number. Coordinates and structure fac-
tors for VIM-5 have been deposited in the PDB under accession number
5A87.

RESULTS

Recombinant VIM-1, VIM-2, VIM-4, VIM-5, and VIM-38 were
efficiently produced and purified to near homogeneity as deter-
mined by SDS-PAGE analysis (see Fig. S2 in the supplemental
material). The molecular masses of the recombinant proteins as
determined by liquid chromatography-mass spectrometry (LC-
MS) analyses were in close agreement with the theoretical values.
Data from nondenaturing electrospray ionization mass spectro-
metric analyses validated the identities of the VIM-5 and VIM-38
variants and were consistent with the binding of two metal (zinc)
ions for each of the purified proteins (see Fig. S3 in the supple-
mental material).

Biophysical characterization. To compare the secondary
structural content of the VIM variants, far-UV circular dichroism
(CD) analyses were carried out on the untagged recombinant pro-
teins. All five VIM variants exhibited very similar CD spectra, with
a slight deviation in ellipticity at lower wavelengths, indicating
that the amino acid substitutions do not cause major perturba-
tions in secondary structure (Fig. 2a).

We then carried out temperature-dependent CD spectroscopy
to investigate the relative thermal stability of the VIM variants,
because some substitutions in VIM and NDM MBLs have been
associated with variations in protein stability (28, 34). With the
exception of VIM-1 and VIM-4, the CD spectra of the cooled
samples were nearly identical to those obtained before heating.

FIG 2 Circular dichroism analyses comparing CD spectra at 25°C (a) and melting temperatures (b) of the tested VIM variants.
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For all the tested VIM variants, the refolded samples retained sub-
stantial activity (�2-fold differences as judged by kcat/Km values),
indicating that proteins regained their native structure upon re-
folding (see Table S3 in the supplemental material). The observed
reversibility allowed further thermodynamic analysis to obtain
melting temperature (Tm) values. Significant differences in the Tm

values of the five VIM variants were observed. VIM-5 and VIM-38
were the most stable variants, with an apparent Tm of 	83°C,
which is �5°C higher than that determined for VIM-2 (78°C).
VIM-1 and VIM-4 were the least stable of the tested variants, with
apparent Tm values of 60°C and 64°C, respectively, which are
	20°C lower than those of VIM-5 and VIM-38 and 	14°C lower
than that of VIM-2 (Fig. 2b).

Functional properties of VIM variants. The hydrolytic activ-
ities of the VIM variants against a representative set of �-lactam
substrates were then compared under similar assay conditions.
Overall, the tested variants showed relatively small differences in
their catalytic efficiencies toward the tested �-lactam substrates,
with VIM-5 and VIM-38 showing very similar kinetic parameters
(Table 1). In some cases, differences in individual kinetic param-
eters were observed, sometimes contributing to changes (albeit
relatively small ones) in the overall hydrolytic efficiency as defined
by kcat/Km values. For instance, for VIM-1, the Km value for mero-
penem was 	6-fold higher than that for VIM-2, indicating a lower
affinity for this substrate. This difference was, however, counter-
balanced by high kcat values for VIM-1 (	7-fold higher than those
for VIM-2), resulting in similar kcat/Km values. Despite VIM-1 and
VIM-2 variants having similar Km values for imipenem (likely
within experimental error), VIM-2 exhibited higher kcat values,
resulting in a 6-fold increase in kcat/Km value compared to that for
VIM-1. Relatively high apparent Km values (	300 �M) were re-
corded for all VIM variants with ampicillin, indicating a relatively
low affinity for this penicillin. Notably, VIM-5 and VIM-38 had
	10-fold-higher kcat values for cefoxitin than did VIM-1, result-
ing in a 	7-fold increase in kcat/Km values. Cephalothin and ni-
trocefin were efficiently hydrolyzed by all the tested VIM variants,
recording the highest kcat/Km values compared to those with the
other �-lactam substrates. Ceftazidime was a poor substrate for
the variants, with kcat/Km values being �0.1 s
1/�M for the tested
VIM variants. Apparent kinetic parameters were reported for cef-
tazidime and ampicillin hydrolysis, since the initial velocity re-
mained proportional to the substrate concentration up to 300 �M
(see Table S4 in the supplemental material).

Inhibition of VIM variants. To investigate if the VIM variants
might manifest different degrees of inhibition, we screened a set of

compounds containing different potential metal-chelating motifs
(36, 41), including isoquinolines and pyridine-2-carboxylates, to
compare their inhibitory effects on the VIM variants. An interest-
ing result to emerge from this work was that the isoquinoline
derivative (compound 1) is a substantially better inhibitor of
VIM-5 and VIM-38 (IC50 � 2 �M) by 	500-fold than VIM-1
(IC50 of 	1 mM). VIM-2 and VIM-4 also had 	40-fold-higher
IC50s (IC50s of 90 �M and 200 �M, respectively) with inhibitor 1
than did VIM-5 and VIM-38 (Table 2). The configuration of the
stereocenter of the inhibitor side chain is important with respect
to the degree of inhibition, with the (R)-enantiomer (compound
1) being a more potent inhibitor than the (S)-enantiomer (com-
pound 2) for all the variants, except for VIM-1, for which the
(S)-enantiomer (compound 2) was a more potent inhibitor. The
isoquinoline ring system is also apparently important, as the pyr-
idine-2-carboxylate derivative (compound 3) with an (R)-trypto-
phan side chain analogous to that of compound 1 inhibited all
VIM variants similarly and with only modest potency (Fig. 3).
Interestingly, VIM-4 showed IC50s similar to those of VIM-2 for
the tested compounds despite differing from VIM-1 by only one
residue (Ser228 in VIM-1 and Arg228 in VIM-4).

To validate the inhibition results, we carried out 1H CPMG
NMR binding assays (43). The NMR analyses showed a similar
trend, with both isoquinoline inhibitors 1 and 2 binding more
strongly to VIM-5 than to VIM-2 (see Table S5 in the supplemen-
tal material). The (R)-enantiomer (compound 1) was also shown
to be a stronger binder to VIM-2 (apparent KD [KD app] � 180
�M) than the (S)-enantiomer (compound 2) (KD app � 330 �M),
highlighting the importance of the configuration of the side-chain
stereocenter in the potency of inhibition.

Crystallographic analysis. To explore the structural features
contributing to the observed differences in inhibition of the VIM
variants, a crystal structure of recombinant VIM-5 was deter-
mined to a 1.5-Å resolution (P21 space group), having 2 molecules
per asymmetric unit. The overall fold of VIM-5 was almost iden-
tical to that described for the previously reported VIM-2 structure
(PDB accession number 4BZ3), with a root mean square distance
(RMSD) of 0.206 Å. The overall fold of VIM-5 has the canonical
MBL ��/�� sandwich structure, with two zinc(II) ions (3.5 Å
apart) being bound in the active site located in a shallow cleft
formed by the interface of the two �-sheets (Fig. 4A). The pro-
posed nucleophilic hydroxide/water molecule bridges between
the two zinc(II) ions and is positioned 1.9 Å and 2.0 Å from Zn1
and Zn2, respectively. The zinc(II) ion coordination geometry is
similar to the coordination observed for VIM-2 (Fig. 4B) (53).

TABLE 1 Kinetic parameters for VIM-1, VIM-2, VIM-5, and VIM-38 with a representative panel of �-lactam substrates

Substrate

Mean Km (�M) � SDa kcat (s
1) kcat/Km (s
1/�M)

VIM-1b VIM-2 VIM-5 VIM-38 VIM-1 VIM-2 VIM-5 VIM-38 VIM-1 VIM-2 VIM-5 VIM-38

Meropenem 130 � 20 20 � 4 70 � 10 30 � 4 50 7 20 10 0.40 0.30 0.30 0.30
Imipenem 60 � 10 30 � 4 60 � 6 150 � 20 30 100 60 90 0.50 3.30 1.00 0.60
Ampicillin 	1,000 	500 	1,000 380 � 80 120 180 230 170 0.10 0.40 0.20 0.40
Cefoxitin 170 � 50 40 � 10 320 � 60 230 � 60 30 50 460 340 0.20 1.30 1.40 1.50
Ceftazidime 180 � 60 120 � 20 340 � 80 430 � 140 3 2 4 4 0.02 0.02 0.01 0.01
Cephalothin 140 � 10 50 � 6 100 � 8 60 � 8 450 210 200 120 3.20 4.20 2.00 2.00
Nitrocefin 15 � 1 50 � 5 50 � 5 70 � 10 130 510 420 720 8.70 10.2 8.40 10.3
a Km values are reported as the means of data from three independent measurements � standard deviations. Apparent kinetic parameters are reported for ampicillin and
ceftazidime hydrolysis. Standard deviation values for kcat did not exceed 10%.
b C-terminally His6-tagged VIM-1 was used for kinetic analyses (36).
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Despite having identical sequences, the VIM-5 L3 loop was closer
to the active site than observed for VIM-2, as was reported previ-
ously for VIM-4 and VIM-31 (19, 32). It is also notable that a
4.8-Å shift in the carbonyl oxygen position of Ala231 was observed
in comparison to the VIM-2 structure (PDB accession number
4BZ3) (see Fig. S4 in the supplemental material).

DISCUSSION

Overall, the kinetic results reveal relatively small differences in the
catalytic efficiencies of the tested VIM variants (Table 1), the bio-
logical relevance of which, if any, requires further investigation.
VIM-5 was found to have activity toward carbapenems similar
that of VIM-1 and VIM-2, as was previously proposed (26).
VIM-5 and VIM-38 display very similar kinetic parameters, as
expected, given that they differ by 1 residue at position 316 (Ala
and Val in VIM-5 and VIM-38, respectively). This substitution at
the C terminus of the enzymes is conserved and present in �50%

of the reported VIM variants (http://www.lahey.org/studies/other
.asp#).

The hydrolytic efficiencies presented here are in agreement
with those reported previously for some of the substrates (e.g.,
VIM-2 hydrolyzes imipenem better than meropenem) (21) but
differ with regard to other substrates; e.g., in our study, VIM-5
hydrolyzes ceftazidime with a 10-fold-higher efficiency than that
previously reported (26). The discrepancies observed may be at-
tributed to differences in enzyme preparation and assay condi-
tions, emphasizing the need to carry out comparative kinetic stud-
ies under similar experimental conditions (see Table S7 in the
supplemental material for a comparison of our data with data
from previous studies).

The VIM variants tested in this study exhibited similar CD
spectra, implying that their secondary structures are not substan-
tially affected by the differences in their sequences (Fig. 2a). How-

TABLE 2 Inhibition of VIM variants by selected isoquinoline and pyridine-2-carboxylates

Inhibitor

IC50 (�M) (KD app [�M])a

VIM-1 (H224, S228) VIM-2 (Y224, R228) VIM-4 (H224, R228) VIM-5 (L224, R228) VIM-38 (L224, R228)

1 	1,000 90 (180) 200 2 (140) 2

2 60 300 (330) 600 50 (180) 80

3 50 100 125 50 50

a IC50 determinations were performed in triplicate over a range of inhibitor concentrations from 0.2 to 2,000 �M. KD app values were determined by 1H CPMG NMR experiments
(see Table S5 in the supplemental material).

FIG 3 Inhibition of VIM variants by selected inhibitors. RA, residual activity.
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ever, marked differences in the thermal stabilities of the variants
were observed, with VIM-5 and VIM-38 having the highest melt-
ing temperatures (84°C and 83°C, respectively) compared to
VIM-2 (78°C). VIM-1 (60°C) and VIM-4 (64°C) showed signifi-
cantly lower melting temperatures (Fig. 2b). These results are in
agreement with previously reported low melting temperatures for
VIM-4 (19). The results showing increased thermal stability of at
least some VIM variants is interesting, as we have observed similar
trends with NDM variants (34). As proposed in the case of the
NDM variants, it is possible that the increased thermal stabilities
of emergent MBL variants could reflect increased cellular life-
times, directly due to either the improved thermal stability or a
reduced propensity for proteolysis or aggregation (34). Thus, al-
though “evolutionary drift” cannot be ruled out and further work
is required, the increased thermal stability of some MBL variants
presents an interesting line of investigation.

Unlike the relatively small differences in kinetic parameters
observed, very clear differences were observed for the inhibition of
different VIM variants with some (but not all) types of inhibitors
tested (Fig. 3). These differences are most clearly exemplified by
the relatively low IC50s reported for VIM-5 and VIM-38 with iso-

quinoline compound 1 compared to those for VIM-1, VIM-2, and
VIM-4 (Table 2). A crystal structure of VIM-5 reveals interesting
active-site differences compared to VIM-2 and provides some
possible insights into the differences in the catalytic and inhibitory
profiles of the VIM variants (Fig. 4).

The substitutions at residue 224 (His, Tyr, and Leu in VIM-1/
VIM-4, VIM-2, and VIM-5/VIM-38, respectively), which is lo-
cated on the L10 loop, likely contribute to the differential inhibi-
tion profiles observed. Comparison of the crystal structures of the
VIM variants reveals that replacement of Tyr224, as in VIM-2,
with Leu224, as in VIM-5 and VIM-38, likely provides a more
spacious active site that may better accommodate the bulky tryp-
tophan side chains of the tested inhibitors, as reflected by the
increased inhibition of VIM-5 and VIM-38 by inhibitors 1 and 2.
The smaller side chain of Leu224 in VIM-5 also enables a “flip-
ping” of the main-chain carbonyl of Ala231, altering the entrance
to the active site and likely affecting inhibitor binding. Notably,
the main-chain flipping of Ala231 is also observed for other en-
zymes with Leu224, such as VIM-26 (30) (see Fig. S4 in the sup-
plemental material).

The bicyclic isoquinoline ring system of inhibitors 1 and 2 may

FIG 4 (A) Ribbon representation of the VIM-5 crystal structure (PDB accession number 5A87) showing its overall fold. Metal binding residues are shown in
white, and zinc ions are shown as gray spheres. The L3 and L10 loops are highlighted in blue and green, respectively. (B) Closeup view of Leu224, Ala225, and
Arg228 residues within the VIM-5 active site. Observed electron density (2Fo 
 Fc contoured to 1 ) is shown as gray mesh. (C) Comparison of structures for a
hydrolyzed benzylpenicillin (i), the thioenolate inhibitor ML302F (ii), and an isoquinoline inhibitor (iii) showing possible interactions with VIM MBLs. The
green atoms likely interact with the hydrophobic L10 loop, while the blue atoms indicate groups likely to interact with the hydrophobic L3 loop. The atoms in red
are proposed to interact with the metal center of the enzyme. (D) Superimposition of the VIM-2 (cyan) (PDB accession number 4PVO) and VIM-5 (pink) (PDB
accession number 5A87) structures showing the effect of substitutions at residues 224 and 225, as observed for VIM-2 and VIM-5, and showing the binding mode
of the thioenolate inhibitor ML302F (yellow) in the VIM-2 active site (54).
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interact with the hydrophobic residues on the mobile L3 loop
(residues 60 to 66) (15), leading to better binding than with pyri-
dine-2-carboxylate inhibitor 3 for VIM-5 and VIM-38. It is pro-
posed that VIM-2 residue Glu225 forms electrostatic interactions
that rigidify and partially neutralize the side chain of Arg228,
which interacts with the carboxylate of �-lactam substrates (15,
19). The replacement of Glu225 with Ala225, as in VIM-5 and
VIM-38, may enable more flexibility of the Arg228 side chain,
contributing to the observed differences in substrate/inhibitor
binding. Additionally, the hydrogen bond formed between the
Glu225 side chain and the main chain of Leu265 is disrupted in the
VIM-5 structure with the replacement of Glu225 with Ala225.
This may also have implications for substrate-inhibitor interac-
tions.

The overall results reveal that the tested VIM variants show
relatively small differences in their catalytic efficiencies with the
tested substrates, suggesting that changes in substrate selectivity
are not their sole evolutionary driving force, as was recently pro-
posed for NDM variants (34). We observed a marked difference in
thermal stability for the VIM variants, as observed for NDM vari-
ants, suggesting that this may reflect a selection pressure (34).
Perhaps most importantly, the results reveal that clinically ob-
served MBL variants can manifest different inhibition profiles, a
factor that we propose should be taken into account at an early
stage in inhibitor development programs.
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segül Saral, Ayşĕgül C. Ciçek, and Cemal Sandalli under grant number
BAP-2013.102.03.13. Medical Research Council provided funding to Jür-
gen Brem, Michael A. McDonough, Anna M. Rydzik, and Christopher J.
Schofield under grant number MR/L007665/1. Medical Research Coun-
cil/Canadian Grant provided funding to Jürgen Brem, Michael A. Mc-
Donough, Anna M. Rydzik, and Christopher J. Schofield under grant
number G1100135. Biochemical Society Krebs Memorial Award provided
funding to Martine I. Abboud.

The funders had no role in study design, data collection and interpreta-
tion, or the decision to submit the work for publication.

REFERENCES
1. Centers for Disease Control and Prevention. 2013. Antibiotic resistance

threats in the United States, 2013. Centers for Disease Control and Pre-
vention, Atlanta, GA.

2. Ambler RP. 1980. The structure of �-lactamases. Philos Trans R Soc Lond
B 289:321–331. http://dx.doi.org/10.1098/rstb.1980.0049.

3. Page MI, Badarau A. 2008. The mechanisms of catalysis by metallo-�-
lactamases. Bioinorg Chem Appl 2008:576297. http://dx.doi.org/10.1155
/2008/576297.

4. Palzkill T. 2013. Metallo-�-lactamase structure and function. Ann N Y
Acad Sci 1277:91–104. http://dx.doi.org/10.1111/j.1749-6632.2012
.06796.x.

5. Diene SM, Rolain JM. 2014. Carbapenemase genes and genetic platforms
in Gram-negative bacilli: Enterobacteriaceae, Pseudomonas and Acineto-

bacter species. Clin Microbiol Infect 20:831– 838. http://dx.doi.org/10
.1111/1469-0691.12655.

6. Miriagou V, Cornaglia G, Edelstein M, Galani I, Giske CG, Gniad-
kowski M, Malamou-Lada E, Martinez-Martinez L, Navarro F, Nord-
mann P, Peixe L, Pournaras S, Rossolini GM, Tsakris A, Vatopoulos A,
Canton R. 2010. Acquired carbapenemases in Gram-negative bacterial
pathogens: detection and surveillance issues. Clin Microbiol Infect 16:
112–122. http://dx.doi.org/10.1111/j.1469-0691.2009.03116.x.

7. Nordmann P, Poirel L. 2002. Emerging carbapenemases in Gram-
negative aerobes. Clin Microbiol Infect 8:321–331. http://dx.doi.org/10
.1046/j.1469-0691.2002.00401.x.

8. Bebrone C. 2007. Metallo-�-lactamases (classification, activity, genetic
organization, structure, zinc coordination) and their superfamily.
Biochem Pharmacol 74:1686 –1701. http://dx.doi.org/10.1016/j.bcp.2007
.05.021.

9. Daiyasu H, Osaka K, Ishino Y, Toh H. 2001. Expansion of the zinc
metallo-hydrolase family of the �-lactamase fold. FEBS Lett 503:1– 6. http:
//dx.doi.org/10.1016/S0014-5793(01)02686-2.

10. Garau G, Garcia-Saez I, Bebrone C, Anne C, Mercuri P, Galleni M,
Frere JM, Dideberg O. 2004. Update of the standard numbering scheme
for class B �-lactamases. Antimicrob Agents Chemother 48:2347–2349.
http://dx.doi.org/10.1128/AAC.48.7.2347-2349.2004.

11. Zhang H, Hao Q. 2011. Crystal structure of NDM-1 reveals a common
�-lactam hydrolysis mechanism. FASEB J 25:2574 –2582. http://dx.doi
.org/10.1096/fj.11-184036.

12. King DT, Worrall LJ, Gruninger R, Strynadka NC. 2012. New Delhi
metallo-�-lactamase: structural insights into �-lactam recognition and
inhibition. J Am Chem Soc 134:11362–11365. http://dx.doi.org/10.1021
/ja303579d.

13. Mojica MF, Mahler SG, Bethel CR, Taracila MA, Kosmopoulou M,
Papp-Wallace KM, Llarrull LI, Wilson BM, Marshall SH, Wallace CJ,
Villegas MV, Harris ME, Vila AJ, Spencer J, Bonomo RA. 2015. Explor-
ing the role of residue 228 in substrate and inhibitor recognition by VIM
metallo-�-lactamases. Biochemistry 54:3183–3196. http://dx.doi.org/10
.1021/acs.biochem.5b00106.

14. Franceschini N, Caravelli B, Docquier JD, Galleni M, Frere JM, Ami-
cosante G, Rossolini GM. 2000. Purification and biochemical character-
ization of the VIM-1 metallo-�-lactamase. Antimicrob Agents Che-
mother 44:3003–3007. http://dx.doi.org/10.1128/AAC.44.11.3003-3007
.2000.

15. Garcia-Saez I, Docquier JD, Rossolini GM, Dideberg O. 2008. The
three-dimensional structure of VIM-2, a Zn-�-lactamase from Pseudomo-
nas aeruginosa in its reduced and oxidised form. J Mol Biol 375:604 – 611.
http://dx.doi.org/10.1016/j.jmb.2007.11.012.

16. Toleman MA, Rolston K, Jones RN, Walsh TR. 2004. blaVIM-7, an
evolutionarily distinct metallo-�-lactamase gene in a Pseudomonas aerugi-
nosa isolate from the United States. Antimicrob Agents Chemother 48:
329 –332. http://dx.doi.org/10.1128/AAC.48.1.329-332.2004.

17. Kontou M, Pournaras S, Kristo I, Ikonomidis A, Maniatis AN, Statho-
poulos C. 2007. Molecular cloning and biochemical characterization of
VIM-12, a novel hybrid VIM-1/VIM-2 metallo-�-lactamase from a Kleb-
siella pneumoniae clinical isolate, reveal atypical substrate specificity. Bio-
chemistry 46:13170 –13178. http://dx.doi.org/10.1021/bi701258w.

18. Juan C, Beceiro A, Gutierrez O, Alberti S, Garau M, Perez JL, Bou G,
Oliver A. 2008. Characterization of the new metallo-�-lactamase VIM-13
and its integron-borne gene from a Pseudomonas aeruginosa clinical iso-
late in Spain. Antimicrob Agents Chemother 52:3589 –3596. http://dx.doi
.org/10.1128/AAC.00465-08.

19. Lassaux P, Traore DA, Loisel E, Favier A, Docquier JD, Sohier JS,
Laurent C, Bebrone C, Frere JM, Ferrer JL, Galleni M. 2011. Biochem-
ical and structural characterization of the subclass B1 metallo-�-lactamase
VIM-4. Antimicrob Agents Chemother 55:1248 –1255. http://dx.doi.org
/10.1128/AAC.01486-09.

20. Lauretti L, Riccio ML, Mazzariol A, Cornaglia G, Amicosante G, Fon-
tana R, Rossolini GM. 1999. Cloning and characterization of blaVIM, a
new integron-borne metallo-�-lactamase gene from a Pseudomonas
aeruginosa clinical isolate. Antimicrob Agents Chemother 43:1584 –1590.

21. Poirel L, Naas T, Nicolas D, Collet L, Bellais S, Cavallo JD, Nordmann
P. 2000. Characterization of VIM-2, a carbapenem-hydrolyzing metallo-
�-lactamase and its plasmid- and integron-borne gene from a Pseudomo-
nas aeruginosa clinical isolate in France. Antimicrob Agents Chemother
44:891– 897. http://dx.doi.org/10.1128/AAC.44.4.891-897.2000.

22. Pallecchi L, Riccio ML, Docquier JD, Fontana R, Rossolini GM. 2001.

Differences in Stability and Inhibition of VIM MBLs

March 2016 Volume 60 Number 3 aac.asm.org 1383Antimicrobial Agents and Chemotherapy

 on N
ovem

ber 10, 2020 by guest
http://aac.asm

.org/
D

ow
nloaded from

 

http://dx.doi.org/10.1098/rstb.1980.0049
http://dx.doi.org/10.1155/2008/576297
http://dx.doi.org/10.1155/2008/576297
http://dx.doi.org/10.1111/j.1749-6632.2012.06796.x
http://dx.doi.org/10.1111/j.1749-6632.2012.06796.x
http://dx.doi.org/10.1111/1469-0691.12655
http://dx.doi.org/10.1111/1469-0691.12655
http://dx.doi.org/10.1111/j.1469-0691.2009.03116.x
http://dx.doi.org/10.1046/j.1469-0691.2002.00401.x
http://dx.doi.org/10.1046/j.1469-0691.2002.00401.x
http://dx.doi.org/10.1016/j.bcp.2007.05.021
http://dx.doi.org/10.1016/j.bcp.2007.05.021
http://dx.doi.org/10.1016/S0014-5793(01)02686-2
http://dx.doi.org/10.1016/S0014-5793(01)02686-2
http://dx.doi.org/10.1128/AAC.48.7.2347-2349.2004
http://dx.doi.org/10.1096/fj.11-184036
http://dx.doi.org/10.1096/fj.11-184036
http://dx.doi.org/10.1021/ja303579d
http://dx.doi.org/10.1021/ja303579d
http://dx.doi.org/10.1021/acs.biochem.5b00106
http://dx.doi.org/10.1021/acs.biochem.5b00106
http://dx.doi.org/10.1128/AAC.44.11.3003-3007.2000
http://dx.doi.org/10.1128/AAC.44.11.3003-3007.2000
http://dx.doi.org/10.1016/j.jmb.2007.11.012
http://dx.doi.org/10.1128/AAC.48.1.329-332.2004
http://dx.doi.org/10.1021/bi701258w
http://dx.doi.org/10.1128/AAC.00465-08
http://dx.doi.org/10.1128/AAC.00465-08
http://dx.doi.org/10.1128/AAC.01486-09
http://dx.doi.org/10.1128/AAC.01486-09
http://dx.doi.org/10.1128/AAC.44.4.891-897.2000
http://aac.asm.org
http://aac.asm.org/


Molecular heterogeneity of blaVIM-2-containing integrons from Pseu-
domonas aeruginosa plasmids encoding the VIM-2 metallo-�-lactamase.
FEMS Microbiol Lett 195:145–150. http://dx.doi.org/10.1111/j.1574
-6968.2001.tb10512.x.

23. Pournaras S, Tsakris A, Maniati M, Tzouvelekis LS, Maniatis AN. 2002.
Novel variant (blaVIM-4) of the metallo-�-lactamase gene blaVIM-1 in a
clinical strain of Pseudomonas aeruginosa. Antimicrob Agents Chemother
46:4026 – 4028. http://dx.doi.org/10.1128/AAC.46.12.4026-4028.2002.

24. Midilli K, Aygün G, Kuskucu M. 2003. A new variant of metallo-�-
lactamase detected in a Klebsiella pneumoniae strain: VIM-5, abstr S-21, p
275. Abstr KLIMIK Congr, Istanbul, Turkey.

25. Bahar G, Mazzariol A, Koncan R, Mert A, Fontana R, Rossolini GM,
Cornaglia G. 2004. Detection of VIM-5 metallo-�-lactamase in a Pseu-
domonas aeruginosa clinical isolate from Turkey. J Antimicrob Chemother
54:282–283. http://dx.doi.org/10.1093/jac/dkh321.

26. Gacar GG, Midilli K, Kolayli F, Ergen K, Gundes S, Hosoglu S, Karad-
enizli A, Vahaboglu H. 2005. Genetic and enzymatic properties of me-
tallo-�-lactamase VIM-5 from a clinical isolate of Enterobacter cloacae.
Antimicrob Agents Chemother 49:4400 – 4403. http://dx.doi.org/10.1128
/AAC.49.10.4400-4403.2005.

27. Iraz M, Duzgun AO, Cicek AC, Bonnin RA, Ceylan A, Saral A, Nord-
mann P, Sandalli C. 2014. Characterization of novel VIM carbapen-
emase, VIM-38, and first detection of GES-5 carbapenem-hydrolyzing
�-lactamases in Pseudomonas aeruginosa in Turkey. Diagn Microbiol In-
fect Dis 78:292–294. http://dx.doi.org/10.1016/j.diagmicrobio.2013.12
.003.

28. Borgianni L, Vandenameele J, Matagne A, Bini L, Bonomo RA, Frere
JM, Rossolini GM, Docquier JD. 2010. Mutational analysis of VIM-2
reveals an essential determinant for metallo-�-lactamase stability and
folding. Antimicrob Agents Chemother 54:3197–3204. http://dx.doi.org
/10.1128/AAC.01336-09.

29. Docquier JD, Lamotte-Brasseur J, Galleni M, Amicosante G, Frere JM,
Rossolini GM. 2003. On functional and structural heterogeneity of VIM-
type metallo-�-lactamases. J Antimicrob Chemother 51:257–266. http:
//dx.doi.org/10.1093/jac/dkg067.

30. Leiros HK, Edvardsen KS, Bjerga GE, Samuelsen O. 2015. Structural and
biochemical characterization of VIM-26 shows that Leu224 has implica-
tions for the substrate specificity of VIM metallo-�-lactamases. FEBS J
282:1031–1042. http://dx.doi.org/10.1111/febs.13200.

31. Merino M, Perez-Llarena FJ, Kerff F, Poza M, Mallo S, Rumbo-Feal S,
Beceiro A, Juan C, Oliver A, Bou G. 2010. Role of changes in the L3 loop
of the active site in the evolution of enzymatic activity of VIM-type me-
tallo-�-lactamases. J Antimicrob Chemother 65:1950 –1954. http://dx.doi
.org/10.1093/jac/dkq259.

32. Kupper MB, Herzog K, Bennink S, Schlomer P, Bogaerts P, Glupczyn-
ski Y, Fischer R, Bebrone C, Hoffmann KM. 2015. The three-
dimensional structure of VIM-31, a metallo-�-lactamase from Enterobac-
ter cloacae in its native and oxidized form. FEBS J 282:2352–2360. http:
//dx.doi.org/10.1111/febs.13283.

33. Leiros HK, Skagseth S, Edvardsen KS, Lorentzen MS, Bjerga GE, Leiros
I, Samuelsen O. 2014. His224 alters the R2 drug binding site and Phe218
influences the catalytic efficiency of the metallo-�-lactamase VIM-7. An-
timicrob Agents Chemother 58:4826 – 4836. http://dx.doi.org/10.1128
/AAC.02735-13.

34. Makena A, Brem J, Pfeffer I, Geffen RE, Wilkins SE, Tarhonskaya H,
Flashman E, Phee LM, Wareham DW, Schofield CJ. 2015. Biochemical
characterization of New Delhi metallo-�-lactamase variants reveals differ-
ences in protein stability. J Antimicrob Chemother 70:463– 469. http://dx
.doi.org/10.1093/jac/dku403.

35. Savitsky P, Bray J, Cooper CD, Marsden BD, Mahajan P, Burgess-
Brown NA, Gileadi O. 2010. High-throughput production of human
proteins for crystallization: the SGC experience. J Struct Biol 172:3–13.
http://dx.doi.org/10.1016/j.jsb.2010.06.008.

36. van Berkel SS, Brem J, Rydzik AM, Salimraj R, Cain R, Verma A, Owens
RJ, Fishwick CW, Spencer J, Schofield CJ. 2013. Assay platform for
clinically relevant metallo-�-lactamases. J Med Chem 56:6945– 6953.
http://dx.doi.org/10.1021/jm400769b.

37. Makena A, van Berkel SS, Lejeune C, Owens RJ, Verma A, Salimraj R,

Spencer J, Brem J, Schofield CJ. 2013. Chromophore-linked substrate
(CLS405): probing metallo-�-lactamase activity and inhibition.
ChemMedChem 8:1923–1939. http://dx.doi.org/10.1002/cmdc.20130
0350.

38. Raussens V, Ruysschaert JM, Goormaghtigh E. 2003. Protein con-
centration is not an absolute prerequisite for the determination of
secondary structure from circular dichroism spectra: a new scaling
method. Anal Biochem 319:114 –121. http://dx.doi.org/10.1016/S0003
-2697(03)00285-9.

39. Whitmore L, Wallace BA. 2008. Protein secondary structure analyses
from circular dichroism spectroscopy: methods and reference data-
bases. Biopolymers 89:392– 400. http://dx.doi.org/10.1002/bip.20853.

40. Sreerama N, Woody RW. 2000. Estimation of protein secondary struc-
ture from circular dichroism spectra: comparison of CONTIN, SELCON,
and CDSSTR methods with an expanded reference set. Anal Biochem
287:252–260. http://dx.doi.org/10.1006/abio.2000.4880.

41. Rydzik AM, Chowdhury R, Kochan GT, Williams ST, McDonough MA,
Kawamura K, Schofield CJ. 2014. Modulating carnitine levels by target-
ing its biosynthesis—selective inhibition of �-butyrobetaine hydroxylase.
Chem Sci 5:1765–1771. http://dx.doi.org/10.1039/c4sc00020j.

42. Viswanatha T, Marrone L, Goodfellow V, Dmitrienko GI. 2008. Assays
for �-lactamase activity and inhibition. Methods Mol Med 142:239 –260.
http://dx.doi.org/10.1007/978-1-59745-246-5_19.

43. Leung IK, Demetriades M, Hardy AP, Lejeune C, Smart TJ, Szollossi A,
Kawamur A, Schofield CJ, Claridge TD. 2013. Reporter ligand NMR
screening method for 2-oxoglutarate oxygenase inhibitors. J Med Chem
56:547–555. http://dx.doi.org/10.1021/jm301583m.

44. Kabsch W. 2010. Xds. Acta Crystallogr D Biol Crystallogr 66:125–132.
http://dx.doi.org/10.1107/S0907444909047337.

45. Evans P. 2006. Scaling and assessment of data quality. Acta Crystallogr D
Biol Crystallogr 62:72– 82. http://dx.doi.org/10.1107/S0907444
905036693.

46. Winter G, Lobley CM, Prince SM. 2013. Decision making in xia2. Acta
Crystallogr D Biol Crystallogr 69:1260 –1273. http://dx.doi.org/10.1107
/S0907444913015308.

47. Rossmann MG, Blow DM. 1962. The detection of sub-units within the
crystallographic asymmetric unit. Acta Crystallogr 15:24 –31. http://dx
.doi.org/10.1107/S0365110X62000067.

48. Read RJ. 2001. Pushing the boundaries of molecular replacement with
maximum likelihood. Acta Crystallogr D Biol Crystallogr 57:1373–1382.
http://dx.doi.org/10.1107/S0907444901012471.

49. Adams PD, Gopal K, Grosse-Kunstleve RW, Hung LW, Ioerger TR,
McCoy AJ, Moriarty NW, Pai RK, Read RJ, Romo TD, Sacchettini JC,
Sauter NK, Storoni LC, Terwilliger TC. 2004. Recent developments in
the PHENIX software for automated crystallographic structure determi-
nation. J Synchrotron Radiat 11:53–55. http://dx.doi.org/10.1107
/S0909049503024130.

50. McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC,
Read RJ. 2007. Phaser crystallographic software. J Appl Crystallogr 40:
658 – 674. http://dx.doi.org/10.1107/S0021889807021206.

51. Lassaux P, Hamel M, Gulea M, Delbruck H, Mercuri PS, Horsfall L,
Dehareng D, Kupper M, Frere JM, Hoffmann K, Galleni M, Bebrone C.
2010. Mercaptophosphonate compounds as broad-spectrum inhibitors of
the metallo-�-lactamases. J Med Chem 53:4862– 4876. http://dx.doi.org
/10.1021/jm100213c.

52. Emsley P, Lohkamp B, Scott WG, Cowtan K. 2010. Features and devel-
opment of Coot. Acta Crystallogr D Biol Crystallogr 66:486 –501. http:
//dx.doi.org/10.1107/S0907444910007493.

53. Aitha M, Marts AR, Bergstrom A, Moller AJ, Moritz L, Turner L, Nix
JC, Bonomo RA, Page RC, Tierney DL, Crowder MW. 2014. Biochem-
ical, mechanistic, and spectroscopic characterization of metallo-�-
lactamase VIM-2. Biochemistry 53:7321–7331. http://dx.doi.org/10.1021
/bi500916y.

54. Brem J, van Berkel SS, Aik W, Rydzik AM, Avison MB, Pettinati I,
Umland KD, Kawamura A, Spencer J, Claridge TD, McDonough MA,
Schofield CJ. 2014. Rhodanine hydrolysis leads to potent thioenolate
mediated metallo-�-lactamase inhibition. Nat Chem 6:1084 –1090. http:
//dx.doi.org/10.1038/nchem.2110.

Makena et al.

1384 aac.asm.org March 2016 Volume 60 Number 3Antimicrobial Agents and Chemotherapy

 on N
ovem

ber 10, 2020 by guest
http://aac.asm

.org/
D

ow
nloaded from

 

http://dx.doi.org/10.1111/j.1574-6968.2001.tb10512.x
http://dx.doi.org/10.1111/j.1574-6968.2001.tb10512.x
http://dx.doi.org/10.1128/AAC.46.12.4026-4028.2002
http://dx.doi.org/10.1093/jac/dkh321
http://dx.doi.org/10.1128/AAC.49.10.4400-4403.2005
http://dx.doi.org/10.1128/AAC.49.10.4400-4403.2005
http://dx.doi.org/10.1016/j.diagmicrobio.2013.12.003
http://dx.doi.org/10.1016/j.diagmicrobio.2013.12.003
http://dx.doi.org/10.1128/AAC.01336-09
http://dx.doi.org/10.1128/AAC.01336-09
http://dx.doi.org/10.1093/jac/dkg067
http://dx.doi.org/10.1093/jac/dkg067
http://dx.doi.org/10.1111/febs.13200
http://dx.doi.org/10.1093/jac/dkq259
http://dx.doi.org/10.1093/jac/dkq259
http://dx.doi.org/10.1111/febs.13283
http://dx.doi.org/10.1111/febs.13283
http://dx.doi.org/10.1128/AAC.02735-13
http://dx.doi.org/10.1128/AAC.02735-13
http://dx.doi.org/10.1093/jac/dku403
http://dx.doi.org/10.1093/jac/dku403
http://dx.doi.org/10.1016/j.jsb.2010.06.008
http://dx.doi.org/10.1021/jm400769b
http://dx.doi.org/10.1002/cmdc.201300350
http://dx.doi.org/10.1002/cmdc.201300350
http://dx.doi.org/10.1016/S0003-2697(03)00285-9
http://dx.doi.org/10.1016/S0003-2697(03)00285-9
http://dx.doi.org/10.1002/bip.20853
http://dx.doi.org/10.1006/abio.2000.4880
http://dx.doi.org/10.1039/c4sc00020j
http://dx.doi.org/10.1007/978-1-59745-246-5_19
http://dx.doi.org/10.1021/jm301583m
http://dx.doi.org/10.1107/S0907444909047337
http://dx.doi.org/10.1107/S0907444905036693
http://dx.doi.org/10.1107/S0907444905036693
http://dx.doi.org/10.1107/S0907444913015308
http://dx.doi.org/10.1107/S0907444913015308
http://dx.doi.org/10.1107/S0365110X62000067
http://dx.doi.org/10.1107/S0365110X62000067
http://dx.doi.org/10.1107/S0907444901012471
http://dx.doi.org/10.1107/S0909049503024130
http://dx.doi.org/10.1107/S0909049503024130
http://dx.doi.org/10.1107/S0021889807021206
http://dx.doi.org/10.1021/jm100213c
http://dx.doi.org/10.1021/jm100213c
http://dx.doi.org/10.1107/S0907444910007493
http://dx.doi.org/10.1107/S0907444910007493
http://dx.doi.org/10.1021/bi500916y
http://dx.doi.org/10.1021/bi500916y
http://dx.doi.org/10.1038/nchem.2110
http://dx.doi.org/10.1038/nchem.2110
http://aac.asm.org
http://aac.asm.org/

	MATERIALS AND METHODS
	Cloning and mutagenesis.
	Protein production and purification.
	Analysis of secondary structure content and melting temperature.
	Determination of kinetic parameters.
	Inhibition assays.
	NMR binding assays.
	VIM-5 crystallography.
	Protein structure accession number.

	RESULTS
	Biophysical characterization.
	Functional properties of VIM variants.
	Inhibition of VIM variants.
	Crystallographic analysis.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

