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Abstract: The role of the second shell in the process of metal binding and selectivity in metalloproteins
has been elucidated by combining Protein Data Bank (PDB) surveys of Mg, Mn, Ca, and Zn binding sites
with density functional theory/continuum dielectric methods (DFT/CDM). Peptide backbone groups were
found to be the most common second-shell ligand in Mg, Mn, Ca, and Zn binding sites, followed (in
decreasing order) by Asp/Glu, Lys/Arg, Asn/Gln, and Ser/Thr side chains. Aromatic oxygen- or nitrogen-
containing side chains (Tyr, His, and Trp) and sulfur-containing side chains (Cys and Met) are seldom
found in the second coordination layer. The backbone and Asn/Gln side chain are ubiquitous in the metal
second coordination layer as their carbonyl oxygen and amide hydrogen can act as a hydrogen-bond
acceptor and donor, respectively, and can therefore partner practically every first-shell ligand. The second
most common outer-shell ligand, Asp/Glu, predominantly hydrogen bonds to a metal-bound water or Zn-
bound histidine and polarizes the H-O or H-N bond. In certain cases, a second-shell Asp/Glu could affect
the protonation state of the metal ligand. It could also energetically stabilize a positively charged metal
complex more than a neutral ligand such as the backbone and Asn/Gln side chain. As for the first shell,
the second shell is predicted to contribute to the metal selectivity of the binding site by discriminating between
metal cations of different ionic radii and coordination geometries. The first-shell-second-shell interaction
energies decay rapidly with increasing solvent exposure of the metal binding site. They are less favorable
but are of the same order of magnitude as compared to the respective metal-first-shell interaction energies.
Altogether, the results indicate that the structure and properties of the second shell are dictated by those
of the first layer. The outer shell is apparently designed to stabilize/protect the inner-shell and complement/
enhance its properties.

Introduction

About half of all proteins contain metal cations1 and most
members of the ribozyme family cannot function without metal
cofactors.2 Metal cations tend to bind to a protein cavity or
crevice that is characterized by a low dielectric constant.3,4

Among all biogenic metal cations Mg(II), Ca(II), Zn(II), and
Mn(II) are found most often bound to protein residues.5-15 These
metals play either a predominantly catalytic role or serve only

a structural role. Mg, Ca, and Mn, being “hard” cations, prefer
to bind directly to oxygen-containing protein ligands such as
Asp, Glu, Asn, Gln and backbone carbonyl groups.8,9,13,16-18

The “border-line” Zn shows stronger preference toward nitrogen
and sulfur-containing ligands such as His and Cys, respectively,
though in many catalytic binding sites it is found coordinated
to Asp/Glu as well.10,12-16,19,20

Most studies on metal binding in proteins have focused
mainly on the metal-first-shell interactions.3,4,6,9,10,14,16-57 First-
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shell ligands play crucial roles in contributing to the metal
complex stability and in determining the selectivity of the
binding site.18,21,52,58,59Furthermore, they may also play a role
in altering the metal coordination geometry or the ligand binding
mode (mono/bidentate).47,60,61

Recently, several studies have highlighted the role of the
second shell in the process of protein-metal recognition and
metalloprotein function. In particular, analyses of Zn finger
structures have shown the importance of the second layer
packing (consisting of backbone (bkb) peptide groups or Lys/
Arg side chains) in shielding the negatively charged Zn finger
cores.62 Subsequent calculations confirmed this finding and
showed that second-shell ligands contribute to the energetic
stabilization of the metal complex.63 Furthermore, an outer-shell
carboxylate in buried Zn binding sites has been proposed to
act as a proton acceptor rather than a hydrogen-bond acceptor
for an inner-shell His.44,48,64 Gas-phase ab initio calculations
predict that the Zn2+-His0-Asp/Glu- triad will isomerize to
Zn2+-His- -Asp/Glu(H)0.44,47,48Experimental studies on hu-
man carbonic anhydrase II,64-70 metallophosphatases cal-
cineurin,71 human serum transferrin,72 EcoRV restriction endo-
nuclease,73 and designed metal binding sites74 suggest that the
second-shell ligands play a role in (1) orienting the first-shell
partners at proper positions to enhance the affinity of the binding
site for the metal and (2) fine-tuning the pKa and reactivity of
the first-shell catalytic water. In the case of type I Cu proteins,
Karlin and co-workers have proposed that the second shell

provides flexibility in the metal environment that may help
electron transfer.75-77

Although the above studies reveal certain roles of the second-
shell ligands in protein-metal recognition, there are no sys-
tematic studies (to the best of our knowledge) and many
questions remain. For example, what is the most common
second-shell partner corresponding to the first-shell ligands in
the metal binding sites? Which second shell residues contribute
most to the stability of the metal complex? How strongly does
the dielectric medium affect the first-shell-second-shell interac-
tion energies? How do the first-shell-second-shell interaction
energies compare with the respective metal-first-shell interac-
tion energies? Does the second shell contribute to the metal
selectivity of the binding site? We address these questions here
for Mg(II), Ca(II), Zn(II), and Mn(II) binding sites using a
combination of Protein Data Bank (PDB) surveys with density
functional theory/continuum dielectric methods (DFT/CDM),
as outlined in the next section.

Methods

Database Survey. The PDB78 was surveyed for<3.0 Å X-ray and
NMR structures of proteins containing Mg, Mn, Ca, and Zn that play
either a structural or catalytic role. Multinuclear binding sites and those
containing other cofactors such as phosphate or sulfate groups were
excluded. The protein sequences were aligned using the Modeller 4
program,79 and those with sequence identity higher than 30% were
considered to belong to the same protein family. Only one representative
from each protein family, namely, the structure solved at the highest
resolution, was included in the survey. The PDB entries used in the
survey are given in Supporting Information.

Defining First- and Second-Shell Ligands in the Metal Binding
Sites. Analysis of high-resolution X-ray structures of small metal
complexes in the Cambridge Structural Database has shown that the
first-shell M-O, M-N, and M-S bond distances (M) Mg, Mn, Ca,
Zn) do not exceed 2.6 Å.80 To account for the lower resolution of some
of the PDB structures, a slightly larger cutoff of 2.9 Å was used to
locate the first-shell ligands, which were defined as residues with a
donor atom (e.g., N, S, or O) within 2.9 Å from the metal. The heavy
atoms of the first-shell residues were then selected as centers to search
the second-shell ligands using a cutoff of 3.5 Å.81 These second-shell
ligands were verified to form hydrogen bonds with first-shell residues
using the WHATIF program.82 First-shell water molecules, which may
play an important role in catalytic processes, were included in the survey
whenever they were seen in the X-ray structures. However, second-
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shell water molecules were excluded from the survey because they were
often not seen in the X-ray structures, and in some binding sites close
to the protein surface the second shell incorporates numerous waters
(apparently without a structural role) from the bulk solvent. These two
factors would lead to biased statistics and thus artifactual findings.

Models Used. Formate (HCOO-) was used as a model for
deprotonated Asp and Glu side chains, while formamide (HCONH2)
was employed as a model for Asn and Gln side chains as well as
backbone peptide groups. Since Mg and Mn complexes in proteins are
predominantly octahedral,16,17,83,84we considered clusters of the type
[M (H2O)6-iL i]‚Q where M denotes Mg or Mn, L is an inner-shell
HCOO- or HCONH2 ligand, Q is an outer-shell H2O, HCOO-, or
HCONH2 ligand, i ) 0 or 1, and a “‚” is used to distinguish the inner
shell from the outer shell. For Ca, the complexes in proteins seem to
prefer heptacoordination16 so they were modeled as [Ca (H2O)7-iL i]‚Q.
For Zn, two types of complexes were modeled: octahedral [Zn
(H2O)6-iL i]‚Q complexes as found in aqueous solution84 and tetrahedral
complexes [Zn (H2O)4-iL i]‚(H2O)2Q16 with two water molecules in the
Zn second shell, as found in most Zn binding sites.

Mn, unlike the other three cations included in this study, is an open
shell ion with a d5 outer electron configuration. It has three possible
ground-state spin arrangements, low-spin doublet, low-spin quartet, and
high-spin sextuplet, depending on the strength and symmetry of the
ligand field. Experimental studies show that octahedral Mn complexes,
with very few exceptions, are high-spin complexes.83 Accordingly, a
high-spin configuration for Mn was considered here.

DFT Calculations. These employed Becke’s three-parameter hybrid
method85 in conjunction with the Lee, Yang, and Parr correlation
functional86 and the 6-31++G(2d,2p) basis set. In previous studies we
had calibrated the B3LYP/6-31++G(2d,2p) calculations with respect
to available experimental data and showed that they are well suited
for evaluating the geometries and interaction free energies of complexes
between divalent cations and oxygen- and nitrogen-containing ligands.47,52

Consequently,full geometry optimization for each complex was carried
out at the B3LYP/6-31++G(2d,2p) level using the Gaussian 98
program.87 The optimized coordinates are given in Supporting Informa-
tion. Vibrational frequencies were then computed at the same level of
theory/basis to verify that each complex was at the minimum of its
potential energy surface.No imaginary frequency was found in any of
the complexes. After the frequencies were scaled by an empirical factor
of 0.9613,88 the zero-point energy (ZPE), thermal energy (ET), work
(PV), and entropy (S) corrections were evaluated using standard
statistical mechanical formulas.89 The differences∆Eelec, ∆ZPE,∆ET,
∆PV, and∆Sbetween the products and reactants were used to compute
the reaction free energy (see eqs 3 to 7 below) at room temperature,T
) 298.15 K, according to the following expression:

Continuum Dielectric Calculations. The reaction free energy in a
given environment characterized by a dielectric constantε ) x can be

calculated according to the thermodynamic cycle shown in Scheme 1.
∆G1 is the gas-phase free energy computed using eq 1.∆Gsolv

x is the
free energy for transferring a molecule in the gas phase to a continuous
solvent medium characterized by a dielectric constant,x. By solving
Poisson’s equation using finite difference methods90,91 to estimate
∆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 with an initial grid spacing of 1.0 Å, refined with a spacing of
0.25 Å, ab initio geometries, and natural bond orbital (NBO) atomic
charges.92 The low dielectric region of the solute was defined as the
region inaccessible to contact by a 1.4 Å radius sphere rolling over the
molecular surface. This region was assigned a dielectric constant of
two (εin ) 2) to account for the electronic polarizability of the solute.
The molecular surface was defined byeffectiVe solute radii, which were
obtained by adjusting the CHARMM (version 22)93 van der Waals radii
to reproduce the experimental hydration free energies of the metal
cations and ligands. The “effective” radius of Mn (1.55 Å) was
optimized in this study to reproduce its experimental hydration free
energy of-437.8 kcal/mol.94 The other solute radii had been optimized
in our previous studies4,47,52 and are as follows (in Å):RZn ) 1.40,
RMg ) 1.50,RCa ) 1.75,RO(HCOO-) ) 1.65,RO(H2O) ) 1.69,RO-
(HCONH2) ) 1.79,RN ) 1.7,RC ) 1.9,RH(H2O) ) 1.0,RH(C, N) )
1.468. These effective solute radii reproduce (to within 2.5%) the
experimental hydration free energies for the metal cations, HCOO-,
and HCONH2.4,47,52Buried or partially buried metal binding sites were
characterized by an external dielectric constantεout equal to 2 or 4,
respectively.90,95 Thus, Poisson’s equation was solved withεout equal
to 1, 2, or 4 andεin ) 2. The difference between the computed
electrostatic potentials 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

PDB Survey of First-Shell Ligands. The percentage fre-
quency distributions of the first-shell ligands in Mg, Ca, Mn,
and Zn binding sites are given in Figure 1. The backbone (BKB)
peptide groups coordinate to the metal cation via the carbonyl
oxygen atoms. As expected, the “border-line” Zn gives a pattern
of ligand distribution that is distinct from the “hard” Mg, Mn,
and Ca cations. Figure 1 shows that His and Cys are by far the
most preferred inner-shell ligands for Zn, whereas Asp/Glu,
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water, and CONH-containing ligands (BKB and Asn/Gln)
dominate the Mg, Mn, and Ca binding sites. Not only is the
ligand type common for Mg and Mn but also the occurrence
frequency of these “common” ligands. The key difference
between the first-shell ligand distributions of Mg and Mn is
the affinity for His, which is significantly higher for Mn (10.8%)
than for Mg (2.8%). For Ca, however, the relative occurrence
frequencies of the “common” ligands differ from those of the
other two “hard” cations. Whereas Mg and Mn strongly prefer
water to ligands with amide groups, such a preference is not
found for Ca, which, on the contrary, has a higher percentage
of first-shell peptide backbone and Asn/Gln side chains (37.4%)
than water (22.4%).

PDB Survey of Second-Shell Ligands.The percentage
frequency distributions of the second-shell ligands in Mg, Ca,
Mn, and Zn binding sites are given in Figure 2. For each metal,
the number of ligands in the first shell is greater than that in
the second shell: the ratio between the number of first- and
second-shell ligands is 1.2-1.7 for the “hard” cations, and 2.1
for Zn. This indicates that not every first-shell ligand has a
second-shell partner from the protein matrix. Despite the

significant differences observed in the first-layer distribution
of Mg, Ca, Mn, and Zn (see above), the overall second-shell
distributions for the four metals appear to be similar. Backbone
peptide groups are dominant (52-66%), followed by the side
chains of Asp/Glu (14-26%), Lys/Arg (3-13%), Asn/Gln(4-
10%), and Ser/Thr (2-5%). The aromatic hydrogen-bond donor/
acceptor side chains (Tyr, His, and Trp) are seldom found in
the metal second shell (<4%), while even weaker hydrogen-
bond donor/acceptor sulfur-containing side chains (Cys and Met)
were not found within 3.5 Å of the first-shell heavy atoms (see
Methods). As observed for the frequency distributions of the
first-shell ligands, Mg and Mn give very similar patterns.
However, they differ from Ca, which exhibits a stronger
preference than Mg/Mn for Asp/Glu compared to Lys/Arg in
its second shell (the ratio of Asp/Glu to Lys/Arg is∼8 for Ca
compared to∼2 for Mg and Mn).

(1) M(II) -Asp/Glu Second Shell.Figures 3, 4, and 5 show
the percentage frequency distributions of second-shell ligands
around common first-shell ligands in Mg, Mn, Ca, and Zn
proteins; viz., Asp/Glu side chains, backbone carbonyls, and
water molecules (see above and Figure 1). The most common

Figure 1. Percentage frequency distribution of first-shell ligands observed in the 3-dimensional structures of proteins bound to (a) Mg, (b) Mn, (c) Zn, and
(d) Ca. The total numbers of first-shell ligands bound to Mg, Mn, Zn, and Ca are 194, 260, 505, and 437, respectively.
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second-shell partner for first-shell Asp/Glu side chains appears
to be the backbone amide group (36-67%, Figure 3), which is
found hydrogen bonded to the metal-free carboxylate oxygen.
The latter forms salt bridges with outer-shell Lys/Arg side chains
in some sites, particularly Mg, Mn, and Zn binding ones. As
expected, due to Coulombic repulsion between the negatively
charged first- and second-shell Asp/Glu side chains as well as
the lack of a hydrogen donor, no second-shell Asp/Glu car-
boxylates were found hydrogen bonded to a first-shell Asp/
Glu.

(2) M(II) -Backbone Second Shell.Inner-layer backbone
groups are more selective than first-shell Asp/Glu side chains
for the type of second-shell ligands. They interact (via the N-H
group) predominantly with the carbonyl oxygen of the backbone
or Asn/Gln side chains in the second shell (Figure 4). Interest-
ingly, few second-shell partners are found for the first-shell
backbone groups in Ca binding sites. Comparison between
Figure 3d and Figure 4c shows that the second-shell backbone
groups in Ca proteins prefer to interact with the first-shell
carboxylatesthan with the first-shell backbone groups.

(3) M(II) -Water Second Shell.Metal-bound water mol-
ecules prefer charged residues to neutral ones and are most

commonly found hydrogen bonded to acidic Asp/Glu car-
boxylates (32-56%, Figure 5). This is not surprising since the
triad M-H2O-Asp/Glu has been found in many metalloen-
zymes where it is thought to ionize/polarize the catalytic water
engaged in a subsequent hydrolytic reaction.10,13The first-shell
water can also interact with the positively charged Lys/Arg side
chains as shown:

Water is often found hydrogen bonded to the backbone carbonyl
oxygen (20-28%) in Mg, Mn, and Ca binding sites, but they
are not seen hydrogen bonded to the backbone carbonyl oxygen
in Zn proteins (Figure 5). Neutral polar residues such as Ser/
Thr or Tyr are not frequent second-shell partners of the metal-
bound water (3-6% and 0-11%, respectively). Nevertheless,
they may be essential for the catalytic mechanism of some
enzymes; e.g., the second-shell Thr 199 in carbonic anhydrase
I is thought to orient the Zn-bound water molecule for
nucleophilic attack of CO2 and for transition state stabiliza-

Figure 2. Percentage frequency distribution of second-shell ligands observed in the 3-dimensional structures of proteins bound to (a) Mg, (b) Mn, (c) Zn,
and (d) Ca. The total numbers of second-shell ligands bound to Mg, Mn, Zn, and Ca are 131, 190, 220, and 283, respectively.

A R T I C L E S Dudev et al.

3172 J. AM. CHEM. SOC. 9 VOL. 125, NO. 10, 2003



tion.65-67 This suggests that the second-shell partner of the
metal-bound water is not only governed by thermodynamic
considerations but may also be determined by the catalytic
mechanism of the reaction.

(4) Zn(II) -Cys Second Shell.Figure 6 shows the percentage
frequency distributions of second-shell ligands around Zn-
specific first-shell ligands; viz., Cys and His (see above and
Figure 1). The Zn-bound Cys prefers binding to the backbone
or Asn/Gln side chain amide (Figure 6a).

In some cases the cysteine core is stabilized by salt bridges
with outer-layer Lys/Arg.

(5) Zn(II) -His Second Shell.In contrast to the Zn-bound
cysteines, which are mainly found in proteins where Zn serves

only a structural role (“structural Zn” proteins), Zn-bound His
are found in both “structural Zn” proteins, and in proteins where
Zn plays a predominantly catalytic role (“catalytic Zn” proteins).
The adequate numbers of Zn-bound His in both “structural Zn”
and “catalytic Zn” proteins allowed a statistical analysis of the
second-shell interactions in these two types of binding sites. In
structural Zn binding sites (Figure 6b), the first-shell His is
predominantly hydrogen bonded (via its metal-free N-H group)
to either a backbone carbonyl oxygen or a Ser/Thr side chain
oxygen, but in catalytic Zn binding sites (Figure 6c), it is
predominantly hydrogen bonded to a second-shell Asp/Glu
carboxylate oxygen. The Zn-His-Asp/Glu triad appears char-
acteristic of “catalytic Zn” binding sites, and its significance
has been analyzed in previous works.44,48,64-68,74 The second-
shell carboxylate has been proposed to fine tune the positioning
and metal affinity of its first-shell partner.64-68,74

Second-Shell Formation.From the PDB survey results in
Figures 1-6, we can discern two types of second-shell forma-
tion. In the first case, the water molecule remains bound to the
metal in the preformed protein binding site and subsequently
interacts with a second-shell protein ligand (Figure 5). In the

Figure 3. Percentage frequency distribution of second-shell ligands observed in the 3-dimensional structures of proteins bound to first-shell Asp/Glu in (a)
Mg, (b) Mn, (c) Zn, and (d) Ca binding sites. For a given metal, the percentage is the number of second-shell ligand of type X divided by the total number
of first-shell Asp/Glu (77 for Mg, 65 for Mn, 23 for Zn, and 128 for Ca).
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second case, both the first- and second-shell ligands are provided
by the protein (Figures 3, 4, and 6). We focus on the
thermodynamics, but not the mechanism, of the second-shell
formation process, so only the initial and final stages of the
second-shell formation process were considered in this work.
In interpreting the results below we emphasize thetrend (sign)
of the free energy changes rather than their absolute values.

First-Shell Water, Second-Shell Protein Ligands.Metal-
bound water molecules are most commonly found hydrogen
bonded to carboxylate side chains present in the second shell
(see above and Figure 5). This process was modeled by a
hydrated metal ion from aqueous solution finding a protein
cavity (characterized by a dielectric constant equal to 2 for
buried sites or 4 for partially buried sites), and subsequently,
exchanging its second-shell water for a formate; i.e.,

The number of water molecules in the first shell,n, is 6 for M

) Mg2+, Mn2+, or Zn2+ and 7 for Ca2+. The {[M (H2O)6]‚
H2O}2+ (M ) Mg, Mn, Zn) complex with a second-shell water
molecule and the corresponding{[M (H2O)6]‚HCOO}+ com-
plexes with an outer-shell formate bound to inner-shell water
molecules are illustrated in Figures 7a and 7b, respectively.
Since Zn prefers to be tetracoordinated in proteins, the water-
formate exchange was also modeled as

where the Zn coordination number in the product is four with
two water molecules and a formate in the outer coordination
layer (Figure 7c). The computed gas-phase enthalpies and free
energies in various dielectric media for reactions 3 and 4 are
listed in Table 1.

All the reactions in Table 1 are enthalpy-driven as the entropy
term, T∆S1, contributes<3% to thegas-phasefree energy;
therefore, a second-shell Asp/Glu is unlikely to make a
significant entropic contribution to the cationic metal complex

Figure 4. Percentage frequency distribution of second-shell ligands observed in the 3-dimensional structures of proteins bound to first-shell backbone
groups in (a) Mg, (b) Mn, and (c) Ca binding sites. For a given metal, the percentage is the number of second-shell ligand of type X divided by the total
number of first-shell backbone groups (18 for Mg, 12 for Mn, and 95 for Ca). No such distribution is presented for Zn binding sites because no backbone
groups were found coordinated to mononuclear Zn (see Figure 1c).

{[M (H2O)n]‚H2O}2+ + HCOO- f

{[M (H2O)n]‚HCOO}+ + H2O (3)

{[Zn(H2O)6]‚H2O}2+ + HCOO- f

{[Zn (H2O)4]‚(H2O)2 HCOO}+ + H2O (4)
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stability in a buried cavity. Due to the strong electrostatic
interaction between the negatively charged formate and the
positively charged metal hydrate, the∆Gx (x ) 1, 2, or 4) for
the first five reactions in Table 1 are negative, implying that
second-shell water-formate exchange is favorable in the gas
phase and in a protein cavity. The free energy of the second-
shell water-formate exchange decreases rapidly in going from
the gas phase (|∆G1| ) 171-194 kcal/mol) to buried (|∆G2| )
77-93 kcal/mol) and partially buried (|∆G4| ) 29-42 kcal/
mol) binding sites. However, it does not appear to be sensitive
to metal cations with the same coordination geometry and
similar ionic radii, as the∆Gx (x ) 1, 2, or 4) for the octahedral
complexes of Mg, Zn, and Mn, whoseionic radii are 0.72, 0.75,
and 0.83 Å, respectively,84 differ by only 1-3 kcal/mol.
Decreasing the Zn coordination number from six to four results
in an additional free energy gain (of 5-9 kcal/mol, compare
reactions 3 and 4 in Table 1). Theheptacoordinated Ca
complexes (Table 1, reaction 5) have the smallest absolute
exchange free energies in the series: the|∆Gx| values (x ) 1,
2, or 4) are smaller than those for thehexacoordinated Mg, Mn,

and Zn complexes (by 6-14 kcal/mol) and are much smaller
than those for thetetracoordinated Zn complex (by 13-23 kcal/
mol).

It is of interest to estimate how the free energies for the outer-
water-formate exchange reactions compare with those for the
inner-water-formate exchange. The computed values in the
lower half of Table 1 show that the inner-water-formate
exchange is more favorable than the outer-water-formate
exchange in the gas phase (by 12-16 kcal/mol) and to a lesser
extent (by 5-11 kcal/mol) in a buried or partially buried cavity.
Generally, the inner-shell exchange reactions follow the same
trend of changes found for the respective outer-shell reactions
(see above): the absolute free energy decreases rapidly (but
remains negative) with increasing dielectric constant and
increasing coordination number of the core metal.

First- and Second-Shell Ligands Are Provided by the
Protein. As discussed above, backbone peptide groups and Asn/
Gln side chains comprising part of the first shell in Mg, Mn,
and Ca binding sites interact predominantly with the carbonyl
oxygen of the backbone or Asn/Gln side chains in the outer

Figure 5. Percentage frequency distribution of second-shell ligands observed in the 3-dimensional structures of proteins bound to first-shell water in (a)
Mg, (b) Mn, (c) Zn, and (d) Ca binding sites. For a given metal, the percentage is the number of second-shell ligand of type X divided by the total number
of first-shell water molecules (65 for Mg, 65 for Mn, 27 for Zn, and 75 for Ca).
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layer (Figure 4). We discern two types of reactions. In the first
case the first- and second-shell backbone groups or Asn/Gln
side chains are not hydrogen bonded in the metal-free protein,
but become hydrogen bonded after the metal is bound in a
flexible binding site. This process is modeled thermodynamically
by the following reaction:

where M) Mg, Mn, or Ca andn ) 6 or 7. In the second case
the first- and second-shell backbone groups or Asn/Gln side
chains are hydrogen bonded in the metal-free and metal-bound
protein. This process is modeled as

The fully optimized{[M (H2O)n-1(HCONH2)]‚HCONH2}2+

structures are shown in Figure 8, while the computed gas-phase
enthalpies and free energies in various dielectric media for
reactions 5 and 6 are listed in Table 2.

The gas-phase entropic term,∆S1, have opposite signs for
the two types of reactions considered. It is unfavorable (negative)
for eq 5, but is favorable (positive) for eq 6 where the two
formamides are hydrogen bonded prior to metal binding. The
unfavorable entropic changes for eq 5 are compensated by
corresponding enthalpy changes that are more favorable than
those for eq 6. Consequently, the gas-phase free energies,∆G1,
for eq 5 are only slightly less favorable (by∼2 kcal/mol) than
those evaluated for eq 6. However, because of the greater
desolvation penalty for the free formamides relative to the
hydrogen-bonded formamides, the∆Gx (x ) 2 or 4) for eq 5
become even less favorable than those evaluated for eq 6 (by
4-6 kcal/mol) so much so that in a partially solvent exposed
cavity (ε g 4), reaction 5 is predicted not to take place (positive
∆G4 for the first three reactions in Table 2), whereas reaction
6 remains favorable under the same conditions.

Figure 6. Percentage frequency distribution of second-shell ligands observed in the 3-dimensional structures of Zn proteins bound to (a) first-shell Cys
(204), (b) first-shell His in structural sites (75), and (c) first-shell His in catalytic sites (60). The percentage is the number of second-shell ligand of type X
divided by the total number of first-shell Cys /His molecules.

[M (H2O)n]
2+ + 2(HCONH2) f

{[M (H2O)n-1HCONH2]‚HCONH2}
2+ + H2O (5)

[M (H2O)n]
2+ + (HCONH2‚‚‚HCONH2) f

{[M (H2O)n-1HCONH2]‚HCONH2}
2+ + H2O (6)
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To assess the contribution of the second-shell backbone
binding to the net free energy for reaction 5 or 6, the free energy
for exchanging a metal-bound water for a formamide in the

absence of a second shell formamide was computed; i.e.,

The ∆H1 for eq 7 (last three reactions in Table 2) are less
favorable than those for eq 5 and eq 6, indicating that a second-
shell formamide energetically stabilizes a dicationic metal
complex in the gas phase. The∆S1 for eq 7 are also less
favorable than those for eq 6 but are more favorable than those
for eq 5, suggesting that a second-shell formamide hydrogen
bonded to a first-shell formamide prior to metal binding could
make an entropic contribution and enhance dicationic metal
complex stability in the gas phase. In aburied metal binding
site, a second-shell formamide could stabilize a dicationic metal
complex, as evidenced by the more negative∆G1 and∆G2 for
eq 5 or eq 6 compared to those for eq 7 (Table 2). In apartially
solVent-exposedmetal binding site, a second-shell formamide

Figure 7. Ball-and-stick diagram of (a){[M(H2O)6]‚H2O}2+ (M ) Mg,
Mn, Zn); (b) {[M(H2O)6]‚HCOO}+ (M ) Mg, Mn, Zn); (c){[Zn(H2O)4]‚
(H2O)2HCOO}+; (d) {[Ca(H2O)7]‚H2O}2+; and (e){[Ca(H2O)7]‚HCOO}+.

Table 1. Enthalpies (∆H1) and Free Energies (∆Gx)of
Water-Formate Exchange for Media of Different Dielectric
Constant xa

reaction ∆H1 ∆G1 ∆G2 ∆G4

{[Mg (H2O)6]‚H2O}2+ + HCOO- f -188.0 -183.2 -85.4 -36.6
{[Mg (H2O)6]‚HCOO}+ + H2O

{[Mn (H2O)6]‚H2O}2+ + HCOO- f -186.6 -182.2 -84.0 -35.0
{[Mn (H2O)6]‚HCOO}+ + H2O

{[Zn (H2O)6]‚H2O}2+ + HCOO- f -190.0 -185.2 -86.2 -36.8
{[Zn (H2O)6]‚HCOO}+ + H2O

{[Zn (H2O)6]‚H2O}2+ + HCOO- f -195.4 -193.9 -92.5 -41.7
{[Zn (H2O)4]‚(H2O)2 HCOO}+ + H2O

{[Ca (H2O)7]‚H2O}2+ + HCOO- f -176.2 -171.2 -76.5 -28.7
{[Ca (H2O)7]‚HCOO}+ + H2O

[Mg (H2O)6]2+ + HCOO- f -198.7 -197.6 -93.5 -41.7
[Mg (H2O)5HCOO]+ + H2O

[Mn (H2O)6]2+ + HCOO- f -198.7 -196.1 -92.5 -40.7
[Mn (H2O)5HCOO]+ + H2O

[Zn (H2O)6]2+ + HCOO- f -201.9 -199.9 -95.8 -44.2
[Zn(H2O)5HCOO]+ + H2O

[Zn (H2O)6]2+ + HCOO- f -207.3 -209.5 -103.9 -51.5
{[Zn (H2O)3HCOO]‚(H2O)2}+ + H2O

[Ca (H2O)7]2+ + HCOO- f -187.4 -182.8 -83.4 -33.3
[Ca (H2O)6HCOO]+ + H2O

a All energies in kcal/mol;x ) 1 corresponds to gas-phase values whereas
x ) 2 or 4 represents buried or partially buried metal binding sites,
respectively.

Figure 8. Ball-and-stick diagram of (a){[M(H2O)5 HCONH2]‚HCONH2}2+

(M ) Mg, Mn); and (b){[Ca(H2O)6 HCONH2]‚HCONH2}2+.

Table 2. Enthalpies (∆H1) and Free Energies (∆Gx) of Formamide
Binding to Mg, Mn, and Ca Complexes for Media of Different
Dielectric Constant xa

reaction ∆H1 ∆G1 ∆G2 ∆G4

[Mg (H2O)6]2+ + 2(HCONH2) f -39.0 -32.1 -10.6 0.5
{[Mg (H2O)5HCONH2]‚HCONH2}2+ + H2O

[Mn (H2O)6]2+ + 2(HCONH2) f -39.4 -30.0 -8.3 2.9
{[Mn (H2O)5HCONH2]‚HCONH2}2+ + H2O

[Ca (H2O)7]2+ + 2(HCONH2) f -33.8 -25.2 -6.4 3.3
{[Ca (H2O)6HCONH2]‚HCONH2}2+ + H2O

[Mg (H2O)6]2+ + HCONH2‚‚‚‚HCONH2 f -29.7 -33.8 -15.2 -6.2
{[Mg (H2O)5HCONH2]‚HCONH2}2+ + H2O

[Mn (H2O)6]2+ + HCONH2‚‚‚‚HCONH2 f -30.1 -31.7 -12.9 -3.8
{[Mn (H2O)5HCONH2]‚HCONH2}2+ + H2O

[Ca (H2O)7]2+ + HCONH2‚‚‚‚HCONH2 f -24.4 -27.0 -11.1 -3.5
{[Ca (H2O)6HCONH2]‚HCONH2}2+ + H2O

[Mg (H2O)6]2+ + HCONH2 f -17.8 -19.1 -8.3 -3.1
[Mg (H2O)5HCONH2]2+ + H2O

[Mn (H2O)6]2+ + HCONH2 f -18.1 -17.5 -6.7 -1.1
[Mn (H2O)5HCONH2]2+ + H2O

[Ca (H2O)7]2+ + HCONH2f -15.4 -15.0 -5.6 -0.5
[Ca(H2O)6HCONH2]2+ + H2O

a See footnote to Table 1.

[M (H2O)n]
2+ + HCONH2 f

[M (H2O)n-1HCONH2]
2+ + H2O (7)
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could also stabilize a dicationic metal complex only if it is
hydrogen bonded to the first-shell formamide prior to metal
binding (∆G4 for eq 6 is more negative than∆G4 for the last
three reactions in Table 2).

Although the gas-phase free energies,∆G1, in Table 2 are
negative, they are about an order of magnitude smaller than
the water-formate exchange∆G1 in Table 1. Furthermore, even
though all the reactions in Table 2, like those in Table 1, are
enthalpy-driven, theT∆S1 contributions to thegas-phasefree
energy, especially for the first three reactions (18-24%), are
significantly greater than those in Table 1 (1-3%). As observed
in Table 1, Ca binding to formamides is the least preferred in
the series.

Factors Governing First- and Second-Shell Interactions.
The trends observed in Tables 1 and 2 can be rationalized in
terms of charge-charge, charge-dipole, and charge-transfer
interactions, which make the major contributions to the metal
complex stability.25,43The Coulombic interaction energy,∆Eqq

) -qMqL/RML, depends on the charges on the metal (qM) and
ligand atoms (qL) as well as inversely on the metal-ligand atom
distance (RML). The charge-dipole interaction energy,96 ∆Eqp

) -(qMpL cosθ/r2 + 1/2qM
2RL/r4), depends also on the metal

charge as well as the dipole moment (pL) and polarizability (RL)
of the neutral ligand, the distance between the charge and the
dipole moment center (r), and the angle between ther and p
axes (θ). The water polarizabilityRH2O generally depends on
the molecular volume and delocalization of the molecular
charges, so changes in the water O-H bond length (RO-H) and
bond charge (qO-H) may be considered as indirect measures of
RH2O changes. The structural and electronic parameters compris-
ing the charge-charge and charge-dipole interaction energies
for several representative metal clusters are listed in Table 3.

TheRM-O distances for the all-aqua metal complexes in Table
3 show that the metal-O(water) distance increases with
increasing coordination number and ionic radius of the metal
(0.75 Å for Zn, 1.00 Å for Ca). TheRH2O (as reflected byRO-H

andqO-H) and|pH2O| of the metal hydrates are greater than those
of metal-free water. Although theRO-H bond length remains
relatively constant with increasingRM-O or coordination number,
the bond charge,qO-H, and henceRH2O, as well as|pH2O|
decreases with increasing metal-O(water) distance.

Table 1 shows that the|∆H1| for theouter-shell clusters (first
five reactions) are smaller than those for theinner-shell clusters

(last five reactions). This is partly because the outer-shell
carboxylate oxygen is further from the metal compared to an
inner-shell carboxylate oxygen (3.73 vs 1.92 Å for Zn and 4.13
vs 2.38 Å for Ca, Table 3). Hence, charge-charge interactions
for theouter-shell clusters are weaker than those for theinner-
shell clusters.

Tables 1 and 2 show that the formamide complexes are less
stable than the formate complexes. This is because the charge-
dipole interaction between the metal dication and the first-shell
formamide in [M (H2O)n-1(HCONH2)]2+ is much weaker than
the charge-charge interaction in the respective first-shell
formate complexes. Furthermore, the interaction between the
first- and second-shell formamides in{[M (H2O)n-1(HCONH2)]}‚
HCONH2}2+ is of the dipole-dipole type, which is weaker than
the dipole-charge interaction between the first-shell water and
second-shell formate in the respective{[M (H2O)n]}‚HCOO}2+

in Table 1.

The ∆G1 values in Table 1, which are dictated by the
enthalpic term, show that exchanging an inner- or outer-shell
water molecule for a formate becomes less favorable with
increasing coordination number of the core metal. For example,
the gas-phase enthalpies for the 4-coordinated Zn, 6-coordinated
Zn, and 7-coordinated Ca complexes containing an inner-shell
formate are-207, -202, and-187 kcal/mol, respectively
(Table 1). The|∆H1| values are correlated with formate-metal
charge transfer, which decreases with increasing metal coordina-
tion number. TheqZn decreases by 0.068e for the tetrahedral
Zn complex (from 1.730e in [Zn (H2O)4] to 1.662e in{[Zn
(H2O)3 HCOO]}+), by 0.045 e for the octahedral Zn complex,
and by only 0.008 e for the heptacoordinated Ca complex (Table
3). Therefore, the observed decrease in the|∆H1| with increasing
metal coordination number is due to decreasing charge transfer
from the formate to the metal as well as increasing steric
repulsion among the ligands with increasing metal coordination
number.

An Outer-Shell Carboxylate Might Act as a Proton
Acceptor for an Inner-Shell Water. The water in [Zn (H2O)4]
is polarized, as evidenced by an increase inRO-H by 0.007 Å
andqO-H by 0.19e relative to the metal-free values (Table 3).
It is even more polarized when it is hydrogen bonded to a
carboxylate group in the Zn outer shell. The effect is so
pronounced that it leads to the breaking up of the water O-H
bond and proton transfer to HCOO-: the waterRO-H bond
length increases to 1.53 Å, while the respective bond charge,(96) Daune, M.Molecular Biophysics; Oxford University Press: Oxford, 1999.

Table 3. Selected Structural and Electronic Parameters for Zn and Ca Complexes Evaluated at the B3LYP/6-31++G(2d,2p) Level

RM-O(water) (Å) RM-O(HCOO) (Å) RO-H (Å) qO-H
a (e) |pH2O|b (Å e) qM (e)

H2O 0.963 -1.48 0.58
[Zn (H2O)4]2+ 1.996 0.970 -1.67 0.80 1.730
[Zn (H2O)6]2+ 2.123 0.967 -1.62 0.75 1.684
[Ca (H2O)7]2+ 2.479 0.966 -1.60 0.68 1.849

Inner-shell formate
{[Zn (H2O)3HCOO]‚(H2O)2}+ 1.917 1.662
[Zn (H2O)5HCOO]+ 1.991 1.639
[Ca (H2O)6HCOO]+ 2.375 1.841

Outer-shell formate
{[Zn (H2O)4]‚(H2O)2 HCOO}+ 1.862c 3.732 1.526c -1.83c 1.684
{[Zn (H2O)6]‚HCOO}+ 2.011c 3.740 1.078c -1.66c 1.654
{[Ca (H2O)7]‚HCOO}+ 2.404c 4.131 1.052c -1.67c 1.843

a Bond charge,qO-H )qO - qH, is defined as the difference between the respective atomic charges, whereqi are NBO atomic charges.b |pH2O| ) [(Σqixi)2

+ (Σqiyi)2 + (Σqizi)2]1/2, wherexi, yi, andzi are the atomic Cartesian coordinates.c Quantities refer to the water molecule involved in outer-shell formate
binding.
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qO-H, increases to-1.83e (see Table 3 and Figure 7c). This
implies that in a fully buried binding site where there are no
interactions stabilizing HCOO- or destabilizing HCOOH, the
Zn2+-H2O-HCOO- triad may isomerize to form Zn2+-HO--
HCOOH because the charge-charge-dipole interactions in the
latter would be more favorable than the charge-dipole-charge
interactions in the former.

Discussion

The PDB survey results in Figures 1 and 2 show that
backbone peptide groups, which are by far the most numerous
ligands provided by the protein, are weakly represented in the
first coordination sphere of Mg, Mn, and Zn binding sites but
dominate the second shell. The results in Tables 1 and 2 provide
the energetic basis for the observed occurrence frequency
difference between first- and second-shell backbone peptide
groups. Inner-shell binding of carboxylate oxygen is an order
of magnitude more favorable than that of backbone oxygen.
Therefore, binding sites containing carboxylate side chains are
expected to be much more effective in sequestering the metal
cation from the surrounding fluids compared to binding sites
comprising of backbone peptide groups. Although the second-
shell backbone interactions are not strong (Table 2), the amide
group (-CO-NH-) wins over the rest of the second-shell
ligands by its universality: with its two potential hydrogen-
bonding centers it can participate in a large spectrum of
interactions with the inner-shell ligands. The second-shell
backbone carbonyl oxygen can act as a hydrogen-bond acceptor
for HÃ from water, Ser, Thr, and Tyr as well as HN from His,
Asn, Gln, and the backbone amide, whereas the second-shell
backbone amide proton can serve as a hydrogen-bond donor
for carboxylates (COO-‚‚‚‚HN), cysteinates (S-‚‚‚‚HN), and the
backbone carbonyl group (CO‚‚‚‚HN). Thus, the second-shell
backbone or Asn/Gln side chain can partner practically every
first-shell ligandsa unique property shared by no other second-
shell ligand. Hence, despite the relatively weak interaction
energy, backbone groups contribute to energetically stabilizing
a buried metal binding site (see Table 2) and, in the case of
cysteine-rich Zn-finger cores, help to shield the inner-shell core
from unwanted interactions with the environment.63

Aspartates and glutamates are the second-most frequently
found ligands in the metal second shell (Figure 2). These
predominantly partner first-shell waters (Figure 5) and “cata-
lytic” Zn-bound histidines (Figure 6c), by forming COO-‚‚‚
H-O and COO-‚‚‚H-N bonds, respectively. The results in
Tables 1 and 3 suggest two plausible roles for an outer-shell
carboxylate group. A second-shell carboxylate significantly
stabilizes a positively charged metal complex in a protein cavity,
as evidenced by the large, negative free energies evaluated for
the cationic outer-shell formate complexes in Table 1. Further-
more, it polarizes the O-H bond of an inner-shell water
molecule, considered to be a prerequisite step for a subsequent
catalytic reaction,10,13as evidenced by the increase in the O-H
bond distance (RO-H) and bond charge (qO-H) in going from
[M(H2O)n]2+ to {[M(H2O)n]‚HCOO}+ in Table 3. TheRO-H

and |qO-H| increase by 0.11 Å and 0.05e for octahedral Zn
complexes and by 0.09 Å and 0.07e for the 7-coordinated Ca
complexes (Table 3). In totally buried sites where the electro-
static interactions are enhanced, an ionization of the metal-bound
water (see Table 3 and Figure 7c) or Zn-bound His44,48 (see

Introduction), accompanied by a proton transfer to the carboxyl-
ate, could not be ruled out.

In addition to a second-shell carboxylate (see above), a
second-shell backbone or side chain CONH group binding to a
positively charged metal complex can also contribute to the net
binding free energy, thus enhancing the binding-site affinity for
the metal (see Results and Table 2). These findings, as evidenced
by the trends of the binding free energy changes in Tables 1
and 2, are in accord with experimental studies showing that
second-shell ligands increase the binding-site affinity for the
metal.64-70,72,74For example, in human carbonic anhydrase II
the outer-layer Glu, Gln, Asn, and Thr, which hydrogen bond
to the first-shell His3Water core, increase the binding-site affinity
for Zn by a factor of 10 per hydrogen bond.65,66,70Similar results
have been reported for the role of the second-shell ligands in a
Zn(II) binding site in a variant of the IgG binding protein G
B1 domain74 and iron-bound human serum transferrin.72 The
finding that a second-shell Asp/Glu stabilizes a positively
charged metal complex more than a neutral ligand such as the
backbone and Asn/Gln side chain is also in accord with the
experimental finding that the Zn-His-carboxylate triad in
human carbonic anhydrase II is more stable than the Zn-His-
carboxamide triad.66

In analogy to the first shell, the second shell may contribute
to the metal selectivity of the respective binding site. Although
it is not as selective as the first shell, it appears to be selective
toward metal cations that possess different coordination geom-
etry and/or ionic size. The second shell favors cations such as
Zn that prefer tetrahedral to octahedral geometry and that can
successfully compete with bulkier cations with 7 or more inner-
shell ligands for the binding site (Table 1). The second shell,
however, seems to be much less discriminative toward metal
ions that have the same coordination geometry and similar ionic
size, such as octahedral Mg, Mn, and Zn: The free energies
for the first-second shell interactions in the respective com-
plexes are close to each other (Tables 1 and 2). Although we
could not find any direct experimental data proving or disproving
the prediction that second-shell ligands might discriminate
between metal cations possessing different coordination geom-
etry and number, indirect support 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.75-77

The aforementioned discussions suggest that the structure and
properties of the metal second coordination sphere are generally
correlated with those of the first coordination layer. The second
layer is designed to either stabilize/protect the inner shell or to
enhance its properties. Generally, the second shell helps in
enhancing the binding-site metal affinity and additionally
stabilizing the first layer by creating an elaborate network of
hydrogen bonds or salt bridges around it. The second-layer
partner is chosen in accordance with the chemical properties of
the respective first-shell ligand so that favorable interactions
can occur via hydrogen bond or salt bridge formation. In some
cases (e.g., Zn finger cores) the second layer tightly encapsulates
the inner-core structure, thus preventing it from undesired
interactions with the environment. In metalloenzymes second-
shell ligands may play a role in fine-tuning the positioning of
catalytically important inner-shell ligands. In certain catalytic
binding sites a second-shell carboxylate may further polarize
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(and activate) a first-shell water needed for a subsequent catalytic
reaction. The outer shell may also complement the inner-shell
metal specificity.
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