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Zinc is one of the most abundant metals in living organisms and is an essential co-factor of many meta-
bolic enzymes and transcription factors. In this review, based on a recent body of theoretical and experimental
results, the physical bases are delineated for the following aspects of zinc binding and selectivity in proteins:
(1) What is the most thermodynamically preferable coordination geometry of a bidentate ligand (such as
carboxylate) or Zn in Zn-binding sites? (2) What is the protonation state of the Cys side chain in Cys4 zinc-
finger cores? (3) How does a protein select Zn from the mixture of ions in the surrounding fluids? (4) What is
the role of the second shell in metal binding and selectivity? The key results are summarized and the physical
basis and/or implications of the findings are discussed.
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INTRODUCTION

Almost half of all known proteins contain metal co-

factor(s).1 Metals perform a variety of tasks ranging from

protein structure stabilization to enzyme catalysis, activating

many essential life processes such as respiration and photo-

synthesis.2-5 Among the metals, Na, K, Mg, Ca, Zn, Cu, Fe,

Co, and Mn are most frequently found to bind to proteins un-

der physiological conditions.2,4 These metals tend to bind di-

rectly to a shell of polar hydrophilic residues (inner-sphere

mode) surrounded by a shell of non-polar hydrophobic

groups.6,7 Here, we focus on Zn(II), the second most abun-

dant transition metal in humans (2.3 g of Zn for an average

person8) as well as in seawater because it has been well stud-

ied not only experimentally but also theoretically. Based on

this body of computational and experimental results, we at-

tempt to delineate some fundamental principles governing

Zn(II) binding and selectivity in proteins. In what follows, we

first summarize the known biological roles of Zn, sequence

motifs and/or structural characteristics of Zn-binding sites,

and Zn coordination chemistry before presenting the specific

questions that are addressed in this review.

Zinc is an essential co-factor of many metabolic en-

zymes and transcription factors.5,9-12 In general, Zn-binding

sites in proteins can be divided into two categories: (1) sites

that play predominantly a catalytic role (“catalytic” Zn-sites)

and (2) sites that serve only a structural role (“structural”

Zn-sites). The most common Zn-chelating sphere found in

the first category is His3Water, although catalytic sites con-

taining � 3 His, Asp/Glu or Cys side chains have also been

observed.9,11,13,14 The best studied “structural” Zn-proteins

are those of the Zn-finger family, which is involved in nucleic

acid binding and gene regulation.11,15 Commonly accepted

classes of Zn-fingers include: (a) the cellular or transcription

factor type, characterized by a Cys2His2 metal-binding

site;16,17 (b) the retroviral type, possessing a Cys3His chela-

tion sphere,18 and (c) the steroid receptor type, having a Cys4

metal-binding site.19 In contrast to the “catalytic” Zn-sites,

which are partially exposed to solvent, the “structural”

Zn-sites are fully/partially buried and are surrounded by an

elaborate network of hydrogen bonds from the second

layer.20

Zn prefers “soft” ligands like Cys and His, but it is also

found coordinated to Asp and Glu side chains.21-23 In aqueous

solution Zn is octahedrally bound to six water molecules with

an average Zn-O(Water) distance of 2.10 Å.24 In proteins,

however, Zn is usually tetrahedrally coordinated, but it can

also adopt a 5- or 6-coordinate geometry in some enzymes.

The average Zn-ligand bond distances for a tetrahedral bind-

ing site are (in Å): Zn-N(His) 2.07-2.09; Zn-S(Cys) 2.21-

2.35; Zn-O(Asp/Glu) 1.95-2.04; Zn-O(Water) 2.12-2.15.13

Although a wealth of information has been accumu-

lated on the biochemical and physiological significance of

Zn, no generic rules on its binding and selectivity in proteins

has been reported (to the best of our knowledge). Here, based

on findings from our group and other research groups, we de-
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lineate the physical bases for the following aspects of zinc

binding and selectivity in proteins (1) What is the most ther-

modynamically preferable coordination geometry of a

bidentate ligand (such as carboxylate) or Zn in Zn-binding

sites? (2) What is the protonation state of the Cys side chain

in Cys4 zinc-finger cores? (3) What is the role of the second

shell in metal binding and selectivity? (4) How does a protein

select Zn from the mixture of ions in the surrounding fluids?

In each of the following sections, we first present the back-

ground/rationale and outline the approach (depending on the

original references to provide details of the methodology/

computations). Then, the key results are summarized and the

physical basis and/or implications of the findings are dis-

cussed.

A. The mode of carboxylate binding (mono- or

bidentate) in Zn complexes depends on other interac-

tions within the complex

Catalytic binding sites in Zn-enzymes often contain

Asp or Glu.12,21-23 The carboxylate side-chains generally bind

to Zn in either monodentate or bidentate fashion with an aver-

age Zn-O distance around 1.8-2.0 Å and 2.1-2.4 Å, respec-

tively. In some proteins (e.g., bacillolysin and sonic hedge-

hog) they bind to the metal in an intermediate mode that is

neither monodentate nor bidentate, as manifested by Zn-O

bond distances around 2.0-2.1 Å and 2.5-2.8 Å.12 To elucidate

the factors determining the carboxylate coordination mode to

Zn, the relative energies for Zn tetrahedrally bound to various

CH3COO� (Ace) coordination modes, OH�, imidazole (Im),

and H2O have been calculated using density functional theory

(see Fig. 1).25 These Zn complexes model metal-binding sites

in Zn-enzymes such as carboxypeptidase and thermolysin.

Fig. 1 shows the most favorable acetate coordination

mode and relative energies for tetrahedral Zn complexes with

H2O, OH�, imidazole, and CH3COO�. For complexes with

only inner-shell ligands, monodentate carboxylate binding is

preferred except for [Zn Im3 Ace]+, which prefers an interme-

diate mode to isoenergetic mono-/bi-dentate binding.25 In-

cluding second-shell water molecule(s) reverses the trend for

the [Zn Im2 Ace H2O] complex due to favorable inter-ligand

interactions, which favor the bidentate mode (Fig. 1D).

These results imply that the carboxylate coordination

mode to Zn is governed not by the carboxylate group itself,

but by other interactions within the complex. They also high-

light the crucial role of hydrogen bonds among inner-shell

ligands, and between inner and outer shell ligands in stabiliz-

ing the metal-binding site structure.25 Since the energy bar-

rier for switching between mono- and bi-dentate coordination

is calculated to be only a few kcal/mol,25 the protein may

adopt a functional binding site configuration at a relatively

low energy cost.

B. Tetrahedral Zn complexes in protein cavities are

more stable than other zinc polyhedra

Mg(II), with an ionic radius (0.72 Å) similar to that of

Zn(II) (0.75 Å), is usually octahedrally coordinated both in

aqueous solution and in proteins.26 Zn, however, is flexible

with respect to the number of first-shell ligands in proteins. In

“structural” Zn-sites, Zn is found to be tetrahedrally coordi-

nated, whereas in “catalytic” Zn-sites it is found to be both

tetrahedrally and penta-coordinated and, rarely, hexacoordi-

nated (the ratio between 4:5:6-coordinate zinc is 62:36:2%).23

To elucidate the lowest-energy, ground state coordination ge-

ometry for Zn complexes in proteins, the free energies of
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Fig. 1. Schematic diagrams of Zn tetrahedrally bound
to mono- and bi-dentate CH3COO�, OH�, imi-
dazole and H2O. The relative energies (in kcal/
mol) are taken from Ryde, 1999.25



isomerization between octahedral [Zn Wn L6-n]
2+ (n = 4, 5, 6)

complexes with six ligands in the first shell, and tetrahedral

([Zn Wn L4-n]·W2)
2+ (n = 2, 3, 4) complexes with four ligands

in the first shell and two water molecules in the second shell

have been computed for various dielectric media using den-

sity functional theory and continuum dielectric methods

(DFT/CDM). These values are compared with the corre-

sponding free energies of isomerization between octahedral

and tetrahedral Mg complexes in Table 1.27

In a protein environment, Zn can adopt octahedral or

tetrahedral geometry depending on (i) the type of protein

ligand it is bound to and (ii) the solvent accessibility of the

metal-binding site.27 For Zn complexes containing a neutral

imidazole (representing the His side-chain), tetrahedral ge-

ometry is preferred if the binding site is buried (� � 4), but

both tetrahedral and octahedral structures may exist if the site

is solvent accessible (� � 4, see Table 1). For Zn complexes

containing two imidazoles or a negatively charged formate,

tetrahedral coordination is favored over octahedral coordina-

tion in both buried and solvent-exposed binding sites (nega-

tive �Gisom for reactions 3 and 4 in Table 1). Tetra-coordi-

nated Zn structures have also been found to be more stable

than the respective penta-coordinated species by 24-48

kcal/mol in the alcohol dehydrogenase active site.28,29 Fur-

thermore, the 4-coordinate Zn structures have shorter metal-

ligand distances than the respective 5- or 6-coordinate all-

inner-sphere structures. In contrast to Zn, Mg prefers to be

octahedrally coordinated to an imidazole or a formate in both

buried and solvent-exposed binding sites (positive �Gisom for

the last two reactions in Table 1).

Three factors favor Zn to be tetra-coordinated. The first

is a solvent-inaccessible, low dielectric medium, as evi-

denced by the greater stability of the tetrahedral Zn hydrate

relative to the octahedral one in the gas phase (by -3.7 kcal/

mol, Table 1). The second is the charge transfer from the

ligand(s) to the metal cation. The amino acid side-chains, be-

ing more polarizable than water, transfer more charge than

water to Zn, resulting in a greater neutralization of the posi-

tive charge on Zn, which reduces charge-charge and/or

charge-dipole interactions.27 The low positive charge on

penta- and hexa-coordinated Zn, and electron repulsion

among the protein ligands would disfavor binding of water

molecule(s) in the inner sphere compared to that in the outer

sphere. The third is the availability of vacant (hybridized

3d4s) Zn orbitals, close in energy to the highest occupied or-

bital, which can accept charge from the ligands. In contrast,

the vacant (3s) Mg orbitals are much higher in energy than the

highest occupied orbital, and cannot accept as much ligand

charge as the hybridized 3d4s Zn orbitals. Hence, for a given

set of protein ligands, the positive charge on Mg is not as neu-

tralized as that on Zn, thus Mg can remain octahedrally coor-

dinated in proteins as in aqueous solution.

The finding that in protein cavities 4-coordinated Zn is

relatively more stable than 4- or 6-coordinated Zn has two

implications. First, tetrahedral Zn-binding sites do not signif-

icantly contribute “coordination strain” to the catalytic activ-

ity of Zn enzymes.27 Second, tetrahedral Zn-binding sites

with shorter metal-ligand bond lengths are well suited for sta-

bilizing a given protein fold. This is in accord with the fact

that all structural mononuclear Zn-binding sites found to date

are tetrahedrally coordinated.11,13,30

C. Cys side chains in zinc-finger cores are deprotonated

upon metal binding on solvent-exposed surfaces and

would not be reprotonated if the binding site is en-

capsulated by second-shell backbone groups or Lys/

Arg side chains

Cys is the most preferred inner-shell ligand for Zn.23 At

physiological pH, Cys side chains with typical pKa values be-

tween 8 and 931,32 would be protonated in metal-free proteins.
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Table 1. Calculated Enthalpies (�Hisom
1) and Free Energies of Isomerization (�Gisom

x) between Octahedral
and Tetrahedral Zn and Mg Complexes for Media of Different Dielectric Constant x (in kcal/mol)a

Reaction �Hisom
1,b

�Gisom
1

�Gisom
2

�Gisom
4

�Gisom
80

[Zn W6]
2+

� ([Zn W4]·W2)
2+ -2.3 -3.7 1.0 3.4 6.8

[Zn W5 Im]2+
� ([Zn W3 Im]·W2)

2+ -8.2 -8.4 -3.1 -0.4 2.7
[Zn W4 Im2]

2+
� ([Zn W2 Im2]·W2)

2+ -12.9 -13.9 -8.1 -5.3 -3.7
[Zn W5 HCOO]+

� ([Zn W3 HCOO]·W2)
+ -5.4 -9.6 -8.1 -7.3 -6.3

[Mg W6]
2+

� ([Mg W4]·W2)
2+ 5.3 4.3 9.6 12.3 15.5

[Mg W5 Im]2+
� ([Mg W3 Im]·W2)

2+ 1.2 1.7 6.8 9.4 12.4
[Mg W5 HCOO]+

� ([Mg W3 HCOO]·W2)
+ 7.2 3.1 4.9 5.9 7.0

a From Dudev & Lim, 2000;27 x = 1 corresponds to gas-phase values, x = 2 or 4 represents buried or partially
buried metal-binding sites, whereas x = 80 represents fully solvent-exposed sites. b Evaluated by B3LYP/6-
31++G(2d,2p) calculations using fully optimized B3LYP/6-31++G(2d,2p) molecular geometries.27



Binding to Zn (acting as a Lewis acid) lowers the Cys pKa,
33

thus facilitating sulfhydryl group deprotonation under physi-

ological conditions. However, it is not clear if the zinc cation,

with its positive charge reduced by charge transfer from the

first two bound cysteinates, could still assist deprotonation of

the next one or two Cys in Cys3His and Cys4 zinc-finger

cores. To elucidate the factors governing the Cys protonation

state in Zn·Cys4 complexes,30 the free energies for the succes-

sive deprotonation of H2S in a model steroid receptor-binding

site, Zn(H2S)4, have been computed for various dielectric me-

dia using DFT/CDM (Table 2). The Cys side chain was mod-

eled as H2S30,34 instead of CH3SH because the pKa of H2S

(6.9/7.035,36) is closer to that of Cys (8.1/8.431,32) compared to

that of CH3SH (10.3/14.237,38).

Deprotonation of the first H2S in the tetrahedral

Zn(H2S)4 complex is unfavorable in the gas phase, but be-

cause of the stabilizing effect of the zinc cation on the anionic

HS�, the deprotonation free energy (113 kcal/mol) is much

less positive than that for the metal-free H2S (344 kcal/mol,

Table 2). Due to the presence of a negatively charged ligand

in the metal’s first shell, �G1 for the second deprotonation re-

action increases to 205 kcal/mol even though the resulting

product [Zn(H2S)2(HS�)2]
0 has a net zero charge. In analogy,

�G1 for deprotonating neutral [Zn(H2S)2(HS�)2]
0 to yield a

dianionic metal [Zn(HS�)4]
2� complex and two protons in-

creases substantially (to 678 kcal/mol, Table 2) relative to the

first two reactions. However, the small H+ product is much

better solvated than the larger metal complex reactant, thus

solvation effects favor ionization. The interplay between sol-

ute electronic and solvation effects results in negative �G80

values for all three deprotonation reactions, suggesting that

the tetra-thiol zinc complex could be fully deprotonated to

the corresponding tetra-thiolate species on water-exposed

surfaces. Preformed solvent-inaccessible protein cavities

(with � = 2 - 4) do not seem to favor ionization of Cys-like

species, as evidenced by the large positive �G2 and �G4 in

Table 2.

The amide backbone as well as lysine and arginine side

chains, which are possible proton donors, have been found to

encapsulate Cys-rich cores in zinc fingers.20 Hence, the pos-

sibility of reprotonating [Zn(HS�)4]
2� by a second-shell am-

ide backbone (modeled by CH3CONHCH3) or a lysine side

chain (modeled by CH3NH3
+) has been investigated30 by

computing the energies of {[Zn(HS�)4]·(CH3CONHCH3)2}
2�

and {[Zn(HS�)4]·(CH3NH3
+)2}

0, and the energies of the corre-

sponding complexes in which the amide/ammonium proton is

transferred to the first-shell thiolate sulfur (see Fig. 2). The

resulting electronic energies show that proton transfer from

the second-shell ligand to the first-shell cysteinate seems un-

likely. Although the second-shell peptide backbone groups

and lysine side-chains do not seem to play a role in repro-

tonating the first-shell cysteinates, they can contribute to the

stability of the Cys-rich cores, as the formation free energy of

[Zn(HS�)4]
2� + 2Ln

� ([Zn(HS�)4]·L2)
-2+2n is -286 kcal/mol

for L = CH3NH3
+, and -28 kcal/mol for L = CH3CONHCH3.

These predictions are consistent with the finding that in zinc

fingers the Cys-rich cores are surrounded by an elaborate net-

work of backbone:core NH...S� hydrogen bonds, which stabi-

lize the zinc-cysteinate structure.20 Salt bridges formed be-

tween second-shell lysine or arginine side chains with first-

shell cysteinate have been found to additionally stabilize the

binding sites in some nuclear hormone receptors, Cys- and

Gly-rich proteins, polymerases and ring-finger proteins.20,39

The above results have two implications. First, in the

course of metal-induced zinc finger folding, the binding of

zinc to water-exposed Cys in the unfolded protein15,40,41 as-

sists the deprotonation of all the Cys. In the final folded struc-

ture, fully deprotonated Zn (Cys�)4 cores, which are usually

found deeply buried in the protein,30 would be preserved if

they are shielded from possible proton donors by hydrogen
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Table 2. Calculated Deprotonation Enthalpies (�H1) and Free Energies (�Gx) of Free and Metal-bound H2S for Media of
Different Dielectric Constant x (in kcal/mol)a

Reaction �H1,b
�G1

�G2
�G4

�G80 pKa

H2S � HS� + H+ 350.5 344.1 188.9 104.9 9.1 6.7
[Zn (H2S)4]

2+
� [Zn (H2S)3 HS�]+ + H+ 121.8 113.1 53.4 18.5 -27.7 -20.4

[Zn (H2S)3 HS�]+
� [Zn (H2S)2 (HS� )2]

0 + H+ 210.3 204.7 107.2 53.0 -12.2 -9.0
[Zn (H2S)2 (HS�)2]

0
� [Zn (HS�)4]

2� + 2H+ 692.6 678.1 354.6 181.2 -13.0
a From Dudev & Lim, 2002;30 x = 1 corresponds to gas-phase values, x = 2 or 4 represents buried or partially buried
metal-binding sites, whereas x = 80 represents fully solvent-exposed sites. The experimental hydration free energy of the
proton (�Gsolv

80(H+) = -262.5 kcal/mol) was used in computing �G80, while the calculated �Gsolv
4(H+) of -185.3 kcal/mol

and �Gsolv
2(H+) of -119.6 kcal/mol were used in evaluating �G4 and �G2, respectively. b Evaluated by MP2/6-

31++G(2d,2p) calculations using fully optimized SVWN/6-31++G(2d,2p) molecular geometries.30



bonding interactions with backbone peptide groups and/or

Lys/Arg side chains in the second shell.

D. The properties of the protein and Zn govern the

specificity of the binding-site for Zn

Mg is the most abundant divalent cation in eukaryotic

cells with concentrations of free Mg(II) ranging from 0.1 to 1

mM.42 Zn is the second-most abundant transition metal in liv-

ing organisms after iron, but its intracellular concentration is

kept very low (estimated to be in the femto-molar range43)

mainly by metallothionein,44 a Cys-rich protein that traps up

to seven Zn in its two binding domains. This raises the in-

triguing question of how proteins, whose natural cofactor is

Zn, select this cation from the mixture of ions, especially the

more abundant Mg, in the surrounding fluids? In other words,

how do these proteins prevent other cations, such as Mg, from

replacing Zn? It is also not clear if Zn-binding sites in pro-

teins are generally rigid or flexible, and the extent to which

the protein can adjust to the stereochemical requirements of

the incoming metal ion or conversely, the metal ion can com-

ply with the constraints of the protein matrix. To elucidate the

factors governing Zn(II) selectivity by proteins the free ener-

gies of exchanging Zn for Mg in model Zn-binding sites have

been computed using DFT/CDM.45

For typical rigid Zn-binding sites that constrain the in-

coming hexahydrated Mg to adopt the tetrahedral geometry

of the outgoing Zn, Mg cannot displace Zn regardless of the

solvent accessibility of the site (positive �Gex for first three

reactions in Table 3). Even if the Zn-binding site was flexible

and allowed Mg to adopt its preferred octahedral geometry,

Mg cannot, in general, displace Zn unless one or more Asp/

Glu in the outer shell could be added to the first shell of Mg in

an octahedral geometry (negative �Gex for the last reaction in

Table 3).

The finding that Mg(II) generally cannot displace Zn

bound tetrahedrally to one or more histidines from Zn-bind-

ing sites (Table 3) is supported by experimental observations.

Zn, the physiological activator of L-ribulose-5-phosphate

4-epimerase, binds to three histidines and, presumably, a wa-

ter molecule in the protein (Ka = 5.9 	 106 M-1) more tightly

than Mg (Ka = 7.4 	 102 M-1).46 The same type of Zn-binding

site has been proposed for the hamster dihydroorotase do-

main, which binds Zn, but not Mg, under physiological con-

ditions.47

Zn can prevail over Mg in rigid buried sites as well as in

flexible Zn-binding sites with neutral ligands in the second

shell because each of the ligands transfers more charge to Zn

than to Mg, thus stabilizing Zn complexes more than the cor-

responding Mg complexes (see section B).45,48 However, Mg

may displace Zn in flexible Zn-binding sites containing nega-
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Fig. 2. Schematic diagrams of (A) [Zn(HS�)4]2�··· 2CH3CONHCH3 and [Zn(HS�)2(H2S)2]0··· 2CH3CONCH3
�, and (B)

[Zn(HS�)4]2�··· 2CH3NH3
+ and [Zn(HS�)2(H2S)2]0···2CH3NH2. Isomerization energies (in kcal/mol) are taken from

Dudev and Lim.30



tively charged but not neutral ligand(s) in the second shell

(Table 3, last reaction) because the free energy gain upon Mg

binding to a negatively charged ligand is significantly higher

(by more than 200 kcal/mol) than that for Mg binding to a

neutral ligand.45

The above results imply that relative to Mg, Zn has

higher affinity for a given protein ligand45 and strongly pre-

fers tetrahedral geometry. Hence, a protein can generally se-

lect Zn against the background of a much higher Mg concen-

tration. In this case, the properties of the protein (the type of

metal ligands, overall charge, and shape of the cavity) and the

properties of Zn (its greater charge-acceptor ability relative

to Mg) govern the binding-site specificity.

E. Cys-rich Zn-finger cores are not well protected

against heavy metals such as Cd, Hg and Pb

As discussed in the previous section, Zn-binding sites

have higher specificity than corresponding Mg-binding sites,

allowing the protein to sequester Zn from the cell fluids

where other naturally occurring metal cofactors, such as Mg

and Ca, are present. However, can these sites withstand at-

tacks by “alien” heavy metal cations such as Cd(II), Hg(II),

and Pb(II), which, like Zn, prefer “soft” Cys ligands? This

question has been experimentally addressed by Krizek et

al.,49 and, more recently, by Hartwig et al.,50-54 Petering et

al.,55,56 Razmiafshari et al.,57 and Payne et al.58 In particular,

Krizek and Payne have experimentally studied three small

peptides (26 amino acids each) based on the consensus se-

quence of 131 Zn-finger domains.40 The “consensus” pep-

tides (designated as CP-CCHH, CP-CCHC, and CP-CCCC)

model the three general classes of Zn-fingers and contain

Cys2His2, Cys3His, and Cys4 Zn-binding motifs, respectively

(see Introduction). Absolute association constants (Ka) for

peptide complexes with different metal cations (Zn, Co, Cd,

and Pb) have been measured in vitro by spectroscopic titra-

tion techniques, as well as Ka for other Zn-finger proteins;

these are summarized in Table 4.

Despite differences in the absolute Ka numbers re-

ported for different proteins/peptides, some general trends of

changes in Ka emerge. All the binding sites in Table 4 have

stronger affinity for Zn than for the other natural metal cofac-

tor, Co (Ka(Zn) �� Ka(Co)). Furthermore, the CP-CCHH,
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Table 3. Enthalpies (�Hex
1) and Free Energies (�Gex

x) of Replacing Zn with Mg in Model Zn-binding Sites for Media of Different
Dielectric Constant x (in kcal/mol)a

Reactionb
�Hex

1
�Gex

1
�Gex

2
�Gex

4
�Gex

80

Rigid binding sites
{[Zn Im W3]·W2}

2+ + [Mg W6]
2+

� {[Mg Im W3]·W2}
2+ + [Zn W6]

2+ 15.8c 15.6c 14.8 14.3 12.9
[Zn (Im)3 W]2+ + [Mg W6]

2+
� [Mg (Im)3 W]2+ + [Zn W6]

2+ 29.0c 25.7c 25.1 24.5 23.1
[Zn (Im)2 (CH3S)2]

0 + [Mg W6]
2+

� [Mg (Im)2 (CH3S)2]
0 + [Zn W6]

2+ 42.0d 39.9d 39.1 38.3 36.5
Flexible binding sites
([Zn Im W3]·W2)

2+ + [Mg W6]
2+

� [Mg Im W5]
2+ + [Zn W6]

2+ 14.6c 13.9c 8.0 4.9 0.5
([Zn Im W3]·W Fm)2+ + [Mg W6]

2+
� [Mg Im Fm W4]

2+ + [Zn W6]
2+ 5.2d 6.4d 5.0 4.5 3.7

([Zn Im W3]·W HCOO)+ + [Mg W6]
2+

� [Mg Im HCOO W4]
+ + [Zn W6]

2+ -19.2d -19.3d -14.9 -12.4 -9.9
a From Dudev & Lim, 2001.45 b Im = imidazole, W = H2O and Fm = HCONH2.

c Using the 6-31++G(2d,2p) basis. d Using the 6-31+G*
basis.

Table 4. Experimental Binding Constants for Complexes between Zn-finger Domains and
Divalent Metal Cations (in M-1)

Peptide/
Protein

Ka(Co) Ka(Zn) Ka(Cd) Ka(Pb)

CP-CCHH 1.6 	 107,a 1.8 	 1011,a 5.0 	 108,a 2.0 	 1010,b

CP-CCHC 1.6 	 107,a 3.1 	 1011,a 1.6 	 1011,a 1.2 	 1010,b

CP-CCCC 2.8 	 106,a 9.1 	 1011,a 2.5 	 1013,a 2.5 	 1013,b

TFIIIA-CCHHc,f 1.0 	 108 3.6 	 105

RMLV-CCHCd 5.0 	 107 1.0 	 1011

ERDBD-CCCCe 1.4 	 106 1.5 	 108 2.1 	 108

a From Krizek et al., 1993.49 b From Payne et al., 1999.58 c Transcription factor TFIIIA from
Hartwig, 2001.52 d Rauscher murine leukemia virus from Hartwig, 2001.52 e Estrogen receptor
DNA-binding domain from Hartwig, 2001.52



CP-CCHC, and TFIIIA-CCHH Zn-fingers bind Zn tighter

than heavier metals such as Cd and Pb, and appear to be well

protected against these metals. In contrast, the CP-CCCC and

ER-CCCC Zn-fingers bind Cd and Pb tighter than Zn. Note

that the Ka(Cd) in the CP-series increases (by one to two or-

ders) with each additional cysteinate (Cys�) in the binding

site.

The above findings can be rationalized in terms of the

higher affinity of the heavier and “softer” metals for Cys�

compared to Zn.49,58 This is supported by ab initio calcula-

tions showing that Cd has higher affinity for Cys� than Zn in

octahedral and tetrahedral binding sites, whereas Zn has

higher affinity for His than Cd.59 Apparently, the Zn/Cd se-

lectivity of a given binding site is governed by the relative

number of Cys:His residues: the more Cys there are in the

metal-binding site, the more favorable the Cd binding. Al-

though no quantitative data on Zn-finger binding to Hg(II)

have been reported so far (to the best of our knowledge), ex-

periments on the DNA repair protein, Fpg, containing a

Cys4-binding site, and a synthetic Cys2His2 peptide show that

Hg can dislodge Zn from the respective binding sites.54,57

These findings are in line with calculations predicting that the

Hg dication binds Cys� and His more favorably than Zn.59

There is growing experimental evidence that heavy

metals, upon displacing Zn from the Zn-finger core, cannot

maintain the proper conformation of the protein, thus disrupt-

ing the DNA-binding process.50,52-54,57,58,60,61 Cd-substituted

fingers, which are expected to keep the tetrahedral coordina-

tion geometry of the binding site,22 cannot maintain the

proper conformation of the protein probably because Cd has a

larger ionic radius than Zn (rCd : rZn = 0.95 : 0.75 Å), resulting

in longer Cd-N(His) and Cd-S(Cys) bond distances (2.3-2.5

and 2.6 Å, respectively22) compared to the “native” Zn-

N(His) and Zn-S(Cys) bond distances (2.1 and 2.3 Å, respec-

tively13,22). Hg and Pb-bound proteins cannot maintain the

proper conformation of the protein mainly because Hg and Pb

prefer non-tetrahedral coordination: Hg prefers linear com-

plexes with Cys�,62-64 while Pb complexes are often charac-

terized by a strongly distorted (hemidirected) coordination

sphere, with the ligands occupying one half of the sphere

leaving the rest of it to the metal lone pair.65 Formation of

mixed Zn/heavy metal complexes in the Zn-finger cores

could not be ruled out.52

These studies suggest a possible mechanism for heavy

metal poisoning in living cells.52,53,60 Cys-rich Zn-finger

cores are susceptible to attack by heavy metals. Hence, the Zn

cation is ejected from the binding site by the incoming heavy

metal, which cannot maintain the original fold, thus leading

to Zn-finger inactivation. On the other hand, Cys-rich pro-

teins are attractive targets for toxic metals, and have been

used by living organisms to fight heavy metal intoxication.

Cys-rich proteins such as metallothionein are used as traps to

sequester non-biogenic metals from the body fluids thus pre-

venting the poisonous metals from damaging vital metal-

binding sites.55,56,66 Furthermore, evidence is increasing that

metallothionein plays a role in repairing damaged Zn-bind-

ing sites by abstracting the toxic metal; e.g., Cd(II), from the

binding site, and delivering the essential natural co-factor

(Zn) to the same binding site.67

F. The outer-shell Asp/Glu carboxylate may act as a

proton acceptor for the inner-shell His in solvent in-

accessible Zn binding sites

PDB surveys of Zn-binding sites have shown that in

about 80% of the sites a Zn-bound His is coordinated to a Asp

or Glu carboxylate in the metal’s second shell.12,23,68-74 Exper-

imental studies on carbonic anhydrase II and designed metal-

binding sites have implicated second-shell Asp/Glu ligands

in properly orienting the first-shell histidine for efficient

metal binding, thus enhancing the affinity of the binding site

for zinc.68,70,71,73-77 To elucidate the role of this interaction, the

relative energies of ImH···Ace� and Im�···AceH dyads with

the distance between reaction centers fixed at either 5 or 8 Å

have been calculated using ab initio methods, and compared

with those for the respective Zn···ImH···Ace� and Zn···Im�···

AceH triads (Fig. 3).72,78 Although these energies vary with

the method used and the structure of the model system, the

trends of changes are the same.

In the absence of Zn the dyad ImH···Ace� is energeti-

cally more favorable than Im�···AceH (Fig. 3A), but upon Zn

binding the trend reverses and Zn···Im�···AceH is more stable

than Zn···ImH···Ace� (Fig. 3B). Indeed, when Zn(OH)+···

ImH···Ace� was subjected to full geometry optimization, the

proton on the imidazole nitrogen migrated to acetate and

formed Zn(OH)+···Im�···AceH (Fig. 3C).72 The same effect of

proton transfer has been observed in a tetrahedral Zn com-

plex, ([Zn(H2O)3 ImH]·(H2O)HCOO)+, containing an inner-

sphere imidazole hydrogen-bonded to an outer-sphere for-

mate so that the final fully optimized structure was a Zn-

bound imidazolate anion hydrogen bonded to formic acid

(Fig. 3D).45

In the absence of Zn, ImH···Ace� is energetically pre-

ferred over Im�···AceH because the proton dissociation en-

ergy of ImH is slightly more positive than that of AceH (349

vs. 345 kcal/mol; B3LYP/6-311+G(d,p) calculations).78

However, upon Zn binding the gas-phase proton dissociation

energy of ImH drops significantly (to 117 kcal/mol)78 due to

stabilization of the negatively charged imidazolate anion by
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the metal dication through charge-charge interactions and

charge-transfer from the imidazolate to the metal. Further-

more, in a solvent-inaccessible cavity charge-charge-dipole

electrostatic interactions in Zn···Im�···AceH would be much

more favorable than the charge-dipole-charge interactions in

Zn···ImH···Ace�.

These findings in conjunction with earlier results re-

ported by Krauss and Garmer69 imply that Asp/Glu may act as

a proton acceptor for the Zn-bound-His rather than as a hy-

drogen bonding partner if the metal-binding site is solvent-

inaccessible, and the deprotonated/protonated Asp/Glu is not

strongly stabilized/destabilized by other protein interactions,

respectively. This in turn implies an important role of the sec-

ond coordination layer in metal binding to proteins.

G. Second-shell ligands may contribute to the specificity

of the metal binding site

Although the metal specificity of a given binding site is

primarily determined by the structure and properties of its

first coordination layer (see above, sections D and E), it is not

clear if the outer shell contributes to the metal specificity of a

given binding site, and if so, to what extent. To address these

questions DFT/CDM23 has been used to compute the free en-

ergies of replacing a second-shell water with formate (repre-

senting the deprotonated Asp or Glu side chain), which is

modeled as:

([M(H2O)n]·H2O)2+ + HCOO�
�

([M(H2O)n]·HCOO)+ + H2O (1)

or in the case of Zn, which prefers to be tetra-coordinated in

proteins (see section B), as

([Zn(H2O)6]·H2O)2+ + HCOO�
�

([Zn(H2O)4]·(H2O)2HCOO)+ + H2O (2)

where the Zn coordination number in the product is four with

two water molecules and a formate in the outer shell. In eqs 1

and 2, the number of water molecules in the first shell, n, is

six for M = Mg2+, Mn2+, or Zn2+, and seven for Ca2+.

Due to the strong electrostatic interaction between the

negatively charged formate and the positively charged metal-

hydrate the �Gx (x = 1, 2 or 4) is large and negative (Table 5),

implying that 2nd-shell water-formate exchange is favorable

in both the gas phase and in a buried or partially buried cavity.

However, it does not appear to be sensitive to metal cations

with the same coordination geometry and similar ionic radii:

�Gx (x = 1, 2, 4) for the octahedral complexes of Mg, Zn, and

Mn, whose ionic radii are 0.72, 0.75, and 0.83 Å, respec-

tively,24 differ by only 1-3 kcal/mol. Decreasing the Zn coor-

dination number from six to four results in an additional free

energy gain (of 5-9 kcal/mol, compare reactions 3 and 4 in

Table 5). The heptacoordinated Ca complexes have the small-

est absolute exchange free energies in the series (last reaction

in Table 5): the |�Gx| values (x = 1, 2 or 4) are smaller than

those for the hexacoordinated Mg, Mn, and Zn complexes (by

6-14 kcal/mol) and are much smaller than those for the

tetracoordinated Zn complex (by 13-23 kcal/mol).
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Fig. 3. Schematic diagrams of (A) ImH···Ace� and
Im�···AceH, (B) Zn···ImH···Ace� and Zn···
Im�···AceH, (C) Zn(OH)+···ImH···Ace� and
Zn(OH)+···Im�···AceH. (D) Initial structure of
([Zn·ImH·(H2O)3]·HCOO�


H2O)+ and the final
fully optimized structure ([Zn·Im�


(H2O)3]·
HCOOH·H2O)+. Isomerization energies (in
kcal/mol) computed at a given theory/basis
level (in brackets) are listed below the respec-
tive structures. The distance between reaction
centers in (A), (B), and (C) has been fixed at 5
Å.



The reason why exchanging an outer-shell water mole-

cule for a formate becomes less favorable with increasing co-

ordination number of the core metal can be understood in

terms of charge-charge, charge-dipole, and charge-transfer

interactions, which make the major contributions to the metal

complex stability. Increasing the coordination number of the

complex results in an increase in the metal-2nd-shell-ligand

distance, which, in turn, leads to a weakening of the charge-

charge and charge-dipole interactions. This, together with the

decreasing formate-metal charge transfer and increasing

steric repulsion among the ligands with increasing metal co-

ordination number largely accounts for the observed decrease

in the |�H1| (Table 5) with increasing metal coordination

number.

The results obtained imply that first-second-shell inter-

actions in metal-binding sites may be discriminative toward

dications possessing different coordination geometries. In

this way the outer layer appears to contribute to the metal

specificity and selectivity of the binding site. The 2nd shell fa-

vors cations such as Zn that prefer tetrahedral to octahedral

geometry and that can successfully compete with bulkier cat-

ions with seven or more inner-shell ligands for the binding

site, but it is much less discriminative toward metal ions with

the same coordination geometry and similar ionic size, such

as octahedral Mg, Mn and Zn (Table 5). Indirect support for

the ability of 2nd-shell ligands to discriminate between metal

dications with different coordination geometry comes from

the works of Karlin and associates who have shown that the

structure of the second shell depends on, and thus appears to

be specific to, the type of the bound metal.79-81
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