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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/GIn, 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/Gin 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/Glin 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 catidnand most
members of the ribozyme family cannot function without metal
cofactors® Metal cations tend to bind to a protein cavity or
crevice that is characterized by a low dielectric constdnt.
Among all biogenic metal cations Mg(ll), Ca(ll), Zn(ll), and
Mn(ll) are found most often bound to protein residBe$. These
metals play either a predominantly catalytic role or serve only
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a structural role. Mg, Ca, and Mn, being “hard” cations, prefer
to bind directly to oxygen-containing protein ligands such as
Asp, Glu, Asn, GIn and backbone carbonyl gro€f43.16-18
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 welf0.12-16.19.20

Most studies on metal binding in proteins have focused
mainly on the metatfirst-shell interactiong:*6:9.10.14.1657 Fjrst-
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shell ligands play crucial roles in contributing to the metal provides flexibility in the metal environment that may help
complex stability and in determining the selectivity of the electron transfef>77
binding sitel821.52.585%rthermore, they may also play a role Although the above studies reveal certain roles of the second-
in altering the metal coordination geometry or the ligand binding shell ligands in proteirmetal recognition, there are no sys-
mode (mono/bidentatéy.60.61 tematic studies (to the best of our knowledge) and many
Recently, several studies have highlighted the role of the guestions remain. For example, what is the most common
second shell in the process of proteimetal recognition and second-shgll partner corres.ponding to the first-;hell Iiganqls in
metalloprotein function. In particular, analyses of Zn finger the metal blndlng.snes? Which second shell residues contribute
structures have shown the importance of the second layerMOSt to the stability of the metal complex? How strongly does
packing (consisting of backbone (bkb) peptide groups or Lys/ the dielectric medium affect the first-shebecond-shell interac-
Arg side chains) in shielding the negatively charged Zn finger tion ef‘erg'eS? How glo the fwst-sth;econ(_:i-shell m@eractlon
cores®? Subsequent calculations confirmed this finding and energies compare with the respective metibt-shell interac-

i e .
showed that second-shell ligands contribute to the energetictlon energies? Does the second shell contribute to the metal

P selectivity of the binding site? We address these questions here
stabilization of the metal compléX Furthermore, an outer-shell

. . . . for Mg(ll), Ca(ll), Zn(ll), and Mn(ll) binding sites using a
carboxylate in buried Zn binding sites has been proposed to combination of Protein Data Bank (PDB) surveys with density
act as a proton acceptor rather than a hydrogen-bond accepto

functional theory/continuum dielectric methods (DFT/CDM
for an inner-shell Hig448.64 Gas-phase ab initio calculations y ( )

. . . . ) as outlined in the next section.
predict that the Z&#"—His®—Asp/Glu- triad will isomerize to
Zn?t—His™ —Asp/Glu(HY.444748Experimental studies on hu-
man carbonic anhydrase ;70 metallophosphatases cal-
i in71l it _
cineurin/* human serum transferriid,ECORV restriction endo NMR structures of proteins containing Mg, Mn, Ca, and Zn that play

nuclease? anq designed metal bl!’ldlng sﬁ_ésu_ggest th_at the either a structural or catalytic role. Multinuclear binding sites and those
second-shell ligands play a role in (1) orienting the first-shell containing other cofactors such as phosphate or sulfate groups were
partners at proper positions to enhance the affinity of the binding excluded. The protein sequences were aligned using the Modeller 4
site for the metal and (2) fine-tuning th&pand reactivity of program?® and those with sequence identity higher than 30% were
the first-shell catalytic water. In the case of type | Cu proteins, considered to belong to the same protein family. Only one representative
Karlin and co-workers have proposed that the second shell from each protein family, namely, the structure solved at the highest

Methods

Database Survey The PDB®was surveyed forx3.0 A X-ray and
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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 & To account for the lower resolution of some
of the PDB structures, a slightly larger cutoff of 2.9 A 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 A 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 3.3'AThese second-shell
ligands were verified to form hydrogen bonds with first-shell residues
using the WHATIF progranf? 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 wereScheme 1
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 (HC@NH
was employed as a model for Asn and GIn side chains as well as

backbone peptide groups. Since Mg and Mn complexes in proteins are

predominantly octahedr&t'”-8384we considered clusters of the type
[M (H20)6-iLi]-Q where M denotes Mg or Mn, L is an inner-shell
HCOO or HCONH, ligand, Q is an outer-shell #, HCOO", or
HCONH; 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 heptacoordinatiéhso they were modeled as [CafBl)-iLi]-Q.
For Zn, two types of complexes were modeled: octahedral [Zn
(H20)5-iL1]-Q complexes as found in aqueous solutf@nd tetrahedral
complexes [Zn (KHO)4-iLi]-(H20)Q 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 d 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 compleXégccordingly, a
high-spin configuration for Mn was considered here.

DFT Calculations. These employed Becke'’s three-parameter hybrid
method® in conjunction with the Lee, Yang, and Parr correlation
functionaf® and the 6-3%++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

Reactants (e=1) - Products (e=1)

AGy" (Reactants) 4 1 AGy" (Products)

Reactants (e=x) - Products (e=x)

AG*

calculated according to the thermodynamic cycle shown in Scheme 1.
AG! is the gas-phase free energy computed using e¥GLey is the

free energy for transferring a molecule in the gas phase to a continuous
solvent medium characterized by a dielectric constanBy solving
Poisson’s equation using finite difference mettf8dsto estimate
AGgai* (see below), the reaction free energy in an environment modeled
by dielectric constant, AG*, can be computed from:

AG*= AG' + AG,,,(products)— AG,,(reactants)  (2)
The continuum dielectric calculations employed ax 171 x 71

lattice with an initial grid spacing of 1.0 A, refined with a spacing of
0.25 A, ab initio geometries, and natural bond orbital (NBO) atomic
charge$? The low dielectric region of the solute was defined as the
region inaccessible to contact by a 1.4 A radius sphere rolling over the
molecular surface. This region was assigned a dielectric constant of
two (ein = 2) to account for the electronic polarizability of the solute.

for evaluating the geometries and interaction free energies of complexesThe molecular surface was definedéffectie solute radij which were

between divalent cations and oxygen- and nitrogen-containing ligabds.
Consequentlyfull geometry optimization for each complex was carried
out at the B3LYP/6-3++G(2d,2p) level using the Gaussian 98
programé’ 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 surfac&lo imaginary frequency was found in any of

obtained by adjusting the CHARMM (version 22yan der Waals radii

to reproduce the experimental hydration free energies of the metal
cations and ligands. The “effective” radius of Mn (1.55 A) was
optimized in this study to reproduce its experimental hydration free
energy of—437.8 kcal/moP* The other solute radii had been optimized
in our previous studié¢’52and are as follows (in A):Rz, = 1.40,

Rvg = 1.50,Rca = 1.75,Ro(HCOO") = 1.65, Ro(H,0) = 1.69, Ro-

the complexes. After the frequencies were scaled by an empirical factor (HCONHp) = 1.79,Ry = 1.7,Rc = 1.9, Ry(H20) = 1.0,R4(C, N) =

of 0.9613%8 the zero-point energy (ZPE), thermal energ)( work
(PV), and entropy $ corrections were evaluated using standard
statistical mechanical formul&&The difference\Eesies AZPE, AEr,

1.468. These effective solute radii reproduce (to within 2.5%) the
experimental hydration free energies for the metal cations, HGOO
and HCONH.*#752Buried or partially buried metal binding sites were

APV, andASbetween the products and reactants were used to computecharacterized by an external dielectric constajtequal to 2 or 4,

the reaction free energy (see egs 3 to 7 below) at room temperature,
= 298.15 K, according to the following expression:

AG!= AE .+ AZPE+ AE; + APV — TAS @)

Continuum Dielectric Calculations. The reaction free energy in a
given environment characterized by a dielectric constantx can be
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respectively?®% Thus, Poisson’s equation was solved with: equal

to 1, 2, or 4 andei, = 2. The difference between the computed
electrostatic potentials in a given dielectric mediwnHx) and in the
gas phasee(= 1) yielded the solvation free energyGsq* 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,

(90) Gilson, M. K.; Honig, B.Biopolymers1986 25, 2097.

(91) Lim, C.; Bashford, D.; Karplus, MJ. Phys. Chem1991, 95, 5610.
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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.

water, and CONH-containing ligands (BKB and Asn/GIn) significant differences observed in the first-layer distribution
dominate the Mg, Mn, and Ca binding sites. Not only is the of Mg, Ca, Mn, and Zn (see above), the overall second-shell
ligand type common for Mg and Mn but also the occurrence distributions for the four metals appear to be similar. Backbone
frequency of these “common” ligands. The key difference peptide groups are dominant (586%), followed by the side
between the first-shell ligand distributions of Mg and Mn is chains of Asp/Glu (1426%), Lys/Arg (3-13%), Asn/GIn(4-
the affinity for His, which is significantly higher for Mn (10.8%)  10%), and Ser/Thr (25%). The aromatic hydrogen-bond donor/
than for Mg (2.8%). For Ca, however, the relative occurrence acceptor side chains (Tyr, His, and Trp) are seldom found in
frequencies of the “common” ligands differ from those of the the metal second shelk@%), while even weaker hydrogen-
other two “hard” cations. Whereas Mg and Mn strongly prefer bond donor/acceptor sulfur-containing side chains (Cys and Met)
water to ligands with amide groups, such a preference is not were not found within 3.5 A of the first-shell heavy atoms (see
found for Ca, which, on the contrary, has a higher percentage Methods). As observed for the frequency distributions of the
of first-shell peptide backbone and Asn/GIn side chains (37.4%) first-shell ligands, Mg and Mn give very similar patterns.
than water (22.4%). However, they differ from Ca, which exhibits a stronger
PDB Survey of Second-Shell LigandsThe percentage Preference than Mg/Mn for Asp/Glu compared to Lys/Arg in
frequency distributions of the secostiellligands in Mg, Ca, its second shell (the ratio of Asp/Glu to Lys/Arg-3 for Ca
Mn, and Zn binding sites are given in Figure 2. For each metal, compared to~2 for Mg and Mn).
the number of ligands in the first shell is greater than that in (1) M(Il) —Asp/Glu Second ShellFigures 3, 4, and 5 show
the second shell: the ratio between the number of first- and the percentage frequency distributions of second-shell ligands
second-shell ligands is 1=2.7 for the “hard” cations, and 2.1  around common first-shell ligands in Mg, Mn, Ca, and Zn
for Zn. This indicates that not every first-shell ligand has a proteins; viz., Asp/Glu side chains, backbone carbonyls, and
second-shell partner from the protein matrix. Despite the water molecules (see above and Figure 1). The most common
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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.

second-shell partner for first-shell Asp/Glu side chains appearscommonly found hydrogen bonded to acidic Asp/Glu car-
to be the backbone amide group {3&7%, Figure 3), which is boxylates (32-56%, Figure 5). This is not surprising since the
found hydrogen bonded to the metal-free carboxylate oxygen. triad M—H,0O—Asp/Glu has been found in many metalloen-
The latter forms salt bridges with outer-shell Lys/Arg side chains zymes where it is thought to ionize/polarize the catalytic water
in some sites, particularly Mg, Mn, and Zn binding ones. As engaged in a subsequent hydrolytic reactoi.The first-shell
expected, due to Coulombic repulsion between the negatively water can also interact with the positively charged Lys/Arg side
charged first- and second-shell Asp/Glu side chains as well aschains as shown:

the lack of a hydrogen donor, no second-shell Asp/Glu car-

boxylates were found hydrogen bonded to a first-shell Asp/ 2 H\ /H H\ /H
Glu. R O ------- H—N—CH
(2) M(Il) —Backbone Second Shelllnner-layer backbone + 2

groups are more selective than first-shell Asp/Glu side chains
for the type of second-shell ligands. They interact (via theHN Water is often found hydrogen bonded to the backbone carbonyl
group) predominantly with the carbonyl oxygen of the backbone oxygen (26-28%) in Mg, Mn, and Ca binding sites, but they
or Asn/GlIn side chains in the second shell (Figure 4). Interest- are not seen hydrogen bonded to the backbone carbonyl oxygen
ingly, few second-shell partners are found for the first-shell in Zn proteins (Figure 5). Neutral polar residues such as Ser/
backbone groups in Ca binding sites. Comparison betweenThr or Tyr are not frequent second-shell partners of the metal-
Figure 3d and Figure 4c shows that the second-shell backbonebound water (3-6% and 6-11%, respectively). Nevertheless,
groups in Ca proteins prefer to interact with the first-shell they may be essential for the catalytic mechanism of some
carboxylateghan with the first-shell backbone groups. enzymes; e.g., the second-shell Thr 199 in carbonic anhydrase
(3) M(Il) —Water Second Shell.Metal-bound water mol- | is thought to orient the Zn-bound water molecule for
ecules prefer charged residues to neutral ones and are mosthucleophilic attack of C@and for transition state stabiliza-
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Figure 3. Percentage frequency distribution of second-shell ligands observed in the 3-dimensional structures of proteins bound to first-shell A3p/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).

tion.85-67 This suggests that the second-shell partner of the only a structural role (“structural Zn” proteins), Zn-bound His
metal-bound water is not only governed by thermodynamic are found in both “structural Zn” proteins, and in proteins where
considerations but may also be determined by the catalytic Zn plays a predominantly catalytic role (“catalytic Zn” proteins).
mechanism of the reaction. The adequate numbers of Zn-bound His in both “structural Zn”
(4) Zn(I1) —Cys Second ShellFigure 6 shows the percentage and “catalytic Zn” proteins allowed a statistical analysis of the
frequency distributions of second-shell ligands around Zn- second-shell interactions in these two types of binding sites. In
specific first-shell ligands; viz., Cys and His (see above and structural Zn binding sites (Figure 6b), the first-shell His is
Figure 1). The Zn-bound Cys prefers binding to the backbone predominantly hydrogen bonded (via its metal-freelgroup)

or Asn/GIn side chain amide (Figure 6a). 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-
?Hz ‘|3= acteristic of “catalytic Zn” binding sites, and its significance
M2t . S seees H—N has been analyzed in previous wof#k4864 6874 The second-

- shell carboxylate has been proposed to fine tune the positioning
g and metal affinity of its first-shell partnéf68.74

Second-Shell Formation.From the PDB survey results in
In some cases the cysteine core is stabilized by salt bridgesFigures 16, we can discern two types of second-shell forma-
with outer-layer Lys/Arg. tion. In the first case, the water molecule remains bound to the
(5) Zn(Il) —His Second Shelln contrast to the Zn-bound  metal in the preformed protein binding site and subsequently
cysteines, which are mainly found in proteins where Zn serves interacts with a second-shell protein ligand (Figure 5). In the
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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).

second case, both the first- and second-shell ligands are provided= Mg?", Mn?", or Zr¢* and 7 for C&". The {[M (H.O)-

by the protein (Figures 3, 4, and 6). We focus on the H,O}?" (M = Mg, Mn, Zn) complex with a second-shell water

thermodynamics, but not the mechanism, of the second-shellmolecule and the correspondigfM (H-O)g]-HCOO}+ com-

formation process, so only the initial and final stages of the plexes with an outer-shell formate bound to inner-shell water

second-shell formation process were considered in this work. molecules are illustrated in Figures 7a and 7b, respectively.

In interpreting the results below we emphasizettiead (sign) Since Zn prefers to be tetracoordinated in proteins, the water

of the free energy changes rather than their absolute values. formate exchange was also modeled as

First-Shell Water, Second-Shell Protein LigandsMetal-

bound water molecules are most commonly found hydrogen {[Zn(HZO)G]-HZO}2+ + HCOO —

bonded to carboxylate side chains present in the second shell . +

(see above and Figure 5). This process was modeled by a {1zn (H0)J-(H,0),HCOG ~ +H,0 (4)

hyd.rated metal 'on from aqgeous_solutlon finding & protein \here the zn coordination number in the product is four with

cavity (characterized by a dielectric constant equal t0 2 for yq water molecules and a formate in the outer coordination

buried si'tes or 4 for partially buried sites), and sgbsequently, layer (Figure 7c). The computed gas-phase enthalpies and free

exchanging its second-shell water for a formate; i.e., energies in various dielectric media for reactions 3 and 4 are

_ listed in Table 1.

{[M(H:0),]-H,0} *+HCoO — All the reactions in Table 1 are enthalpy-driven as the entropy
{[M (H,0),]-HCOG " + H,O (3) term, TAS', contributes<3% to thegas-phasefree energy;

therefore, a second-shell Asp/Glu is unlikely to make a
The number of water molecules in the first shalljs 6 for M significant entropic contribution to the cationic metal complex
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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).

stability in a buried cavity. Due to the strong electrostatic and Zn complexes (by-614 kcal/mol) and are much smaller
interaction between the negatively charged formate and thethan those for théetracoordinated Zn complex (by 333 kcal/
positively charged metal hydrate, thes* (x = 1, 2, or 4) for mol).

the first five reactions in Table 1 are negative, implying that |t is of interest to estimate how the free energies for the outer-
second-shell waterformate exchange is favorable in the gas water-formate exchange reactions compare with those for the
phase and in a protein cavity. The free energy of the second-inner-water-formate exchange. The computed values in the
shell water-formate exchange decreases rapidly in going from lower half of Table 1 show that the inner-watdormate

the gas phaseAG!| = 171-194 kcal/mol) to buried|AG?| = exchange is more favorable than the outer-watermate
77—-93 kcal/mol) and partially buried AG* = 29—-42 kcal/ exchange in the gas phase (by-1I5 kcal/mol) and to a lesser
mol) binding sites. However, it does not appear to be sensitive extent (by 5-11 kcal/mol) in a buried or partially buried cavity.

to metal cations with the same coordination geometry and Generally, the inner-shell exchange reactions follow the same
similar ionic radii, as thé\G* (x = 1, 2, or 4) for the octahedral  trend of changes found for the respective outer-shell reactions
complexes of Mg, Zn, and Mn, whosenic radii are 0.72,0.75,  (see above): the absolute free energy decreases rapidly (but

and 0.83 A, respectiveB, differ by only 1-3 kcal/mol. remains negative) with increasing dielectric constant and
Decreasing the Zn coordination number from six to four results increasing coordination number of the core metal.
in an additional free energy gain (of® kcal/mol, compare First- and Second-Shell Ligands Are Provided by the

reactions 3 and 4 in Table 1). Theeptaoordinated Ca  Protein. As discussed above, backbone peptide groups and Asn/
complexes (Table 1, reaction 5) have the smallest absoluteGIn side chains comprising part of the first shell in Mg, Mn,
exchange free energies in the series: |th€&*| values ¢ = 1, and Ca binding sites interact predominantly with the carbonyl
2, or 4) are smaller than those for thexacoordinated Mg, Mn, oxygen of the backbone or Asn/GIn side chains in the outer
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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 humber of secondrshefltigpe X
divided by the total number of first-shell Cys /His molecules.

layer (Figure 4). We discern two types of reactions. In the first structures are shown in Figure 8, while the computed gas-phase
case the first- and second-shell backbone groups or Asn/GInenthalpies and free energies in various dielectric media for
side chains are not hydrogen bonded in the metal-free protein,reactions 5 and 6 are listed in Table 2.

but become hydrogen bonded after the metal is bound in a
flexible binding site. This process is modeled thermodynamically th
by the following reaction:

The gas-phase entropic terfvS!, have opposite signs for
e two types of reactions considered. It is unfavorable (negative)
for eq 5, but is favorable (positive) for eq 6 where the two
24 formamides are hydrogen bonded prior to metal binding. The
[M(H;0)]™ + 2(HCONH) — unfavorable entropic changes for eq 5 are compensated by
{[M(H,0),_;HCONH,]-HCONH,}*" + H,0 (5) corresponding enthalpy changes that are more favorable than
those for eq 6. Consequently, the gas-phase free energiés,
where M= Mg, Mn, or Ca anch = 6 or 7. In the second case  for eq 5 are only slightly less favorable (by2 kcal/mol) than
the _first- and second-shell bgckbone groups or Asn/GIn side those evaluated for eq 6. However, because of the greater
chains are hydrogen bonded in the metal-free and metal-boundyesolvation penalty for the free formamides relative to the
protein. This process is modeled as hydrogen-bonded formamides, th&* (x = 2 or 4) for eq 5
o become even less favorable than those evaluated for eq 6 (by
[M(H20)]"" + (HCONH,*--HCONH,) — 4—6 kcal/mol) so much so that in a partially solvent exposed
{[IMH 2O)n_lHCONI—|2]-HCONH2}2+ + H,0 (6) cavity (¢ = 4), reaction 5 is predicted not to take place (positive
AG* for the first three reactions in Table 2), whereas reaction
The fully optimized{[M (H20),—1(HCONH;)]-HCONH}2* 6 remains favorable under the same conditions.
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Figure 7. Ball-and-stick diagram of (a§[M(H20)s]-H20}%t (M = Mg,
Mn, Zn); (b) {IM(H20)e]-HCOG}* (M = Mg, Mn, Zn); (c){[Zn(H20)d]*
(H20),HCOG} T; (d) { [Ca(H.0)7]-H-0} ?*; and (e [Ca(H.0)7]-HCOC} .

Table 1. Enthalpies (AH') and Free Energies (AG¥)of
Water—Formate Exchange for Media of Different Dielectric
Constant x@

Figure 8. Ball-and-stick diagram of (g)[M(H 20)s HCONH,]-HCONH} 2+
(M = Mg, Mn); and (b){[Ca(H.0)s HCONH;]-HCONH,}2*.

Table 2. Enthalpies (AHY) and Free Energies (AG¥) of Formamide
Binding to Mg, Mn, and Ca Complexes for Media of Different
Dielectric Constant x2

reaction AH! AG! AG? AG*

{[Mg (H20)-H,0} 2" + HCOO™ — —188.0 —183.2 —85.4 —36.6
{[Mg (Hz0)e]-HCOG}H* + H,0

{IMn (H,0)g]-H,0} 2+ + HCOO™ — —186.6 —182.2 —84.0 —35.0
{[Mn (HzO)e]‘HCC)()}+ + H,O

{[Zn (H,0)g]-H,0} 2+ + HCOO™ — ~190.0 —185.2 —-86.2 —36.8
{[Zn (H20)e]-HCOO} * + H,O

{[Zn (H20)g]-H,0} 2" + HCOO™ — —1954 —193.9 -—-925 -—-41.7
{[Zn (H20)4]*(H20),HCOG} * + H.0

{[Ca (H:0)7]H:0} 2+ + HCOO — ~176.2 —171.2 -76.5 —28.7
{[Ca (H0);]-HCOG} * + H,O

[Mg (Hz0)]2" + HCOO — -198.7 —197.6 —935 —41.7
[Mg (H20)sHCOOQ]" + H,0

[Mn (H,0)¢]2+ + HCOO™ — —-198.7 —196.1 —92.5 —40.7

[Zn (H,0)gJ2* + HCOO™ — —201.9 —199.9 -95.8 —44.2
[Zn(H20)sHCOO]" + H,0O

[Zn (H0)gJ?* + HCOO™ — —207.3 —209.5 —103.9 —51.5
{[Zﬂ (H20)3HCOO]'(H20)2}Jr + H0

[Ca (H0)7]2 + HCOO™ — -187.4 —182.8 —83.4 —33.3

[Ca (H0)HCOO} + Hz0

a All energies in kcal/molx = 1 corresponds to gas-phase values whereas
X = 2 or 4 represents buried or partially buried metal binding sites,

respectively.

reaction AH! AG! AG?  AG*

[Mg (H20)g]2+ + 2(HCONH,) — —39.0 —32.1 —10.6 05
{[Mg (H20)sHCONH;]-HCONH} 2+ + H,0

[Mn (H20)6]?* + 2(HCONH,) — -39.4 —30.0 —-83 29
{[Mn (H20)sHCONH;]-HCONH,} 2+ + H,0

[Ca(H0)]?" + 2(HCONH,) — —33.8 —25.2 —6.4 3.3
{[Ca (H:0)sHCONH;]-HCONH} 2+ + H,0

[Mg (H20)g]** + HCONHp++*HCONH, —  —29.7 —33.8 —15.2 —6.2
{[Mg (H20)sHCONH;]-HCONH,} 2+ + H,0

[Mn (H20)s]?* + HCONH,*++-HCONH, — -30.1 —31.7 —12.9 —3.8
{[Mn (H,0)sHCONH,]-HCONH,} 2+ + H,0O

[Ca (H.0)]2* + HCONH++*HCONH, — —24.4 —27.0 —11.1 —-35
{[Ca (H:0)sHCONH,]"HCONH} 2+ + H,O

[Mg (H20)e]** + HCONH, — -17.8 -19.1 -8.3 -3.1
[Mg (H20)sHCONH;]2* + H,0

[Mn (H20)e]?* + HCONH, — -18.1 —-17.5 -6.7 —1.1
[Mn (H,0)sHCONH,]2* + H,0

[Ca (H0)7]" + HCONH— —154 —150 -56 —0.5

[Ca(H0)sHCONH;]2+ + H,0

2 See footnote to Table 1.

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

[M (H,0),]*" + HCONH, —
M (H,0),_,HCONH,]* + H,0 (7)

The AH! 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. TheS' 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. Inbaried metal binding
site, a second-shell formamide could stabilize a dicationic metal

To assess the contribution of the second-shell backbonecomplex, as evidenced by the more negath@' and AG? for
binding to the net free energy for reaction 5 or 6, the free energy eq 5 or eq 6 compared to those for eq 7 (Table 2). paudially
for exchanging a metal-bound water for a formamide in the solvent-exposednetal binding site, a second-shell formamide

J. AM. CHEM. SOC. = VOL. 125, NO. 10, 2003 3177



ARTICLES Dudev et al.

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

Ru—ofuaten (A) Ru—ofcoo) (A) Ro-+(A) Qo+ (€) IPol® (A e) am ()
H.O 0.963 —1.48 0.58
[Zn (H20)4)2" 1.996 0.970 —-1.67 0.80 1.730
[Zn (H20)6)2" 2.123 0.967 —-1.62 0.75 1.684
[Ca (H.0)7]%" 2.479 0.966 —1.60 0.68 1.849
Inner-shell formate
{[Zn (H20)sHCOO](H20)z} * 1.917 1.662
[Zn (H20)sHCOOT" 1.991 1.639
[Ca (H,0)sHCOOT" 2.375 1.841
Outer-shell formate
{[Zn (H20)4]+(H20), HCOO} * 1.86Z 3.732 1.526 -1.83 1.684
{[Zn (H20)]-HCOC} * 2.01r 3.740 1.078 -1.66 1.654
{[Ca (H:0);]-HCOC} * 2.404 4,131 1.052 —-1.67% 1.843

2Bond chargego-n =0o — gn, is defined as the difference between the respective atomic charges,qvhereéNBO atomic charge8.|pu,ol = [(Zqix)?
&n(égigi)z + (Zqgiz)3Y2, wherex;, yi, andz are the atomic Cartesian coordinatéeQuantities refer to the water molecule involved in outer-shell formate
could also stabilize a dicationic metal complex only if it is (last five reactions). This is partly because the outer-shell
hydrogen bonded to the first-shell formamide prior to metal carboxylate oxygen is further from the metal compared to an
binding (AG* for eq 6 is more negative thahG* for the last inner-shell carboxylate oxygen (3.73 vs 1.92 A for Zn and 4.13
three reactions in Table 2). vs 2.38 A for Ca, Table 3). Hence, chargeharge interactions

Although the gas-phase free energid§?, in Table 2 are for the outershell clusters are weaker than those for itireer-
negative, they are about an order of magnitude smaller thanshell clusters.

the water-formate exchang&G' in Table 1. Furthermore, even Tables 1 and 2 show that the formamide complexes are less
though all the reactions in Table 2, like those in Table 1, are staple than the formate complexes. This is because the charge
enthalpy-driven, th@AS' contributions to thegas-phasdree dipole interaction between the metal dication and the first-shell

energy, especially for the first three reactions{28%), are formamide in [M (HO),_1(HCONH,)]?+ is much weaker than
significantly greater than those in Table 1{3%). As observed  the chargecharge interaction in the respective first-shell
in Table 1, Ca binding to formamides is the least preferred in formate complexes. Furthermore, the interaction between the
the series. first- and second-shell formamides{ifM (H 20),—1(HCONH)]} -
Factors Governing First- and Second-Shell Interactions HCONH,} 2+ is of the dipole-dipole type, which is weaker than
The trends observed in Tables 1 and 2 can be rationalized inthe dipole-charge interaction between the first-shell water and
terms of chargecharge, chargedipole, and charge-transfer  gecond-shell formate in the respectfii# (H,0)]} -HCOO} 2+
interactions, which make the major contributions to the metal jn Taple 1.
complex stability?>43The Coulombic interaction energfEqq The AG! values in Table 1, which are dictated by the
= —Om0/RuL, depends on the charges on the metgl (@nd enthalpic term, show that exchanging an inner- or outer-shell
Ilgand atoms{) as well as myersel_y on th? meteligand atom water molecule for a formate becomes less favorable with
distance RuL)- T?e chargtzdlpale interaction energ$, AEq, increasing coordination number of the core metal. For example,
= —(Qup. coHIr*® + ]J2_qM a,/r), depends also_ on _the metal the gas-phase enthalpies for the 4-coordinated Zn, 6-coordinated
charge as well as the dipole moment)(and polarizability ¢.) Zn, and 7-coordinated Ca complexes containing an inner-shell
of the neutral ligand, the distance between the charge and thefor,mate are—207, —202, and—187 kcal/mol, respectively
dipole moment center, z?md j[he angle between theand p (Table 1). The AHY| values are correlated with formatenetal
axes (). The water polarizabilitow,o generally depends on charge transfer, which decreases with increasing metal coordina-

tr;]e moIecuIaL volum_e t?]nd d;alocle?gzat(ﬁn m;hthe molegular tion number. Thayz, decreases by 0.068e for the tetrahedral
charges, so changes in the waterbond length Ro-1) an Zn complex (from 1.730e in [Zn (¥D)4] to 1.662e in{[Zn

bond chargedo-n) may be considered as indirect measures of (H,0); HCOO] 1), by 0.045 e for the octahedral Zn complex,

00 changes. The structural and elg ctrorjlc parameters compriS-4ng by only 0.008 e for the heptacoordinated Ca complex (Table

ing the charge charge a_nd chargedipole |nterac_t|on energies 3). Therefore, the observed decrease in&té!| with increasing

fo[rievReeral r;ptresenta;tlv?hmeﬁal cluster? ?re l'Stled n _Ta_ll_blgls'metal coordination number is due to decreasing charge transfer
€Ru-o distances for the al-aqua metal CoMPIEXes In 1abI€ ¢, the formate to the metal as well as increasing steric

.3 Sh‘”.v that th? metaiO(water) d|§tapce Increases with repulsion among the ligands with increasing metal coordination
increasing coordination number and ionic radius of the metal number

(0.75 A for Zn, 1.00 A for Ca). They,o (as reflected byRo—n .

andgo_n) and|pu,o| of the metal hydrates are greater than those AN Outer-Shell Carboxylate Might Act as a Proton

of metal-free water. Although thBo_y bond length remains ~ AAcceptor for an inner-Shell Water. The water in [Zn (HO)d]

relatively constant with increasiri@y_o or coordination number, 'S Polarized, as evidenced by an increas&in by 0.007 A

the bond chargego_n, and hencean,o, as well as|piol an_dCIo—H by 0.19e rela}tlve to the me_tal-free values (Table 3).

decreases with increasing met@(water) distance. It is even more pol_arlzed when it is hydrogen bonded_ to a
Table 1 shows that the\HY| for theoutershell clusters (first ~ carboxylate group in the Zn outer shell. The effect is so

five reactions) are smaller than those for theer-shell clusters ~ Pronounced that it leads to the breaking up of the wateHO

bond and proton transfer to HCOO the waterRo—y bond
(96) Daune, MMolecular BiophysicsOxford University Press: Oxford, 1999.  length increases to 1.53 A, while the respective bond charge,
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Jo-H, increases to-1.83e (see Table 3 and Figure 7c). This Introduction), accompanied by a proton transfer to the carboxyl-
implies that in a fully buried binding site where there are no ate, could not be ruled out.

interactions Stabilizing HCOOor deStabi“Zing HCOOH, the In addition to a second-shell Carboxy|ate (See above), a
Zn?*—H,0—HCOO" triad may isomerize to form Zn—HO™— second-shell backbone or side chain CONH group binding to a
HCOOH because the chargeharge-dipole interactions inthe  positively charged metal complex can also contribute to the net
latter would be more favorable than the chargépole—charge  pinding free energy, thus enhancing the binding-site affinity for
interactions in the former. 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

The PDB survey results in Figures 1 and 2 show that second-shell ligands increase the binding-site affinity for the
metal®4-70.7274For example, in human carbonic anhydrase |

backbone peptide groups, which are by far the most numerous -
ligands provided by the protein, are weakly represented in the (e outer-layer Glu, Gin, Asn, and Thr, which hydrogen bond
first coordination sphere of Mg, Mn, and Zn binding sites but to the first-shell HisWater core, increase the b|nq||ng-5|te affinity
dominate the second shell. The results in Tables 1 and 2 providefOr ZN by @ factor of 10 per hydrogen bofitk®*Similar results
the energetic basis for the observed occurrence frequencyl@ve been reported for the role of the second-shell ligands in a
difference between first- and second-shell backbone peptideZn(ll) binding site in a variant of the IgG binding protein G
groups. Inner-shell binding of carboxylate oxygen is an order Bl Fioma|ﬁ4 and iron-bound human serum.FransfeFﬁnThg
of magnitude more favorable than that of backbone oxygen. finding that a second-shell Asp/Glu stab|I|z_es a positively
Therefore, binding sites containing carboxylate side chains are charged metal complex more than a neutral ligand such as the
expected to be much more effective in sequestering the metalPackbone and Asn/Gln side chain is also in accord with the
cation from the surrounding fluids compared to binding sites €XPerimental finding that the ZrHis—carboxylate triad in
comprising of backbone peptide groups. Although the second- Numan carbonic anhydrase Il is more stable than thetzia—
shell backbone interactions are not strong (Table 2), the amidecarboxamide triad®
group (~CO—NH-) wins over the rest of the second-shell In analogy to the first shell, the second shell may contribute
ligands by its universality: with its two potential hydrogen- to the metal selectivity of the respective binding site. Although
bonding centers it can participate in a large spectrum of it is not as selective as the first shell, it appears to be selective
interactions with the inner-shell ligands. The second-shell toward metal cations that possess different coordination geom-
backbone carbonyl oxygen can act as a hydrogen-bond acceptogtry and/or ionic size. The second shell favors cations such as
for HO from water, Ser, Thr, and Tyr as well ad'¥rom His, Zn that prefer tetrahedral to octahedral geometry and that can
Asn, GIn, and the backbone amide, whereas the second-shelsuccessfully compete with bulkier cations with 7 or more inner-
backbone amide proton can serve as a hydrogen-bond donoshell ligands for the binding site (Table 1). The second shell,
for carboxylates (COO---HN), cysteinates (S---HN), and the however, seems to be much less discriminative toward metal
backbone carbonyl group (G&-HN). Thus, the second-shell  ions that have the same coordination geometry and similar ionic
backbone or Asn/GlIn side chain can partner practically every size, such as octahedral Mg, Mn, and Zn: The free energies
first-shell ligand-a unique property shared by no other second- for the first-second shell interactions in the respective com-
shell ligand. Hence, despite the relatively weak interaction plexes are close to each other (Tables 1 and 2). Although we
energy, backbone groups contribute to energetically stabilizing could not find any direct experimental data proving or disproving
a buried metal binding site (see Table 2) and, in the case ofthe prediction that second-shell ligands might discriminate
cysteine-rich Zn-finger cores, help to shield the inner-shell core between metal cations possessing different coordination geom-
from unwanted interactions with the environméht. etry and number, indirect support comes from the works of
Aspartates and glutamates are the second-most frequeanarlin and associates who have shown that the structure of the
found ligands in the metal second shell (Figure 2). These Second shell depends on, and thus appears to be specific to, the
predominantly partner first-shell waters (Figure 5) and “cata- type of the bound metdp~’*
lytic” Zn-bound histidines (Figure 6c), by forming COS- The aforementioned discussions suggest that the structure and
H—O and COO---H—N bonds, respectively. The results in properties of the metal second coordination sphere are generally
Tables 1 and 3 suggest two plausible roles for an outer-shell correlated with those of the first coordination layer. The second
carboxylate group. A second-shell carboxylate significantly layer is designed to either stabilize/protect the inner shell or to
stabilizes a positively charged metal complex in a protein cavity, enhance its properties. Generally, the second shell helps in
as evidenced by the large, negative free energies evaluated foenhancing the binding-site metal affinity and additionally
the cationic outer-shell formate complexes in Table 1. Further- stabilizing the first layer by creating an elaborate network of
more, it polarizes the ©H bond of an inner-shell water  hydrogen bonds or salt bridges around it. The second-layer
molecule, considered to be a prerequisite step for a subsequenpartner is chosen in accordance with the chemical properties of
catalytic reactiot%13as evidenced by the increase in the i@ the respective first-shell ligand so that favorable interactions
bond distanceRo-1) and bond chargeq6-) in going from can occur via hydrogen bond or salt bridge formation. In some
[M(H0)n]2" to {[M(H0)]-HCOG}* in Table 3. TheRo-n cases (e.g., Zn finger cores) the second layer tightly encapsulates
and |o-n| increase by 0.11 A and 0.05e for octahedral Zn the inner-core structure, thus preventing it from undesired
complexes and by 0.09 A and 0.07e for the 7-coordinated Cainteractions with the environment. In metalloenzymes second-
complexes (Table 3). In totally buried sites where the electro- shell ligands may play a role in fine-tuning the positioning of
static interactions are enhanced, an ionization of the metal-boundcatalytically important inner-shell ligands. In certain catalytic
water (see Table 3 and Figure 7c) or Zn-bound*Hi%(see binding sites a second-shell carboxylate may further polarize

Discussion
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(and activate) a first-shell water needed for a subsequent catalyticContract 91-2311-B-001), the Institute of Biomedical Sciences,
reaction. The outer shell may also complement the inner-shelland the National Center for High-Performance Computing,
metal specificity. Taiwan.

Supporting Information Available: PDB entries used in the
survey and DFT optimized coordinates for the respective metal
complexes. This material is available free of charge via the
Internet at http://pubs.acs.org.

Acknowledgment. We thank Dr. J. Wright for writing the
program to analyze the metal binding sites from the PDB.We
are grateful to D. Bashford, M. Sommer, and M. Karplus for
the program to solve the Poisson equation. This work was
supported by the National Science Council, Taiwan (NSC JA0209722

3180 J. AM. CHEM. SOC. = VOL. 125, NO. 10, 2003



