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’ INTRODUCTION

Magnesium is one of the most versatile metal cofactors in
cellular biochemistry, serving both structural and catalytic roles.
It is employed by Nature to stabilize a variety of protein
structures, nucleic acids, and biological membranes.1�5 It also
plays a pivotal role in a plethora of enzymatic processes that
utilize/synthesize adenosine triphosphate (ATP) as well as in
enzymes that regulate the biochemistry of nucleic acids such as
restriction nucleases, ligases, and topoisomerases.2 Furthermore,
Mg2þ-dependent enzymes such as glycogen synthase kinase-3
(GSK-3), inositol monophosphatase (IMPase), inositol poly-
phosphate phosphatase, and G-proteins function as key compo-
nents of multiple signaling pathways in living cells.6�9

Mg2þ, being a “hard” ion, prefers “hard” ligands of low po-
larizability, with the Asp/Glu carboxylate oxygen being the
most preferred coordinating atom in proteins.5,10�12 Mg-
binding sites in the Protein Data Bank13 (PDB) structures of
Mg2þ enzymes generally contain one or more carboxylate
ligands,10 which bind Mg2þ predominantly via one carbox-
ylate oxygen (monodentate) rather than both carboxylate
oxygen atoms (bidentate).5,14�16 Among the noncharged
protein ligands coordinated to Mg2þ, the backbone carbonyl
groups and the Asn/Gln side chains are the most common,
followed by the Ser/Thr and His side chains.10,12,17 Since
Mg2þ is usually octahedrally coordinated, the rest of the

metal’s coordination sphere is occupied bywater ligand(s) in the
absence of other low-molecular-weight cofactors.

Studies on the competition between Mg2þ and other divalent
cations (e.g., Ca2þ and Zn2þ)11,12,16,18�23 or trivalent cations
(e.g., La3þ and Al3þ)12,20,24�27 for Mg2þ-binding sites indicate
that Mg2þ proteins are not very specific for Mg2þ. In general,
Ca2þ cannot compete with Mg2þ for a given Mg2þ-binding site
in proteins due to its lower charge density and thus lower affinity
for the respective protein ligands.28,29 In some cases, however,
Ca2þ may bind to the Mg2þ-binding pocket more tightly than
Mg2þ if it coordinates to Asp/Glu via both carboxylate O atoms
(bidentatemode)21 or if it binds to an extra Asp/Glu side chain in
the vicinity of the metal cavity, as in the case of Escherichia coli
ribonuclease HI.19 On the other hand, divalent transition metals
that are better charge-acceptors than Mg2þ (e.g., Zn2þ) may
dislodge Mg2þ from an enzyme active site and inhibit enzymatic
activity.11,18 Notably, mononuclear Mg2þ-binding sites are more
vulnerable to Zn2þ substitution than their bi- and trinuclear
counterparts.12,20 Thus, it appears that it is not the protein itself
that has evolved to select Mg2þ from other divalent cations in the
cellular fluids. Rather, it is the cell machinery that regulates the
metal ion binding/selectivity process by maintaining an

Received: March 4, 2011

ABSTRACT: Lithium is used (in the form of soluble salts) to
treat bipolar disorder and has been considered as a possible drug in
treating chronic neurodegenerative diseases such as Alzheimer’s,
Parkinson’s, and Huntington’s diseases. One of the proposed
mechanisms of Liþ action involves a competition between the alien
Liþ and native Mg2þ for metal-binding sites and subsequent
inhibition of key enzymes involved in specific neurotransmission pathways, but not vital Mg2þ proteins in the cell. This raises the
following intriguing questions: Why does Liþ replace Mg2þ only in enzymes involved in bipolar disorder, but not in Mg2þ proteins
essential to cells? In general, what factors allow monovalent Liþ to displace divalent Mg2þ in proteins? Specifically, how do the
composition, overall charge, and solvent exposure of themetal-binding site as well as a metal-bound phosphate affect the selectivity of Liþ

over Mg2þ? Among the many possible factors, we show that the competition between Mg2þ and Liþ depends on the net charge of the
metal complex, which is determined by the numbers ofmetal cations and negatively charged ligands, as well as the relative solvent exposure
of the metal cavity. The protein itself is found to select Mg2þ over the monovalent Liþ by providing a solvent-inaccessible Mg2þ-binding
site lined by negatively chargedAsp/Glu, whereas the cell machinerywas found to selectMg2þ among other competing divalent cations in
the cellular fluids such asCa2þ andZn2þ bymaintaining a high concentration ratio ofMg2þ to its biogenic competitor in various biological
compartments. The calculations reveal why Liþ replaces Mg2þ only in enzymes that are known targets of Liþ therapy, but not in Mg2þ

enzymes essential to cells, and also reveal features common to the former that differ from those in the latter proteins.
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appropriate concentration ratio of Mg2þ (10�3�10�4 M30) to
rival cations such as Ca2þ (10�7�10�8 M31) and Zn2þ (∼10�15

M32) in various biological compartments.11,18,19 Apart from
divalent cations, Mg2þ-binding sites are also ill protected against
nonbiogenic trivalent metal cations. Theoretical studies show
that Ln3þ/Al3þ can dislodge Mg2þ from the respective binding
pocket(s).12,20,24�27 Increasing the number of carboxylates and
solvent inaccessibility of the metal-binding sites enhances the
favorable electrostatic interactions with the trivalent cations, as
compared with divalent Mg2þ, thus facilitating the substitu-
tion.20,24,25 Thus, trivalent cations appear to exert their toxic
effect by displacing the native metal cofactor from the protein
active site, causing malfunction of the respective metallo-
proteins.33,34

Unlike the toxic trivalent cations, Liþ, a non-native metal ion
with no known vital functions in humans and animals, is used
(in the form of soluble salts) to treat bipolar disorder.35 Recently,
it has been considered as a possible drug in treating chronic
neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and
Huntington’s diseases.35 Although the effect of Liþ therapy has been
known for decades, the mechanism of Liþ action remains largely
unknown. One of the leading hypotheses postulates a competition
between the alien Liþ and native Mg2þ for metal-binding sites and

subsequent inhibition of key enzymes involved in specific neuro-
transmission pathways,7,9,35 but not vital Mg2þ proteins in the cell.
The rationale behind this hypothesis derives from the “diagonal
relationship” between Liþ andMg2þ, reflecting the fact that most of
the physicochemical properties of Liþ are closer to those of Mg2þ

(group IIA) than to those of its fellow alkali metals from group IA.
For example, both Liþ and Mg2þ are nonpolarizable “hard” cations
with high charge density and strong affinity for “hard”O-containing
ligands. They possess similar ionic radii (Rion) for a given coordina-
tion number (CN): Rion(Li

þ) = 0.59 Å and Rion(Mg2þ) = 0.57 Å
for aCNof 4, andRion(Li

þ) = 0.76Å andRion(Mg2þ) = 0.72 Å for a
CN of 6.36 However, they have different ionic charge and signifi-
cantly different hydration free energies (�123.5 kcal/mol for Liþ

and �455.5 kcal/mol for Mg2þ).37 Interestingly, several experi-
mental studies have shown that, in vitro, Liþ can successfully
compete withMg2þ and bind tometal-binding sites inG-proteins,38

GSK-3,39,40 IMPase,41 inositol polyphosphate phosphatase,42 fruc-
tose-1,6-bisphosphatase,43 and human erythrocyte membrane.44

However, the detailed mechanism of the Mg2þ f Liþ substitution
is not well understood, and several outstanding questions remain:
(1) Clearly, for Liþ to work as a drug, it cannot dislodge the native
Mg2þ cofactor in essential Mg2þ proteins, so why does Liþ replace
Mg2þ only in certain enzymes involved in bipolar disorder (see

Table 1. Comparison between Computed and Experimental Free Energies for [MgX]þ [Li(H2O)4]
þf [LiY]þ [Mg(H2O)6]

2þ

in Water, ΔG80(Liþ f Mg2þ)

ΔG80(Liþ f Mg2þ) (kcal/mol)

[MgX] [LiY] expta calcd errorb

[Mg(H2O)5(CH3COO
�)]þ [Li(H2O)3(CH3COO

�)]0 0.8 1.3 0.5

[Mg(H2O)4(C2O4
2�)]0 [Li(H2O)2 (C2O4

2�)]� 2.7 2.1 �0.6

[Mg(H2O)2(NTA
3�)]�c [Li(NTA3�)]2� c 4.1 4.1 0.0

aCalculated from the experimental stability constants of the respective Mg2þ and Liþ complexes from ref 58. b Error = ΔG80(calcd) � ΔG80(expt).
cNTA = nitrilotriacetic acid bound in a tetradentate fashion (including central N atom) to the metal.

Figure 1. Free energies, ΔGx (in kcal/mol), for replacing hexacoordinated Mg2þ with tetracoordinated Liþ in a Mg-binding site lined by (a) one, (b)
two, or (c) three carboxylates (modeled by CH3COO

�).
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above), but not inMg2þ proteins essential to cells? (2)What factors
dictate the competition between monovalent Liþ and divalent
Mg2þ in proteins? In particular, how do the composition, overall
charge, and solvent exposure of the metal-binding site affect ion
selectivity? (3) Towhat extent does ametal-bound phosphate at the
active site influence the Liþ/Mg2þ competition?

To address the above questions, we systematically evaluated how
the competition between Mg2þ and Liþ in model metal-binding
sites depends on (1) the number, chemical type, and charge of the
protein ligating groups lining the binding pocket, (2) the number of
Mg2þ cations in the enzyme active site, (3) the presence of a
phosphate ligand bound to the active site metal, and (4) the solvent
exposure of the binding pocket. Since our aim is to identify the key
factors governing the selectivity of the native Mg2þ over the alien
Liþ in proteins in general, rather than a specific protein, the first-shell
ligands and the metal cations were treated explicitly using density
functional theory to account for electronic effects such as polariza-
tion of the participating entities and charge transfer from the ligands
to the metal cation(s), whereas the rest of the protein was
represented by a continuum dielectric constant varying from 4 to
30. Such an approach/model allows the strong electrostatic inter-
actions between the two competing metal ions (Mg2þ/Liþ) and
nearbymetal ions and/ormetal ligands to be treated as accurately as
possible in computing the Mg2þ f Liþ exchange free energies (see
Methods). The findings of this work help delineate the key
determinants of selectivity for Mg2þ over Liþ in Mg2þ proteins.
They are consistent with available experimental data, and their
implications in biology and Liþ therapy are discussed.

’METHODS

Models Used. The side chains of Asp�/Glu�, Asn/Gln, and
peptide backbone group were modeled as acetate (CH3COO

�),

acetamide (CH3CONH2), andN-methylacetamide (CH3CONHCH3),
respectively. The metal-bound monophosphate was represented by
H2PO4

�, which is the dominant phosphate species at ambient pH.
Mono-, bi-, and trinuclear metal complexes were studied. In proteins,

Mg2þ is mostly hexacoordinated,45 as in aqueous solution.46 Thus, Mg2þ

complexes were modeled as MgL6, L5Mg�L�MgL5, and L5Mg�L�
MgL4�L�MgL5 (L =H2O, CH3CONH2, CH3CONHCH3, CH3COO

�,
or H2PO4

�). The most common coordination number of Liþ is four.47,48

Accordingly, its complexes were modeled as LiL4, L3Li�L�MgL5,
L5Mg�L�MgL4�L�LiL3, and L3Li�L�MgL4�L�MgL5 (L =H2O,
CH3CONH2, CH3CONHCH3, CH3COO�, or H2PO4

�). A mono-
dentate carboxylate-binding mode to both metals was considered in
accord with previous experimental and theoretical findings.5,14�16

Reaction Modeled. The competition between Mg2þ and Liþ for
the metal-binding site can be assessed by the free energy of the Mg2þf
Liþ exchange reaction,

½Mg2þ-protein� þ ½Liþ-aq� f ½Liþ-protein� þ ½Mg2þ-aq� ð1Þ
In eq 1, [Mqþ-protein] and [Mqþ-aq] represent the metal ion (Mqþ =
Mg2þ or Liþ) bound to protein ligands and unbound in the vicinity of
the binding cavity, respectively. The ion exchange free energy for eq 1 in
an environment characterized by a dielectric constant ε = x is given by

ΔGx ¼ ΔG1 þΔGsolv
xð½Liþ-protein�Þ þΔGsolv

xð½Mg2þ-aq�Þ
�ΔGsolv

xð½Mg2þ-protein�Þ �ΔGsolv
xð½Liþ-aq�Þ ð2Þ

whereΔG1 is the gas-phase free energy for reaction 1, andΔGsolv
x is the

free energy for transferring a molecule in the gas phase to a medium
characterized by dielectric constant x. The dielectric environment was
assumed to be uniform for all participating entities, as the ion exchange
was modeled to occur in the vicinity of the protein-binding site.
Gas-Phase Free Energy Calculations. Full geometry optimiza-

tion for each metal complex was carried out using the Gaussian 03
program49 with the B3-LYP functional and the 6-31þG(3d,p) basis
set. This functional/basis set combination was chosen as it reproduces
the experimental dipole moments of model ligands50 and metal�
ligand bond distances in metal complexes within experimental error:
RLi�O

calc = 1.95 Å and RLi�O
exp = 1.94 ( 0.05 Å in [Li(H2O)4]

þ;
RNa�O

calc = 2.75 Å and RNa�O
exp = 2.77 ( 0.07 Å in [Na(18-crown-6-

ether)]þ;50 RK�O
calc = 2.82 Å and RK�O

exp = 2.80 ( 0.04 Å in [K(18-
crown-6-ether)]þ;50 and RMg�O

calc = 2.10 Å and RMg�O
exp = 2.07 (

0.03 Å in [Mg(H2O)6]
2þ.

For each fully optimized structure, vibrational frequencies were
calculated 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. The electronic energy, Eelec, was evaluated at the same level
of theory. The thermal energy, including the zero-point energy (ET),
work (PV), and entropy (S) corrections, was evaluated using standard
statistical mechanical formulas,51 where the B3-LYP/6-31þG(3d,p)
frequencies were scaled by an empirical factor of 0.9613.52 The
differences ΔEelec, ΔET, ΔPV, and ΔS between the products and
reactants were used to compute the reaction free energy in the gas
phase, ΔG1, at room temperature, T = 298.15 K, according to

ΔG1 ¼ ΔEelec þΔET þ PV � TΔS ð3Þ

Solution Free Energy Calculations. The free energy for trans-
ferring a molecule in the gas phase to a medium characterized by
dielectric constant ε = x, ΔGsolv

x, was estimated by solving Poisson’s
equation using finite difference methods53,54 with the Macroscopic
Electrostatics with Atomic Detail (MEAD) program,55 as described in
previous works.56 The effective solute radii were obtained by adjusting
the CHARMM (version 22)57 van der Waals radii to reproduce
the experimental hydration free energies of Mg2þ, Liþ, CH3COO

�,

Figure 2. Plot of the gas-phase formation free energy for (a) Mqþ þ
nCH3COO

� f [M(CH3COO)n]
q�n (Mqþ = Mg2þ, red circles; Liþ,

blue squares) and (b) Mqþ þ nCH3CONHCH3 f [M(CH3-
CONHCH3)n]

qþ (M = Mg2þ, green diamonds; Liþ, purple semifilled
squares) as a function of the number of metal-bound ligands, n.
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H2PO4
�, and CH3CONHCH3 (see Supporting Information, Table 1S)

as well as the Mg2þ f Liþ free energies in one, two, and three
carboxylate-containing complexes to within 1 kcal/mol (see Table 1).
The resulting values (in Å) are RLi = 1.48, RMg = 1.50, RC = 1.95, RN =
1.75, RP = 2.10, RO(H2O) = 1.84, RO(OdC) = 1.72, RO(COO�Li) =
1.56,RO(COO�Mg) = 1.34,RO(HO�P) = 1.60,RO(OPO)= 1.50,RH=
1.50, RH(H2O�Li) = 1.44, RH(H2O�Mg) = 1.125, RH(P�OH) = 0.7.

’RESULTS

Mg2þ f Liþ Exchange in Mononuclear Sites Containing
Carboxylates Only. Since functional Mg2þ-binding sites in
enzymes have been found to contain at least one acidic residue
(Asp/Glu) bound toMg2þ,10,56 wemodeled complexes with one,
two, and three metal-bound acetates (denoted by “a”), with water
ligands comprising the rest of the coordination shell. The free
energies,ΔGx, for replacing Mg2þ with Liþ in these complexes in
Figure 1 show that carboxylate-rich Mg2þ-binding sites appear
immune to Liþ substitution, regardless of whether they are buried
or partially solvent exposed; notably, increasing the number of
metal-bound carboxylates enhances the protection of these sites
against Liþ substitution. The gas-phaseMg2þf Liþ free energies
are highly positive and systematically increase with increasing
number of carboxylates in the binding site: theΔG1 values are 94,

184, and 274 kcal/mol for complexes containing one (Figure 1a),
two (Figure 1b), and three acetates (Figure 1c), respectively. This
is because the negatively charged carboxylate(s) interact more
favorably with divalent Mg2þ than monovalent Liþ, as shown by
the formation free energies of these metal complexes in Figure 2a.
Solvation, however, counterbalances the unfavorable electronic
effects and results in much smallerΔGx (xg 4, Figure 1). This is
because the solvation free energy gain of the outgoing Mg2þ

dication outweighs the desolvation cost of the incoming Liþ

monocation. Moreover, for reactions b and c in Figure 1, the
monoanionic Li-2a and dianionic Li-3a complexes are better
solvated than the neutralMg-2a and monoanionicMg-3a bulkier
complexes, respectively, which further enhances the net solvation
free energy gain. Although the solvation contribution to the metal
exchange free energy becomes more favorable with increasing
solvent exposure of the binding site, the Mg2þf Liþ free energy
in a relatively solvent-exposed pocket remains positive (ΔG30 =
3.5, 5.8, and 11.3 kcal/mol for reactions a, b and c in Figure 1,
respectively).
Mg2þ f Liþ Exchange in Mononuclear Sites Containing

Carboxylate and Backbone Ligands. In addition to the Asp/
Glu side chains, the backbone peptide group (denoted by “b”) is
also frequently found bound to Mg2þ in proteins.10,12,17 There-
fore, it is of interest to study the Mg2þ f Liþ substitution in

Figure 3. Free energies, ΔGx (in kcal/mol), for replacing hexacoordinated Mg2þ with tetracoordinated Liþ in a Mg-binding site lined by one or two
carboxylates and one, two, or three backbone amide groups (modeled by CH3CONHCH3, denoted by BKB).
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binding sites comprising both Asp/Glu side chains (modeled by
acetates) and backbone peptide groups (modeled by N-
methylacetamide). The Mg2þ f Liþ free energies, ΔGx, for
these complexes in Figure 3 show that relatively buried Mg2þ-
binding sites containing not only Asp/Glu but also backbone
ligands appear immune to Liþ substitution, like the Mg2þ�
carboxylate complexes. Attaching backbone peptide groups to
Mg2þ that is already bound to one or two acetates further
increases the magnitude of the gas-phase free energies, as
compared to the respective acetate-only complexes (compare
theΔG1 values in Figures 1a and 3a�c or those in Figures 1b and
3d�e). For a given number of metal-bound carboxylates, the
more backbone ligands bound to Mg2þ, the higher the Mg2þ f
Liþ free energy in the gas phase; e.g., the ΔG1 values in Mg-
1aþ1b (Figure 3a), Mg-1aþ2b (Figure 3b), and Mg-1aþ3b
(Figure 3c) complexes are 106, 114, and 127 kcal/mol, respec-
tively. This is because the larger dipole moment, polarizability,
and stronger charge-donating ability of N-methylacetamide
compared to water favor Mg2þ binding more than Liþ binding
(see Figure 2b). Solvation, again, significantly compensates
for the unfavorable electronic effects and reduces the magnitude
of the metal exchange free energy, which remains positive
except for the ΔG30 values in reactions a (�0.9 kcal/mol) and
b (�1.5 kcal/mol) in Figure 3. That the ΔGx values decrease
with increasing dielectric constant x suggests the possibility of
Liþ displacing Mg2þ bound to a carboxylate and one or two
backbone ligands if the binding site were sufficiently exposed to
solvent.
Mg2þ f Liþ Exchange in Mononuclear Sites Containing

Backbones Only. Since the results in Figures 1 and 3 show that
decreasing the number of metal-bound carboxylates lowers the
Mg2þ f Liþ free energy, thus increasing the vulnerability of a
Mg2þ-binding site toward Liþ substitution, would a hypothetical
binding site lacking negatively charged acidic residues be suscep-
tible to Liþ substitution? To answer this question, we modeled

Mg2þ and Liþ complexes with one, two, and three N-methyla-
cetamides with the corresponding numbers of water molecules
and evaluated the Mg2þ f Liþ free energies. The results in
Figure 4 suggest that if Mg2þ�binding sites were comprised of
only neutral protein ligands and not deeply buried, they would be
prone to Liþ substitution. Although the gas-phase free energies
are positive and increase with increasing number of backbone
ligands, they are much smaller than the respective free energies
for complexes containing the same number of acetates: the ΔG1

values in Figure 4 range from 15 to 36 kcal/mol, whereas those in
Figure 1 range from 94 to 274 kcal/mol. This is because themetal
cation has weaker electrostatic interactions with the neutral
peptide backbone than with the negatively charged carboxylate,
as evidenced by the more favorable formation free energies of the
Mg2þ/Liþ�carboxylate complexes in Figure 2a compared with
those of the respective Mg2þ/Liþ�backbone complexes in
Figure 2b. Hence, the relatively small ΔG1 for the carboxylate-
empty binding sites are easily overcome by the net favorable
solvation of the products relative to the reactants, thus yielding
negative free energies for partially solvent-exposed (ε g 10)
metal-binding sites.
Mg2þ f Liþ Exchange in Model GSK-3β Sites. Glycogen

synthase kinase 3β (GSK-3β), a key Mg2þ enzyme involved in a
variety of metabolic, signaling, and apoptotic mechanisms in the
cell, is a potential therapeutic target of Liþ in treating bipolar
disorder and, possibly, Alzheimer’s disease. There is an increasing
body of experimental data suggesting that Liþ exerts its therapeutic
effect mainly by competitively dislodging Mg2þ from its binding
site(s), thus inhibiting the GSK-3β phosphorylation activity in
specific neurotransmission pathways in the brain.39,40,59,60 How-
ever, the detailedmechanism of this process is not well understood.
Even the composition of the metal-binding site is a subject of
controversy: The 2.1 ÅX-ray structure of GSK-3βwith ADP (PDB
entry 1j1c)61 reveals a mononuclearMg2þ-binding site located in a
solvent-accessible cleft, lined with an aspartate (D200) and an

Figure 4. Free energies, ΔGx (in kcal/mol), for replacing hexacoordinated Mg2þ with tetracoordinated Liþ in a Mg-binding site lined by one, two, or
three backbone amide groups.
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asparagine (N186). On the other hand, the 2.4 Å X-ray structure of
GSK-3β with a nonhydrolyzable ATP analogue, adenyl imidodi-
phosphate (PDB entry 1pyx),62 shows a binuclear Mg2þ-binding
site with the same two ligands (D200 and N186) bound to Mg2þ,
but with D200 additionally bound to a second Mg2þ. Therefore,
bothmononuclear and binuclearmetal-binding sites in the absence
of ATP analogues were modeled, and the Mg2þ f Liþ ΔGx (x =
1�30) free energies for these sites were computed.
The results in Figure 5 indicate that the binuclear Mg2þ-

binding site (2Mg-1aþ1n, Figure 5a), lined by D200 and N186,
is more vulnerable to Liþ attack than the respective mononuclear
binding site (Mg-1aþ1n, Figure 5b), which would not be prone
to Mg2þ f Liþ substitution unless it were solvent exposed. In
the binuclear 2Mg-1aþ1n complex, replacing either of the Mg2þ

cations by Liþ is favorable in a buried or partially solvent-exposed
site (Figure 5a, negativeΔGx, x = 1�30). In themononuclearMg-
1aþ1n complex, replacing Mg2þ by Liþ is unfavorable in
relatively buried sites (Figure 5b, positive ΔGx, x e 10) but
not in solvent-exposed sites (with a dielectric constant x > 30).
Note that the N-methylacetamide in the Mg-1aþ1b complex
(Figure 3a) is replaced by acetamide in theMg-1aþ1n complex

(Figure 5b); hence, their structures and Mg2þ f Liþ free
energies are similar.
To rationalize why the binuclear Mg2þ-binding site exhibits

negative gas-phase ΔG1 free energies (Figure 5a), whereas the
mononuclear Mg2þ-binding sites possess positive ΔG1 values
(Figures 1, 3, 4, and 5b), theΔG1 values were plotted against the
overall charge of the Mg2þ complex (Figure 6, red circles). The
results show that the ΔG1 values decrease with increasing
positive net charge,Q, of the Mg2þ complex. TheΔG1 decreases
from amaximum of 274 kcal/mol for monoanionic complexes to
206�184, 127�94, and 36�15 kcal/mol for complexes with a
net charge 0, 1þ, and 2þ, respectively. It becomes negative,�18
to �21 kcal/mol, for the binuclear Mg2þ complex with a net
charge of 3þ. Generally, Mg2þ-binding sites with increased
positive charge density are more prone toMg2þf Liþ exchange
in the condensed phase as well (Figure 6, blue squares), although
the decrease inΔGxwith increasingQ is muchmore gradual than
that in the gas phase.
Mg2þ f Liþ Exchange in Model IMPase Polynuclear Sites.

IMPase, a key trinuclear Mg2þ enzyme of the phosphatidylinositol
signaling pathway, is another putative target for Liþ therapy.63�66

Figure 5. Free energies,ΔGx (in kcal/mol), for replacingMg2þ in site 1 or 2 with Liþ in a model GSK-3β (a) binuclear or (b) mononuclear binding site
lined by a carboxylate and Asn, modeled by CH3CONH2.
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The 1.4 ÅX-ray structure of bovine IMPase (PDB entry 2bji) shows
three Mg2þ-binding sites in a hydrophilic pocket near the enzyme’s
surface,65 with Mg2þ at site 1 (Mg-1) coordinated to the E70 and
D90 side chains and the I92 backbone, Mg2þ at site 2 (Mg-2)
bound to the D90, D93, and D220 side chains, and Mg2þ at site 3
(Mg-3) ligated to a single protein ligand, E70. The D90 carboxylate
bridges the Mg2þ ions at sites 1 and 2, while the E70 carboxylate
bridges the Mg2þ ions at sites 1 and 3. Water molecules complete
the octahedral coordination of eachMg2þ ion. Thus, the threeMg2þ

are altogether bound to four carboxylates and one peptide back-
bone, and the corresponding model 3Mg-4aþ1b complex is
depicted in Figure 7. Since the binding of Mg2þ to site 2 or 3 has
been found to be much weaker than that to site 1,65 we computed
theMg2þfLiþ free energies at sites 2 and 3.The results in Figure 7
indicate that the dicationic 3Mg-4aþ1b complex is vulnerable to
Liþ substitution, if the binding sites were relatively solvent exposed.
The metal exchange free energies generally follow the dependency
on the overall charge in Figure 6 (see above): theMg2þfLiþΔG1

values at sites 2 and 3 fall within the range of values for Mg2þ

complexes with a net charge of 2þ (Figure 6). In the absence of
substrate or reaction product, the Mg2þ f Liþ ΔGx values for the
dicationic 3Mg-4aþ1b complex are positive (unfavorable) when x
< 30, but become negative when x g 30 (e.g., ΔG30 = �2.8 kcal/
mol at site 2). The calculations predict that the two binding sites
have different affinity for Liþ, with site 2 being the more vulnerable
to Liþ substitution, in line with a modeling study.65

Effect of a Metal-Bound Phosphate on the Mg2þ f Liþ

Exchange. Since Liþ is thought to bind not only the free enzyme
but also the Mg2þ�IMPase ternary complex, it is of interest to
know whether a metal-bound phosphate favors/disfavors theMg2þ

f Liþ exchange. The model of the phosphate bound to IMPase
trinuclear sitewas based on the 1.90ÅX-ray structure of yeastHal2p
PAPase-3Mg2þ-AMP-phosphate product complex,65,67 in which
the phosphate is bound to all three Mg2þ ions, as shown in
Figure 8 (3Mg-4aþ1bþ1p). Since Liþ has been proposed to

bind at site 2 or 3,65 we computed the Mg2þf Liþ free energies
at these two sites. The results in Figure 8 show that binding of the
negatively charged phosphate group to the trinuclear site dis-
favors Mg2þ f Liþ exchange regardless of the site of attack and
its solvent exposure. The Mg2þ f Liþ free energies for the
monocationic 3Mg-4aþ1bþ1p are unfavorable compared with
those of the dicationic 3Mg-4aþ1b complex (compare ΔGx in
Figures 8 and 7).

’DISCUSSION

Factors Governing the Selectivity of Mg2þ over Liþ in
Magnesium Proteins. In previous works,11,18,19 the cell machinery
was found to select Mg2þ among other competing dications in the
cellular fluids such as Ca2þ and Zn2þ by maintaining a high
concentration ratio of Mg2þ to its biogenic competitor in various
biological compartments (see Introduction). In this work, the
protein itself is generally found to selectMg2þ over the monovalent
Liþ by providing a solvent-inaccessible Mg2þ-binding site lined by
negatively charged Asp/Glu, although exceptions occur allowing
Liþ to replaceMg2þ. The key properties ofMg2þ-binding sites that
enable selective binding of Mg2þ over Liþ and vice versa are
delineated below.
1. Complex Net Charge.The calculations herein reveal that the

net charge of the metal complex, which is determined by the
numbers of metal cations and acidic ligands, dictates the outcome
of the Mg2þ vs Liþ competition. In a deeply buried cavity that
enhances the charge�charge and charge�dipole interactions
between the metal cation and protein ligands, increasing the
number of carboxylates relative to that of the metal cations favors
Mg2þ over Liþ because the dicationic Mg2þ has stronger inter-
action energies with negatively charged carboxylates and can
tolerate more Asp/Glu ligands in its vicinity than monocationic
Liþ (see Figure 2a).56 In fact, as the net charge of the metal
complex increases, the gas-phase Mg2þ f Liþ free energy
decreases linearly, as evidenced by a Pearson’s correlation
coefficient of 0.983 (see Figure 6). On the other hand, Liþ

may replace Mg2þ in a metal complex with net high positive
charge, e.g., tricationic 2Mg-1aþ1n (Figure 5a), in a buried
cavity since this reduces the net positive charge in the buried site.
2. Chemical Type of the Metal Ligand. The selectivity of

Mg2þ over Liþ is determined not only by the metal ligand’s
charge but also by its size. Negatively charged metal ligands such
as carboxylates and phosphates play a crucial role in selecting
Mg2þ over Liþ. Notably, H2PO4

� binds to Mg2þ and Liþ with
the same relative affinity as acetate, as evidenced by the formation
free energies, ΔGform, for Mqþ þ H2PO4

� f [M(H2PO4)]
q�1:

ΔGform[Mg(H2PO4)] � ΔGform[Li(H2PO4)] = �208.0 kcal/
mol, whileΔGform[Mg(CH3COO)]�ΔGform[Li(CH3COO)] =
�208.3 kcal/mol. Thus, ligation of H2PO4

� toMg2þ has an effect
similar to that of an extra carboxylate; viz., it inhibits Mg2þ f Liþ

exchange (see Figure 8).
On the other hand, neutral metal ligands such as Asn/Gln and

backbone amide groups play a dual role in theMg2þ/Liþ selectivity
process. Like the negatively charged carboxylate and phosphate
ligands, the neutral amide ligands also disfavor substitution ofMg2þ

by Liþ in the gas phase (Figures 3, 4 and 5b), but to a lesser extent.
Compared to water, however, the bulkier amide increases the
effective radius of the Mg2þ complex, which reduces the solvation
free energy of theMg2þ complex. This effect is especially significant
for the smaller, charged complexes such asMg-1aþ1b,Mg-1aþ1n,
andMg-1aþ2b, where the decreased desolvation penalty of these

Figure 6. Plot of the Mg2þ f Liþ exchange free energies in the gas
phase (red circles) and in a protein cavity characterized by ε = 30 (blue
squares) as a function of the net charge of the Mg2þ complex.
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complexes relative to Mg-1a may overcome the unfavorable gas-
phase electronic effects and yield negative Mg2þ f Liþ free
energies in solvent-exposed binding sites (Figures 3a,b and 5b).
3. Solvent Exposure of the Binding Site. The relative solvent

exposure of the metal cavity is another key determinant of
the metal selectivity: For Mg2þ complexes with a net charge
e2, increasing the solvent accessibility (i.e., ε) of the binding site
decreases the Mg2þ f Liþ free energy mainly because the
favorable solvation of the outgoing divalent Mg2þ outweighs
the relatively small desolvation penalty of the incoming monova-
lent Liþ. However, this trend is reversed forMg2þ complexes with
a net charge of 3þ (Figure 5a), where the Mg2þ f Liþ

free energy becomes less favorable with increasing solvent
accessibility of the site, as the solvation of the dicationic Li-Mg-
1aþ1n/Mg-Li-1aþ1n product complex cannot compensate the
desolvation cost of the tricationic 2Mg-1aþ1n reactant complex.
Biological Implications. The calculations suggest that amide

ligands alone cannot protect the Mg2þ-binding site from Liþ

(Figure 4) attack. This is consistent with the empirical finding
that all functional Mg2þ-binding sites in enzymes found in a PDB
survey contain at least one Asp or Glu ligand.10 The results
obtained imply that solvent-exposed Mg2þ sites lacking carbox-
ylate ligands in enzymes may not be functional. Such sites would
not have survived during cell evolution, mostly because of the
poor selectivity for Mg2þ over monovalent metal ions.
Implications for theMechanism of Liþ Therapy.The calcula-

tions herein also suggest that in the GSK-3β enzyme, Liþ can
displace Mg2þ from a fully/partially buried binuclear site

(Figure 5a, negative ΔGx, x e 30) or a solvent-exposed mono-
nuclear site (Figure 5b, negative ΔGx, x . 30). This finding is
consistent with experimental39,40,59 studies showing that Liþ

inhibits GSK-3 isoforms by dislodging Mg2þ from the metal-
binding site. It is also consistent with ONIOM calculations and
MD simulations of the GSK-3β enzyme suggesting how Liþ may
inhibit enzymatic activity (by disrupting the in-line phosphoryl
transfer of ATP).68,69 Notably, our calculations identify the key
factors allowing Liþ to displace Mg2þ, viz., (i) low negative charge
density (only D200) and (ii) a bulky amidemetal ligand (N186) in
both mono- and binuclear Mg2þ-binding sites, and (iii) a relatively
solvent-accessible cleft in the case of a mononuclear binding site.
In addition to the GSK-3β enzyme, the calculations suggest

that Liþ can displace Mg2þ from its partially solvent-exposed
binding site in free IMPase (Figure 7, negative ΔG30). This
finding appears consistent with the experimental observations
that 0.5�1.5 mM Liþ inhibits IMPase.41,70,71 The calculations
also expose the key factors favoring theMg2þf Liþ substitution
in free IMPase, viz., the high positive charge (2þ) and solvent
exposure of the native trinuclear binding site.
Importantly, the calculations shed light on the intriguing question

of why Liþ replaces Mg2þ only in certain enzymes that are known
targets of Liþ therapy, but not in Mg2þ enzymes essential to cells,
and reveal features common to the former that differ from those in
the latter proteins. Enzymes that are targets of Liþ therapy have
Mg2þ-binding sites with high positive charge density, a few bulky
ligands, and high solvent exposure for dicationic complexes but low
solvent exposure for tricationic complexes. These characteristic

Figure 7. Free energies, ΔGx (in kcal/mol), for replacing Mg2þ in site 2 or 3 with Liþ in a model IMPase trinuclear binding site lined by four
carboxylates and one backbone amide.
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features may provide guidelines to identify other enzymes that could
be inhibited by Liþ. On the other hand, essential Mg2þ enzymes are
known to have functionalMg2þ-binding sites containing at least one
acidic residue and are deeply/partially buried.10 Such sites containing
neutral or anionic Mg2þ complexes are predicted to be protected
against Liþ attack (Figures 1 and 3, positiveΔGx, xe 10). Binding of
a negatively charged substrate group such as phosphate/polypho-
sphate to Mg2þ further protects such sites from Liþ invasion
(structure 3Mg-4aþ1bþ1p in Figure 8).
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