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Abstract: To elucidate the most preferable, ground-state coordination geometry for zinc complexes in a protein
environment, the free energies of isomerization between hexa- and tetracoordinated structures containing Zn2+

bound to water and ligands of biological interest were evaluated. Density functional theory using the 6-31++G-
(2d,2p) basis set was employed in calculating isomerization free energies in the gas phase, while continuum
dielectric theory was used to compute solvation free energies of the zinc clusters in different dielectric media.
The results show that the lowest-energy ground-state coordination number of zinc bound to one acidic or two
or more neutral protein ligands is 4. The observed decrease in the coordination number of zinc upon protein
binding reflects primarily the requirements of the metal and ligands, rather than the constraints of the protein
matrix on the metal. Our finding that thetetrahedralzinc complexes in protein cavities generally represent the
optimal, least strained structures among various zinc polyhedra may explain why four-coordinate zinc is chosen
to play a structural role in zinc fingers and enzymes.

Introduction

Zinc can play a structural and/or catalytic role in proteins.
The most well studied proteins in which zinc serves a structural
role belong to the zinc-finger family, which is involved in
nucleic acid binding and gene regulation.1 In zinc-finger
proteins, zinc is tetrahedrally coordinated to histidines and/or
cysteines, which form three distinct types of metal-binding
motifs: His-His-Cys-Cys, His-Cys-Cys-Cys, or Cys-Cys-Cys-
Cys.2-4 In addition to its structural role, zinc plays an essential
role in many enzymes involved in virtually all aspects of
metabolism. Currently, there are about 300 known zinc enzymes.
The most commonly found ligand in zinc catalytic binding sites
is histidine, but cysteine, aspartic acid, and glutamic acid
residues are also seen coordinated to the metal.5 As a rule, the
enzyme donates three ligands, leaving the fourth position for a
(catalytic) water.

Zinc is flexible with respect to the number of ligands it can
adopt in its first coordination shell. Although in aqueous solution
Zn2+ is coordinated to six water molecules,6 in both zinc-finger
proteins and enzymes, zinc is usuallytetrahedrallycoordinated,
but in some catalytic binding sites it is found pentacoordinated
and, rarely, hexacoordinated.7 In sharp contrast, Mg2+, which
is also divalent with an ionic radius (0.65 Å) similar to that of

Zn2+ (0.74 Å), is usually octahedrally coordinated both in
aqueous solution and in proteins.8 It is not clear if the observed
decrease in the coordination number of zinc upon protein
binding reflects the constraints of the protein matrix on zinc9

or the specific physicochemical requirements of the metal and/
or ligands. In other words, the lowest-energy, ground-state
coordination geometry for zinc complexes in proteins has not
been unambiguously established. These questions are of prime
importance in elucidating the mechanism(s) of zinc binding to
proteins as well as the catalytic role of zinc.

Most theoretical studies have been dedicated to evaluating
the thermodynamical parameters of the Zn2+ hydration
process.8,10-15 The binding energies and, in some cases, the
binding free energies of the stepwise water binding to Zn2+,

have been calculated by employing different levels of ab initio
calculations. In addition to the all-inner-sphere complexes [Zn-
(H2O)n]2+ (n ) 1-6), a variety of mixed inner- and outer-sphere
clusters{[Zn(H2O)n]‚(H2O)m}2+ (n ) 3-6; m ) 1-12) have
been studied, and their total binding energies have been
compared to those of the respective all-inner-sphere complexes
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containing the same number of water molecules. (The notation,
{[M(H2O)p(L)q]‚(H2O)m}2+, wherep + q ) n, denotes a divalent
metal ion, M2+, bound ton ligands (p waters andq nonaqua
ligands) in the first coordination shell, andm water molecules
in the second hydration layer; for brevity, it is referred to as an
(n + m) complex).

All the theoretical studies have shown that zinc, unlike
magnesium for example, does not have a strong preference for
a particular number of water molecules in its first coordination
layer and can accommodate four, five, or six water ligands; the
calculatedenergydifferences between isomeric [Zn(H2O)6]2+,
{[Zn(H2O)5]‚(H2O)1}2+, and{[Zn(H2O)4]‚(H2O)2}2+ complexes
differ by only a few kilocalories per mole. However, there is
no consensus regarding the most stable structure among the three
isomers. The MP2(FC)/HUZSP*//RHF/HUZSP* calculations by
Bock et al.11 and the B3LYP/6-311+G(2d,2p)//B3LYP/LANL-
2DZ calculations by Pavlov et al.15 predict the tetrahedral (4+
2) complex to be the most stable structure as it islower in energy
(by 0.1 and 3.4 kcal/mol, respectively) than its octahedral [Zn-
(H2O)6]2+ counterpart. However, more recent MP2(FULL)/6-
311++G**//HF/HUZ* calculations by Bock et al.8 and MP2/
TZ2P//HF/TZ2P calculations by Lee et al.12 predict the tetrahedral
(4 + 2) complex to behigher in energy(by 1.4 and 3.1 kcal/
mol, respectively) than the octahedral structure. Note that diffuse
functions, which have been shown to be important in computing
the binding enthalpies and free energies of metals,15,16 are not
included in the HUZSP*, HUZ*, and TZ2P basis sets. Pavlov
et al.15 also examined bigger clusters with a more complete
second coordination layer and found that the tetrahedral{[Zn-
(H2O)4]‚(H2O)8}2+ complex is more stable (by 5.6 kcal/mol)
than the octahedral{[Zn(H2O)6]‚(H2O)6}2+ cluster. All these
studies report gas-phase energies and/or enthalpies rather than
solution freeenergies, and, therefore, the effect of the dielectric
media (protein or aqueous solution) on the energy of binding
has not been considered.

Theoretical studies dedicated to assessing the role of nonaqua
ligands on the geometry of zinc complexes are scarce, and, so
far, no systematic efforts have been made to solve this problem.
In a specific study on alcohol dehydrogenase, Ryde17 employed
ab initio MP2/DZ//HF/DZ calculations to model the active site
(consisting of two cysteines, one histidine, and one water bound
to a zinc cation) and some reaction intermediates possessing
different coordination geometries. The cysteinate ligand was
modeled as HS- and the histidine side chain as ammonia or, in
some cases, imidazole. Tetra-, penta-, and hexacoordinated
Zn(HS)2X(H2O)0-2L (where X ) ammonia or imidazole, and
L ) catalytic water, methanol, ethanol, or the corresponding
anions or aldehydes) structures were examined, and their relative
stabilities were assessed. In the gas phase thetetracoordinated
species (with one or two water molecules in the outer coordina-
tion shell) was found to be more stable than the respective penta-
and hexacoordinated inner-sphere complexes by about 4 and
10 kcal/mol, respectively. In a subsequent publication, by
employing combined QM/MM calculations for the same en-
zyme, Ryde showed that in the protein environment the energy
difference between isomerictetra- andpentacoordinatedzinc
complexes widens in favor of the former and ranges between
24 and 48 kcal/mol.17,18

The primary goal of this paper is to elucidate the most
preferable, ground-state coordination geometry for zinc com-

plexes in a protein environment. To this end, the free energies
of isomerization between hexa- and tetracoordinated structures
containing Zn2+ bound to water and ligands of biological interest
were evaluated. The nonaqua ligands are simple organic
molecules that model the amino acid residues most commonly
found coordinated to zinc in proteins (see above). These are
(1) imidazole (for the neutral histidine side chain), (2) meth-
anethiolate (for ionized cysteine), and (3) formate (for depro-
tonated aspartic and glutamic acids). Density functional theory
(DFT) using the 6-31++G(2d,2p) basis set was employed in
computing isomerization free energies in the gas phase, and
continuum dielectric theory was used to estimate solvation free
energies of the zinc clusters in different dielectric media (see
Methods). The stabilities of isomeric hexa- and tetracoordinated
zinc complexes in the gas phase and various dielectric media
were assessed, and the results are contrasted with those for some
Mg2+ clusters (see Results). The factors governing the geometry
of the first coordination shell in metal clusters were identified.
The implications of the cluster geometry on the process of zinc
binding to proteins and enzyme activation are presented (see
Discussion).

Methods

DFT Calculations. These employed Becke’s three-parameter hybrid
method19 in conjunction with the Lee, Yang, and Parr correlation
functional.20 Initially, to determine the optimal basis set for the zinc
complexes, increasing basis sets, 6-31+G*, 6-31++G**, 6-311++G**,
6-31++G(2d,2p), 6-311++G(2d,2p), and 6-31++G(2df,2p), were used
to compute the free energies of waterf chloride substitution reactions,
for which experimental results were available for calibration (see
Results). Subsequently, the 6-31++G(2d,2p) basis set, which was found
to be a reasonable compromise between performance and computational
costs from the calibration study (see Results), was employed for the
rest of the calculations. This basis set has two sets of polarization
functions as well as diffuse functions on all atoms.

Full geometry optimization for the entire series of complexes was
carried out at the B3LYP/6-31++G(2d,2p) level using the Gaussian
98 program.21 Vibrational frequencies were then computed at the same
level of theory to verify that each cluster was at the minimum of its
potential energy surface. No imaginary frequency was found in any of
the clusters. After the frequencies were scaled by an empirical factor
of 0.9613,22 the zero-point energy (ZPE), thermal energy (ET), and
entropy (S) corrections were evaluated using standard statistical
mechanical formulas.23 The differences in∆Eelec, ∆ZPE,∆ET, and∆S
between the products and reactants were employed to compute the free
energy of isomerization between hexa- and tetracoordinated complexes
at room temperature,T ) 298.15 K, according to the following
expression:

Equation 2 was also used to compute the free energy for M2+ +
nH2O f [M(H2O)n]2+, where M) Zn2+ or Mg2+ andn ) 1-6. These
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energies were not corrected for basis set superposition error since
previous works have shown that the dominant effect of the basis set
superposition error is not on the total energy,15 but on properties such
as the dipole moment and the polarizability, and BSSE corrections did
not improve the accuracy of the results.24,25

Continuum Dielectric Calculations. The reaction free energy in a
given environment characterized by a dielectric constantε ) x can be
calculated according to the following thermodynamic cycle:

∆G1 is the gas-phase free energy computed using eq 2.∆Gsolv
x is the

free energy for transferring a molecule in the gas phase to a solvent
medium characterized by a dielectric constantx. By solving Poisson’s
equation using finite difference methods26,27to yield∆Gsolv

x (see below),
the reaction free energy in an environment modeled by dielectric
constantx, ∆Gx, can be computed from

The continuum dielectric calculations employed a 71× 71 × 71
lattice centered on the metal cation with a grid spacing of 0.25 Å, ab
initio geometries, and natural bond orbital (NBO) atomic charges.28

The low-dielectric region of the solute was defined as the region
inaccessible to contact by a 1.4-Å sphere rolling over the molecular
surface. This region was assigned a dielectric constant of 2 to account
for the electronic polarizability of the solute. The molecular surface
was defined by effective solute radii, which were obtained by adjusting
the CHARMM (version 22)29 van der Waals radii to reproduce the
experimental hydration free energies of the metal cations and ligands
as well as the solution free energies of waterf chloride substitution
reactions. The radii employed in the study are (in Å)RZn ) 1.4,RMg )
1.5,RCl ) 2.2,RO(H2O) ) 1.69,RO(HCOO-) ) 1.65,RH(H2O) ) 1.0,
RH(C,N) ) 1.468,RC ) 1.9, RN ) 1.7. (Note that these radii have
been parametrized for B3LYP/6-31++G(2d,2p) geometries and NBO
charges.) At the calibration stage, experimental hydration free energies
of water (-6.3 kcal/mol) and Cl- (-77 kcal/mol) were used to compute
the solution free energies of waterf chloride substitution reactions
(see Results).

The dielectric constant of a protein is generally assumed to range
between 2 and 4.26,30 Thus, Poisson’s equation was solved with an
external dielectric constant equal to 2 or 4 to simulate buried or partially
buried binding sites, and 80 to characterize fully solvent-exposed
binding sites. The difference between the computed electrostatic
potential in a given dielectric medium (ε ) x) and in the gas phase
(ε ) 1) yielded the solvation free energy∆Gsolv

x of the metal complex.

Results

Calibration of the DFT and Continuum Dielectric Cal-
culations. The series of zinc chloride complexes, [Zn(H2O)m-
Clp]2-p (m ) 2-5; p ) 1-4), was chosen for calibration
purposes because (i) the experimental solution free energies of
stepwise waterf chloride substitution are available,31,32 and

(ii) the zinc clusters are small enough to allow calculations with
very large basis sets. Since the hydrated zinc cation is known
to be octahedrally coordinated6 in aqueous solution, all six water
molecules in [Zn(H2O)6]2+ were placed in the first coordination
layer of the cation. In contrast, the dichloride and tetrachloride
zinc complexes are known to betetrahedrallycoordinated with
the Cl- ligand in the inner coordination shell.6,11 This obser-
vation is also supported by our ab initio calculations, which
show that the gas-phase free energies,∆Gsubst

1, for the first two
waterf chloride substitution reactions are more favorable for
tetrahedralproducts (with two water molecules in the second
coordination sphere) than for the respective octahedral clusters.
The zinc monochloride and dichloridetetrahedralcomplexes
were calculated to be more stable than the respectiveoctahedral
complexes by-4.5 and-8.6 kcal/mol, respectively, at the
B3LYP/6-31++G(2d,2p) level. Furthermore, stationary points
for zinc octahedral complexes containing three or four Cl- could
not be found since they isomerized into tetrahedral (4+ 2)
complexes during optimization. Based on these findings, only
tetrahedral(4 + 2) chloride products were considered.

The following substitution reactions were modeled:

The gas-phase free energies of the waterf chloride exchange
reactions (eqs 5-8), evaluated at the B3LYP level of theory
with different basis sets, are presented in Table 1. The different
basis sets produce similar results, with∆Gsubst

1 varying by less
than 4.5 kcal/mol. As the basis set increases in size,∆Gsubst

1

becomes more negative (or less positive) and appears to
converge from the 6-31++G(2d,2p) basis set onward. For the
last three basis sets in Table 1, the∆Gsubst

1 numbers change by
e1 kcal/mol; hence, the 6-31++G(2d,2p) basis set, being the
least expensive among the higher basis sets, was chosen for
subsequent calculations.

Hydration free energies for the zinc clusters were computed
using the B3LYP/6-31++G(2d,2p) optimized structures and
NBO charges. These∆Gsolv

80 values together with B3LYP/6-
31++G(2d,2p)∆Gsubst

1 numbers from Table 1 and experimental
hydration free energies of water (-6.3 kcal/mol) and Cl- (-77
kcal/mol) were used to compute the solution free energies for
eqs 5-8, which are compared with the respective experimental
values31,32in Table 2. Although the experimental∆Gsubst

80 error
bars were not reported, the∆Gsubst

80 numbers from different
sources for reactions 5 and 6 seem to indicate that the accuracy
of the experimental data is probably in the range of(1 kcal/
mol. Since the calculated free energies deviate from the
experimental observables by less than 1 kcal/mol, the agreement
appears to be acceptable.

Relative Stability of Octahedral vs Tetrahedral Zinc
Complexes. Two types of zinc complexes were examined:
octahedral [Zn(H2O)nL6-n]2+ (n ) 4-6) complexes with six
aqua and nonaqua ligands in the first coordination shell, and
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899.
(29) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.;
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reactants (ε ) 1)98
∆G1

products (ε ) 1)

∆Gsolv
x(reactants)V V ∆Gsolv

x(products) (3)

reactants (ε ) x)98
∆Gx

products (ε ) x)

∆Gx ) ∆G1 + ∆Gsolv
x(products)- ∆Gsolv

x(reactants) (4)
[Zn(H2O)6]

2+ + Cl- f {[Zn(H2O)3Cl]‚(H2O)2}
+ + H2O

(5)

{[Zn(H2O)3Cl]‚(H2O)2}
+ + Cl- f

{[Zn(H2O)2Cl2]‚(H2O)2}
0 + H2O (6)

{[Zn(H2O)2Cl2]‚(H2O)2}
0 + Cl- f

{[Zn(H2O)Cl3]‚(H2O)2}
- + H2O (7)

{[Zn(H2O)Cl3]‚(H2O)2}
- + Cl- f

{[ZnCl4]‚(H2O)2}
2- + H2O (8)
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tetrahedral{[Zn(H2O)nL4-n]‚(H2O)2}2+ (n ) 2-4) complexes
with four ligands in the first coordination shell and two water
molecules in the second coordination shell. The structures of
the octahedral and tetrahedral zinc complexes optimized at the
B3LYP/6-31++G(2d,2p) level are illustrated in Figures 1-4,
while the computed free energies of isomerization between the
two types of clusters for various dielectric media are listed in
Table 3. The results for the zinc clusters are compared with the
corresponding free energy of isomerization between octahedral
and tetrahedral Mg2+ complexes in some cases.

(i) Complexes with Water. The [Zn(H2O)6]2+ and {[Zn-
(H2O)4]‚(H2O)2}2+ structures are shown in Figure 1. The (4+
2)-hydrated Zn2+ complex (Figure 1B) is the preferred structure
in the gas phase, being more stable by-3.7 kcal/mol than the
octahedral cluster (Table 3). However, the octahedral complex
is better solvated than the tetrahedral cluster, and, consequently,
it becomes the dominant species in aqueous solution. The 6f
(4 + 2) isomerization free energy is positive even in a low
dielectric medium (ε g 2). Unlike zinc, Mg2+ shows a strong
preference for an octahedral arrangement of water ligands in
its first shell both in the gas phase and in aqueous solution:
the 6 f (4 + 2) isomerization free energy is positive forε

ranging from 1 to 80 (Table 3). Note that for both metals,
solvation effects favor the six-coordinate octahedral structure
rather than its four-coordinate tetrahedral counterpart, so that
the former is dominant in aqueous solution.

(ii) Complexes with One Heavy Ligand.The fully optimized
structures of octahedral and tetrahedral zinc complexes contain-
ing five water molecules and one heavy ligand (imidazole or

formate or methylthiolate) are illustrated in Figures 2 and 3.
With a heavy ligand in the first coordination shell, the gas-
phase free energy difference between octahedral and tetrahedral
zinc complexes, which is-3.7 kcal/mol for the zinc hydrates,
increases further:∆Gisom

1 for the monosubstituted clusters varies
between-8.4 and-9.6 kcal/mol (see Table 3). The favorable
∆Gisom

1 is due mainly to the enthalpic term, but for the
complexes with one negatively charged formate, the entropic
contribution, which is positive, is also significant. In the case
of zinc bound to five water molecules and a methylthiolate, a
stationary point for an octahedral complex could not be
located: optimization of various octahedral initial structures
resulted in a spontaneous conversion to a 4+ 2 tetrahedral
geometry (Figure 3). In a protein, zinc prefers to be tetrahedrally
bound to an imidazole if the metal-binding site is buried but
octahedrally coordinated if the site is accessible to solvent
(ε > 4). In contrast, zinc is predicted to be tetrahedrally
coordinated to one formate in either buried or solvent-exposed
sites.

As in the case of magnesium hydrates, the 6f (4 + 2)
isomerization free energy for Mg2+ complexes containing one
heavy ligand (formate or imidazole) is positive in both the gas
phase and the condensed phase, indicating a strong preference
for magnesium to adopt an octahedral geometry. However, due
to the small magnitude of the gas-phase isomerization free
energy (1.7 kcal/mol) for Mg2+ complexed to an imidazole, a
tetrahedral structure should not be ruled out in the gas phase.

(iii) Complexes with Two Heavy Ligands.Complexes of
Zn2+ with four water molecules and two imidazole ligands were
also studied. The fully optimized structures of [Zn(H2O)4-
(imidazole)2]2+ and {[Zn(H2O)2(imidazole)2]‚(H2O)2}2+ are
depicted in Figure 4. Note that in the octahedral complexes,
the two heavy ligands prefer to be adjacent (rather than opposite)
to one another. With two heavy ligands in the first coordination
shell, the free energy gap between octahedral and tetrahedral
zinc complexes in the gas phase widens even further: the
∆Gisom

1 values are-8 and -14 kcal/mol for complexes
containing one and two imidazoles, respectively (Table 3). Due
to the more favorable gas-phase∆Gisom

1 for the cluster with
two heavy ligands compared to the respective monosubstituted
cluster, the 6f (4 + 2) isomerization free energy remains
negative in a buried (ε ) 2 or 4) as well as in solvent-exposed

Table 1. Gas-Phase Free Energies,∆Gsubst
1, for {[Zn(H2O)mClp]‚(H2O)n}2-p + Cl- f {[Zn(H2O)m+n-3Clp+1]‚(H2O)2}1-p + H2O (Eqs 5-8)a

∆Gsubst
1 (kcal/mol)

reaction,
(m +n), p 6-31+G* 6-31++G** 6-311++G** 6-31++G (2d,2p) 6-311++G (2d,2p) 6-31++G (2df,2p)

(6 + 0), 0 -201.4 -202.6 -203.5 -204.8 -205.3 -205.8
(3 + 2), 1 -121.6 -122.2 -122.3 -125.4 -125.7 -125.3
(2 + 2), 2 -37.5 -38.0 -39.2 -40.2 -40.7 -40.5
(1 + 2), 3 35.3 35.0 34.4 34.4 34.7 34.5

a ∆Gsubst
1 values were computed from eq 2 using fully optimized structures at the B3LYP level.

Table 2. Calculated and Experimental Solution Free Energies,
∆Gsubst

80, for {[Zn(H2O)mClp]‚(H2O)n}2-p + Cl- f
{[Zn(H2O)m+n-3Clp+1]‚(H2O)2}1-p + H2O

∆Gsubst
80 (kcal/mol)

reaction,
(m + n), p calcda exptl

(6 + 0), 0 -0.3 -0.6b, 0.3c

(3 + 2), 1 0.8 -0.2b, 0.5c

(2 + 2), 2 0.9 0.1a

(1 + 2), 3 0.4 0.4a

a ∆Gsubst
80 values were computed from eq 4 using B3LYP/6-31++G

(2d,2p)∆Gsubst
1 from Table 1, experimental hydration free energies of

water (-6.3 kcal/mol) and Cl- (-77 kcal/mol), and computed hydration
free energies of the zinc clusters.b From ref 32.c From ref 31.

Table 3. Enthalpies and Free Energies of Isomerization between Octahedral and Tetrahedral Complexes of Zn2+ and Mg2+ (in kcal/mol)

reaction ∆Hisom
1 ∆Gisom

1 ∆Gisom
2 ∆Gisom

4 ∆Gisom
80

complexes with water
[Zn(H2O)6]2+ T {[Zn(H2O)4]‚(H2O)2}2+ -2.3 -3.7 1.0 3.4 6.8
[Mg(H2O)6]2+ T {[Mg(H2O)4]‚(H2O)2}2+ 5.3 4.3 9.6 12.3 15.5

complexes with one heavy ligand
[Zn(H2O)5(imidazole)]2+ T {[Zn(H2O)3(imidazole)]‚(H2O)2}2+ -8.2 -8.4 -3.1 -0.4 2.7
[Zn(H2O)5(HCOO)]+ T {[Zn(H2O)3(HCOO)]‚(H2O)2}+ -5.4 -9.6 -8.1 -7.3 -6.3
[Mg(H2O)5(imidazole)]2+ T {[Mg(H2O)3(imidazole)]‚(H2O)2}2+ 1.2 1.7 6.8 9.4 12.4
[Mg(H2O)5(HCOO)]+ T {[Mg(H2O)3(HCOO)]‚(H2O)2}+ 7.2 3.1 4.9 5.9 7.0

complexes with two heavy ligands
[Zn(H2O)4(imidazole)2]2+ T {[Zn(H2O)2(imidazole)2]‚(H2O)2}2+ -12.9 -13.9 -8.1 -5.3 -3.7
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(ε ) 80) zinc sites. The observed trends in the isomerization
free energies indicate that as the number of neutral ligands
coordinated to zinc increases, the free energy gap between the
tetrahedral and octahedral complexes will widen, in favor of
the tetrahedral species.

Binding Free Energies of Mg2+ and Zn2+ Complexes.To
assess the factors that determine the metal cluster geometry,
and, therefore, the difference between the coordination numbers
found for Zn2+ and Mg2+ in the gas phase, the properties of
zinc hydrates, [Zn(H2O)n]2+ (n ) 1-6), and zinc complexed
with water and one imidazole, [Zn(H2O)n(imidazole)]2+ (n )
4-5), were compared with those of the respective magnesium
complexes. The calculated gas-phase binding free energies,
∆Gn

1, for M2+ + nH2O f [M(H2O)n]2+, where M) Zn2+ or
Mg2+ and n ) 1-6, were computed using the B3LYP/6-
31++G(2d,2p) optimized geometries and frequencies (see
Methods). The difference between consecutive∆G1 values, i.e.,
∆Gn+1

1 - ∆Gn
1, yielded the incremental binding free energies,

∆∆Gn+1,n
1. The ∆Gn

1, and∆∆Gn+1,n
1 values and the cation-

ligand distances are summarized in Tables 4 and 5. The tables
also list the partial atomic charges on the metal cationqM as
well as the change inqM between consecutive reactions.

(i) Complexes with Water. Table 4 shows that the binding
of the first two water molecules to Zn2+ is more favorable than
that to Mg2+: the incremental free energies for Zn2+ are-97
and -77 kcal/mol, whereas the respective numbers for Mg2+

are-73 and-61 kcal/mol. However, addition of the third water
molecule gives a similar incremental binding free energy (-43
kcal/mol for Zn2+ vs -44 kcal/mol for Mg2+). After that, the
incremental free energies for binding the fourth, fifth, and sixth
water to Mg2+ become more negative (favorable) than the
respective values for Zn2+ (Table 4). The observed change in
the incremental binding free energy is reflected in the change
in the metal-oxygen bond length. In the mono- and dihydrates,
the Zn-O bond distance is shorter than the Mg-O bond length,
but with each addition of a water molecule, it increases and
becomes slightly longer than the Mg-O bond distance for the
penta- and hexahydrated all-inner-shell complexes.

The trends in the incremental free energies of zinc and
magnesium complexes can be rationalized in terms of the charge
transfer from the ligand(s) to the metal cation. The initial

Figure 1. Ball-and-stick diagram of the fully optimized (A) octahedral
Zn2+-aqua complex and (B) (4+ 2) tetrahedral Zn2+-aqua complex.

Table 4. Calculated Gas-Phase Binding Free Energies (∆G1),
Incremental Binding Free Energies (∆∆G1), Average M2+-O Bond
Distances (〈RM-O〉), and Partial Atomic Charges on the Metal (qM)
in {[M(H2O)n](H2O)m}2+ Complexes (M) Mg, Zn)

reaction
∆G1

(kcal/mol)
∆∆G1

(kcal/mol)
〈RM-O〉

(Å)
qM

a

(electron)
∆∆qM

b

(electron)

Zn2+ + (n + m)H2O f {[Zn(H2O)n](H2O)m}2+

n ) 1, m ) 0 -96.5 -96.5 1.87 1.89 0.11
n ) 2, m ) 0 -173.4 -76.9 1.86 1.76 0.13
n ) 3, m ) 0 -216.8 -43.4 1.94 1.74 0.02
n ) 4, m ) 0 -248.1 -31.3 2.00 1.73 0.01
n ) 5, m ) 0 -260.6 -12.5 2.07 1.71 0.02
n ) 4, m ) 1 -260.7 1.99 1.72 0.01
n ) 6, m ) 0 -270.0 -9.4 2.12 1.68 0.03
n ) 4, m ) 2 -273.7 1.99 1.72 0.00
Mg2+ + (n + m)H2O f {[Mg(H2O)n](H2O)m}2+

n ) 1, m ) 0 -73.0 -73.0 1.92 1.96 0.04
n ) 2, m ) 0 -134.0 -61.0 1.94 1.91 0.05
n ) 3, m ) 0 -178.2 -44.2 1.97 1.86 0.05
n ) 4, m ) 0 -211.4 -33.2 2.00 1.82 0.04
n ) 5, m ) 0 -226.9 -15.5 2.06 1.79 0.03
n ) 4, m ) 1 -223.7 2.00 1.82 0.00
n ) 6, m ) 0 -238.7 -11.8 2.10 1.75 0.04
n ) 4, m ) 2 -234.4 1.99 1.82 0.00

a Calculated according to NBO scheme.b Change in qM between
consecutive reactions.

Table 5. Calculated Gas-Phase Binding Free Energies (∆G1),
Average M2+-O and M2+-N Bond Distances, and Partial Atomic
Charges on the Metal (qM) in [M(H2O)n(imidazole)]2+ Complexes
(M ) Mg, Zn; n ) 4, 5)

complex
∆G1

(kcal/mol)
〈RM-O〉

(Å)
〈RM-N〉

(Å)
qM

(electron)a

Zn2+ + (n + m)H2O + imidazolef
{[Zn(H2O)nimidazole]‚(H2O)m}2+

n ) 4, m ) 0 -295.4 2.13 1.97 1.67
n ) 3, m ) 1 -298.5 2.03 1.94 1.67
n ) 5, m ) 0 -299.4 2.18 2.02 1.65
n ) 3, m ) 2 -307.8 2.02 1.95 1.67
Mg2+ + (n + m)H2O + imidazolef

{[Mg(H2O)nimidazole]‚(H2O)m}2+

n ) 4, m ) 0 -254.1 2.08 2.07 1.76
n ) 3, m ) 1 -252.0 2.01 2.04 1.78
n ) 5, m ) 0 -262.6 2.13 2.13 1.73
n ) 3, m ) 2 -260.9 2.00 2.04 1.78

a Calculated according to NBO scheme.
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hydration process results in a greater transfer of electronic charge
from water to zinc (0.11 e) than to magnesium (0.04 e), as
evidenced by the lower positive charge on zinc (1.89 e)
compared to that on magnesium (1.96 e). Similarly, the binding
of the second water molecule results in an even greater transfer
of electronic charge to zinc (0.13 e) compared to that to
magnesium (0.05 e). However, the higher degree of neutraliza-
tion of the positive charge on zinc upon binding the first two
water molecules decreases the charge-dipole and charge-
induced dipole interactions (which depend on the magnitude
of the charge on the metal). Hence, the magnitude of∆∆G1 of
subsequent water binding to zinc decreases and becomes less
than the respective values for magnesium.

The charge transfer from the ligand(s) to the metal cation
seems to regulate not only the incremental binding free energies
but also the geometry of the cluster. Whether a water molecule
will be placed in the inner or outer coordination shell of the
metal depends on the relative free energy gain for these two
positions. Comparison of the pentaaqua isomers shows that the
absolute binding free energies for the pentacoordinated [Zn-
(H2O)5]2+ (-260.6 kcal/mol) and tetracoordinated{[Zn(H2O)4]‚
(H2O)1}2+ (-260.7 kcal/mol) complexes are almost equal,

Figure 2. Ball-and-stick diagram of the fully optimized zinc complexes
with water molecules and one heavy ligand: (A) octahedral complex
with an imidazole; (B) tetrahedral complex with an imidazole; (C)
octahedral complex with a formate; (D) tetrahedral complex with a
formate.

Figure 3. Ball-and-stick diagram of zinc complexes with water and a
methanethiolate: (A) initial structure of the octahedral complex, which
isomerized into a tetrahedral complex (with two waters in the outer
sphere) during optimization; (B) fully optimized structure of the
tetrahedral complex.
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whereas [Mg(H2O)5]2+ is more stable (by-3.2 kcal/mol) than
{[Mg(H2O)4]‚(H2O)1}2+. For the hexaaqua isomers, the tetra-
hedral{[Zn(H2O)4]‚(H2O)2}2+ structure is more stable (by-3.7
kcal/mol) than the respective octahedral [Zn(H2O)6]2+ complex;
in contrast, octahedral [Mg(H2O)6]2+ is more stable (by-4.3
kcal/mol) than tetrahedral{[Mg(H2O)4]‚(H2O)2}2+. These ob-
servations may be rationalized in terms of the large charge
transfer from the first two water molecules to zinc, which results
in a lower net positive charge on zinc compared to that on
magnesium for complexes of a given coordination number. The
relatively low positive charge on zinc in the hexaaqua complexes
probably disfavors binding of a water molecule in the inner
sphere compared to that in the outer sphere; conversely, the
greater positive charge on magnesium in the penta- and
hexahydrates favors the inner-sphere binding mode.

(ii) Complexes Containing Water and Heavy Ligands.The
general trends in the changes in incremental free energies and
the partial charges on the metal for zinc and magnesium mixed-
ligand complexes are similar to those found for the respective
all-water complexes. (a) The charge on zinc is lower than that
on magnesium for complexes of a given coordination number.
(b) Tetrahedral (4+ 1) and (4+ 2) zinc complexes are more
stable than the respective all-inner-sphere complexes. (c)
Magnesium prefers an all-inner-sphere ligand surrounding when
the coordination number ise6. Note, however, that the positive
charge on zinc or magnesium in the imidazole-containing
complex is lower than that in the respective all-water complex
due to the stronger charge transfer from imidazole compared
to that from water.33

The free energy difference between the Zn2+-water-
imidazole isomers is larger than that between the respective

Zn2+-water clusters. For the mixed-ligand structures,∆G4+1

- ∆G5 ) -3.1 kcal/mol and∆G4+2 - ∆G6 ) -8.4 kcal/mol;
for the all-water structures, the respective numbers are-0.1
and -3.7 kcal/mol. The greater stability of the tetrahedral
species in the Zn2+-water-imidazole series appears to be
related to the further decrease of the positive charge on zinc,
which probably makes binding of a water molecule in the inner
sphere even less favorable than that in the case of the metal
hydrates. Similarly, the greater neutralization of the positive
charge on zinc by negatively charged ligands such as formate
and methylthiolate compared to that by imidazole and water
contributes, in part, to the stability of the tetrahedral structure
relative to its octahedral counterpart.

Discussion

Assessment of Errors.In computing the isomerization free
energies in Table 3, systematic errors in the computed gas-phase
and solvation free energies of the reactants are likely to partially
cancel those of the respective products. Errors in the computed
gas-phase energies have been minimized by calibrating the basis
set employed (see Results and Table 1). Errors in the computed
gas-phase entropies stem from two sources: (a) inaccuracies
in the low-frequency skeletal modes and (b) inaccurate treatment
of these modes. The former can be attributed mainly to the
neglect of anharmonicity in computing the frequencies. How-
ever, it has been shown that anharmonicity effects do not
contribute significantly to the vibrational entropy.34,35Errors in
the entropies stemming from (b) were assessed by excluding
the lowest frequency modes (below 20 cm-1) from the entropy
evaluation. The resultingT∆Sisom values deviate from the
respective entropies evaluated by employing the full set of
frequencies by 0.5-2.1 kcal/mol, but the general trends in the
isomerization free energies observed in Table 3 remain the same
(see Results).

On the other hand, the computed∆Gsolv
x are subject to errors

stemming from (a) the assumption of the gas-phase geometry
in the different dielectric environments, (b) uncertainties in the
dielectric boundary, and (c) the neglect of nonelectrostatic
forces. These three sources of error have been taken into account
implicitly in computing∆Gsolv

80 by using a set of atomic radii
that have been adjusted to reproduce the experimental hydration
free energies of the metal dications and ligands, as well as the
solution free energies of waterf chloride substitution reactions
(Table 2). Furthermore, errors in∆Gsolv

x stemming from (a) are
probably not serious, judging from the small change in the
metal-oxygen(water) distance in different dielectric environ-
ments. The mean Zn-O(water) distance fromoctahedral
structures in the Cambridge Structural Database (CSD) and
aqueous solution is 2.11( 0.077 and 2.10 ( 0.076 Å,
respectively, which is close to the computed Zn-O distance of
2.12 Å for [Zn(H2O)6]2+ (see Table 4). Errors in∆Gsolv

x due to
(b) have been reduced by including the first coordination shell
around the metal explicitly, thus extending the dielectric
boundary from the central metal atom.

Comparison with Experiment and Previous Theoretical
Studies. (i) Gas Phase.The computed geometries and coordi-
nation numbers for the gas-phase metal complexes are in accord
with available experimental data and/or previous theoretical
studies. The average Zn-O(water) distances in Tables 4 and 5

(33) Garmer, D. R.; Gresh, N.J. Am. Chem. Soc. 1994, 116, 3556.

(34) Loewenschuss, A.; Marcus, Y.Chem. ReV. 1984, 84, 89.
(35) Chase, M. W.; Davies, C. A.; Downey, J. R.; Fruip, D. J.; McDonald,

R. A.; Syverud, A. N.J. Phys. Chem. Ref. Data, Suppl. 1985, 14, 1.

Figure 4. Ball-and-stick diagram of the fully optimized zinc complexes
with water and two imidazoles: (A) octahedral complex; (B) tetrahedral
complex.
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are in quantitative agreement with those observed in hydrated
zinc crystal structures in the CSD. The average Zn-O(water)
distances for four-, five-, and six-coordinate zinc (from Tables
4 and 5) are 1.99-2.03, 2.07-2.13, and 2.12-2.18 Å, respec-
tively, whereas the corresponding CSD distances are 2.01(
0.03, 2.05( 0.07, and 2.11( 0.07 Å.7 The finding that the
(4 + 2) tetrahydrated zinc complex is the stablest structure in
the gas phase and the trends in the metal-O bond distances
and hydration free energies of zinc and magnesium complexes
are in line with calculations by Pavlov et al.15 (see Introduction).
In contrast to zinc hydrates, octahedral magnesium complexes
are predicted to be the dominant species in the gas phase, in
agreement with experimental observations.36

(ii) Condensed Media.The results in Table 3 predict both
Mg2+ and Zn2+ to be octahedrally coordinated in aqueous
solutions, in accord with X-ray diffraction studies reporting a
coordination number of 6 for Mg2+ and Zn2+ in aqueous salt
solutions.6 The predicted coordination number for the zinc
complexes containing at least one heavy ligand in a protein
environment is also in accord with that observed in the Protein
Data Bank (PDB) structures with the same coordinating ligand
types. The trends in the results in Table 3 indicate that zinc
bound to water molecules and two or more imidazoles is likely
to be tetrahedrally coordinated. All PDB structures containing
zinc bound to water molecules and two or more imidazoles
indeed show zinc to be tetrahedrally coordinated (Lin and Lim,
unpublished results).7

Factors Governing the Coordination Number of Zinc.The
results in Table 3 predict that in thegasphase, zinc prefers to
be tetrahedrally hydrated, due, in part, to the large charge transfer
from the first two water molecules to zinc (Table 4). Inaqueous
solution, however, zinc prefers to be octahedrally coordinated
because the octahedral complex is better hydrated than the
tetrahedral (4+ 2) structure. In aprotein environment, zinc
can adopt either an octahedral or a tetrahedral geometry,
depending on the type of protein ligand it is bound to and the
solvent accessibility of the metal-binding site. For zinc bound
to water molecules and oneneutral ligand, like the deprotonated
histidine side chain, zinc prefers to be tetrahedrally coordinated
if the binding site is buried (ε < 4), but it may adopt an
octahedral geometry if the zinc site is characterized byε > 4.
For zinc bound to water molecules and two or more neutral
histidine side chains, the free energy difference between the
isomeric tetrahedral and octahedral clusters increases so that
the tetrahedral structure is dominant in both buried and solvent-
exposed binding sites. Similarly, for zinc bound to water
molecules and onenegatiVely chargedligand, like the ionized
side chain of cysteine, aspartic acid, or glutamic acid, tetrahedral
coordination is predicted, regardless of the solvent accessibility
of the zinc site.

Strain Hypothesis.The catalytic activity of zinc-containing
enzymes has been explained in terms of energized (entatic) states
of the metal binding site(s).9 In this hypothesis, six-coordinate
octahedralZn2+, as found in aqueous solutions, is assumed to
be the ground-state geometry, while deviation from the coor-
dination number of 6 to 5 or 4 are assumed to yield strained
structures. It is also assumed that the protein structure is a rigid
frame, whose steric demands forces the zinc cation to adopt
four- or five-coordinate geometry upon binding to the protein,
thus creating strained energized states. In other words, the

protein fails to provide the expected arrangement of ligating
groups, which is assumed to be octahedral, thereby forcing the
metal into an unusual, energized geometric state.9

Our calculations show that, in complexes with one acidic or
two or more neutral ligands (characteristic of catalytic binding
sites), zinc prefers to betetracoordinatedin both the gas phase
and protein cavities. Thus, it appears thattetrahedral zinc-
binding sites are not necessarily energized states, and the
contribution of “coordination strain” to the catalytic activity of
zinc enzymes may not be significant. Instead, five- and six-
coordinate structures are expected to represent energized states
in proteins; i.e., they may be less stable than the four-coordinate
counterpart. It should be noted that a tetracoordinated zinc site
may possess some degree of strain due to the protein-matrix-
induced deviations from an ideal tetrahedral geometry, but this
is expected to be smaller than the strain caused by changing
the coordination number from 4 to 5 or 6. These findings agree
with the results obtained by Ryde, who, in modeling the alcohol
dehydrogenase active site, showed thattetracoordinatedzinc
structures are more stable (i.e., less strained) than the respective
pentacoordinatedspecies by 24-48 kcal/mol.18

Our finding that thetetrahedralzinc complexes in protein
cavities generally represent the optimal, least strained structures
among various zinc polyhedra may explain why four-coordinate
zinc is chosen to play a structural role in zinc fingers and
enzymes (see Introduction). Furthermore, the four-coordinate
structures have shorter metal-ligand distances than the respec-
tive five- or six-coordinate all-inner-sphere structures (Tables
4 and 5). The low strain in combination with shorter metal-
ligand bond lengths secures tighter binding, making tetrahedral
zinc-binding sites well suited for stabilizing a given protein fold
or configuration. Our finding is in accord with the fact that
nearly all structural zinc binding sites (excluding multimetal
sites) found to date are tetrahedrally coordinated7,37 (Lin and
Lim, unpublished results).

Conclusions

(1) The lowest-energy ground-state coordination number of
zinc bound to one acidic or two or more neutral protein ligands
is likely to be 4. Hence, it appears unlikely that tetrahedral zinc-
binding sites represent energized ground states in zinc-containing
enzymes. The lack of strain seems to contribute to the stability
of structural tetracoordinated zinc sites.

(2) Hydrated zinc with a coordination number of 6 undergoes
a change in the coordination geometry upon binding to the first
or second amino acid residue. The observed decrease in the
coordination number of zinc upon protein binding reflects
primarily the requirements of the metal and ligands, rather than
the constraints of the protein matrix on the metal. It is partly
due to the greater charge transfer to zinc from heavy ligand(s)
compared to that from water, as well as to the greater charge
transfer from a given ligand type to zinc compared to that to
magnesium upon ligand binding.
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