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The structure and electric field gradients at the site with a histidine, an aspartic acid, a cysteine, and 1-2
water molecules as ligands are investigated with density functional and Hartree-Fock methods. This site has
been shown experimentally to be occupied in the mononuclear cadmium-â-lactamase. Three types of model
systems are studied: (1) the metal ion and the coordinating ligands, (2) the metal ion, the coordinating ligands
and the local hydrogen-bonding network, and (3) the metal ion, the coordinating ligands, the hydrogen-
bonding network, and the constraints from the surrounding protein. Good agreement with experimental data
is obtained when optimizing systems 2 and 3, indicating that inclusion of the hydrogen-bonding network is
important. The results suggest that the site is five-coordinated and structurally flexible.

1. Introduction

Bacteria have developed diverse defense mechanisms against
penicillins and related antibiotics. In particular, this has become
a problem during the past decades, in which certain pathogenic
bacteria have become resistant to antibiotics. The primary
defense mechanism is production ofâ-lactamases, which are
enzymes cleavingâ-lactam antibiotics. According to their amino
acid sequences,â-lactamases have been grouped into four
classes. While the enzymes from classes A, C, and D use an
active site serine as the nucleophile, class B (or metallo)
â-lactamases require a metal ion for catalytic activity. Metallo-
â-lactamases have a broad substrate profile. In contrast to active
site serineâ-lactamases, no clinically useful inhibitors are yet
available for metallo-â-lactamases.

The active site of metallo-â-lactamases contains two potential
zinc binding sites.1-9 For subclass B1, these are a site with three
histidine residues (site 1) and a site with an aspartic acid, a
histidine, and a cysteine (site 2).10

Concha et al. solved a structure of theâ-lactamase from
Bacteroides fragilisat 1.85 Å resolution containing two zinc
ions in the active site (PDB code 1ZNB).1 A solvent molecule
bound to both zinc ions and is therefore most likely an OH- at
neutral pH in the binuclear enzyme. Furthermore, a second water
molecule coordinates to the zinc in site 2 in an approximately
trigonal bipyramidal geometry with the aspartate and the second
water in apical positions. In the structure published by Carfi et
al. (PDB codes 1BMI and 2BMI, resolution 2.0 Å), two zinc
ions are found, but the shared water molecule is missing,2

possibly because of the crystallization conditions with pH) 9.
A crystal structure at 2.15 Å resolution forB. fragilis metallo-
â-lactamase with two cadmium ions in the active site (PDB
code 2ZNB) instead of two zinc ions has similar coordination
geometry to the zinc enzyme,3 and the metal-ligand bond
lengths are longer. Inhibition of metallo-â-lactamase fromB.

fragilis by 4-morpholineethanesulfonic acid4 (PDB code 1A7T)
and a biphenyl tetrazole inhibitor5 (PDB code 1A8T) does not
change the ligands of the two zinc ions.

For metallo-â-lactamase fromBacillus cereus, a structure with
only one zinc ion, which was bound to site 1, was solved in
1995 at 2.5 Å resolution with a water molecule coordinated to
the metal ion (PDB code 1BMC).6 In 1998, Carfi et al. solved
a structure with two zinc ions (PDB codes 1BME and 1BVT)
at 1.85 Å resolution.7 Site 1 was fully occupied, while site 2
was only partially occupied. A carbonate ion is found instead
of the second water in site 2. Furthermore, the first water
molecule is only coordinated to the zinc ion in site 1. In the
structure determined by Fabiane et al. (PDB code 1BC2,
resolution 1.9 Å), the same ligands as in 1ZNB are found.8 In
ref 9, the structure of metallo-â-lactamase fromB. cereusin
which both zinc ions are four-coordinate is reported, that is,
the second water molecule in site 2 is missing here. Conse-
quently, the type and presence of the second solvent molecule
at site 2 is not well-established.

It is currently not fully understood what the function of these
two sites is, except that the metal ions are involved in the
chemical reaction catalyzed by the enzymes.11 In metallo-â-
lactamase fromB. cereus, the affinity for binding the second
zinc is considerably lower than that for the first zinc ion.12 In
metallo-â-lactamase fromB. fragilis, both zinc ions are about
equally tightly bound.13,14 Because the binuclear Zn2+ center
of â-lactamase fromB. cereus8 is very similar to that of the
enzyme fromB. fragilis,1 the difference between the binding
affinities of the second zinc ion is most likely caused by
differences in the near surroundings.11 It is possible to exchange
zinc with spectroscopic probes such as Co2+ 12-14 and Cd2+ 15,16

and still have catalytically active enzymes.
Recent studies of the activity showed that the metallo-â-

lactamases fromB. cereusandB. fragilis are active with only
one zinc ion present in the active site, and full activity is reached
with two zinc ions bound.9,15,17It has previously been assumed* To whom correspondence should be addressed.

1046 J. Phys. Chem. A2002,106,1046-1053

10.1021/jp0127972 CCC: $22.00 © 2002 American Chemical Society
Published on Web 01/15/2002



that occupation of site 1 is the necessary requirement for
catalytic activity both for the mono- and the binuclear enzyme
(see for example ref 18). However, in a recent kinetic and
spectroscopic study, it was shown that the mechanism for the
mononuclear enzyme is different from the mechanism of the
binuclear enzyme, illustrating the complexity of the system.17

In addition, recent kinetic, perturbed angular correlation of
γ-rays (PAC) and NMR experiments indicate that for the
mononuclear cadmium-substituted enzyme fromB. cereus(1)
some enzyme molecules have site 1 occupied and others have
site 2 occupied and the enzyme is catalytically active under these
conditions9,17 and (2) the metal ion is jumping between the two
sites on a time scale of 0.1-10 µs.19 These findings further
illustrate the complexity of the system and indicate that the
conventional concept, that site 1 is responsible for catalytic
activity, may be too simple a description. This raises the
surprising possibility that occupation of site 2 is an integral part
of the mechanism for the mononuclear enzyme. A thorough
study of the coordination geometry of site 2 is a prerequisite
for establishing models for a mechanism including this site. This
is particularly important because X-ray diffraction and previous
theoretical work show great variability in the coordination
geometry of this site. In our work, we shall use the PAC
spectroscopic signal from site 2 as an experimental reference
to be reproduced by the theoretical studies.

A recent review of quantum mechanical studies of transition
metal ions in biochemical systems can be found in Siegbahn
and Blomberg.20 In Diaz et al.,21 quantum chemical calculations
on model systems for the zinc ion binding sites in metallo-â-
lactamase are performed at the HF, B3LYP, and MP2 levels of
theory in vacuum with the 6-31G(d) basis set. In ref 22, the
binuclear zinc- and cobalt-substituted metallo-â-lactamases are
studied. The results indicate that the coordination number of
the two cobalt ions remains the same as that of the zinc ions in
the crystal structure. In ref 23, the mononuclear enzyme from
B. cereuswas investigated with the metal ion in site 1 using
MD simulations. In ref 24, the binuclear active site of metallo-
â-lactamase as a function of first and second shell water
molecules is studied at the HF level or using polarizable
molecular mechanics.

Here, we investigate the structure and PAC-spectroscopic
properties of metallo-â-lactamase with only one metal ion in
the binding sites (site 2) and how it is influenced by the local
hydrogen-bonding network and constraints from the protein. It
has previously been demonstrated that calculations of structure
and electric field gradients (EFGs) are useful for the interpreta-
tion of PAC data from proteins.25-30 We use the structure of
â-lactamase fromB. fragilis1 as a starting point, but the results
also have implications for the mononuclear enzyme fromB.
cereusand IMP-131 because their coordinating ligands are the
same.

2. Method

All the calculations were performed with Gaussian 98, revison
A.5 or A.7,32 on PCs with Linux or SGI machines.

2.1. Structures.We have worked with three types of model
systems for site 2: (1) the metal ion and the coordinating
ligands, (2) the metal ion, the coordinating ligands, and the local
hydrogen-bonding network, and (3) the metal ion, the coordinat-
ing ligands, the hydrogen-bonding network, and the constraints
from the surrounding protein. In the following, they will be
denoted “the small model systems”, “the small model systems
including the hydrogen-bonding network”, and “the large model
systems”, respectively. The crystal structure ofâ-lactamase from

B. fragilis1 (1ZNB) was used as a starting point for all structural
analysis in this work.

The Small Model Systems.Site 2 was modeled as [M(CH3-
COO)(CH3S)(im)(H2O)] or [M(CH3COO)(CH3S)(im)(H2O)2]
with M2+ ) Zn2+ or Cd2+ and im) imidazole. In the following,
we shall use L12- ) (CH3COO)(CH3S)(im)(H2O)2- and L2

2-

) (CH3COO)(CH3S)(im)(H2O)22-. This gives the following
short notation for the four- or five-coordinated small model
system (i.e., with either one or two water molecules coordinat-
ing): [ML1] or [ML 2], see also Figures 1 and 2.

The Small Model Systems Including the Hydrogen-Bonding
Network.These model systems include the surrounding hydrogen-
bonding water molecules in molecule A of the 1ZNB. We
included two, three, four, and five additional water molecules,
which are hydrogen bonding to the ligands: [ML2]‚(H2O)n with
n ) 2-5. For n ) 2, Wat11 and Wat180 were included (see
Figure 3, nomenclature as in the 1ZNB structure); forn ) 3,
Wat11, Wat180, and Wat5 were included; forn ) 4, Wat11,
Wat180, Wat5, and Wat101 were included; forn ) 5, Wat11,
Wat180, Wat5, Wat101, and Wat9 (Wat9 forms a hydrogen
bond to the sulfur in Cys181) were included. However, with
five additional solvent molecules, the geometry optimizations
did not converge. Consequently, Wat9 was excluded from the
model system.

The Large Model System.For the large model system, the
atomic coordinates were taken from molecule A of 1ZNB. The
molecular system was extended with the rest of the metal-
coordinating amino acids and, in addition, one more amino acid

Figure 1. The small four-coordinated model system, [ML1].
M2+ is used for either Zn2+ or Cd2+ and L1

2- is used for
(CH3COO)(CH3S)(im)(H2O)2-.

Figure 2. The small five-coordinated model system, [ML2].
M2+ is used for either Zn2+ or Cd2+and L2

2- is used for
(CH3COO)(CH3S)(im)(H2O)22-.
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for each metal ion ligand. The additional amino acids included
in the large model systems were Gly102, Gly180, and Gly222
(the nitrogens next to theR-carbons in Gly102, Gly180, and
Gly222 were not included in the calculation), see Figure 4. The
R-carbons of the amino acids next to the metal ion-coordinating
amino acid were frozen relative to each other.

We examined the distances from theR-carbons of Gly102,
Gly180, and Gly222 to the metal ion in the 1ZNB and 2ZNB
structures, where the latter contains cadmium instead of zinc.
We found that these distances are 0.04, 0.14, and 0.29 Å longer
in 2ZNB, respectively. On the basis of this and the fact that the
cadmium ion has an ionic radius of about 0.2 Å larger than
zinc, we chose the following strategy for constructing the large
cadmium containing model system: The metal ion-ligand bond
lengths were converted into typical cadmium ion bond lengths
by moving the Gly102/Asp103, Gly180/Cys181, and Gly222/
His223 fragments as rigid units. Typical cadmium ion-ligand
bond lengths were chosen in accordance with ref 28.

The geometry optimization for the large model system was
successful for the cadmium-containing system, but it did not
work for the zinc-containing system (starting from the crystal
structure). To geometry optimize a structure with zinc in site
2, the amino acids of the optimized large cadmium-containing
structure were moved as a rigid unit such that the metal ion-
ligand bond lengths again were according to 1ZNB. This
structure was used as the starting point for an optimization. The
consequence of this was that positions of the CR atoms of the
glycine amino acid residues were not exactly the same as in
1ZNB. This caused differences up to 0.8 Å in the distances
between the frozen CR atoms compared to those from the 1ZNB
crystal structure.

2.2. Computational Details of the Electric Field Gradient
Calculations. The EFG was calculated for the optimized
cadmium-containing complexes. A nuclear quadrupole moment
for 111mCd of 0.83 barn33 was used to convert the measured
nuclear quadrupole interactions (NQIs) to EFGs. When compar-
ing with experiment, the eigenvalues of the EFG tensor are
reported with|Vxx| e |Vyy| e |Vzz|, which is the usual convention.
Only the absolute values are presented because the sign is not
measured inγ-γ PAC spectroscopy. Unless stated otherwise,
the calculations of the EFG were performed on structures
including only the metal ion-coordinating ligands, that is, [CdL1]
or [CdL2], even though the optimizations may have been
performed on a larger system.

2.3. Methods and Basis Sets.In most of the geometry
optimizations, the B3LYP/LanL2DZ method was used.34-38 No
structural constraints were imposed in the geometry optimiza-
tions, except for the large model systems. Some optimizations,
described below, were performed with larger basis sets and some
at the Hartree-Fock level. The convergence criteria were the
default values in Gaussian 98, except for the geometry
optimizations at the Hartree-Fock level, which were stopped
when the energies were converged within 10-5 au and the rms
forces were smaller than 10-5 au.

Geometry optimizations with larger basis sets were performed
for some of the cadmium-containing model systems: [CdL1],
[CdL2], and [CdL2]‚(H2O)3. The LanL2DZ basis set was still
used on the cadmium, but either 6-31G(d) or 6-31+G(d)39-43

was used on the ligands. In addition, a test calculation was
performed in which a p and f function were added to the
LanL2DZ basis set on Cd2+ with the exponents of 0.117 263 5
and 0.232 832 180 au, respectively.25

Geometry optimizations of the large model systems were
performed with the two-layer ONIOM method of Morokuma
and co-workers.44-48 The high-level systems were [ML2]‚
(H2O)4. The low-level systems were the large model system
described above. The B3LYP/LanL2DZ method was used for
the high-level system, and PM3 was used for the low-level
system.49,50

Unless otherwise stated, the EFG calculations were performed
at the B3LYP level with the uncontracted basis set of Sadlej
and Kellö51 on cadmium and 6-31G(d) on the rest of the atoms
(denoted S & K + 6-31G(d)) as in refs 25-28 and 30. The
convergence criterion on the rms of the density matrix elements
was 10-5 au as in ref 30.

3. Results

3.1. Structure of the Metal Ion Binding Sites.In Table 1,
the geometry optimized structures of site 2 are presented. The
first three rows show the results of the geometry optimized small
model systems. For the [ZnL2] complex, it was not possible to
geometry optimize a five-coordinated complex. The zinc ion-
coordinating solvent molecule, Wat2, moved to make a hydro-
gen bond to CH3COO- or CH3S- after some cycles of the
optimization. By removing Wat2, we constructed the four-
coordinated [ZnL1] complex, which was then geometry opti-
mized. In contrast to the corresponding zinc ion complex, the
optimized [CdL2] complex remains five-coordinated. The
geometry is approximately trigonal bipyramidal with Asp103
and Wat2 in the apical positions (Asp103-Cd2+-Wat2) 163°)
and Wat1, Cys181, and His223 in a plane. The most notable
difference from a perfect trigonal bipyramidal structure is
observed for the Asp103-Cd2+-Cys181 angle (122°). We also
optimized a model system without Wat2, that is, a [CdL1]
complex. Compared to the five-coordinated [CdL2] complex,

Figure 3. The model system including the hydrogen-bonding network,
[ML 2]‚(H2O)4. Here, four additional water molecules from the crystal
structure (1ZNB1) are included: Wat5, Wat11, Wat101, and Wat180.
The black lines show the hydrogen bonds between the additional water
molecules and the metal ion ligands.

Figure 4. The large model system. The arrows show the three
R-carbons that were fixed relative to each other in the geometry
optimization.
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the Cd2+-Asp103 and in particular Cd2+-Cys181 bond lengths
decrease by 0.06 and 0.10 Å to 2.24 and 2.50 Å, respectively.
The Cd2+-Wat1/His223 bond lengths are almost unaltered.
Compared to the corresponding zinc-containing structure, the
bond lengths are 0.14-0.22 Å larger. Most of the valence angles
are very similar, but the O1-S181 and O1-N223 angles differ
by 14° and 20°, respectively.

The following six rows in the table show the optimized
structures of the small model systems including the hydrogen-
bonding network. They contain either 2, 3, or 4 additional
(noncoordinating) water molecules as described in the Methods
section. These solvent molecules form hydrogen bonds to the
metal ion-coordinating ligands in the crystal structure. All of
the optimized [ZnL2]‚(H2O)n, n ) 2-4, structures are five-
coordinated. They all have an almost trigonal bipyramidal
coordination geometry with Asp103 and Wat2 in the apical
positions. The additional water molecules forn ) 2 make
hydrogen bonds to Asp103. The additional water molecule for
n ) 3 makes a hydrogen bond to Wat1, and the Zn2+-Wat1
bond length decreases by 0.07 Å compared ton ) 2. Similarly,
the additional water molecule forn ) 4 makes a hydrogen bond
to Wat2, and the Zn2+-Wat2 bond length decreases by 0.11 Å
compared ton ) 3.

For the cadmium-containing systems, the trends are similar
to those found for the zinc-containing systems, except forn )
2, which has a markedly different structure from then ) 3 and
n ) 4 structures and from the zinc-containing structure withn
) 2. The Cd2+-Wat1 bond length is unusually long (2.44 Å),
and the Asp103-Cd2+-Wat2 angle is smaller by about 20°
than those in the other model systems. Compared to the small
model system, [CdL2], the Cd2+-Wat1/Cys181/His223 bond
lengths forn ) 3 andn ) 4 are generally very similar, whereas
the Cd2+-Asp103 bond length becomes longer (by up to 0.09
Å for n ) 4) and the bond length Cd2+-Wat2 becomes shorter
(by up to 0.17 Å forn ) 4).

The two final rows of the table show the optimized structure
of the large zinc- or cadmium-containing model systems. For
the zinc-containing systems, the Zn2+-Wat2 bond length
decreases to 2.09 Å, which is about 0.1 Å shorter than that for
the model system without the backbone constraints. The Zn2+-
Cys181 bond length increases to 2.59 Å, which is about 0.1 Å
longer than that for the model system without the backbone
constraints. The valence angles show minor changes, except
Wat1-Zn2+-Cys181, which increases by 15° as compared to

that in the model system without the backbone constraints. For
the cadmium-containing system, the same trends are observed
though not as pronounced as for the zinc-containing system. In
addition, the Cys181-Cd2+-His223 angle decreases by 14° as
compared to that of the model system without the backbone
constraints.

3.2. Electric Field Gradients (EFG) at the Metal Ion
Binding Sites. In Table 2, the experimentally derived9 and the
calculated EFGs at the position of the cadmium nucleus for the
cadmium-containing model systems of site 2 are presented. The
last two rows show the results derived from PAC experiments
performed on two different strains, 5/B/6 and 569/H/9, of
metallo-â-lactamase fromB. cereus. When comparing experi-
ments and calculations, we wish to be able to reject a given
suggested coordination geometry. Therefore, we compare the
experiment that is closest to the calculated EFG, and if the
difference is large, we can be fairly certain that this coordination
geometry is not found in the protein.

The EFG of the four-coordinated small model system, [CdL1],
deviates by up to 0.57 au from experiment. For the five-
coordinated structures obtained for the small model system
([CdL2]) and the model systems including the hydrogen-bonding

TABLE 1: Geometry Optimized Zn 2+ and Cd2+ Containing Model Systemsa

distance to the metal ion (Å) angle subtended at the metal ion (deg)

O1 O2 O103 S181 N223 O103-O1 O103-O2 O103-S181 O103-N223 O1-S181 S181-N223 N223-O1

Small Model System
[ZnL1] 2.04 2.04 2.36 2.11 90 134 95 113 111 111
[CdL1] 2.26 2.24 2.50 2.33 85 133 95 127 114 91
[CdL2] 2.24 2.52 2.30 2.60 2.30 83 163 122 84 120 114 123

Small Model System Including Hydrogen-Bonding Network
[ZnL2]‚(H2O)2 2.10 2.28 2.13 2.44 2.08 87 163 100 101 131 112 114
[ZnL2]‚(H2O)3 2.03 2.28 2.17 2.46 2.08 87 168 99 98 133 111 113
[ZnL2]‚(H2O)4 2.03 2.17 2.24 2.48 2.10 83 166 94 92 128 108 123
[CdL2]‚(H2O)2 2.44 2.40 2.33 2.57 2.28 81 144 100 104 132 120 105
[CdL2]‚(H2O)3 2.22 2.42 2.37 2.62 2.30 83 168 95 101 136 113 111
[CdL2]‚(H2O)4 2.23 2.35 2.39 2.64 2.31 81 164 98 93 130 107 123

Large Model System
[ZnL2]‚(H2O)4 2.05 2.09 2.20 2.59 2.09 85 166 90 96 143 110 124
[CdL2]‚(H2O)4 2.23 2.31 2.36 2.69 2.30 82 167 94 95 140 93 128

a The coordination geometry of the optimized model systems. L1
2- and L2

2- are used for (CH3COO)(CH3S)(im)(H2O)2- and (CH3COO)(CH3S)-
(im)(H2O)22-, respectively. O1 is the oxygen atom in Wat1 coordinating to the metal ion; similar notation is used for O2, O103, S181, and N223.
The B3LYP/LanL2DZ method was applied in the geometry optimizations. Selected structures are shown in Figures 1-4.

TABLE 2: EFGs of Optimized Cd2+ Containing Model
Systemsa

EFG (au)

|Vxx| |Vyy| |Vzz|
Small Model System

[CdL1] 0.49 1.01 1.50
[CdL2] 0.03 0.81 0.84

Small Model System Including Hydrogen-Bonding Network
[CdL2]‚(H2O)2 0.13 0.80 0.93
[CdL2]‚(H2O)3 0.39 0.44 0.83
[CdL2]‚(H2O)4 0.24 0.31 0.55

Large Model System
[CdL2]‚(H2O)4 0.08 0.49 0.56

PAC Experiment
5/B/6 0.31 0.63 0.93
569/H/9 0.23 0.57 0.81

a The experimental EFGs from the two strains 5/B/6 and 569/H/9
from ref 9 are given at the bottom of the table. L1

2- and L2
2- are used

for (CH3COO)(CH3S)(im)(H2O)2- and (CH3COO)(CH3S)(im)(H2O)22-,
respectively. EFGs are calculated at the B3LYP/S & K+ 6-31G(d)//
B3LYP/LanL2DZ level. The components differing more than 0.5 au
from the experimental EFGs are shown in bold face.
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network ([CdL2]‚(H2O)n, n ) 2-4), the EFG is reduced and
gives much better agreement with experiment. Particularly, the
model system with three additional water molecules (n ) 3)
agrees well with experiment (differences of less than 0.13 au).
Reasonable agreement is also obtained for the large model
system. The eigenvalues of the EFG tensor differ by up to 0.25
au from the experimental values.

3.3. Methods and Basis Sets.To test the quality of the basis
sets used in this work, a number of larger basis sets were applied
in the geometry optimizations of the four-coordinated complex
([CdL1]), the five-coordinated small model system ([CdL2]), and
a model system including selected parts of the hydrogen-bonding
network ([CdL2]‚(H2O)3), see Table 3. For the [CdL1] complex,
the coordination geometries are quite similar applying the
different basis sets. The largest difference in geometry is an
increase of the Cd-Wat1 bond length from 2.26 to 2.36 Å when
applying 6-31G+(d) on the ligands instead of LanL2DZ. The
other bond lengths differ by less than 0.04 Å. All of the valence
angles generally differ by less than 5°. For the [CdL2] complex,
the following results were found: When applying the 6-31G(d)
basis set on the ligands instead of LanL2DZ, the structure
remains a distorted trigonal bipyramid (five-coordinated). The
changes in Cd2+-ligand bond length are in general about 0.05
Å. However, the Cd2+-Wat1 bond length increases by 0.09 Å
from 2.24 to 2.33 Å. Adding a p and an f function to the
LanL2DZ basis has almost no effectschanges in Cd2+-ligand
bond lengths of less than 0.01 Å. When applying the 6-31+G(d)
basis, the structure changes dramatically. Wat2 leaves the first
coordination sphere (Cd2+-Wat2) 2.90 Å), whereas the other
ligands bind in a similar coordination geometry as compared
to the geometry obtained when using 6-31G(d) on the nonmetal
atoms. For the [CdL2]‚(H2O)3 complex, the coordination
geometries remain five-coordinated independent of which basis
is used. That is, for the model system including the hydrogen-
bonding network, the structure was not as sensitive to the choice
of basis set: When applying 6-31G(d) on the nonmetal atoms
instead of LanL2DZ, particularly the Cd2+-Wat1 and Cd2+-
Wat2 bond lengths change. Both increase by an amount of 0.08
ÅsWat1 from 2.22 to 2.30 Å and Wat2 from 2.42 to 2.50 Å.
Using 6-31+G(d) instead of 6-31G(d) on the ligands causes
differences of less than 0.04 Åsthe Cd2+-Wat2 bond length
changes from 2.50 to 2.54 Å. At the Hartree-Fock level, the
Cd2+-Wat2 distance increases by 0.09 Å to 2.63 Å, as

compared to the B3LYP calculation. This is a very long
cadmium-water bond length. The other bond lengths differ by
about 0.05 Å from the structure obtained at the B3LYP level.

In Table 4, we have listed the EFGs calculated at the position
of the cadmium nucleus for the geometries optimized with
different basis sets (Table 3). For the four-coordinated [CdL1]
complexes, the EFGs are generally very similar. The largest
difference is observed for theVyy andVzz components, which
increase by 0.12 au and 0.11 au, respectively, for the structure
obtained by optimizing with the 6-31G+(d) on the ligands
instead of the LanL2DZ basis set. Not surprisingly, large
variations in EFGs are observed for the five-coordinated [CdL2]

TABLE 3: Tests of Different Basis Sets for Geometry Optimizations at the B3LYP Levela

distance to the metal ion (Å) angle subtended at the metal ion (deg)

O1 O2 O103 S181 N223 O103-O1 O103-O2 O103-S181 O103-N223 O1-S181 S181-N223 N223-O1

Small Model System
[CdL1]b 2.26 2.24 2.50 2.33 85 133 95 127 114 91
[CdL1]c 2.33 2.22 2.47 2.37 90 123 98 123 117 89
[CdL1]d 2.32 2.20 2.47 2.35 90 130 99 122 118 89
[CdL1]e 2.36 2.23 2.47 2.37 89 132 97 122 117 88
[CdL2]b 2.24 2.52 2.30 2.60 2.30 83 163 122 84 120 114 123
[CdL2]c 2.33 2.58 2.26 2.54 2.36 87 159 123 85 121 120 111
[CdL2]d 2.33 2.58 2.25 2.53 2.35 88 159 123 85 121 120 111
[CdL2]e 2.32 2.90 2.25 2.52 2.35 88 159 128 87 118 117 112

Small Model System Including Hydrogen-Bonding Network
[CdL2]‚(H2O)3 b 2.22 2.42 2.37 2.62 2.30 83 168 95 101 136 113 111
[CdL2]‚(H2O)3 c 2.30 2.50 2.31 2.57 2.35 86 160 103 101 128 120 107
[CdL2]‚(H2O)3 e 2.31 2.54 2.33 2.55 2.35 87 164 104 99 133 118 105
[CdL2]‚(H2O)3 e [2.31] [2.63] [2.27] [2.49] [2.32] [87] [162] [107] [99] [135] [117] [102]

a The coordination geometry of the optimized model systems. L1
2- and L2

2- are used for (CH3COO)(CH3S)(im)(H2O)2- and (CH3COO)(CH3S)-
(im)(H2O)22-, respectively. O1 is the oxygen atom in Wat1 coordinating to the metal ion; similar notation is used for O2, O103, S181, and N223.
Numbers in brackets represent the structures optimized at the Hartree-Fock level.b Optimized using the LanL2DZ basis.c Optimized using LanL2DZ
on Cd2+ and 6-31G(d) on the rest of the atoms.d Optimized using LanL2DZ and one additional p and f function on Cd2+ (see Method section) and
6-31G(d) on the rest of the atoms.e Optimized using LanL2DZ on Cd2+ and 6-31+G(d) on the rest of the atoms.

TABLE 4: EFGs of Cd2+ Model Systems Optimized with
Different Basis Setsa

EFG (au)

|Vxx| |Vyy| |Vzz|
Small Model System

[CdL1]b 0.49 1.01 1.50
[CdL1]c 0.51 1.05 1.56
[CdL1]d 0.50 1.07 1.57
[CdL1]e 0.48 1.13 1.61
[CdL2]b 0.03 0.81 0.84
[CdL2]c 0.47 0.75 1.21
[CdL2]d 0.49 0.75 1.23
[CdL2]e 0.54 0.83 1.37

Small Model System Including Hydrogen Bonding Network
[CdL2]‚(H2O)3 b 0.39 0.44 0.83
[CdL2]‚(H2O)3 c 0.18 0.77 0.95
[CdL2]‚(H2O)3 e 0.30 (0.45)

[0.46]
0.76 (0.59)

[0.93]
1.06 (1.04)

[1.39]

a EFGs calculated at the B3LYP/S & K+ 6-31G(d) level for the
geometry optimized structures obtained with different basis sets (Table
3). L1

2- and L2
2- are used for (CH3COO)(CH3S)(im)(H2O)2- and

(CH3COO)(CH3S)(im)(H2O)22-, respectively. Unless otherwise stated,
the second sphere water molecules were not included in the calculation
of the EFG. The numbers in parentheses have the second sphere water
molecules included in the EFG calculations. In brackets, the EFGs
calculated at the Hartree-Fock level are presented.b Geometry obtained
by optimizing at the B3LYP level with LanL2DZ on all atoms.
c Geometry obtained by optimizing at the B3LYP level with LanL2DZ
on Cd2+ and 6-31G(d) on the rest of the atoms.d Geometry obtained
by optimizing at the B3LYP level with LanL2DZ and one additional
p and f function on Cd2+ (see Methods section) and 6-31G(d) on the
rest of the atoms.e Geometry obtained by optimizing at the B3LYP
level with LanL2DZ on Cd2+ and 6-31+G(d) on the rest of the atoms.
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complex because the geometries differ substantially, see Table
3. Differences of the EFG components of about 0.4 au are
observed between the structures optimized with LanL2DZ and
6-31G(d) on the ligands. For example, theVzz component
changes from 0.84 au to 1.21 au. For the structure optimized
with the 6-31+G(d) basis, even larger differences from the
structure optimized with the LanL2DZ basis are observed. For
the [CdL2]‚(H2O)3 complexes, the largest difference of 0.33 au
is observed for theVyy component between the structures
optimized with LanL2DZ and 6-31G(d) on the ligands. TheVxx

and Vzz components differ by 0.1-0.2 au. Optimizing the
structures with 6-31G+(d) instead of 6-31G(d) on the ligands
causes differences in the EFG components of less than 0.12
au. When the three second-sphere solvent molecules are included
in the EFG calculations, a decrease of the EFG components is
observed (0.02-0.2 a.u). Using Hartree-Fock instead of B3LYP
for calculating the EFGs (for the structure optimized at the
B3LYP level) increases the EFG by up to 0.33 au (theVzz

component).
Calculations using the contracted instead of the uncontracted

basis set of Sadlej and Kello¨ were also performed. However,
the fourth s-type orbital in the basis was discarded when the
default settings of Gaussian 98 for checking for linear depend-
encies was used. A test calculation with the contracted basis
set in which the routine checking for linear dependencies was
disabled gave rise to only small differences of less than 0.03
au in EFGs. The differences between the EFGs calculated with
the contracted and uncontracted basis sets were smaller than
0.04 au. Test calculations using 10-8 au instead of 10-5 au as
the convergence criterion for the rms of the elements of the
density matrix caused differences of less than 0.03 au. This was
also tested in ref 30 for linear Cd complexes in which even
smaller differences of less than 0.005 au in the EFG for different
convergence criteria are observed.

4. Discussion
In this work,â-lactamase with one metal ion (Zn2+ or Cd2+)

bound at the site with His223, Asp103, Cys181, and 1-2 water
molecules as ligands (site 2) has been studied with first principle
quantum mechanical methods in terms of metal ion coordination
geometry and EFGs. We chose to construct the mononuclear
site 2 from the binuclear 1ZNB structure fromB. fragilis and
to use it as starting point for the geometry optimizations because
no structure is available in which only site 2 is occupied. A
number of model systems are used: (1) the metal ion and the
coordinating ligands (the small model systems), (2) the metal
ion, the coordinating ligands, and the local hydrogen-bonding
network (the small model systems including the hydrogen-
bonding network), and (3) the metal ion, the coordinating
ligands, the local hydrogen-bonding network, and the constraints
from the surrounding protein (the large model systems). These
different types of model systems were studied to evaluate the
importance of the hydrogen-bonding network and the backbone
constraints. The results will be compared to experimental data
recorded on the enzyme ofB. cereus, which is very similar to
B. fragilis. The metal ion-coordinating residues are the same,
and the amino acids included in the large model system are the
same except Gly102, which is an alanine inB. cereus. Thus,
the model systems can be assumed to be almost equally good
for the metal ion binding sites of the two proteins. Differences
between the two enzymes further away from the metal ion
binding sites are not taken into account in this work.

Recent experimental studies show that either of the two
binding sites in metallo-â-lactamase can be occupied at low
metal ion to enzyme concentration,9 and it is not clear what

role site 2 plays in the catalytic mechanism for the enzyme with
only one metal ion bound.17 Previously, it has been assumed
that the site with three histidines was responsible for catalysis.
However, as described in the Introduction, a number of recent
publications indicate that this conventional picture of site 1 as
the catalytically active site is too simple.9,17,19 These recent
experimental data indicate, surprisingly, that site 2 may par-
ticipate as an integral part of the mechanism for the mononuclear
enzyme. In addition, metallo-â-lactamase fromB. cereusbinds
one metal ion strongly and the second more weakly, so the
enzyme with only one metal ion bound may be the physiologi-
cally relevant species. Therefore, it is important to elucidate
the coordination geometry of site 2 as a prerequisite for
understanding how it can be involved in the catalytic mechanism
of the enzyme. In particular, because X-ray crystallographic data
are inconclusive,1-9 the following questions remain: Is the site
four- or five-coordinated? Is it a real physical effect that Wat2
can move on and off as a ligand at little energetic cost? Does
this have implications for the understanding of the catalytic
mechanism? We shall address these questions in the following.

4.1. Structure of the Metal Ion Binding Site. In many
publications on metal ion binding sites of metalloproteins, a
model system of similar or smaller size than our “small” systems
is used (see, for example, refs 21,22,25). Our results indicate
that this is too small a system to model site 2 of metallo-â-
lactamase properly, see Tables 1 and 3. For the native Zn2+-
containing enzyme, the small model system becomes four-
coordinate when optimized, even though the starting point is
the five-coordinated structure determined by X-ray crystal-
lography (1ZNB). The second water molecule, Wat2, leaves
the first coordination sphere and makes a hydrogen bond to the
aspartate or the cysteinate residue. Similar results were obtained
by Diaz et al.21 So a possible conclusion is that the site is four-
coordinated in the mononuclear enzyme (the X-ray data were
recorded for the binuclear enzyme). However, upon introduction
of the surrounding hydrogen-bonding network into the optimiza-
tion, the optimized structure remains five-coordinated. It was
checked that this structure represents an energy minimum on
the potential energy surface by a frequency calculation. A five-
coordinated structure is also obtained for the optimizations in
which both the backbone constraints and the hydrogen-bonding
network are included. The fact that the best models of the metal
ion binding sites give a five-coordinated structure indicates that
this is also the structure present in the protein. Most crystal
structures support the existence of a five-coordinated site 2,1,3,7,8,4

though they are not directly comparable to our calculations
because they represent binuclear enzymes. However, there are
two crystal structures with a four-coordinated site 2.9,31 In ref
9, however, the structure is remarkably similar to the five-
coordinated one, that is, a trigonal bipyramid but with one of
the apical ligands (Wat2) missing. We suggest that inclusion
of Wat2 in the fitting of the X-ray diffraction data would be
appropriate also for this structure.

Further information on the coordination geometry is provided
by PAC spectroscopy9 from which the EFG at the site of the
cadmium nucleus can be derived. The geometry was optimized
and EFGs were calculated for the cadmium ion-containing
model systems and compared with experimentally determined
EFGs for these systems, see Table 4. The only calculated EFG
that deviates more than 0.5 au from experiment is the one found
for the four-coordinated structure. Therefore, it is very unlikely
that this is the real structure in the cadmium ion-containing
â-lactamase with only one metal ion bound. Consequently, these
are strong indications that site 2 is five-coordinated and that
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the inclusion of the surrounding hydrogen-bonding network is
essential for the proper modeling of the site 2 inâ-lactamase.

4.2. Flexibility of the Metal Ion Binding Site. The fact that
the inclusion of the hydrogen-bonding network has such a large
impact on the coordination geometry in itself indicates that this
is a flexible metal ion binding site, at least for some of the
ligands. The two water molecules are, not surprisingly, par-
ticularly affected. The structures of the [CdL2] complex
optimized with 6-31G(d) and 6-31+G(d) on the ligands
primarily differ by an increase of the Cd2+-Wat2 bond length
of 0.38 Å. The energy difference (calculated with the same basis
set as in the EFG calculations, see Method section) between
these two structures is only about 1 kcal/mol. Diaz et al.21 also
conclude that the position of Wat2 is flexible. The flexible
position of Wat2 might indicate that this serves as a storage
position for water molecules to be consumed in the chemical
process. Alternatively, Concha et al.1,3 propose that Wat2 acts
as a proton donor to theâ-lactam amide. The flexible position
of Wat2 is in good agreement with this proposal because it
indicates that not much energy is needed to position Wat2
optimally.

The position of Wat1 also varies, depending on the inclusion
of the water molecule (Wat5) that hydrogen bonds to it. This
water molecule is probably not present when the substrate is
bound, and a flexible position of Wat1 might be advantageous
for orienting it optimally to make a nucleophilic attack on the
carbonyl carbon in the lactam ring.

Introducing the backbone constraints reveals another interest-
ing feature: The Zn2+-Cys181 bond length increases by 0.11
Å. In addition, the sulfur of the cysteinate is moved in the plane
of the trigonal bipyramid, away from Wat1 and toward His223
by 10-16°, see Table 1. This protein-controlled positioning of
the cysteine residue might also be related to the mechanism of
the enzyme.

4.3. Differences between Zinc- and Cadmium-Containing
Model Systems.In contrast to the small model system contain-
ing zinc, it is possible to obtain a five-coordinated structure
with cadmium as the metal ion, even without the hydrogen-
bonding network. Probably, the larger radius of the cadmium
ion makes it possible. However, as seen from the relatively large
Asp103-Cd2+-Cys181 angle of 122° (see Table 1), the position
of the cysteine residue is distorted from the trigonal bipyramidal
geometry observed in the crystal structure. The reason may be
electrostatic repulsion between these two formally negatively
charged residues. In addition, there is a hydrogen bond between
Cys181 and Wat2. The cadmium-containing model systems with
three or four additional water molecules ([CdL2]‚(H2O)n, n )
3,4) are similar to the zinc-containing systems. Only the bond
lengths differ because of the larger size of the cadmium ion
causing 0.14-0.22 Å longer Cd-ligand bond lengths. The
valence angles differ by less than 5°. However, the complex
with only two additional water molecules (n ) 2) shows
significant differences between the zinc- and cadmium-contain-
ing structures. In particular, the metal ion-Wat1 bond length
differs by as much as 0.34 Å, and the Asp103-M-Wat2 angle
differs by 19°. This may be due to the fact that there is a
hydrogen bond between Wat1 and Wat2 in the [CdL2]‚(H2O)2
complex, which is not present withn ) 3,4. This emphasizes
the sensitivity of this site to the surroundings and indicates that
it is necessary to include more than two additional water
molecules to get an appropriate model for the cadmium-
containing system.

4.4. Quality and Accuracy of the Calculations. It is
necessary to estimate the accuracy of the applied methods, in

particular, because we have used the relatively small LanL2DZ
basis set for geometry optimizations.

In Table 3, it is observed that the metal ion-ligand bond
lengths change by less than 0.09 Å and the valence angles
change by less than 12° when applying the 6-31G(d) and
6-31+G(d) basis sets instead of LanL2DZ, except in one case,
[CdL2] with 6-31+G(d) on the ligands, in which the Cd-Wat2
bond length increases by as much as 0.38 Å to 2.90 Å. A bond
length of 2.52 Å for Cd-H2O is in itself very long, and 2.90 Å
means that the water molecule has effectively left the first
coordination sphere. However, by including the hydrogen-
bonding network, this water molecule stays in the first coordina-
tion sphere. This means that caution should be exercised when
comparing structures and EFGs of the small five-coordinated
model systems with experiment. It is important to note that both
the structure and EFG for the four-coordinated site is fairly
insensitive to the choice of the basis set. In particular, the EFG
is in all cases relatively large and significantly different from
the experimental value. On the basis of the other results in Table
3, we estimate that the inaccuracy is about 0.1 Å for Cd2+-
ligand bond lengths and 10° for the valence angles using
B3LYP/LanL2DZ. Similarly, on the basis of the results in Table
4, we estimate that the inaccuracy of the EFG calculation is
0.3-0.4 au. The latter is in good agreement with previously
published evaluations of calculated EFGs.25-28

For future studies, when larger computer resources are
available, it can be noted that using an all-electron basis set
with polarization functions on the ligands will be better with
respect to determination of the structure. But, surprisingly,
addition of diffuse functions has a small effect even for the
charged ligands, cysteinate and aspartate. Addition of polariza-
tion functions, one p- and one f-type basis function, on cadmium
only has a minor effect on the structure.

Applying the Hartree-Fock method instead of the B3LYP
has an effect of 0.05-0.10 Å on the Cd2+-ligand bond lengths
and 5°-10° on the valence angles. Similar results were found
by Diaz et al.21 on a smaller model system: [Zn(HCOO)(NH3)-
(SH)(H2O)2]. In addition, Diaz et al. optimized the structure
with the MP2 method, which gave results close to those of the
B3LYP method. Therefore, it seems to be optimal to apply the
latter.

5. Conclusion

The structure and EFGs of different model systems of site 2
of metallo-â-lactamase, with only one metal ion bound, have
been studied with either zinc or cadmium as the metal ion.
Model systems with only the metal ion coordinating ligands
(small model systems) have been considered, and furthermore,
the environment has been modeled by including second sphere
solvent molecules (model systems including the hydrogen-
bonding network) and by extending the molecular system to
include the backbone constraints (large model systems).

It was not possible to optimize a five-coordinated complex
for the zinc ion-containing small model system. Wat2 left the
first coordination sphere, and the result was a four-coordinated
structure. However, inclusion of the hydrogen-bonding network
gave a structure in good agreement with X-ray diffraction data
(see below). Therefore, we conclude that it is important to
include the hydrogen-bonding network for the appropriate
modeling of the coordination geometry.

The experimental EFGs can be reproduced: The five-
coordinated model systems generally deviate by less than 0.3
au from the experimental PAC data, and in particular, for the
complex with three additional second sphere solvent molecules,
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[CdL2]‚(H2O)3, good agreement is obtained. This indicates that
these model systems have coordination geometries that are
similar to the one found in the enzyme. For the four-coordinated
structure, however, disagreement by up to 0.6 au for the EFG
tensor components is observed, leading to the conclusion that
this model system does not represent the cadmium-substituted
site 2 well. Accordingly, there seems to be strong evidence for
a five-coordinated cadmium ion-containing site 2.

The structural differences of the metal ion binding site for
the different model systems reveal a very flat potential energy
surface with very variable positions of, particularly, Wat1, Wat2,
and Cys181. This may be related to the mechanism of the
enzyme.
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