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Structure of a Metal lon Binding Site in f-Lactamase: Quantum Mechanical Study of the
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The structure and electric field gradients at the site with a histidine, an aspartic acid, a cysteine,2and 1
water molecules as ligands are investigated with density functional and Halfoek methods. This site has

been shown experimentally to be occupied in the mononuclear cadfviactamase. 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 fragilis by 4-morpholineethanesulfonic a¢iPDB code 1A7T)
and a biphenyl tetrazole inhibito(PDB code 1A8T) does not
S(1"hange the ligands of the two zinc ions.

For metallog-lactamase fronBacillus cereusa structure with
only one zinc ion, which was bound to site 1, was solved in
1995 at 2.5 A resolution with a water molecule coordinated to

Bacteria have developed diverse defense mechanisms again
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 @actamases, which are ; -
enzymes cleaving-lactam antibiotics. According to their amino ~ the metal ion (PDB code 1BMC)In 1998, Carfi et al. solved
a structure with two zinc ions (PDB codes 1BME and 1BVT)

acid sequencegp-lactamases have been grouped into four X . ) L
classes. While the enzymes from classes A, C, and D use anft 1.85 A resc_)lutloﬁ'.Slte_ 1 was fully occu_ple(_j, while S_'te 2
active site serine as the nucleophile, class B (or metallo) was only partially occgpleq. A carbonate ion is foun_d instead
p-lactamases require a metal ion for catalytic activity. Metallo- Of the second water in site 2. Furthermore, the first water

pB-lactamases have a broad substrate profile. In contrast to active™olecule is only coordinated to the zinc ion in site 1. In the
site sering-lactamases, no clinically useful inhibitors are yet Structure determined by Fabiane et al. (PDB code 1BC2,
available for metallg3-lactamases. resolution 1.9 A), the same ligands as in 1ZNB are fotiirl.

ref 9, the structure of metallg-lactamase fronB. cereusin
which both zinc ions are four-coordinate is reported, that is,
the second water molecule in site 2 is missing here. Conse-
histidine, and a cysteine (site ). quently, the type and presence of the second solvent molecule

Concha et al. solved a structure of tfidactamase from at S'.te 2 is not well-established. )
Bacteroides fragilisat 1.85 A resolution containing two zinc Itis currently not fully understood what the function of these
ions in the active site (PDB code 1ZNBJA solvent molecule two sites is, except that the metal ions are involved in the
bound to both zinc ions and is therefore most likely an'Git ~ chemical reaction catalyzed by the enzyriel metallog-
neutral pH in the binuclear enzyme. Furthermore, a second waterl@ctamase fronB. cereus the affinity for binding the second
molecule coordinates to the zinc in site 2 in an approximately ZinC is considerably lower than that for the first zinc #rin
trigonal bipyramidal geometry with the aspartate and the secondmetallof-lactamase fronB. fragilis, both zinc ions are about
water in apical positions. In the structure published by Carfi et €qually tightly bound?*4 Because the binuclear Zncenter
al. (PDB codes 1BMI and 2BMI, resolution 2.0 A), two zinc  ©Of B-lactamase fronB. cereud is very similar to that of the
ions are found, but the shared water molecule is m|s§|ng' enzyme fromB. fragilis,l the difference between the b|nd|ng
possibly because of the crystallization conditions with=pi9. affinities of the second zinc ion is most likely caused by
A crystal structure at 2.15 A resolution f8 fragilis metallo- differences in the near surroundinigst is possible to exchange
B-lactamase with two cadmium ions in the active site (PDB zinc with spectroscopic probes such agC8 '*and Cd+ 1216
code 2ZNB) instead of two zinc ions has similar coordination and still have catalytically active enzymes.

The active site of metallg-lactamases contains two potential
zinc binding sited° For subclass B1, these are a site with three
histidine residues (site 1) and a site with an aspartic acid, a

geometry to the zinc enzynfeand the metatligand bond Recent studies of the activity showed that the metgo-
lengths are longer. Inhibition of metalfgdactamase fronB. lactamases fronB. cereusandB. fragilis are active with only
one zinc ion present in the active site, and full activity is reached
* To whom correspondence should be addressed. with two zinc ions bound:’>17It has previously been assumed
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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 systém.

In addition, recent kinetic, perturbed angular correlation of
y-rays (PAC) and NMR experiments indicate that for the
mononuclear cadmium-substituted enzyme fidncereus(1)

some enzyme molecules have site 1 occupied and others have
site 2 occupied and the enzyme is catalytically active under these

conditiong1”and (2) the metal ion is jumping between the two
sites on a time scale of 0-110 us!® 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? In Diaz et al.2* quantum chemical calculations
on model systems for the zinc ion binding sites in metgHo-
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 metgiltactamases 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-
p-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 metallg@-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 structur:
and electric field gradients (EFGs) are useful for the interpreta-
tion of PAC data from protein€-30 We use the structure of
B-lactamase fronB. fragilis® as a starting point, but the results
also have implications for the mononuclear enzyme fiem

cereusand IMP-£! because their coordinating ligands are the

same.

2. Method

All the calculations were performed with Gaussian 98, revison
A5 or A.732 on PCs with Linux or SGI machines.
2.1. Structures.We have worked with three types of model
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Figure 1. The small four-coordinated model system, [NIL

+ is used for either Z#t or C#t and L2 is used for
(CH3COO)(CH:S)(im)(H0)*".

Figure 2. The small five-coordinated model system, [ML
M2+ is used for either Z#f or Ccftand L?* is used for
(CHsCOO)(CHS)(im)(H0)2".

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

The Small Model SystenSite 2 was modeled as [M(GH
COO)(CHS)(im)(H0)] or [M(CH3COO)(CHS)(im)(H;0)]
with M2t = Zn?* or Cd#" and im= imidazole. In the following,
we shall use k2~ = (CHzCOO)(CHS)(im)(H:0)?~ and L2~
(CH3COO)(CHsS)(im)(H:0)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): [ML4] 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: [MH(H,O), with
n = 2-5. Forn = 2, Watll and Wat180 were included (see
Figure 3, nomenclature as in the 1ZNB structure); for 3,
Watll, Wat180, and Wat5 were included; for= 4, Watl1,
Wat180, Wat5, and Wat101 were included; for 5, Watl1,
Wat180, Wat5, Wat101, and Wat9 (Wat9 forms a hydrogen

systems for site 2: (1) the metal ion and the coordinating bond to the sulfur in Cys181) were included. However, with
ligands, (2) the metal ion, the coordinating ligands, and the local five additional solvent molecules, the geometry optimizations
hydrogen-bonding network, and (3) the metal ion, the coordinat- did not converge. Consequently, Wat9 was excluded from the
ing ligands, the hydrogen-bonding network, and the constraints model system.

from the surrounding protein. In the following, they will be The Large Model Systerfror the large model system, the
denoted “the small model systems”, “the small model systems atomic coordinates were taken from molecule A of 1ZNB. The
including the hydrogen-bonding network”, and “the large model molecular system was extended with the rest of the metal-
systems”, respectively. The crystal structurggdactamase from coordinating amino acids and, in addition, one more amino acid
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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 11mCd of 0.83 barf® was used to convert the measured
nuclear quadrupole interactions (NQIs) to EFGs. When compar-
ing with experiment, the eigenvalues of the EFG tensor are

,’ Af 2 reported with Vi < [Vl < |Vz4, which is the usual convention.
Wats g - gy Only the absolute values are presented because the sign is not
:_.,J'/ A His223 measured iry—y PAC spectroscopy. Unless stated otherwise,
MQ‘L P k the calculations of the EFG were performed on structures
; including only the metal ion-coordinating ligands, that is, [gJdL
\‘_\ or [CdLy], even though the optimizations may have been
\;}at‘lD‘l performed on a larger system.

Figure 3. The model system including the hydrogen-bonding network 2.3 Methods and Basis Setsin most of the geometry
. - , S 5
[ML 2]-(H20)4. Here, four additional water molecules from the crystal optimizations, the B3LYP/LanL2DZ method was uséd® No

structure (1ZNB) are included: Wat5, Wat11, Watl01, and Wat180. Structural constraints were imposed in the geometry optimiza-
The black lines show the hydrogen bonds between the additional watertions, except for the large model systems. Some optimizations,
molecules and the metal ion ligands. 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 Hartreg~ock level, which were stopped
when the energies were converged withim318u and the rms
forces were smaller than 1®au.

Geometry optimizations with larger basis sets were performed
for some of the cadmium-containing model systems: [{.dL
[CdLy], and [CdLy]:(H20)s. The LanL2DZ basis set was still
used on the cadmium, but either 6-31G(d) or 6F&I(d)3%43
was used on the ligands. In addition, a test calculation was

Wat101 performed in whib a p and f function were added to the
Figure 4. The large model system. The arrows show the three LanL2DZ basis set on Cd with t.he exponents of 0.117 263 5
a-carbons that were fixed relative to each other in the geometry and 0.232 832180 au, respectivéty.
optimization. Geometry optimizations of the large model systems were

performed with the two-layer ONIOM method of Morokuma

for each metal ion ligand. The additional amino acids included and co-workeré* 48 The high-level systems were [M]:
in the large model systems were Gly102, Gly180, and Gly222 (H20)s. The low-level systems were the large model system
(the nitrogens next to the-carbons in Gly102, Gly180, and described above. The B3LYP/LanL2DZ method was used for
Gly222 were not included in the calculation), see Figure 4. The the high-level system, and PM3 was used for the low-level
a-carbons of the amino acids next to the metal ion-coordinating Systent:®:5°
amino acid were frozen relative to each other. Unless otherwise stated, the EFG calculations were performed
Gly180, and Gly222 to the metal ion in the 1ZNB and 2zZNB and Kell®* on cadmium and 6-31G(d) on the rest of the atoms
structures, where the latter contains cadmium instead of zinc. (denotél S & K + 6-31G(d)) as in refs 2528 and 30. The
We found that these distances are 0.04, 0.14, and 0.29 A longerconvergence criterion on the rms of the density matrix elements
in 2ZNB, respectively. On the basis of this and the fact that the Was 10° au as in ref 30.
cadmium ion has an ionic radius of about 0.2 A larger than
zinc, we chose the following strategy for constructing the large 3- Results

cadmium containing model system: The metalitigand bond 3.1. Structure of the Metal lon Binding Sites.In Table 1,
lengths were converted into typical cadmium ion bond lengths he geometry optimized structures of site 2 are presented. The
by moving the Gly102/Asp103, Gly180/Cys181, and Gly222/ fist three rows show the results of the geometry optimized small
His223 fragments as rigid units. Typical cadmium idigand model systems. For the [Zal.complex, it was not possible to
bond lengths were chosen in accordance with ref 28. geometry optimize a five-coordinated complex. The zinc ion-
The geometry optimization for the large model system was coordinating solvent molecule, Wat2, moved to make a hydro-
successful for the cadmium-containing system, but it did not gen bond to CRHCOO™ or CHsS™ after some cycles of the
work for the zinc-containing system (starting from the crystal optimization. By removing Wat2, we constructed the four-
structure). To geometry optimize a structure with zinc in site coordinated [Znk] complex, which was then geometry opti-
2, the amino acids of the optimized large cadmium-containing mized. In contrast to the corresponding zinc ion complex, the
structure were moved as a rigid unit such that the metation optimized [Cdl;] complex remains five-coordinated. The
ligand bond lengths again were according to 1ZNB. This geometry is approximately trigonal bipyramidal with Asp103
structure was used as the starting point for an optimization. The and Wat2 in the apical positions (Asp1o8F+—Wat2= 163)
consequence of this was that positions of thea@ms of the and Watl, Cys181, and His223 in a plane. The most notable
glycine amino acid residues were not exactly the same as indifference from a perfect trigonal bipyramidal structure is
1ZNB. This caused differences up to 0.8 A in the distances observed for the Asp103C?+—Cys181 angle (123. We also
between the frozen atoms compared to those from the 1ZNB  optimized a model system without Wat2, that is, a [g]dL
crystal structure. complex. Compared to the five-coordinated [GHtomplex,
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TABLE 1: Geometry Optimized Zn2" and Cd?" Containing Model System§
distance to the metal ion (A) angle subtended at the metal ion (deg)
01 02 0103 S181 N223 01601 0103-02 0103-S181 0103N223 01-S181 S18+N223 N223-0O1
Small Model System

[ZnL4] 2.04 204 236 211 90 134 95 113 111 111
[CdLi] 2.26 224 250 233 85 133 95 127 114 91
[CdLy] 224 252 230 260 230 83 163 122 84 120 114 123
Small Model System Including Hydrogen-Bonding Network
[ZnLj)-(HO), 2.10 2.28 2.13 244 2.08 87 163 100 101 131 112 114
[ZnLy]-(H0);s 2.03 2.28 2.17 246 2.08 87 168 99 98 133 111 113
[ZnLj)-(HO)s 2.03 2.17 224 248 2.10 83 166 94 92 128 108 123
[CdLy]*(H0), 2.44 240 233 257 228 81 144 100 104 132 120 105
[CdL;]+(H:0); 2.22 2.42 237 262 230 83 168 95 101 136 113 111
[CdLy]*(H0)s 2.23 235 239 264 231 81 164 98 93 130 107 123
Large Model System
[ZnLj]-(H0), 2.05 2.09 220 259 2.09 85 166 90 96 143 110 124
[CdLy](H0)s 2.23 231 236 269 2.30 82 167 94 95 140 93 128

2 The coordination geometry of the optimized model systenis. &nd L,?>~ are used for (CECOO)(CH:S)(im)(H:0)>~ and (CHCOO)(CH:S)-
(im)(H20),>~, respectively. O1 is the oxygen atom in Watl coordinating to the metal ion; similar notation is used for 02, 0103, S181, and N223.
The B3LYP/LanL2DZ method was applied in the geometry optimizations. Selected structures are shown in Figures 1

the Cd+*—Asp103 and in particular Gd—Cys181 bond lengths TABLE 2: EFGs of Optimized Cd2" Containing Model

decrease by 0.06 and 0.10 A to 2.24 and 2.50 A, respectively. Systems
The Cd*—Watl1/His223 bond lengths are almost unaltered. EFG (au)
Compared to the corresponding zinc-containing structure, the [Vid [Vyyl [V
bond lengths are 0.14.22 A larger. Most of the valence angles Small Model System
are very similar, but the 015181 and Ot N223 angles differ [CdLi] 0.49 1.01 1.50
by 14 and 20, respectively. [CdL2] 0.03 0.81 0.84
The following six rows in the table show the optimized Small Model System Including Hydrogen-Bonding Network
structures of the small model systems including the hydrogen- [CdL]-(H20). 0.13 0.80 0.93
bonding network. They contain either 2, 3, or 4 additional [CdLz]"(Hz0) 0.39 0.44 0.83
(noncoordinating) water molecules as described in the Methods [CdL2]-(H0)a 0.24 0.31 0.55
section. These solvent molecules form hydrogen bonds to the Large Model System
metal ion-coordinating ligands in the crystal structure. All of [CdL2](H20) 0.08 0.49 0.56
the optimized [Znk]-(H20),, n = 2—4, structures are five- 5/8/6 PA% gﬁperiment 063 003
coordinated. They all have an almost trigonal bipyramidal 569/H/9 023 057 0.81

coordination geometry with Asp103 and Wat2 in the apical
positions. The additional water molecules for= 2 make aThe experimental EFGs from the two strains 5/B/6 and 569/H/9
hydrogen bonds to Asp103. The additional water molecule for from ref 9 are given at the bottom of the table? Land L;*  are used
nyz 39makes a hydrogen bond to Watl, and thé*Zawatl for (CH,COO)(CHS)(im) (0" and (CHCOO)(CHS)(im)(F0)*

. respectively. EFGs are calculated at the B3LYP/S &K6-31G(d)//
bond length decreases by 0.07 A compared 02. Similarly, B3LYP/LanL2DZ level. The components differing more than 0.5 au

the additional water molecule for= 4 makes a hydrogen bond  from the experimental EFGs are shown in bold face.
to Wat2, and the Z&—Wat2 bond length decreases by 0.11 A

compared ta = 3. that in the model system without the backbone constraints. For
For the cadmium-containing systems, the trends are similar the cadmium-containing system, the same trends are observed
to those found for the zinc-containing systems, excephfer though not as pronounced as for the zinc-containing system. In

2, which has a markedly different structure from the 3 and addition, the Cys181Cd?"—His223 angle decreases by°las
n = 4 structures and from the zinc-containing structure with  compared to that of the model system without the backbone
= 2. The C&*—Watl bond length is unusually long (2.44 A), constraints.
and the Asp103C?*—Wat2 angle is smaller by about 20 3.2. Electric Field Gradients (EFG) at the Metal lon
than those in the other model systems. Compared to the smallBinding Sites.In Table 2, the experimentally derivédnd the
model system, [Cd}], the Cd*—Watl/Cys181/His223 bond  calculated EFGs at the position of the cadmium nucleus for the
lengths fom = 3 andn = 4 are generally very similar, whereas = cadmium-containing model systems of site 2 are presented. The
the C¢"—Asp103 bond length becomes longer (by up to 0.09 |ast two rows show the results derived from PAC experiments
A for n = 4) and the bond length Gt—Wat2 becomes shorter  performed on two different strains, 5/B/6 and 569/H/9, of
(by up to 0.17 A forn = 4). metallof-lactamase fronB. cereus When comparing experi-
The two final rows of the table show the optimized structure ments and calculations, we wish to be able to reject a given
of the large zinc- or cadmium-containing model systems. For suggested coordination geometry. Therefore, we compare the
the zinc-containing systems, the Zr-Wat2 bond length experiment that is closest to the calculated EFG, and if the
decreases to 2.09 A, which is about 0.1 A shorter than that for difference is large, we can be fairly certain that this coordination
the model system without the backbone constraints. TR&-Zn geometry is not found in the protein.
Cys181 bond length increases to 2.59 A, which is about 0.1 A The EFG of the four-coordinated small model system, [{:dL
longer than that for the model system without the backbone deviates by up to 0.57 au from experiment. For the five-
constraints. The valence angles show minor changes, exceptoordinated structures obtained for the small model system
Watl—Zn?t—Cys181, which increases by 2&s compared to  ([CdL]) and the model systems including the hydrogen-bonding
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TABLE 3: Tests of Different Basis Sets for Geometry Optimizations at the B3LYP Level
distance to the metal ion (&) angle subtended at the metal ion (deg)
o1 02 0103 §S181 N223 0186301 0103-02 0103-S181 0103-N223 0O1-S181 S181N223 N223-01
Small Model System

[CdL,]P 2.26 224 250 233 85 133 95 127 114 91
[CdLg]¢ 2.33 222 247 237 90 123 98 123 117 89
[CdLq]¢ 2.32 220 247 235 90 130 99 122 118 89
[CdL4]® 2.36 223 247 237 89 132 97 122 117 88
[CdL,]® 224 252 230 260 230 83 163 122 84 120 114 123
[CdL]¢ 233 258 226 254 236 87 159 123 85 121 120 111
[CdL]d 233 258 225 253 235 88 159 123 85 121 120 111
[CdLj]® 232 290 225 252 235 88 159 128 87 118 117 112
Small Model System Including Hydrogen-Bonding Network

[CdLy]+(H20)3P 222 242 237 262 230 83 168 95 101 136 113 111
[CdLg]-(H0)s¢ 230 250 231 257 235 86 160 103 101 128 120 107
[CdLy]-(H0)3® 2.31 254 233 255 235 87 164 104 99 133 118 105
[CdLy]-(H:0)3¢ [2.31] [2.63] [2.27] [2.49] [2.32] [87] [162] [107] [99] [135] [117] [102]

2 The coordination geometry of the optimized model systenys. and L,>~ are used for (CBCOO)(CHS)(im)(H,0)>~ and (CHCOO)(CHS)-
(im)(H20)%", respectively. O1 is the oxygen atom in Watl coordinating to the metal ion; similar notation is used for 02, 0103, S181, and N223.
Numbers in brackets represent the structures optimized at the Hafwek level.? Optimized using the LanL2DZ basisOptimized using LanL2DZ
on Cd" and 6-31G(d) on the rest of the atord©ptimized using LanL2DZ and one additional p and f function oA"Gdee Method section) and
6-31G(d) on the rest of the atonfsOptimized using LanL2DZ on Cd and 6-33-G(d) on the rest of the atoms.

network ([Cdly]-(H.O),, n = 2—4), the EFG is reduced and TABLE 4: EFGs of Cd?* Model Systems Optimized with
. ’ L . - Different Basis Set8
gives much better agreement with experiment. Particularly, the

model system with three additional water molecules<( 3) EFG (au)

agrees well with experiment (differences of less than 0.13 au). [Vxd [Vyyl V24

Reasonable agreement is also obtained for the large model Small Model System

system. The eigenvalues of the EFG tensor differ by up to 0.25 [CdLj]® 0.49 1.01 1.50

au from the experimental values. [CdLﬂz 0.51 1.05 1.56
3.3. Methods and Basis Setdo test the quality of the basis [ggHe 8'22 i% igz

sets used in this work, a number of larger basis sets were applied [CdL;]b 0.03 0.81 0.84

in the geometry optimizations of the four-coordinated complex  [cdL,]¢ 0.47 0.75 1.21

([CdL4)), the five-coordinated small model system ([G§)l.and [CdL]¢ 0.49 0.75 123

a model system including selected parts of the hydrogen-bonding [CdL2l® 0.54 0.83 137

network ([CdLy]-(H20)s3), see Table 3. For the [CdlL.complex, Small Model System Including Hydrogen Bonding Network

the coordination geometries are quite similar applying the [Cgtﬂ'(:zokg 0-29 0-‘7“7‘ 0.83

plifferent basis sets. The largest difference in geometry is an %gszl]}Hzg;ze 8:33 (0.45) 8'76 (0.59) 1%%5(1.04)

increase of the GdWat1 bond length from 2.26 to 2.36 A when [0.46] [0.93] [1.39]

applying 6-31G-(d) on the ligands instead of LanL2DZ. The aEFGs calculated at the B3LYP/S & K 6-31G(d) level for the
other bond lengths differ by less than 0.04 A. All of the valence geometry optimized structures obtained with different basis sets (Table
angles generally differ by less thah Bor the [CdL] complex, 3). L and L? are used for (CECOO)(CHS)(im)(H:0)2~ and

the following results were found: When applying the 6-31G(d) (CHsCOO)(CHS)(im)(H:.0),%", respectively. Unless otherwise stated,
basis set on the ligands instead of LanL2DZ, the structure the second sphere water molecules were not included in the calculation
remains a distorted trigonal bipyramid (five-coordinated). The of the EFG. The num_bers in parentheses_have the second sphere water
changes in C#f —ligand bond length are in general about 0.05 molecules included in the EFG calculations. In brackets, the EFGs

. calculated at the Hartred=ock level are presentetiGeometry obtained
A. However, the C& —Watl bond length increases by 0.09 A by optimizing at the B3LYP level with LanL2DZ on all atoms.

from 2.24 to 2.33 A. Addig a p and an f function to the < Geometry obtained by optimizing at the B3LYP level with LanL2DZ
LanL2DZ basis has almost no effeathanges in C# —ligand on Cd* and 6-31G(d) on the rest of the atorisseometry obtained
bond lengths of less than 0.01 A. When applying the 6-G1d) by optimizing at the B3LYP level with LanL2DZ and one additional
basis, the structure changes dramatically. Wat2 leaves the firstfegt”gfftﬁlemgtignm;negg m(zfre '(\)/'betg‘iﬁgz %ecgozzn?znig Ggltﬁéd)BgﬁYtge
Ic.:oordmat!on gpherg ((_Ed—WatZ_— 2.'90 A)’ whereas the other level with LanL2DZ on Cé* gnd 6-31|—G(3/) oﬁ the regt of the atoms.
igands bind in a similar coordination geometry as compared

to the geometry obtained when using 6-31G(d) on the nonmetal

atoms. For the [Cd}-(H.O); complex, the coordination compared to the B3LYP calculation. This is a very long
geometries remain five-coordinated independent of which basis cadmiunmt-water bond length. The other bond lengths differ by
is used. That is, for the model system including the hydrogen- about 0.05 A from the structure obtained at the B3LYP level.
bonding network, the structure was not as sensitive to the choice In Table 4, we have listed the EFGs calculated at the position
of basis set: When applying 6-31G(d) on the nonmetal atoms of the cadmium nucleus for the geometries optimized with
instead of LanL2DZ, particularly the €t—Watl and Cé&"™— different basis sets (Table 3). For the four-coordinated [CdL
Wat2 bond lengths change. Both increase by an amount of 0.08complexes, the EFGs are generally very similar. The largest
A—Watl from 2.22 to 2.30 A and Wat2 from 2.42 to 2.50 A. difference is observed for thé,y and V., components, which
Using 6-31G(d) instead of 6-31G(d) on the ligands causes increase by 0.12 au and 0.11 au, respectively, for the structure
differences of less than 0.04-&he Cdt—Wat2 bond length obtained by optimizing with the 6-31&d) on the ligands
changes from 2.50 to 2.54 A. At the Hartreleock level, the instead of the LanL2DZ basis set. Not surprisingly, large
CPt—Wat2 distance increases by 0.09 A to 2.63 A, as variations in EFGs are observed for the five-coordinated EdL
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complex because the geometries differ substantially, see Tablerole site 2 plays in the catalytic mechanism for the enzyme with
3. Differences of the EFG components of about 0.4 au are only one metal ion bound#. Previously, it has been assumed
observed between the structures optimized with LanL2DZ and that the site with three histidines was responsible for catalysis.
6-31G(d) on the ligands. For example, thMg, component However, as described in the Introduction, a number of recent
changes from 0.84 au to 1.21 au. For the structure optimized publications indicate that this conventional picture of site 1 as
with the 6-3HG(d) basis, even larger differences from the the catalytically active site is too simpld’1® These recent
structure optimized with the LanL2DZ basis are observed. For experimental data indicate, surprisingly, that site 2 may par-
the [CdLy]+(H20)s complexes, the largest difference of 0.33 au ticipate as an integral part of the mechanism for the mononuclear
is observed for theVyy, component between the structures enzyme. In addition, metall§-lactamase fronB. cereusbinds
optimized with LanL2DZ and 6-31G(d) on the ligands. TWg one metal ion strongly and the second more weakly, so the
and V,, components differ by 0-10.2 au. Optimizing the  enzyme with only one metal ion bound may be the physiologi-
structures with 6-316&(d) instead of 6-31G(d) on the ligands cally relevant species. Therefore, it is important to elucidate
causes differences in the EFG components of less than 0.12the coordination geometry of site 2 as a prerequisite for
au. When the three second-sphere solvent molecules are include@nderstanding how it can be involved in the catalytic mechanism
in the EFG calculations, a decrease of the EFG components isof the enzyme. In particular, because X-ray crystallographic data
observed (0.020.2 a.u). Using HartreeFock instead of BSLYP  are inconclusivé;? the following questions remain: Is the site
for calculating the EFGs (for the structure optimized at the four- or five-coordinated? Is it a real physical effect that Wat2
B3LYP level) increases the EFG by up to 0.33 au (e can move on and off as a ligand at little energetic cost? Does
component). this have implications for the understanding of the catalytic
Calculations using the contracted instead of the uncontractedmechanism? We shall address these questions in the following.
basis set of Sadlej and Kéllwere also performed. However, 4.1. Structure of the Metal lon Binding Site. In many
the fourth s-type orbital in the basis was discarded when the , hjications on metal ion binding sites of metalloproteins, a

default settings of Gaussian 98 for checking for linear depend- el system of similar or smaller size than our “small” systems

encies was used. A.test calcglaﬂon W|th the contractgd ba5|sis used (see, for example, refs 21,22,25). Our results indicate
set in which the routine checking for linear dependencies was

) . . that this is too small a system to model site 2 of metgHo-
disabled gave rise to only small differences of less than 0.03 |, tamase properly, see Tables 1 and 3. For the natidé-Zn
au in EFGs. The differences between the EFGs calculated W'thcontaining enzyme, the small model system becomes four-

the contracted and uncontracted basis sets were smaller thar&oordinate when optimized, even though the starting point is
0.04 au. Test calcul_athns using f0au instead of 1¢° au as the five-coordinated structure determined by X-ray crystal-
the convergence criterion for the rms of the elements of the lography (1ZNB). The second water molecule, Wat2, leaves
dlen5|tty rtn::\jtr!x Calf“'sgzd fdlﬁ?rencecs:gf less tlhan O'.O 3 aﬁ.‘ Eh's WaSihe first coordination sphere and makes a hydrogen bond to the
aiso tested In re or finear COMPIEXES In which even aspartate or the cysteinate residue. Similar results were obtained
smaller differences of less than 0.005 au in the EFG for different by Diaz et aP* So a possible conclusion is that the site is four-
convergence criteria are observed. coordinated in the mononuclear enzyme (the X-ray data were
4. Discussion recorded for the binuclear enzyme). However, upon introduction

In this work, 8-lactamase with one metal ion (Znor Cc+) of the surrounding hydrogen-bonding network into the optimiza-

bound at the site with His223, Asp103, Cys181, an@ Water tion, the optimized structure remains five-coordinated. It was
molecules as ligands (site 2) has been studied with first principle Checked that this structure represents an energy minimum on
quantum mechanical methods in terms of metal ion coordination € Potential energy surface by a frequency calculation. A five-

geometry and EFGs. We chose to construct the mononuclearcoordinated structure is also obtained for the optimizations in
site 2 from the binuclear 1ZNB structure frobh fragilis and which both the backbone constraints and the hydrogen-bonding
to use it as starting point for the geometry optimizations becauseN€twork are included. The fact that the best models of the metal

no structure is available in which only site 2 is occupied. A ion bjnding sites give afive-coordin'ated structure indicates that
number of model systems are used: (1) the metal ion and thethis is also the structurg present in the protgln. Mo§t crystal
coordinating ligands (the small model systems), (2) the metal structures support the existence of a five-coordinated §I?€7'2',4.
ion, the coordinating ligands, and the local hydrogen-bonding though they are not dlregtly comparable to our calculations
network (the small model systems including the hydrogen- because they represent_blnuclear enzymes. Ho_vvever, there are
bonding network), and (3) the metal ion, the coordinating VO crystal structures with (_:1four-coordlnatt_ad_S|té321n ref_
ligands, the local hydrogen-bonding network, and the constraints9: however, the structure is remarkably similar to the five-
from the surrounding protein (the large model systems). These coordinated one, that is, a trigonal bipyramid but with one of
different types of model systems were studied to evaluate thethe apical ligands (Wat2) missing. We suggest that inclusion
importance of the hydrogen-bonding network and the backbone ©f Wat2 in the fitting of the X-ray diffraction data would be
constraints. The results will be compared to experimental data @PPropriate also for this structure.
recorded on the enzyme 8f cereus which is very similar to Further information on the coordination geometry is provided
B. fragilis. The metal ion-coordinating residues are the same, by PAC spectroscogyfrom which the EFG at the site of the
and the amino acids included in the large model system are thecadmium nucleus can be derived. The geometry was optimized
same except Gly102, which is an alanineBncereus Thus, and EFGs were calculated for the cadmium ion-containing
the model systems can be assumed to be almost equally gooanodel systems and compared with experimentally determined
for the metal ion binding sites of the two proteins. Differences EFGs for these systems, see Table 4. The only calculated EFG
between the two enzymes further away from the metal ion that deviates more than 0.5 au from experiment is the one found
binding sites are not taken into account in this work. for the four-coordinated structure. Therefore, it is very unlikely
Recent experimental studies show that either of the two that this is the real structure in the cadmium ion-containing
binding sites in metall@-lactamase can be occupied at low f-lactamase with only one metal ion bound. Consequently, these
metal ion to enzyme concentrati®rgnd it is not clear what  are strong indications that site 2 is five-coordinated and that
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the inclusion of the surrounding hydrogen-bonding network is particular, because we have used the relatively small LanL2DZ
essential for the proper modeling of the site 25hactamase. basis set for geometry optimizations.

4.2. Flexibility of the Metal lon Binding Site. The fact that In Table 3, it is observed that the metal ioligand bond
the inclusion of the hydrogen-bonding network has such a large lengths change by less than 0.09 A and the valence angles
impact on the coordination geometry in itself indicates that this change by less than 12avhen applying the 6-31G(d) and
is a flexible metal ion binding site, at least for some of the 6-31+G(d) basis sets instead of LanL2DZ, except in one case,
ligands. The two water molecules are, not surprisingly, par- [CdLz] with 6-31+G(d) on the ligands, in which the CdVat2
ticularly affected. The structures of the [CdLcomplex bond length increases by as much as 0.38 A to 2.90 A. A bond
optimized with 6-31G(d) and 6-31G(d) on the ligands  length of 2.52 A for Ce-H.O is in itself very long, and 2.90 A
primarily differ by an increase of the €d—Wat2 bond length means that the water molecule has effectively left the first
of 0.38 A. The energy difference (calculated with the same basis coordination sphere. However, by including the hydrogen-
set as in the EFG calculations, see Method section) betweenbonding network, this water molecule stays in the first coordina-
these two structures is only about 1 kcal/mol. Diaz et also tion sphere. This means that caution should be exercised when
conclude that the position of Wat2 is flexible. The flexible comparing structures and EFGs of the small five-coordinated
position of Wat2 might indicate that this serves as a storage model systems with experiment. It is important to note that both
position for water molecules to be consumed in the chemical the structure and EFG for the four-coordinated site is fairly
process. Alternatively, Concha et!al propose that Wat2 acts  insensitive to the choice of the basis set. In particular, the EFG
as a proton donor to thé-lactam amide. The flexible position is in all cases relatively large and significantly different from
of Wat2 is in good agreement with this proposal because it the experimental value. On the basis of the other results in Table
indicates that not much energy is needed to position Wat2 3, we estimate that the inaccuracy is about 0.1 A fof'Gd
optimally. ligand bond lengths and 1Ofor the valence angles using

The position of Wat1 also varies, depending on the inclusion B3LYP/LanL2DZ. Similarly, on the basis of the results in Table

of the water molecule (Wat5) that hydrogen bonds to it. This 4 We estimate that the inaccuracy of the EFG calculation is
water molecule is probably not present when the substrate is0-3~0.4 au. The latter is in good agreement with previously
bound, and a flexible position of Wat1 might be advantageous Published evaluations of calculated EFSS:

for orienting it optimally to make a nucleophilic attack on the ~ For future studies, when larger computer resources are
carbonyl carbon in the lactam ring. available, it can be noted that using an all-electron basis set

Introducing the backbone constraints reveals another interest-WIth polarization ﬂ‘!nCt'_OnS on the ligands will be bette_r W'th
respect to determination of the structure. But, surprisingly,

ing feature: The ZAt—Cys181 bond length increases by 0.11 qditi t diff f . h I off for th

A. In addition, the sulfur of the cysteinate is moved in the plane adartion of diffuse un_ctlons as a smai e ec_t_even or t_e
of the trigonal bipyramid, away from Watl and toward His223 qharged [lgands, cysteinate and aspartate. Adqmon of polarlza-
by 10-16°, see Table 1. This protein-controlled positioning of tion functions, one p- and one f-type basis function, on cadmium

the cysteine residue might also be related to the mechanism ofonly hag a minor effect on the structu.re.
the enzyme. Applying the Hartree-Fock method instead of the B3LYP

. . . - has an effect of 0.050.10 A on the C&"—ligand bond lengths

Mc?dil g%?;:‘scﬁfc%ﬁ':aegl OZLEZ srgglfrﬁgdmé?g/sct::rgtigrggin- and 5’—10° on the valence angles. Similar results were found
ing zinc, it is pbssible to obtain a five-coordinated structure by Diaz et aF* on a smaller model system: [Zn(HCOO)(MH

; P X . (SH)(H0),]. In addition, Diaz et al. optimized the structure
with cadmium as the metal ion, even without the hydrogen- ' h the MP2 method. which aave results close to those of the
bonding network. Probably, the larger radius of the cadmium wit ! 19 .
. - : . B3LYP method. Therefore, it seems to be optimal to apply the
ion makes it possible. However, as seen from the relatively large latter
Aspl03-CcP™—Cys181 angle of 12Xsee Table 1), the position ‘
of the cysteine residue is distorted from the trigonal bipyramidal 5. Conclusion
geometry observed in the crystal structure. The reason may be™"
electrostatic repulsion between these two formally negatively  The structure and EFGs of different model systems of site 2
charged residues. In addition, there is a hydrogen bond betweerof metallof-lactamase, with only one metal ion bound, have
Cys181 and Wat2. The cadmium-containing model systems with been studied with either zinc or cadmium as the metal ion.
three or four additional water molecules ([G§{(H,O),, n = Model systems with only the metal ion coordinating ligands
3,4) are similar to the zinc-containing systems. Only the bond (small model systems) have been considered, and furthermore,
lengths differ because of the larger size of the cadmium ion the environment has been modeled by including second sphere
causing 0.140.22 A longer Ce-ligand bond lengths. The  solvent molecules (model systems including the hydrogen-
valence angles differ by less thafl. 5However, the complex  bonding network) and by extending the molecular system to
with only two additional water moleculesn (= 2) shows include the backbone constraints (large model systems).
significant differences between the zinc- and cadmium-contain- |t was not possible to optimize a five-coordinated complex
ing structures. In particular, the metal ieWvatl bond length  for the zinc ion-containing small model system. Wat2 left the
differs by as much as 0.34 A, and the Asp+08—Wat2 angle first coordination sphere, and the result was a four-coordinated
differs by 19. This may be due to the fact that there is a structure. However, inclusion of the hydrogen-bonding network
hydrogen bond between Watl and Wat2 in the [ge(H20), gave a structure in good agreement with X-ray diffraction data
complex, which is not present with = 3,4. This emphasizes  (see below). Therefore, we conclude that it is important to
the sensitivity of this site to the surroundings and indicates that include the hydrogen-bonding network for the appropriate
it is necessary to include more than two additional water modeling of the coordination geometry.
molecules to get an appropriate model for the cadmium-  The experimental EFGs can be reproduced: The five-
containing system. coordinated model systems generally deviate by less than 0.3

4.4, Quality and Accuracy of the Calculations. It is au from the experimental PAC data, and in particular, for the
necessary to estimate the accuracy of the applied methods, ircomplex with three additional second sphere solvent molecules,
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[CdL,]-(H20)s, good agreement is obtained. This indicates that  (19) Hemmingsen, L.; Damblon, C.; Antony, J.; Jensen, M.; Adolph,
these model systems have coordination geometries that aréfz-g’v-lvo‘g’;g‘mer' S.; Roberts, G. C. K.; Bauer,RAm. Chem. 502001,
similar to the one found in the enzyme. For the four-coordinated ™ (>0) sjegbahn, P. E. M.; Blomberg, M. R. &hem. Re. 2000 100,
structure, however, disagreement by up to 0.6 au for the EFG 421.
tensor components is observed, leading to the conclusion that 2§2}1)19D?Ia2, N.; Sueez, D.; Merz, K. M., JrJ. Am. Chem. So200Q
thls model system_does not represent the cadmlum-.substltutedl 2) Gilson. H. S. R.: Krauss, ML Am. Chem. S0d999 121 6984.
Slt? 2 well. Accordlngly, t.here. seems t(? be Strong evidence for (23) Suaez, D.; Merz, K. M., JrJ. Am. Chem. So®001, 123 3759.
a five-coordinated cadmium ion-containing site 2. (24) Krauss, M.; Gilson, H. S. R.; Gresh, N. Phys. Chem. R001,

The structural differences of the metal ion binding site for 105 8040. _ ) )
the different model systems reveal a very flat potential energy ~ (22) Ryde, U.; Hemmingsen, L. Biol. Inorg. Chem1997 2, 567.

- . . . (26) Hemmingsen, L.; Ryde, W. Phys. Chem1996 100, 4803.

surface with very yanable positions of, particularly, Wgtl, Wat2, (27) Hansen, B.; Bukrinsky, J. T.; Hemmingsen, L.; Bjerrum, M.; Singh,
and Cysl181. This may be related to the mechanism of the K.; Bauer, R.Phys. Re. B 1999 59, 14182.

enzyme. (28) Hemmingsen, L.; Ryde, U.; Bauer, R. Naturforsch.1999 54a,
422.
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