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Abstract: Many of the essential metalloproteins are located in the cell, whose cytoplasmic fluid contains
several small inorganic anions, such as Cl-, NO2

-, NO3
-, H2PO4

-, and SO4
2-, that play an indispensable

role in determining the cell’s volume, regulating the cell’s pH, signal transduction, muscle contraction, as
well as cell growth and metabolism. However, the physical principles governing the competition between
these abundant, intracellular anions and protein or nucleic acid residues in binding to cytoplasmic metal
cations such as Na+, K+, Mg2+, and Ca2+ are not well understood; hence, we have delineated the
physicochemical basis for this competition using density functional theory in conjunction with the continuum
dielectric method. The results show that the metal cation can bind to its target protein against a high
background concentration of inorganic anions because (i) desolvating a negatively charged Asp/Glu
carboxylate in a protein cavity costs much less than desolvating an inorganic anion in aqueous solution
and (ii) the metal-binding site acts as a polydentate ligand that uses all its ligating entities to bind the metal
cation either directly or indirectly. The results also show that the absolute hydration free energy of the
“alien” anion as well as the net charge and relative solvent exposure of the metal-binding protein cavity are
the key factors governing the competition between protein and inorganic ligands for a given cytoplasmic
metal cation. Increasing the net negative charge of the protein cavity, while decreasing the number of
available amide groups for metal binding, protects the metal-bound ligands from being dislodged by cellular
anions, thus revealing a “protective” role for carboxylate groups in a protein cavity, in addition to their role
in high affinity metal-binding.

Introduction

Because metal ions are essential cofactors in many biologi-
cally important proteins, many studies have been carried out to
understand the factors governing metal binding and selectivity
in metalloproteins. Metal ions have been found to bind generally
to a shell of polar hydrophilic residues surrounded by a shell
of nonpolar hydrophobic groups in proteins.1 They tend to bind
directly to hydrophilic protein residues, instead of indirectly via
a metal-bound water molecule. The metal-binding sites are
usually located in relatively buried protein cavities or crevices
(characterized by a low dielectric constant), which enhances
electrostatic protein ligand-metal interactions, thus favoring the
exchange of one or more metal-bound water molecules for
protein ligand(s).1-3 In most cases, the metal cation binds to a
preformed protein pocket whose composition, size, shape, and
flexibility play an important role in selecting a given metal cation
from the surrounding fluids.3-13 As expected, negatively charged

Asp, Glu, and Cys residues are the most common protein ligands
found coordinated to the positively charged metal ions.14-20 This
is because their interactions with the metal cation in a protein
cavity are not only thermodynamically favorable, but they are
also more favorable than those of other neutral residues or the
peptide backbone.3,21-25 However, there is an upper limit to the
number of negatively charged amino acid residues that may bind
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a metal cation of chargeq s this limit has been shown to beq
+ 2 by recent calculations.19 Among the noncharged residues
flanking the metal-binding sites, His, Asn, and Gln side chains,
and backbone peptide groups are the most abundant.15-18,20

Many of the essential metalloproteins are located in the cell,
whose cytoplasmic fluid contains several small inorganic anions
such as Cl-, NO2

-, NO3
-, H2PO4

-, and SO4
2-. These anions

play an indispensable role in physiological processes such as
cell volume regulation, signal transduction, muscle contraction,
as well as cell growth and metabolism.26-28 The intracellular
concentration of inorganic anions, which varies with the type
and function of the cell, is relatively high: it ranges from 0.1
mM for SO4

2-,29 to 3-12 mM for NO3
-,27,30 5-10 mM for

H2PO4
-,26,31 and 5-20 mM for Cl-.28 Thus, these abundant,

inorganic anions in the intracellular fluids could compete with
protein and nucleic acid residues for binding to cytoplasmic
metal cations such as Na+, K+, Mg2+, and Ca2+. This raises
the following intriguing questions: (1) How could the metal
cation bind to its target protein against such a high background
concentration of inorganic anions? In other words, why does
the metal ion prefer binding to its target protein rather than
cellular anions? (2) What are the factors governing the competi-
tion between protein and inorganic ligands for a given cyto-
plasmic metal cation? (3) Once the metal cation is bound to
the protein ligands, how does the metal-binding site defend itself
from alien attack by cellular anions that may disrupt the native
binding-site geometry? In particular, for a dication such as Mg2+

(that is typically bound to one or two acidic side chains, a few
amide groups, and water molecules) would it exchange one of
its neutral ligands for a negatively charged inorganic ion given
that a dication could bind as many as four negatively charged
ligands (see above)? There appear to be no systematic studies
addressing these questions (to the best of our knowledge),
although studies addressing the competition between protein
ligands and water molecules (as opposed to cellular anions) for
a given metal cation have been performed.3,12,21,24,32-42

Herein, our goal is to address the above questions and
delineate the physicochemical basis governing the competition
between protein ligands and cellular anions for the metal cation.
Specifically, we assess the role of (i) the dielectric medium,
(ii) the composition and net charge of the protein binding pocket,
and (iii) the size, charge, and binding mode (mono vs bidentate)

of the inorganic anion in the competitive binding to the metal
cation. Chloride, phosphate, and sulfate were chosen as repre-
sentatives of the inorganic anions because they are among the
most common anionic species found in the intracellular space.
Furthermore, they possess distinct ligating properties, thus
allowing us to assess the effects of varying anion size, charge,
and binding mode. Mg2+-binding sites were chosen as model
systems in our study because Mg2+-containing proteins
play an important role in many enzymatic reactions in the
cell, and are well studied both experimentally and theo-
retically.3,12,17,19,20,32,33,43-47 Furthermore, Mg2+ is one of the
most abundant metal dications in the intracellular medium44 and
is predominantly hexacoordinated in proteins,15,48unlike Ca2+,
whose CN in proteins and in solution appears to be more vari-
able. We used density functional theory (DFT) in conjunction
with the continuum dielectric method (CDM) to compute the free
energies of exchanging a Mg2+-bound ligand (water or carboxyl-
ate side chain or backbone peptide group) with an inorganic cellu-
lar anion in sites of varying solvent exposure. The theoretical con-
clusions are supported by findings from a PDB survey of Mg2+-
binding sites containing inorganic anions bound to the metal ion.

Methods
Models Used.Although phosphate and sulfate could exist in more

than one ionization state, our focus is on the most likely charge state at
physiological pH. Because of the low pK2 of H2SO4 () 249), dianionic
sulfate, SO4

2-, is the sole sulfate species at physiological pH. As the
pK1, pK2, and pK3 values for the dissociation of H3PO4 into H2PO4

-,
HPO4

2-, and PO4
3- are 2.2, 7.2, and 12.3, respectively,49 monoanionic

H2PO4
- was considered to be the dominant phosphate species at ambient

pH.
Two types of typical Mg2+-binding sites17 were considered: the type

1 sites consist of one deprotonated acidic side chain (Asp or Glu) and
two neutral residues (Asn/Gln side chains or backbone peptide groups),
while type 2 sites comprise two carboxylates and one neutral residue.
The protein ligands were modeled as polydentate ligands, where the
ligating groups (-COO- and-CONH2) are separated by a minimum
number of flexible polymethylene spacers-(CH2)n- (n ) 5, 6), which
would impose no additional strain upon complexation with the metal
cation. Those in type 1 Mg2+-binding sites, were modeled by-OOC-
(CH2)6-CH(CONH2)-(CH2)5-CONH2 (referred to asa-b-b), while
those in type 2 Mg2+-binding sites, were modeled by-OOC-(CH2)6-
CH(CONH2)-(CH2)5-COO- (referred to asa-b-a). As Mg2+ is
experimentally determined to be hexahydrated in aqueous solution and
is found predominantly hexacoordinated in proteins,15,48hexacoordinated
Mg2+ complexes were modeled in this study.

DFT Calculations. Geometries.Full geometry optimization for each
complex studied was carried out using the Gaussian 03 program50

employing the S-VWN functional and the 6-31+G* basis set. This
functional/basis set combination was chosen as it reproduces the
experimentally observed metal-ligand bond distances in a number of
metal-ligand complexes within experimental error.19 For each fully
optimized structure, S-VWN/6-31+G* vibrational frequencies were
computed to verify that the molecule was at the minimum of its potential
energy surface. No imaginary frequency was found in any of the metal
complexes.
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Gas-Phase Free Energies.On the basis of the fully optimized
S-VWN/6-31+G* geometries, the electronic energies,Eelec, were evalu-
ated using the B3-LYP functional in conjunction with the large
6-311++G(2df,2p) basis set. The latter was chosen from among several
other basis sets as the gas-phase formation energy of [Mg(H2O)6]2+

was found to converge at this level of theory (see Supporting Infor-
mation Table 1). The thermal energy, including zero-point energy (ET),
work (PV) and entropy (S) corrections were evaluated using standard
statistical mechanical formulas51 where the S-VWN/6-31+G* frequen-
cies were scaled by an empirical factor of 0.9833.52 The differences
∆Eelec, ∆ET, ∆PV, and∆S between the products and reactants were
used to compute the reaction free energy in the gas phase at room
temperature,T ) 298.15 K, according to the following expression:

Continuum Dielectric Calculations. The free energy in a given
environment characterized by a dielectric constantε ) x was calculated
according to Scheme 1.∆G1, the gas-phase free energy, was computed
using eq 1, as described above.∆Gsolv

x, the free energy for transferring
a molecule in the gas phase to a continuous solvent medium character-
ized by a dielectric constant,x, was estimated by solving Poisson’s
equation using finite difference methods.53,54 Thus, the reaction free
energy in an environment modeled by dielectric constantx, ∆Gx, can
be computed from:

The solvation free energies were evaluated using the MEAD
program.55 Details of the Poisson calculations and theeffectiVe solute
radii, which were obtained by adjusting the CHARMM (version 22)56

van der Waals radii to reproduce the experimental hydration free ener-
gies of the metal cations and ligands, are given in Supporting Infor-
mation. The calculated hydration free energies of Mg2+, H2O, HCONH2,
Cl-, CH3COO-, H2PO4

-, and SO4
2- are within 1 kcal/mol of the

respective experimental values (Supporting Information, Table 2).
Database Survey.The Protein Data Bank57 was surveyed fore2.0

Å X-ray and NMR structures of proteins containing Mg2+ which is
bound not only to water and amino acid ligands but also to chloride,
phosphate, or sulfate. Polynuclear metal-binding sites or those contain-
ing other ligands, such as ATP and ADP, were excluded from the
survey. If two or more Mg2+-binding sites have the same composition,
only one representative structure, namely, that solved at the highest
resolution, was included in the survey.

Results

Competition Between Cellular Ions and Water Molecules
for Mg 2+ in Solution. Before Mg2+ reaches a protein cavity,

could the metal ion be trapped by anions in the cell; i.e., could
cellular anions such as Cl-, H2PO4

-, and SO4
2- bind to Mg2+

by displacing a metal-bound water molecule? To answer this
question, we modeled the exchange of a Mg2+-bound water
molecule, W, for an inorganic anion, I, in the aqueous cellular
environment (ε ) 80). Two cases were considered: (i) when
the inorganic ion I binds to the metal cationmonodentately (via
one of the oxygen atoms in the case of the oxyanions), i.e.

and (ii) when the oxyanion binds to the metal ionbidentately
(via two oxygen atoms), i.e.

In eq 3b, Îdenotes dihydrogen phosphate or sulfate bidentately
bound to Mg2+. As a search for X-ray structures in the Cam-
bridge Structure Database (CSD)58 for Mg2+ bound to a nega-
tively charged ligand shows Mg2+ hexacoordinated to five water
molecules and a nitrate (CSD entry JAWQON), phenoxyacetate
(entry BIZYIS), or propionate derivative (entry IDARIO), Mg2+

is assumed to remain hexacoordinated upon waterf anion
exchange. The enthalpies, entropies, and free energies evaluated
for eq 3 are listed in Table 1. Structures of the fully optimized
[Mg W5 I]+/0 and [Mg W4 Î]+/0 complexes (I) Cl, H2PO4, or
SO4) are shown in Supporting Information Figure 1.

The results in Table 1 show that whether a metal-bound water
molecule could be displaced by an inorganic anion strongly
depends on the dielectric medium but not on the binding mode
of an oxyanion. In the gas phase, attack of an inorganic anion
to the [Mg W6]2+ dication is enthalpically driven and highly
favorable in all cases, as evidenced by the large negative∆H1

and ∆G1 values in Table 1. This is due to the attractive
electrostatic interactions between the oppositely charged ionic
reactants, which also accounts for the more favorable water-
dianion exchange (Table 1, reactions 4 and 5), as compared to
the respective water-monoanion substitution (Table 1, reactions
1-3) in the gas phase. Solvation effects, however, reverse these
trends in solution. The large desolvation penalties for the
reactants (76, 104, 248, and 208 kcal/mol for Cl-, H2PO4

-,
SO4

2-, and [Mg W6]2+, respectively) outweigh the correspond-
ing gas-phase free energy gain, making the waterf anion
exchange unfavorable in aqueous solution (Table 1, positive
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Scheme 1

∆G1 ) ∆Eelec+ ∆ET + ∆PV - T∆S (1)

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

x(reactants) (2)

Table 1. Calculated Enthalpies (∆H1), Entropic Terms (T∆S1),
Gas-Phase (∆G1) and Solution (∆G80) Free Energies for
Exchanging a Mg2+-Bound Water Molecule (W) with an Inorganic
Anion (I) in [Mg W6]2+ Complexes (in kcal/mol)a

[Mg W6]2+ + I product + W ∆H1 T∆S1 ∆G1 ∆G80b

Cl- [Mg W5 Cl]+ -182.3 3.4 -185.7 11.7
H2PO4

- [Mg W5 (H2PO4)]+ -193.6 -2.4 -191.2 10.1
H2PO4

- [Mg W4 (H2PÔ4)]+ + W -174.4 9.0 -183.4 11.7
SO4

2- [Mg W5 (SO4)]0 -376.7 -4.4 -372.2 40.2
SO4

2- [Mg W4 (SÔ4)]0 + W -369.7 8.2 -377.9 27.6

a H2PÔ4 and SÔ4 denote that two of the oxygen atoms are bound to the
metal ion.b Calculated using the experimental∆Gsolv

80 values for H2O (-6.3
kcal/mol59), Cl- (-75.8 kcal/mol60), H2PO4

- (-104.3 kcal/mol), and SO42-

(-247.9 kcal/mol).

[Mg W6]
2+ + I-/2- f

[Mg W5 I]+/0 + W (I ) Cl, H2PO4 or SO4) (3a)

[Mg W6]
2+ + I-/2- f

[Mg W4 Î]+/0 + 2W (I ) H2PO4 or SO4) (3b)
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∆G80). Moreover, the waterf SO4
2- exchange reactions are

more unfavorable than the respective waterf monoanion
substitutions (Table 1,∆G80 for the last two reactions are more
positive than those for the other reactions) due to the much
greater cost of desolvatingdianionic SO4

2-, as compared to
monoanionicCl- and H2PO4

- (see above). The monodentate
vs bidentate binding mode of the oxyanions doesnot affect the
thermodynamic outcome of the waterf anion exchange in the
gas phase or in solution (Table 1, compare reactions 2 with 3,
and 4 with 5).

In conclusion, the results in Table 1 imply that inner-shell
binding of cellular inorganic anions to Mg2+ in aqueous solution
is thermodynamically unlikely because of the high cost of
desolvating these anions in aqueous solution.

Mg2+ Binding to a Protein Cavity. Having shown that Mg2+

would not be trapped by anions in the cell, the next step is to
model the substitution of the metal-bound water molecules by
amino acid residues lining a protein cavity, taking into account
the change in the dielectric environment of the incoming/out-
going species. The initial exchange of thefirst Mg2+-bound

water molecule for a protein ligand can be decomposed into
three steps: (1) desolvation of the Mg2+ cation in coming from
bulk solution (ε ) 80) to a protein cavity characterized by a
dielectric constant,ε ) 2, 4, 10, or 20; (2) exchange of a Mg2+-
bound water molecule for a carboxylate side chain rather than
a carbonyl group, which would be electrostatically less favor-
able; and (3) release of the liberated water molecule from the
metal-binding site (ε ) 2, 4, 10, or 20) into bulk solution (ε )
80). These three steps can be represented by the single reaction
depicted in Figure 1a, where the subscript “cav” indicates a
protein cavity and the subscript “sln” denotes aqueous solution.
The subsequent substitutions of thesecondand third Mg2+-
bound water molecules for protein ligands (carboxylic or amide
groups) occur inside the protein cavity (denoted by b and c of
Figure 1), with the displaced water molecules released into bulk
solution.

Following the scheme shown in Figure 1, the thermodynamic
parameters for the stepwise binding of Mg2+ to the two model
protein ligands, (a-b-b)- and (a-b-a)2- (see Methods,
Models Usedsubsection), in a preformed rigid protein cavity

Figure 1. Schematic representation of stepwise binding of Mg2+ to a protein cavity-OOC-(CH2)6-CH(CONH2)-(CH2)5-COO- (a-b-a). The subscript
“cav” indicates a protein cavity, while the subscript “sln” denotes aqueous solution.

A R T I C L E S Dudev and Lim
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were computed. To mimic such a rigid cavity, the metal-free
protein ligand structure (Figure 1a, left) was taken from the
“folded” metal complex (Figure 1a, right) by omitting the Mg2+

and water molecules. Thus, the gas-phase free energy for the
first water exchange in Table 2 was approximated by∆G1 ≈
∆Eelec. The protein ligating groups that directly coordinate to
Mg2+ are denoted by upper-case letters in Table 2, while those
that arenotbound to the metal ion remain in lower-case letters.

In successively replacing Mg2+-bound water molecules with
protein ligands, the first waterf carboxylate exchange in a fully
or partially buried protein cavity is the most favorable for both
types of model protein ligands (Table 2,∆Gx for reactions 1 and
5 are more negative than those for the other reactions). More-
over, a higher negative charge of the protein cavity favors the
first waterf carboxylate exchange (Table 2, the∆Gx for reac-
tion 5 are more negative than the respective∆Gx for reaction
1). This is because in a relatively buried cavity, the attractive elec-
trostatic interactions between the oppositely charged ions in-
crease with increasing net charge of the model protein ligand. In-
creasing solvent exposure of the metal-binding cavity decreases
the absolute exchange free energies mainly because the desolva-
tion penalty of the incoming [Mg W6]2+ complex is greater than
the solvation free energy gain in releasing a water molecule from
the protein cavity into bulk solution. Nevertheless, the exchange
free energies remain negative even for a partially buried cavity.

As compared to the first waterf carboxylate exchange, the
second water substitution is thermodynamically less favorable,
irrespective of the nature (carboxylate or carbonyl group) of
the model protein ligand (Table 2,∆Gx for reactions 2 or 3,
and 6 are less negative than those for reactions 1 and 5,
respectively). Interestingly, once a carboxylate group binds Mg2+

and reduces its net positive charge, replacing another Mg2+-
bound water molecule isenthalpicallyunfavorable (Table 2,
positive∆H1 for reactions 2, 3, and 6). Instead, the second water
substitution is driven by (i) the liberation of a metal-bound water
molecule (Table 2, positiveT∆S1 for reactions 2, 3, and 6) and
(ii) the solvation free energy gain as it escapes from the metal-
binding site (ε ) 2, 4, 10, or 20) into bulk solution (ε ) 80). In
the case of the (a-b-b)- protein cavity, once Mg2+ is bound
by a carboxylate group, it prefers to bind to the terminal carbonyl
oxygen rather than the central carbonyl one (Table 2,∆Gx for
reaction 3 are more negative than those for reaction 2).

The third water substitution is even less favorable than the
previous two (Table 2,∆Gx for reactions 4 and 7 are less
negative than those for the other reactions). This is probably
because the charge-accepting ability of Mg2+ has been greatly
diminished by charge transfer from the first two ligating groups

to the metal ion.17,61Thus, as for the second water substitution,
it is mainly the freeing of a metal-bound water molecule and
its subsequent hydration that renders the third waterf amide
exchange favorable in the protein (Table 2, negative∆Gx, x )
2-20, for reactions 4 and 7).

Altering the length of the polymethylene spacers between the
carboxylate and the carbonyl groups in the model ligands do
not affect the trends in∆G found above. Thus, replacing the
-(CH2)5- spacer betweenb anda in the (a-b-a)2- ligand by
-(CH2)6- decreases the absolute∆Gx (x ) 2-20) by∼1 kcal/
mol, but it does not change the sign of any of the thermody-
namical parameters (Table 2, reaction 6, values in parentheses).

In summary, the results in Table 2 show that the successive
binding of hydrated Mg2+ to one or two carboxylate side chains
and carbonyl groups in a fully or partially buried protein cavity
is thermodynamically favorable (Table 2, negative∆G2, ∆G4,
∆G10, and∆G20).

Competition Between Cellular Ions and Protein Ligands
for Bound Mg2+. Although inorganic anions such as Cl-,
H2PO4

-, and SO4
2- cannot bind directly to Mg2+ in the

intracellular space (see above and Table 1), can they compete
for the metal ion once Mg2+ is bound to amino acid residues in
a protein cavity? In other words, can Cl-, H2PO4

-, and SO4
2-

anions disrupt the native metal-binding site by displacing some
of the metal-bound ligands? To answer this question, we
evaluated the free energies for replacing a metal-bound water
molecule (W) or protein-ligating group (X) a carboxylic group,
A, or an amide group, B) with an inorganic ligand (In ) Cl-,
H2PO4

-, or SO4
2-) coming from bulk solvent:

As for the stepwise binding of Mg2+ to the two model protein
ligands, (a-b-b)- and (a-b-a)2-, protein ligating groups that
are directly metal-bound are highlighted by upper-case letters,
while those that are not metal-bound remain as lower case-

Table 2. Calculated Enthalpies, ∆H1, Entropic Terms, T∆S1, and Free Energies, ∆Gx (x ) 1, 2, 4, 10, or 20) for Exchanging a Mg2+-Bound
Water Molecule (W) with a Protein Ligand (L ) a-b-b or a-b-a) in Mg2+ Complexes (in kcal/mol)a

a ∆G2, ∆G,4 ∆G10, and∆G20 denote ligand exchange free energies in a protein binding cavity with increasing degree of solvent exposure; upper-case
letters denote the ligating group (carboxylic, A, or amide, B) from the model protein ligand that is bound to Mg2+. b Approximated as∆G1 ≈ ∆Eelec (see
text). c Calculated for complexes with model protein ligands comprising two six-methylene spacers,-OOC-(CH2)6-CH(CONH2)-(CH2)6-COO-.

{[Mg W4 (A-b-X)]m}cav + (In)sln f

{[Mg W3 (A-b-X) I] m-n}cav + Wsln (4a)

{[Mg W4 (A-b-X)]m}cav + (In)sln f

{[Mg W4 (A-b-x) I]m-n}cav (4b)

{[Mg W3 (A-B-X)]m}cav + (In)sln f

{[Mg W2 (A-B-X) I] m-n}cav + Wsln (5a)

{[Mg W3 (A-B-X)]m}cav + (In)sln f

{[Mg W3 (A-b-X) I] m-n}cav (5b)
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letters. In eqs 4 and 5,m ) 0, 1, or 2, the subscript “cav”
indicates a protein cavity characterized by a dielectric constant
of 2, 4, 10, or 20, the subscript “sln” denotes aqueous solution,
and the underlined letters highlight the metal-bound ligand that
is displaced. The displaced carboxylate or amide group becomes
part of the second coordination sphere and is bound to Mg2+ in
anouter-sphere mode (Figure 2), whereas any displaced water
molecules are assumed to eventually escape into bulk solution.
The free energies evaluated for eqs 4 and 5 are listed in Table
3.

Dependence on the Attacking Anion.In a protein cavity,
whether a cellular anion could displace a Mg2+-bound ligand
depends mainly on its hydration free energy. The smaller the
absolute hydration free energy of the anion, the smaller its
desolvation penalty in coming from bulk solution (ε ) 80) into
a protein cavity (ε e 20), and hence the more likely the anion
could displace a weakly bound protein ligand. This is evidenced
by the fact that Cl-, which has the smallest absolute hydration
free energy and hence least desolvation penalty among the three
anions (see Table 1 footnote b), has the smallest|∆Gx| (x )
2-20) among the respective reactions involving different anions.
For example, the∆G4 free energies for displacing a Mg2+-bound
water molecule in [Mg W3 (A-B-A)]0 with Cl-, H2PO4

-, and
SO4

2- are 13, 45, and 55 kcal/mol, respectively (Table 3,
reactions 6-8).

The oxyanion binding mode to the metal cation does not seem
to determine if it could bind a metal cation in a protein. Although
the bidentate mode is favored over themonodentate mode

(mainly because of the additional free energy gain upon releasing
an additional water molecule from the cavity to bulk solution),
it does not change the thermodynamic outcome of the protein
ligand f anion exchange (Table 3, reactions 3 and 4, or 10
and 11; positive∆Gx, x ) 2-20, for phosphate both mono-
dentately and bidentately bound to Mg2+).

Dependence on the Nature of the Metal-Bound Ligand:
Carboxylates/Amides vs Water.The results in Table 3 show
that a metal-bound water molecule is more vulnerable to an
“alien” anion attack than a metal-bound carboxylate/amide

(59) Ben-Naim, A.; Marcus, Y.J. Chem. Phys.1984, 81 (4), 2016-2027.
(60) Friedman, H. L.; Krishnan, C. V., Thermodynamics of ionic hydration. In

Water: A comprehensiVe treatise, Franks, F., Ed. Plenum Press: New York,
1973; Vol. 3, pp 1-118.

(61) Dudev, T.; Lim, C.J. Phys. Chem. A1999, 103, 8093-8100.

Table 3. Calculated Free Energies for Exchanging a Mg2+-Bound Ligand for an Inorganic Anion in Model Mg2+-Binding Sites of Varying
Solvent Exposure (in kcal/mol)a

a Superscripts 2, 4, 10, and 20 denote a metal-binding cavity with increasing solvent exposure; upper-case letters represent carboxylic (A) or amide (B)
ligating groups from the model protein ligand that are bound to Mg2+; lower-case letters represent carboxylic (a) or amide (b) ligating groups from the model
protein ligand that are not directly bound to Mg2+; underlined letters represent metal-bound ligands that are displaced by the inorganic ions; H2PÔ4 denotes
dihydrogen phosphate bidentately bound to Mg2+.

Figure 2. Ball-and-stick diagrams of fully optimized structures of (a) [Mg
(H2O)3 (A-B-A)]0, (b) [Mg (H2O)3 Cl (A-b-A)]-, (c) [Mg (H2O)3 (H2-
PO4) (A-b-A)]-, and (d) [Mg (H2O)3 (SO4) (A-b-A)]2-.
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because it binds less tightly to Mg2+ than the latter.21,61 In a
fully or partially buried (a-b-a)2- or (a-b-b)- cavity,
displacing a Mg2+-boundprotein ligand (carboxylate or amide)
by an inorganic anion is thermodynamically unfavorable regard-
less of whether the anion binds monodentately or bidentately
to the metal ion (positive∆Gx, x ) 2-20, for reactions 2-5,
9-12, 14-16, and 18-20). However, in a monoanionic (a-
b-b)- or neutral (b-b-b)0 cavity where electrostatic interac-
tions with the metal cation are weaker than those in a dianionic
(a-b-a)2- cavity, displacing the more weakly bound water
molecule becomes thermodynamically favorable (Table 3,
negative∆Gx for reactions 13, 17, 21, and 23). This implies
that an inorganic anion from the intracellular fluids cannot
displace a Mg2+-bound protein residue, but it could replace a
Mg2+-bound water in a monoanionic or neutral protein cavity.

Dependence on the Protein Cavity.The likelihood of a
given anion disrupting a native Mg2+-binding site depends
largely on (1) the number of metal-bound carboxylates (which
in turn determines the overall charge of the protein cavity) and
(2) the solvent exposure of the metal-binding site. In the absence
of metal-bound carboxylates, decreasing the solvent exposure
of the metal-binding site enhances the charge-charge interac-
tions between the dicationic Mg2+ complex and the incoming
anion. This could suffice to compensate for the desolvation
penalty of the incoming Cl-, enabling the anion to displace a
weakly bound neutral ligand. Thus, when Mg2+ binds to two
or three amide groups in a buried cavity to form a dicationic
[Mg W4 (B-b-B)]2+ or [Mg W3 (B-B-B)]2+ complex,
respectively, a chloride could displace a metal-bound water or
amide group (Table 3, negative∆G2 for reactions 21-24).

In summary, increasing the number of metal-bound carboxy-
lates increases the protection level of the binding site against
attacks from the intracellular anions. Thus, while in a neutral
(b-b-b)0 buried cavity Cl- can displace both amide and water
ligands from the metal’s first coordination shell (Table 3,
negative∆G2 for reactions 21-24), it can displace only Mg2+-
bound water in an anionic (a-b-b)- binding site (Table 3,
negative∆Gx, x ) 2-20, for reactions 13 and 17), but none of
the Mg2+-bound ligands in a dianionic (a-b-a)2- cavity (Table
3, positive∆Gx, x ) 2-20, for reactions 1-12).

PDB Survey. Our PDB search produced only four X-ray
structures of Mg2+-binding sites in proteins containing inorganic
anions of interest in this work. These are 1L7M (phosphoserine
phosphatase), 1Q91 (deoxyribonucleotidase), 1RMW (acid
phosphatase/phosphotransferase), which contain a phosphate
group monodentately bound to Mg2+, and 1YMQ (sugar
phosphatase), which contains a sulfate anion also monodentately
bound to the metal cofactor. All these binding sites are deeply
buried (the solvent accessible surface area of the metal-bound
protein residues range from 3% to 16%) and belong to the (a-
b-a)2- type where two Asp residues and one backbone peptide
group coordinate to the metal ion (see Discussion).

Discussion

Comparison with Available Experimental Data. The find-
ing that Mg2+ and cellular inorganic anions remain as solvent-
separated ion pairs in the cytoplasmic solution (Table 1, positive
∆G80) is consistent with the respective experimental data that
is currently available. The free energy for Mg2+ + Cl- f
[MgCl]+ varies from 0.1 to 1.4 kcal/mol in aqueous solution,

implying that inner-shell binding of Cl- to Mg2+ is thermody-
namically unfavorable.62 Analogous reactions between Cl- and
other cations such as Na+, Ca2+, Sr2+, Ba2+ and lanthanide
trications are also thermodynamically unfavorable with positive
solution free energies.62

The finding that in a fully or partially buried protein cavity,
Mg2+ can bind to either one Asp/Glu side chain and two
backbone or side-chain carbonyl oxygen atoms or two Asp/
Glu side chains and a carbonyl group (Table 2, negative∆Gx,
x ) 2-20) is supported by PDB structures of Mg2+-bound
proteins:17 Mg2+ is bound to one Asp/Glu side chain and two
backbone or side-chain carbonyl oxygen atoms in∼6% of the
Mg2+-binding sites, while it is bound to two Asp/Glu side chains
and a neutral protein group in∼19% of the Mg2+-binding sites.17

The calculations predict that an inorganic intracellular anion
cannot displace a Mg2+-bound carboxylate or amide group
(Table 3). Indeed, for each of the four X-ray structures
containing a Mg2+-bound phosphate or sulfate group (1L7M,
1Q91, 1RMW, and 1YMQ; see Results), there exists a
counterpart structure without phosphate or sulfate (1NNL, 1Q92,
1N9K, and 1RKQ, respectively), in which Mg2+ is bound to
the same set of protein ligands (two Asp side chains and one
backbone amide group) and three water molecules. This suggests
that the phosphate or sulfate anion did not displace any of the
Mg2+-bound protein ligands, but rather, it replaced a Mg2+-
bound water molecule.

The observation that a Mg2+-bound water in a dianionic (a-
b-a)2- buried cavity has been replaced by a phosphate (PDB
entry 1L7M, 1Q91, and 1RMW) or a sulfate (PDB entry 1YMQ)
seems to be at odds with our calculations suggesting that
substituting a Mg2+-bound water in this type of cavity with an
inorganic anion is thermodynamically unfavorable (Table 3;
positive ∆Gx, x ) 2-20, for reactions 6-8). Note, however,
that the protein crystals for the four X-ray structures, 1L7M,
1Q91, 1RMW, and 1YMQ, have been purified/crystallized in
the presence of 50 to 200 mM of the respective anion.63-66 Such
a great excess of the phosphate/sulfate anion promotes its
binding to the metal cation. Moreover, all four X-ray structures,
1L7M, 1Q91, 1RMW, and 1YMQ, contain a positively charged
lysine and/or arginine residue in the metal’s second coordination
sphere that partially neutralizes the negative charge of the
dianionic protein cavity, enabling thus waterf inorganic anion
exchange (seeDependence on the Protein Cavityin the
Results section).

Why Does the Metal Ion Prefer Binding to Protein Rather
than Inorganic Ligands? The results in Tables 1 and 2 show
that Mg2+ will not exchange its first-shell water molecules for
inorganic anions present in the aqueous environment of the cell,
but it could exchange some (but not all) of its first-shell water
molecules for Asp/Glu carboxylates as well as backbone/side-
chain amides in a buried/partially buried protein cavity. Two
factors mainly contribute to the observed preference of a metal
cation for negatively charged amino acid (rather than nonprotein)

(62) Martell, A. E.Critical Stability Constants. Plenum Press: 1984.
(63) Lu, Z.; Dunaway-Mariano, D.; Allen, K. N.Biochemistry2005, 44, 8684-

8696.
(64) Rinaldo-Matthis, A.; Rampazzo, C.; Balzarini, J.; Reichard, P.; Bianchi,

V.; Nordlund, P.Mol. Pharmacol.2004, 65, 860-867.
(65) Wang, W.; Cho, H. S.; Kim, R.; Jancarik, J.; Yokota, H.; Nguyen, H. H.;

Grigoriev, I. V.; Wemmer, D. E.; Kim, S.-H.J. Mol. Biol.2002, 319, 421-
431.

(66) Calderone, V.; Forleo, C.; Benvenuti, M.; Thaller, M. C.; Rossolini, G.
M.; Mangani, S.J. Mol. Biol. 2006, 355, 708-721.
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ligands. The first factor is the reduced cost of desolvating the
negatively charged Asp/Glu carboxylate groups in a protein
cavity, as opposed to the much higher penalty of desolvating
an inorganic anion in aqueous solution. The second factor is
the chelating effect of the binding site, which acts as a
polydentate ligand that employs all its ligating entities to bind
the metal cation. As illustrated in Figure 1a for the polydentate
(a-b-A)2- protein ligand, one of the carboxylate groups
dislodges a Mg2+-bound water molecule and binds to the metal
ion, while the other carboxylate group and amide oxygen form
hydrogen bonds with the first-shell water molecules; thus the
∆G1 for waterf (a-b-A)2- exchange (Table 2, reaction 5) is
more favorable than that for waterf SO4

2- (Table 1, reaction
4 or 5). Hence, the protein cavity and its interactions help to
sequester the metal ion from the surrounding fluids.

Factors Governing the Competition Between Protein and
Inorganic Ligands for the Metal Cation. Hydration Free
Energy of the Cellular Anion. The charge of the anion has
opposing effects on the metal ligandf anion substitution. In a
solvent-inaccessible cavity,dianions such as SO42- are more
efficient ligating entities thanmonoanions such as H2PO4

- due
to the increased charge-charge interactions with the metal
cation. On the other hand,dianions have to pay a much greater
desolvation penalty than theirmonoanionic counterparts in
entering a buried protein cavity, which generally outweighs the
favorable metal-anion interactions, as evidenced by the finding
thatdianions generally have more unfavorable ligand exchange
free energies than themonoanions (Table 3). Hence, the smaller
the absolute hydration free energy of a cellular anion, the more
likely a cellular anion could compete with weakly boundneutral
ligands for the metal cation in a protein cavity.

Overall Charge of the Protein Cavity. The greater the net
negative charge of the protein cavity, the less vulnerable the
metal-binding site is prone to attack by “alien” inorganic ligands.
In a fully or partially burieddianionic cavity, an intracellular
anion may not displace any of the Mg2+-bound ligands, as
evidenced by the positive∆Gx (x ) 2-20) in the neutral [Mg
W4 (A-b-A)]0 and [Mg W3 (A-B-A)]0 complexes (Table 3,
reactions 1 and 12). However, when the net negative charge of
the protein cavity is reduced from-2 to -1 by the presence of
only one carboxylate group or positively charged residues in
the metal’s second coordination shell, a Cl- may displace the
more weakly bound water, as evidenced by the negative∆Gx

(x ) 2-20) for waterf chloride exchange in themonocationic
[Mg W4 (A-b-B)]+ and [Mg W3 (A-B-B)]+ complexes
(Table 3, reactions 13 and 17) and in the four X-ray structures
containing a Mg2+-bound phosphate or sulfate group (1L7M,
1Q91, 1RMW, and 1YMQ). In a buriedneutralprotein cavity,
a Cl- may not only displace a water molecule, but also an amide
group from Mg2+, as evidenced by the negative∆G2 for water/
amide f chloride exchange in thedicationic [Mg W4

(B-b-B)]2+ and [Mg W3 (B-B-B)]2+ complexes (Table 3,
reactions 21-24).

Solvent Accessibility of the Binding Site.The relative
solvent exposure of the metal-binding site has opposite effects,
depending on the net charge of the metal complex. Fordicationic
metal complexes,decreasingsolvent exposure favors water/
amide f chloride exchange as the favorable charge-charge
interactions between the dication and the anion could outweigh
the desolvation penalty of the incoming anion (Table 3, reactions
21-24). On the other hand, forneutral metal complexes,
increasingsolvent exposure makes the water/amidef anion
exchange less unfavorable as the anion-substituted metal
complex is better solvated than the native metal complex;
however, this is not sufficient to fully compensate for the
desolvation penalty of the incoming anion.

How Does the Metal-Binding Site Defend Itself from Alien
Attack by Cellular Anions That May Disrupt the Native
Binding-Site Geometry? Increasing the net negative charge
of the protein cavity, while decreasing the number of available
amide groups for metal binding, protects the Mg2+-bound
ligands from being displaced by alien anions. A highly
negatively charged metal-binding cavity appears to be more
effective in repelling attacks from “alien” anions than a less
negatively charged cavity lined with fewer or no negatively
charged Asp/Glu residues (Table 3, compare reactions 1-12
with 13-24) and/or containing positively charged Lys/Arg
residues in the metal’s second-shell. These results reveal a
“novel” role for carboxylate groups in a protein cavity: they
not only contribute to the high affinity binding of the metal
cation,3,21,22,24,25,38but they also play a protective role against
interactions with unwanted species from the cellular fluids. This
may explain the fact that functional Mg2+-binding sites with
no negatively charged Asp or Glu side chains are not found in
the PDB.17 Such buried sites, lined only by neutral protein
ligands, would not only have poor binding affinity for the metal
cation, but they would also be quite vulnerable to external
anionic attacks (see Table 3, reactions 22 and 24).
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