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The VIM-2 metallo-�-lactamase enzyme from Pseudomonas aeruginosa catalyzes the hydrolysis of most
�-lactam antibiotics including carbapenems, and there are currently no potent inhibitors of such enzymes.
We found rac-2-ω-phenylpropyl-3-mercaptopropionic acid, phenylC3SH, to be a potent inhibitor of VIM-
2. The structure of the VIM-2-phenylC3SH complex was determined by X-ray crystallography to 2.3 Å.
The structure revealed that the thiol group of phenylC3SH bridged to the two zinc(II) ions and the phenyl
group interacted with Tyr67(47) on loop1 near the active site, by π-π stacking interactions. The methylene
group interacted with Phe61(42) located at the bottom of loop1 through CH-π interactions. Dynamic
movements were observed in Arg228(185) and Asn233(190) on loop2, compared with the native structure
(PDB code: 1KO3). These results suggest that the above-mentioned four residues play important roles in
the binding and recognition of inhibitors or substrates and in stabilizing a loop in the VIM-2 enzyme.

Introduction

�-Lactamases catalyze the hydrolysis of the C-N bond of
the �-lactam ring in �-lactam antibiotics, rendering them
inactive.1,2 In the family of �-lactamases, four molecular classes,
A-D, were defined on the basis of their amino acid sequence
homologies.3–5 Classes A, C, and D are serine �-lactamases
containing a serine residue at the active site, whereas class B
metallo-�-lactamases (MBLsa) contain one or two zinc(II) ions
at the active site. Moreover, MBLs are classified into three
subclasses:6,7 subclass B1 including BcII,8 an IMP family
(IMP-1 to IMP-18),9 CcrA,10 and a VIM family (VIM-1 to VIM-
11a and -11b);9 subclass B2 including CphA11 and ImiS;12 and
subclass B3 including L113 and THIN-B.14 Of all the MBLs,
the VIM family and the IMP family are emerging as a
worldwide source of acquired carbapenem resistance among
Gram-negative bacteria. In variants of VIMs, VIM-2 was first
detected from Pseudomonas aeruginosa in France in 199615 and
is now one of the most widespread enzymes in well-known
MBLs. The VIM-2 enzyme shows a 24–31% identity with other
subclass B1 MBLs such as BlaB, CcrA, and IMP-1.15

The blaVIM-2 gene is located in a mobile plasmid-encoded
gene cassette inserted into the variable region of an integron

structure so that horizontal spread of resistance is possible. In
fact, blaVIM-2 genes have been detected mostly in the Mediter-
ranean countries of Europe, in the Far East regions, including
Japan, and at present, in American regions, including the U.S.,
whereas blaIMP-1 genes were first detected mainly in Japan and
subsequently isolated in Asia, Europe, and South America.9

Moreover, in addition to the high resistance against �-lactam
antibiotics, there are no clinically available inhibitors for the
VIM-2 enzyme including other MBLs at present. Thus, the
development of inhibitors is an important subject. The active
site in an MBL is made up of the zinc(II) ion(s), the zinc(II)
ion binding residues, and two loops. In the two loops, the first
loop (loop1) is composed of two �-sheets and a turn constitutes
a �-sheet flap, whereas the second loop (loop2) is approximately
positioned in the opposite site of loop1 centered about the
zinc(II) ion binding site. It is thought that these loops are
responsible for substrate recognition, binding, and catalysis in
MBLs.16–22

To develop potent and common inhibitors, it is necessary to
focus on the structure and dynamics of both the zinc(II) ion
binding site and loops 1 and 2 in each MBL and its complex
with a lead compound.

So far, X-ray crystal structures of MBLs complexed with
various inhibitors have been reported with the exception of the
VIM-2 enzyme: CcrA-4-morpholineethanesulfonic acid,23

CcrA-biphenyltetrazoles,24 IMP-1-mercaptocarboxylate de-
rivative,22 IMP-1–2,3-disubstituted succinic acid derivatives,25

IMP-1-irreversible thiol compound with a good leaving
group,26 IMP-1-dansylC4SH,27 BlaB-D-captopril,28 and FEZ-D-
captopril.29

In VIM-2, in 2001, García-Sáez et al. deposited two X-ray
crystal structures of VIM-2 in the reduced (denoted as the native
VIM-2 enzyme) and oxidized forms of Cys221(178) from P.
aerginosa into the Protein Data Bank (PDB codes 1KO2 and
1KO3). As far as we know, however, detailed information on
the structure of the VIM-2 enzyme complexed with an inhibitor
is not available.
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We are currently in the process of synthesizing several
inhibitors and screening them for inhibitory activity against the
VIM-2 and IMP-1 enzymes for the purpose of developing in-
hibitors for MBLs. In this process, the mercaptocarboxylate
inhibitor, PhenylC3SH (Figure 1), was found to be a potent
inhibitor of the VIM-2 enzyme with a Ki value of 220 nM,
whereas it is less active for the IMP-1 enzyme (Ki ) 1660
nM).30

For the purpose of understanding structure–activity relation-
ships of the VIM-2 enzyme with respect to phenylC3SH, we
carried out X-ray crystallography of the VIM-2 enzyme com-
plexed with phenylC3SH.

Here, we report on the X-ray crystal structure of the VIM-2
enzyme from P. aeruginosa complexed with phenylC3SH
determined at a resolution of 2.3 Å.

Results and Discussion

In this study, we determined the crystal structure of the VIM-2
enzyme complexed with phenylC3SH in order to elucidate the
detailed binding mode of the inhibitor with the enzyme, in
particular, focusing on the role of the mobile loop, along with
a comparison of the native VIM-2 structure (PDB code 1KO3).

Overall Structure of the VIM-2 Enzyme Complexed
with PhenylC3SH. The final refined structural model contained
two VIM-2-phenylC3SH molecules in an asymmetric unit,
consisting of Glu30(12)-Val290(236) residue each for mol-
ecules A and B. The root-mean-squared deviation (rmsd) value
between the R-carbon atoms of the two monomers was about
0.28 Å. In molecules A and B, two zinc(II) ions and one
phenylC3SH molecule are located at the active sites. The final
Rworking and Rfree values were 0.212 and 0.247, respectively, and
the rmsd values from ideal bond distances and angles were 0.007
Å and 2.0°, respectively (Table 1). The overall structure of the
inhibitor complex adopts an R�/�R sandwich structure, where
the active site containing the two zinc(II) ions is located at the
bottom at the interface of the two �-sheets surrounded by two
R-helices, which resemble those of other subclass B1 MBLs.22,28,31

In addition, a clear electron density corresponding to a
phenylC3SH molecule was found in the active center (Figures
2 and 3). Although the crystals were grown in the presence of
a racemic mixture of phenylC3SH, only the S-isomer of the
inhibitor was observed in the complex.

All main chain dihedral angles were within the allowed regions
of a Ramachandran plot except Asp84(64) and Ala195(158) which
adopted �, ψ angles of 73/74° (molecules A/B), 151/149°, and
-151/-157°, -106/-106°, respectively. Asp84(64) is buried in
the protein, whereas Ala195(158) is positioned on top of a hairpin
loop formed from Tyr191(154)-Val202(165). Asp84(64) and
Ala195(158) have strained main chain conformations in both
the native VIM-2 enzyme and the phenylC3SH complex. In the
crystalstructuresofBcII,CcrA,andIMP-1metallo-�-lactamases,22,31,32

Asp84s were found to have a common strained conformation.
Therefore, the conservation of the conformation of Asp84
suggests that it is important for the folding of metallo-�-
lactamases. In additional supporting evidence, tRNA maturase
RNase Z (PDB code 1Y44)33 and pre-mRNA 3′-end-processing

endonuclease CPSF-73 (PDB code 2I7T)34 in the metallo-�-
lactamase family also have strained main chain conformations
of the Asp residues, as has been found for Asp84 of MBLs.

The structures of molecule A in an asymmetric unit of the
phenylC3SH complex and that of the native VIM-2 enzyme
(PDB code 1KO3) are superimposable except for residues
Lys291(237)-Asn295(241), and the rmsd for the R-carbon
atoms between them was 0.56 Å. In a comparison of the
deviations of the R-carbon atoms between each of the amino
acid residues of the native VIM-2 enzyme and the inhibitor
complex, residues that moved more than 1 Å were Val34(16)
(1.4 Å), Ser35(17) (2.7 Å), Glu36(18) (2.3 Å), Ile37(19) (1.0
Å), Pro38(20) (1.2 Å), Val39(21) (1.1 Å), Ser60(41) (1.5 Å),
Phe61(42) (1.8 Å), Asp62(43) (1.9 Å), Gly63(44) (2.0 Å),
Ala64(45) (1.4 Å), Val66(46) (1.2 Å), and Gly232(189) (1.8
Å), respectively.

Of these residues, Val34(16), Ser35(17), Glu36(18), Ile37(19),
Pro38(20), and Val39(21) were located at the N terminus and
Ser60(41), Phe61(42), Asp62(43), Gly63(44) (2.3 Å), Ala64(45),
and Val66(46) were located on loop1, whereas Gly232(189)
was located on loop2.

Active Site of the VIM-2 Enzyme Complexed with
PhenylC3SH. In the phenylC3SH complex, one of two zinc(II)
ions (Zn1) was coordinated to His116(94), His118(96), and
His196(159) residues with distances of 2.2/2.1 Å (in molecules
A/B), 2.0/2.2 Å, and 2.2/2.2 Å, respectively.

The thiol group of the inhibitor is bridged to the two zinc(II)
ions (the distances of Zn1-S and Zn2-S were 2.5/2.2 Å and
2.1/2.2 Å), respectively, forming a tetrahedral coordination
around the Zn1 atom (the average angle of ligand-Zn1-ligand
is 109° for molecule A and 110° for molecule B; Figure 3, Table
2). The coordination of the thiol group of an inhibitor to two
zinc(II) ions is similar to those found in IMP-1 complexed with
2-[5-(1-tetrazoylmethyl)thien-3-yl]-N-[2-(mercaptomethyl)-4-
(phenylbutyrylglycine)]22 or with dansylC4SH27 and in BlaB
complexed with D-captopril.28

The second zinc(II) ion (Zn2) is also tetrahedrally coordinated
by Asp120(98), Cys221(178), and His263(220) residues, and
the thiol group of the inhibitor with distances of 1.9/2.0, 2.2/
2.2, 2.1/2.1, and 2.1/2.2 Å, respectively (the average angles of
ligand-Zn2-ligand is 109° for molecules A and B, respectively;
Figure 3, Table 2). The Zn1-Zn2 distance is 3.8 Å for molecule
A and 3.7 Å for molecule B, and this distance is close to those
found in the IMP-1 and BlaB enzymes in complex with an
inhibitor containing a thiol group (the average distance of
3.6–3.7 Å).22,27,28

In the native VIM-2 structure, the geometry around the Zn1
atom is a distorted tetrahedral with three His residues (His116(94),
His118(96), and His196(159)) and H2O/or OH- (this H2O/or
OH- is thought to act as the attacking nucleophile on the
carbonyl carbon atom of the �-lactam ring),31,35,36 bridging to
the Zn1 and Zn2 atoms, whereas that around the Zn2 atom is a
distorted square-pyramid with the basal plane defined by a H2O/
or OH-, Asp120(98), Cys221(178), His263(220), and Cl atom,
where the Cl atom interacts weakly with the Zn2 atom with a
distance of 2.9 Å. The apical position is occupied by Asp120(98).
In the crystal structures of other subclass B1 MBLs (CcrA and
IMP-1),22,31 the Cl atom in the Zn2 site of the native VIM-2
enzyme is replaced by H2O, which is thought to contribute
to the catalysis of the hydrolysis of �-lactam antibiotics.31,37

Unlike the native VIM-2 enzyme, the coordination geometry
around the Zn2 atom in CcrA and IMP-1 is a distorted trigonal
bipyramid.

Figure 1. Structure of rac-2-ω-phenylpropyl-3-mercaptopropionic acid,
phenylC3SH.

6648 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 26 Yamaguchi et al.



Comparison of Loop between the Native VIM-2 Enzyme
and the PhenylC3SH Complex. The VIM-2 enzyme contains
loop1(Phe61(42)-Ala64(45))andloop2(Ile223(180)-Trp242(199)).

Upon inhibitor binding, significant structural changes were
found in both loops. The amino acid residues on loop1 are
thought to be the most important for substrate recognition and
binding, catalysis, and inhibition.16–19,22 In the phenylC3SH
complex, Tyr67(47) and Phe61(42), located on loop1, moved
toward the active site to facilitate the interaction with the
inhibitor (Figure 4). Compared to the native VIM-2 structure,
Tyr67(47) rotates by ∼27° about the C�-Cγ bond of Tyr67(47)
to provide face-to-face π-π stacking interactions between the
phenyl rings of the inhibitor and Tyr67(47) with spacing planes
of ∼3.6 Å (Figures 3 and 4). At the same time, the phenyl ring
of Phe61(42) lie ∼1.3 Å closer to Zn2 (Figure 4), forming
CH-π interactions with the methylene chain of the inhibitor,
and these interactions may contribute to the stabilization of
loop1. In addition, the active site of the phenylC3SH complex
is transformed from an opened cavity into a tunnel-shaped cavity
upon binding of an inhibitor (Figure 5).

In loop2 of the phenylC3SH complex, the carboxyl group
(O2) of the inhibitor interacts through a hydrogen bond with
the side chain ND2 of Asn233(190) (2.9/2.6 Å in molecules
A/B), which is conserved in most MBLs.36 A comparison of
the structures between the native VIM-2 and the inhibitor
complex showed that conformational change in Asn233(190)
is accomplished by the rotation of the neighboring amino acid
Gly232(189) (� and ψ angles are -85° and -119°, respectively,
for the native VIM-2 enzyme, whereas those of the phenylC3SH
complex are 73° and -143° for molecule A and 63° and -143°
for molecule B, respectively; Figure 4). In addition, the binding
of the inhibitor to the active site triggers a conformational change
in the side chain Arg228(185) (Figure 4): the torsion angle of
CB-CG-CD-NE of Arg228(185) is changed from -48° in
the native VIM-2 enzyme to 172° for molecule A and -175°
for molecule B, respectively, in the phenylC3SH complex. These
results suggest that Phe61(42), Tyr67(47), Arg228(185), and
Asn233(190) are functionally important residues that play roles
in the binding and recognition of the inhibitor or substrate and
in stabilizing loops 1 and 2.

Table 1. Crystallographic Data Collection and Refinement Statistics for the VIM-2 Enzyme Complexed with PhenylC3SH

data collection
data set wavelength (Å) 1.0000 (final) 1.2826 (edge) 1.2817 (peak) 1.2906 (remote)
resolution (outer shell) (Å) 50.0–2.30 (2.38–2.30) 99.0–2.53 (2.63–2.53) 99.0–2.54 (2.63–2.54) 99.0–2.55 (2.65–2.55)
cell dimensions
a, b, and c (Å) 45.2, 90.75, 129.0
space group P212121

molecules/asymmetric unit 2
completeness (outer shell) (%) 99.6 (98.4) 99.2 (96.3) 99.1 (96.7) 99.0 (94.8)
Rmerge

a (outer shell) 0.062 (0.267) 0.047 (0.106) 0.050 (0.097) 0.046 (0.121)
no. of observed reflns 163206 123781 122809 121255
no. of unique reflns 24156 18155 18121 17742
〈I/(σ)〉 (outer shell) 34.9 (4.45) 54.2 (25.5) 55.5 (30.1) 53.4 (23.3)
refinement statistics
resolution (Å) 42.8–2.30
no. of non-H atomsb

protein 3392
ligand 50
water 212
rmsd from idealc

bond length (Å) 0.007
angles (deg) 2.0
Rworking

d 0.212
Rfree

e 0.247
a Rmerge ) ∑|Ij - 〈Ij〉 |∑Ij, where Ij is the observed intensity for reflection j and 〈Ij〉 is the average intensity calculated for reflection j from replicate data.

b Per asymmetric unit. c rmsd: root-mean-square-deviation. d Rworking ) ∑||Fo| - |Fc||/∑|Fo|, where Fo and Fc are the observed and calculated structure factors,
respectively. e Rfree ) ∑||Fo| - |Fc||/∑|Fo| for 5% of the data not used at any stage of structural refinement.

Figure 2. Overall structure of the VIM-2 enzyme from P. aerginosa is complexed with phenylC3SH. Molecule A of the phenylC3SH complex is
depicted, and the amino acid residues of VIM-2 are designated by a BBL number and an amino acid sequence number; the latter is in parentheses.
R-Helices, �-strands, and loops are shown in red, green, and yellow, respectively. Zn(II) atoms are shown as orange spheres. Carbon, oxygen, and
sulfur atoms in phenylC3SH are shown as magenta, red, and light-green sticks, respectively. The figure was prepared with PyMol software (http://
pymol.sourceforgen.net/).
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Comparison of Loops 1 and 2 between the IMP-1 and
VIM-2 Enzymes. We compared the amino acid residues on
loops 1 and 2 between the VIM-2 and IMP-1 enzymes (Figure

6). In the case of the IMP-1 enzyme,22 Trp64(28) is located on
the top of loop1, and this residue is thought to be important for
the binding of both inhibitors and substrates. Indeed, the role
of Trp64(28) in the binding of inhibitors has been demonstrated
in X-ray crystal structures of the IMP-1-mercaptocarboxylate
inhibitor and -dansylC4SH complexes; the indole ring of
Tyr64(28) interacts with the aromatic ring of the inhibitor, and
this interaction causes a dynamic movement of loop1 to cover
an inhibitor into the active site.22,27 On the other hand,
Trp64(28) in the IMP-1 enzyme is replaced with Ala64(45)
in the VIM-2 enzyme. Therefore, in the VIM-2 enzyme,
Trp64(28) in IMP-1 is covered with the hydrophobic residues
Phe61(42) and Tyr67(47) located in the root of the loop1.
Phe61(42) and Tyr67(47) in the VIM-2 enzyme are replaced
by Val61(25) and Val67(31), respectively, in the IMP-1 enzyme.
It is thought that these residues could not participate in
hydrophobic contacts with the inhibitor seen in the crystal
structure of the phenylC3SH complex, reflecting the difference

Figure 3. Stereoview of the active site of the VIM-2 enzyme complexed with phenylC3SH. Molecule A of the phenylC3SH complex is depicted,
and the amino acid residues of VIM-2 are labeled with a BBL number and an amino acid sequence number; the latter is in parentheses. The electron
density map (pink mesh) of phenylC3SH is shown contoured at the 1.0σ level in the 2|Fo| - |Fc| map. Zn(II) atoms are shown as orange spheres.
Phe61(42), Tyr67(47), His116(94), His118(96), His196(159), His263(220), Asp120(98), Cys221(178), Arg228(185), and Asn233(190) residues
and phenylC3SH are represented as sticks. Carbon atoms in amino acid residues are shown in gray (nitrogen, blue; oxygen, red; and sulfur, light-
green), and carbon atoms in phenylC3SH are shown in magenta (oxygen, red; sulfur, light-green). The figure was prepared with PyMol software
(http://pymol.sourceforgen.net/).

Table 2. Zinc(II)-Ligand Distances (Å) and Angles (deg) for the
Native VIM-2 Enzyme and the PhenylC3SH Complex

distance

Zn(II)-ligand
native
VIM-2

VIM-2-phenylC3SH
complexa

Zn1 His116(94)NE2 2.2 2.0/2.1
His118(96)ND1 2.1 2.0/2.2
His196(159)NE2 2.2 2.2/2.2
O(w) 2.1
S(phenylC3SH) 2.5/2.2

Zn2 Asp120(98)OD2 2.3 1.9/2.0
Cys221(178)SG 2.3 2.2/2.2
His263(220)NE2 2.3 2.1/2.1
O(w) 2.5
S(phenylC3SH) 2.1/2.2
Cl 2.9

Zn1 Zn2 4.2 3.8/3.7

angle

ligand-Zn(II)-ligand native VIM-2

VIM-2-
phenylC3SH

complexa

His116(94)NE2 Zn1 His118(96)ND1 103 105/105
Zn1 His196(96)NE2 103 120/110
Zn1 O(w) 103
Zn1 S(inhibitor) 116/126

His118(96)ND1 Zn1 His196(159)NE2 116 101/107
Zn1 O(w) 119
Zn1 S(inhibitor) 113/112

His196(159)NE2 Zn1 O(w) 111
Zn1 S(inhibitor) 101/97

Asp120(98)OD2 Zn2 Cys221(178)SG 103 114/117
Zn2 His263(220)NE2 94 96/99
Zn2 O(w) 74
Zn2 S(inhibitor) 100/100
Zn Cl 101

Cys221(178)SG Zn2 His263(220)NE2 103 104/105
Zn2 O(w) 98
Zn2 S(inhibitor) 124/116
Zn2 Cl 152

His263(220)NE2 Zn2 O(w) 157
Zn2 S(inhibitor) 116/119
Zn2 Cl 103

a The distances and angles for the phenylC3SH complex are quoted for
molecules A and B in the asymmetric unit.

Figure 4. Conformational changes in loops 1 and 2 upon phenylC3SH
binding to the VIM-2 enzyme. Superposition of native VIM-2 (green)
(PDB code 1KO3) and the phenylC3SH complex (yellow). Molecule
A of the phenylC3SH complex is depicted and the amino acid residues
of VIM-2 are designated with a BBL number and an amino acid
sequence number; the latter is in parentheses. Phe61(42), Tyr67(47),
Arg228(185), and Asn233(190) residues are presented as balls and
sticks. Zn(II) ions are shown as orange spheres. PhenylC3SH is
presented as a stick (carbon, oxygen, and sulfur atoms are shown in
magenta, red, and light-green, respectively). The figure was prepared
with PyMol software (http://pymol.sourceforgen.net/).
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in inhibitory activity of phenylC3SH between the VIM-2 and
IMP-1 enzymes.

Lys224(161) in the IMP-1 enzyme is located on loop2, which
is ∼5 Å away from the Zn(II) center. In the mercaptocarboxylate
inhibitor complex, the carboxyl group of inhibitor interacts with
the side chain NZ of Lys224(161) with a distance of 2.8 Å,
and this result shows the importance of Lys224(161) in inhibitor
binding. Moreover, Lys224(161) is assumed to interact with the
carboxylate of the �-lactam antibiotics.22,31 However, in the case
of the VIM-2 enzyme, Lys224(161) is replaced with Tyr224(181).
On the basis of the crystal structure of the phenylC3SH complex,
Arg228(185) near Tyr224(181) on loop2 might aid in carrying
out the role of Lys224(161) in IMP-1.

It is noteworthy that the movement and rotation of Asn233(190)
occur upon inhibitor binding to the VIM-2 enzyme. In the crystal
structure of the IMP-1-mercaptocarboxylate inhibitor com-
plex,22 a similar behavior was observed, where the carbonyl
oxygen of the inhibitor is oriented for interaction with the side
chain ND2 of Asn233(167) (4.1 Å) in an oxyanion hole.31 From
the above results it can be concluded that the role of Asn233(190)
in the VIM-2 structure is to stabilize either a substrate or an
inhibitor.

Conclusion

We determined the three-dimensional structure of a VIM-2
enzyme complexed with a mercaptocarboxylate inhibitor,
phenylC3SH, which is the first VIM family member to be
characterized as being complexed with an inhibitor. From the
results of the crystal structure, the precise inhibition mode of
the VIM-2 enzyme with phenylC3SH was ascertained: in
particular, Phe61(42) and Tyr67(47), located in loop1 and
Arg228(185) and Asn233(190) in loop2 play an important role
in the binding and recognition of the inhibitor to the VIM-2
enzyme and in the stabilization of the VIM-2 structure.
Moreover, Phe61 and Tyr67 residues are conserved in the other
members of subclass B1 MBLs: VIM-1,38 BlaB,39 and IND-
1.40 Therefore, in these MBLs, two residues seem to play the
same role, as can been seen in this study.

These findings would aid in the design of inhibitors that target
not only VIM-2 but also other MBLs.

Experimental Section

Expression and Purification. The VIM-2 metallo-�-lactamse
was expressed by Escherichia coli NCB326-1B2 harboring pVM4k/
VIM-2 and purified as previously described.30

Synthesis of Inhibitor. rac-2-ω-Phenylpropyl-3-mercaptopro-
pionic acid, phenylC3SH, was synthesized by the method described
by Park et al.41

Crystallization of the VIM-2 Enzyme Complexed with
PhenylC3SH. Prior to the X-ray diffraction experiments, a buffer
solution of the VIM-2 enzyme was converted from Tris-HCl (50
mM, pH 7.4, 0.5 M NaCl) to HEPES-NaOH (20 mM, pH 7.5)
and the VIM-2 protein was then concentrated to about 5 mg/mL
(160 µM) on a Centricon. Drops of the VIM-2 protein with
phenylC3SH were prepared by mixing 2 µL of a concentrated
protein solution, 2 µL of a reservoir solution (30% PEG MME5000,
0.1 M MES-NaOH, and 0.2 M ammonium sulfate (pH 6.5)), and
1 µL of a methanolic phenylC3SH solution (10 mM). The crystals
were grown for two months as plates (0.4 mm × 0.4 mm × 0.2
mm) at 20 C°.

Data Collection and Processing. Cocrystals of the VIM-2
enzyme with phenylC3SH were mounted in nylon loops directly
from the mother liquor and flash-cooled in liquid nitrogen stream
(100 K). All diffraction data were collected on beamline BL40B2
using an ADSC Quantum-4R detector at 100 K and beamline
BL41XU using a marCCD 165 detector at 100 K at SPring-8
(Harima, Japan). A full MAD data collection around the zinc edge
was performed with a single frozen crystal at SPring-8 BL40B2.
Diffraction data were collected by the oscillation method at three
carefully selected wavelengths: λ1 ) 1.2826 Å (edge, f ′minimum),
λ2 ) 1.2817 Å (peak, f ′ maximum), and λ3 ) 1.2906 Å (remote
high-energy wavelength). After completion of the MAD data
collection at a resolution of 2.55 Å, a data set of 360 frames at λ
) 1.0000 Å was collected at a resolution of 2.3 Å with 0.5°
oscillation steps at SPring-8 BL41XU. The data were integrated
and scaled with HKL2000.42

Phasing, Structure Determination, Model Building, and
Refinement. Phase determination for the VIM-2 enzyme complexed
with phenylC3SH was performed using the SOLVE program43 and
density modification, and model building was performed with the
RESOLVE program.44 This led to an interpretable density map and

Figure 5. Molecular surface representations of native VIM-2 (a) and
the phenylC3SH complex (b). In the phenylC3SH complex, molecule
A is depicted as a molecular surface. The amino acid residues of VIM-2
are designated with a BBL number and an amino acid sequence number;
the latter is in parentheses. Zn(II) ion (Zn2) is shown as an orange
sphere. PhenylC3SH is presented as a stick (carbon, oxygen, and sulfur
atoms are shown in magenta, red, and light-green, respectively). The
figure was prepared with PyMol software (http://pymol.sourceforgen.
net/).

Figure 6. Comparison of loops 1 and 2 between IMP-1 and VIM-2
enzymes. The amino acid residues of the IMP-1 and VIM-2 enzymes
are designated with a BBL number and an amino acid sequence number;
the latter is in parentheses. In the IMP-1 enzyme (left), the structures
of IMP-1 metallo-�-lactamase from P. aeruginosa (PDB code 1DDK)
(red) and its complex with a mercaptocarboxylate inhibitor (PDB code
1DD6, molecule A is depicted) (blue) were used for comparison,22 but
the inhibitor 2-[5-(1-tetrazoylmethyl)thien-3-yl]-N-[2-(mercaptomethyl)-
4-(phenylbutyrylglycine)] was omitted for clarity. Val61(25), Trp64(28),
and Val67(31) residues on loop1 and Lys224(161) and Asn233(167)
residues on loop2 are presented as sticks (carbon, gray; nitrogen, blue;
oxygen, red). Zn(II) ions are shown as orange spheres. In the VIM-
2-phenylC3SH complex (right), molecule A is depicted and phenylC3SH
was omitted for clarity. Phe61(42), Ala64(45), and Tyr67(47) residues
on loop1 and Tyr224(181), Arg228(185), and Asn233(190) residues
of the VIM-2 enzyme are presented as sticks (carbon, gray; nitrogen,
blue; oxygen, red). Zn(II) ions are shown as orange spheres. The figure
was prepared with the PyMol software program (http://pymol.
sourceforgen.net/).
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an initial map. The O45 and Coot46 programs were further used in
modeling and remodeling. The refinement was carried out using
REFMAC5,47 a component of the CCP4 suite,48 and CNS49

programswithoutanoncrystallographicsymmetry(NCS).PhenylC3SH
was built and minimized in MOE (CCG Inc., Canada), and the
topology and parameter files of phenylC3SH were utilized in
PRPDRG (http://davapc1.bioch.dundee.ac.uk/programs/prodrg/).50

The quality of the model was inspected by the program
PROCHECK.51 Data collection and refinement statistics can be
found in Table 1. The atomic coordinates and structure factors (PDB
code 2YZ3) have been deposited at the Protein Data Bank, Research
Collaboratory for Structural Bioinformatics, Rutgers University,
New Brunswick, NJ (http://www.rcsb.org/).

In the case of the IMP-1 enzyme, however, we were unable to
examine the IMP-1 enzyme complexed with phenylC3SH by X-ray
crystallography because of the poor quality of the crystals obtained.
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