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ABSTRACT: Density functional (B3LYP) calculations indicate that a hydroxide ligand is capable of triggering
a reduction in the coordination number of Mg2+ ions from 6 to 5. Since this could be quite relevant in the
mode of action of magnesium-containing enzymes (especially hydrolases in which a metal-bound hydroxide
species is believed to play a crucial role), we have performed a systematic deprotonation study of
biologically relevant magnesium complexes. We explicitly calculated the preferred coordination number
of [MgL1

xL2
yL3

z]2-n species at the B3LYP/aug-cc-pVTZ level of theory. L1, L2, and L3 represent
combinations of water, hydroxide, carboxylate (models Glu and Asp), ammonia ligands (models Lys and
His residues), and fluoride ions. As expected, Mg2+ exclusively prefers an octahedral coordination geometry
with H2O, HCO2

-, or NH3. Surprisingly,one hydroxide ligand triggers a change to a trigonal bipyramidal
geometry. The isoelectronic fluoride ion behaves similarly. When two OH- are present, a tetrahedral
coordination geometry is preferred. We postulate that a hydroxide (in addition to its role as an active
nucleophile) could be employed by magnesium-containing enzymes to trigger a differential coordination
behavior.

Magnesium is an essential element for numerous bio-
chemical functions in cell processes (1), although exactly
why this is so is still not fully understood. Clearly, its
relatively large intracellular concentration as compared to
other divalent metal ions plays an important role (2). In
addition, two fundamentally different biological binding
mechanisms (inner sphere and outer sphere) are observed
for magnesium (1, 3, 4). Nucleic acids bind to Mg2+ ions
via a water molecule in its second coordination sphere
(indirect mechanism) whereas enzymes prefer to bind Mg2+

directly to organic ligands originating from the protein
backbone in the immediate vicinity of the active site (5).

In aqueous solutions, numerous experimental (6, 7) and
theoretical studies (7, 8) on hydrated Mg2+ all agree that
the first coordination shell of the metal ion is completed with
six water molecules in an octahedral arrangement. In accord
with this, there are numerous solid-state structures of
hexaaquomagnesium salts deposited in X-ray structural
databanks worldwide (9). The direct cation-water interac-
tions in the first solvent shell of Mg[H2O]62+ are mainly
electrostatic in nature although some charge is transferred
from oxygen to the magnesium ion (10g). If there are more
than six waters, they arrange themselves in the second
coordination sphere of the ion (6a). It is still not known
exactly how many water molecules can be placed in the
second coordination sphere although the current estimate

indicates 12 (7a). Removal of a water from the outer sphere
of [Mg(H2O)6]2+ costs approximately 5-12 kcal/mol (6a,c)
whereas removal of an inner sphere ligand is much more
difficult (20-80 kcal/mol) and strongly depends on the extent
of hydration (8).

Several theoretical competitive binding studies of water
vs ligands of biological interest (HCO2-, HCO2H; formamide
and methanol) have been performed for Mg2+ ions (10). It
could be shown that the dielectric properties of the solvent
play a critical role in determining the mode of magnesium
binding. In regions where a low (ε e 4) dielectric medium
is present (protein cavities) a hexaaquomagnesium ion has
a high affinity for negatively charged acidic residues (car-
boxylate rests) (10b,c). The exchange of water for formate
ions is thermodynamically favored until an upper limit of
three is reached (10b,c). As the dielectric constant increases
and approaches that of bulk water, further exchange becomes
increasingly disfavored (10b,c). All of these computational
studies haveassumedthat magnesium is hexacoordinated
both in solution and in the protein cavity and water molecules
were added as necessary to complete the first coordination
sphere.

In the context of organometallic chemistry, it is frequently
observed that Mg2+ complexes exhibit a coordination number
of 4 (11), which has been interpreted as a result of steric
interactions associated with bulky ligands used to stabilize
the ion (12). It is quite clear that a variable coordination
number (4-6) for Mg2+ is fundamentally possible, although
hexacoordination is almost invariably observed in aqueous
solutions. Electrospray ionization experiments in the gas
phase have recently shown that isolated [Mg(H2O)6]2+ ions
exist in two different isomeric forms (13). DFT calculations
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postulate these to have hexacoordinated [Mg(H2O)6]2+ and
pentacoordinated [Mg(H2O)6]2+‚H2O structures (8c, 10d, 13).

Quite a few magnesium-containing enzymes catalyze the
hydrolytic cleavage of a phosphate ester (nucleases, poly-
merases, phosphatases, etc.), and their mode of action is often
postulated to involve the deprotonation of a metal ion-bound
water molecule to yield a metallohydroxide which then acts
as a nucleophile to attack a substrate (14). However, far fewer
computational and/or experimental studies of magnesium-
hydroxide bonding have been reported in the literature than
hydration studies with most having concentrated on small
metal-ligand adducts [M(OH)n, n ) 1-3] in the gas phase
(15, 16). Deprotonation of a water molecule in hydrated [Mg-
(H2O)6]2+ has, to our knowledge, only been very briefly
mentioned (10g, 16).

Magnesium ions are quite labile, and this coupled with
their spectroscopic silence makes direct experimental ob-
servations of the binding mode of Mg2+ in enzymes or
biomimetic complexes extremely difficult. In the few cases
where single crystals of magnesium-containing enzymes have
been obtained, the extremely low electron density of Mg2+

has usually been quite problematical in satisfactorily resolv-
ing the active site structure.

In the course of developing a computational model for
the active site of inositol monophosphatase (17), we have
discovered that, under certain circumstances, the preferred
coordination number of Mg2+ can be lowered from 6 to 5
or even 4. We have therefore performed an extensive density
functional study of the influence of the ligand sphere on the
coordination number of magnesium species in the presence
of water and biologically relevant ligands.

COMPUTATIONAL DETAILS

The calculations reported in this paper were performed
with the gradient-corrected, partially correlated B3LYP (18)
density functional using either the Gaussian98 (19) or the
Gaussian03 (20) program package. H, C, N, O, and F were
described with the very large correlation consistent aug-cc-
pVTZ basis set (21). Dunning’s cc-pVTZ basis was em-
ployed for the central Mg2+ ion (22). The (quite a bit smaller)
6-31+G* basis set has been shown to systematically slightly
overestimate∆Grel values for hydrated Mg2+ species at the
B3LYP level of theory (10e). However, the errors did not
exceed 1 kcal/mol. Basis set superposition errors (BSSE)
were reported to be rather small (0.5f 1.1 kcal/mol), and
correcting the theoretical∆Grel values for BSSEincreased
the systematic overestimation as compared to experimental
values (10e). It has therefore been recommended to omit
BSSE corrections for the B3LYP method (10e). In accord
with these findings, our∆Grel values [which were calculated
with the very much larger aug-cc-pVTZ basis (cc-pVTZ on
Mg2+)] do not contain a BSSE correction. For some of the
mixed ligand species, we employed the smaller lanl2dz basis,
which we found to deliver qualitatively the same structural
results as the larger aug-cc-pVTZ basis. Better energies were
then obtained for the lanl2dz geometries by single point
calculations at the B3LYP/aug-cc-pVTZ level. Default
convergence criteria were used for all calculations. No
symmetry was employed in any of the calculations, and
coordination geometries other than 6 were explicitly ex-
plored. The stationary points found were characterized as

minima by calculating their vibrational frequencies. When
trying to differentiate between a transition structure with a
low-lying frequency and an energetical minimum (structure
1a, for example), we reoptimized using Grid)ultrafine. All
relative stabilities reported are gas phase Gibb’s free energies
that contain standard thermochemical and vibrational cor-
rections. Solvation effects (both specific and bulk) are
currently being investigated in detail and will be discussed
in a forthcoming paper. Natural bond orbital [NBO (23)]
analyses of the magnesium complexes were carried out at
the B3LYP/aug-cc-pVTZ level of theory using NBO version
5.0 as patched into Gaussian98 (24).

RESULTS AND DISCUSSION

Hydroxide Ligands.Removal of a proton from a water
molecule in [Mg(OH2)6]2+ and reoptimization at the HF/6-
31G* level of theory have been reported to yield a hexa-
coordinated complex,1a, in which the hydroxide is stabilized
via hydrogen bonds to two of the water molecules (Figure
1) (10e). We were therefore quite surprised when our own
investigations at the higher B3LYP/aug-cc-pVTZ level failed
to reproduce this structure but led instead to several trigonal
bipyramidal structures in which the coordination number of
magnesium had been reduced to 5. One of the water
molecules previously coordinated to magnesium had spon-
taneously migrated to the second solvation sphere. The most
stable of these conformers (1b) is illustrated in Figure 1.
After expending some effort, we finally succeeded in locating
the hexacoordinated stationary point1a only to find that it
is a transition structure (with a low-lying negative frequency)
for the migration of an equatorial water into the second
coordination sphere and lies 7.9 kcal/mol higher than1b on
the B3LYP hypersurface.

Removing a hydrogen from a second water molecule in
1b and reoptimization starting from a pentacoordinate
geometry continued this trend. A second water molecule
spontaneously left the first coordination sphere, and several
tetrahedral complexes resulted with1cbeing the most stable
minimum. Complexes1d (three OH-) and 1e (four OH-)
also prefer a tetrahedral coordination. Our calculations
indicate that the magnesium ion is not capable of accom-
modating more than four negative charges in the gas phase
since further deprotonations of1e and reoptimization lead
to an isolated [Mg(OH)4]2- species and either a H3O2

- ion
or two isolated OH- ions.

These changes in the coordination geometry of magnesium
upon deprotonation were found to be independent of the
starting geometry. Starting from octahedral [Mg(H2O)6]2+

and removing all protons at once instead of successive
deprotonation yielded the same results. The water molecule/
molecules that spontaneously migrate always assume a
position in the second coordination sphere where they can
help to stabilize the hydroxide ligand(s) via direct hydrogen
bonding. We then verified that these unusual coordination
numbers (5 and 4) are intrinsically stable by removing all
second sphere waters in1b-e. This is indeed the case for
1b′ (pentacoordinate) and1c′/1e′ (tetrahedral), all three of
which are stable minima (not illustrated). Without the
stabilizing hydrogen bonds originating from specific solva-
tion in the second coordination sphere, complex1d′ is
instable. The water molecule in [Mg(OH)3(OH2)]- migrates
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to the second coordination sphere and a planar “ate” complex,
1f (illustrated in Figure 1), results.

Calculated thermodynamic equilibrium positions for two
different deprotonation reactions can be found in Table 1.
In the first reaction, all six ligands are explicitly included
and were allowed to arrange themselves spontaneously
(species1b-e in Figure 1):

In this manner, specific solvation is partially considered since
one or two water molecules are present in the second

coordination sphere. Deprotonation of Mg2+ can occur to a
significant extent only if the free energy is negative. This is
the case for a single external base (H2O) assisted proton
abstraction in [Mg(H2O)6]2+ which is slightly but clearly
exothermic (-4 kcal/mol) if the pentacoordinate metallo-
hydroxide formed (1b) is allowed to retain a water molecule
in its second coordination sphere. The energy requirement
for a second water-assisted deprotonation is quite high (+65
kcal/mol) and continually rises with each additional proton
abstraction, and we conclude that sequential deprotonations
are probably relevant only for high energetical gas phase
reactions of isolated species.

In eq 2, only the first shell ligands were included in the
equilibrium. All waters that had migrated to the second
sphere were treated as separate entities. Equation 2 confirms

that a single deprotonation is astonishingly facile in the gas
phase (∆G ≈ 1 kcal/mol). This is clearly due to entropy
effects (the number of free particles increases due to the
reduction in the coordination number of magnesium which
shifts the equilibrium to the right). The reaction enthalpy
(∆H) is endothermic (+12 kcal/mol), which indicates that
an unsolvated pentacoordinate species (1b′) is intrinsically
not as stable as [Mg(H2O)6]2+. This stresses the need to
explicitly consider specific solvation, especially in the active
site of enzymes where individual solvent molecules are
present but, due to the hydrophobic pocket, the properties
of bulk water are not.

FIGURE 1: Ball and stick diagrams of the most stable conformation of [Mg(OH)n(OH2)6-n]2-n ions (n ) 1 f 4). Structure1a is a transition
structure for the migration of an equatorial water into the second coordination sphere. Calculated at the B3LYP/aug-cc-pVTZ level of
theory.

Table 1: Thermodynamical Parameters (kcal/mol) for Deprotonation
Reactions of [Mg(H2O)6]2+ Ionsa

n ∆G ∆H T∆S

[Mg(H2O)6]2+ + nH2O f
[Mg(OH)n(H2O)6-n]2-n + nH3O+

1b -4.1 -3.9 0.6
2b 65.7 64.7 -0.9
3b 236.5 235.8 -0.6
4b 499.9 500.1 0.2

[Mg(H2O)6]2+ + nH2O f
[Mg(OH)n(H2O)6-n-x]2-n + nH3O+ + xH2O

1c 0.8 12.2 10.5
2c 76.9 97.0 18.4
3c 250.1 280.8 28.1
4c 526.4 547.5 19.3

a Calculated at the B3LYP/aug-cc-pVTZ level of theory.b A total
of six ligands are present; Figure 1 shows how many waters are located
in the second coordination sphere.c In this case, all second sphere
waters shown in Figure 1 have been treated as separate entities.

[Mg(H2O)6]
2+ + nH2O f

[Mg(OH)n(H2O)6-n]
2-n + nH3O

+ (1)

[Mg(H2O)6]
2+ + nH2O f

[Mg(OH)n(H2O)6-n-x]
2-n + nH3O

+ + xH2O (2)
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Comparison of both equilibrium positions in Table 1
indicates that solvation by one water molecule affects both
∆G (5 kcal/mol stabilization) and∆H (one water in the
second coordination sphere provides ca. 16 kcal/mol of
enthalpic stabilization energy). We are now investigating
specific as well as bulk solvation of these hydroxide species
in more detail (increasing the number of waters in the second
solvation sphere and/or placing the species of interest in a
dielectric field to model bulk solvation) and will report our
results in a forthcoming paper. In our opinion, this behavior
of magnesium should be extremely relevant for understanding
its mode of action in enzyme pockets.

Quite recently, an X-ray analysis (2.1 Å resolution) of the
Mg2+-GDP complex of the SRP GTPase Ffh has reported
that SRP GTPase can assume two different conformations
(25). In the solid-state structures of these conformers, the
position of the bound Mg2+ ion and its coordinating waters
could be quite well resolved. One conformer contains
magnesium bound in a characteristic hexacoordinated Mg2+-
GDP binding domain very similar to those found in other
members (26, 27) of the GTPase superfamily (Figure 2) (25).
The second conformer exhibits an “unusual” (25) penta-
coordinated Mg2+ which, in light of the calculations pre-
sented here, we suggest is most likely a hydroxide species
and that either the hydroxyl group of Thr112 or a water
ligand has been deprotonated under the crystallization
conditions. We furthermore suggest that such a conforma-
tional equilibrium could possibly have implications for the
gating mechanism of GTPases.

Extensive NBO analyses of the binding situation in [Mg-
(H2O)6]2+ and 1b′ reveal that the binding interactions,
regardless of the coordination geometry, are, as expected,
predominantly electrostatic in nature (Table 2). There is a
significant charge transfer from the ligands to magnesium
(originating from the sp-hybridized lone pair orbital on
oxygen that points toward the central ion). This transferred
charge resides primarily in the 3s orbital. A detailed analysis
of the NBO data did not reveal concrete reasons for why

deprotonation stabilizes the pentacoordinate geometry. We
suspect that small, multireference components involving the
d orbitals on magnesium are involved in helping to determine
the preferred coordination geometry. We are currently
attempting to perform multireference calculations on1b′ to
further investigate the electronic reasons for a coordination
change upon deprotonation.

Fluoride Ligand.Since fluoride ligands are isoelectronic
with hydroxides, we then investigated the coordination
behavior of [MgF(H2O)5]+ (2). Completely analogous to the
hydroxide complex, the hexacoordinated species2a (Figure
3) is a transition structure (with a very low lying negative
frequency) for migration of a water into the second coordina-
tion sphere. The pentacoordinated geometry2b is 2.1 kcal/
mol more stable than2a at the B3LYP/aug-cc-pVTZ level
of theory.

Carboxylate Ligands.[Mg(H2O)6-n(HCO2)n]2-n species
have been extensively studied by several research groups at
varying levels of theory (all, however, explicitly assumed a
coordination number of 6 and considered only up to a
maximum of four carboxylates) (10c,f,g). Repeating these
calculations and explicitly considering that the coordination
number of magnesium could possibly vary led to the species
illustrated in Figure 4. In complete accord with the previous
studies (10c,f,g) and in direct contrast to the mixed OH-/
H2O species1 or the F-/H2O species2, no stable penta-
coordinate species could be found forany combination of
six H2O/HCO2

- ligands at the B3LYP/aug-cc-pVTZ level
of theory. Hydrated magnesium complexes containing car-
boxylate rests clearly prefer an octahedral coordination
geometry. Species3a′ ([Mg(H2O)4(HCO2)]+; not illustrated)
in which we had removed one water molecule and explicitly
constrained the HCO2- ligand to bind in a monodentate
manner was the only species for which we succeeded in
locating a trigonal bipyramidal local minimum. However,
this structure is not stable toward specific solvation. As soon
as a single water molecule was reintroduced anywhere in
the second sphere and the structure reoptimized, the mag-
nesium ion spontaneously incorporated this sixth ligand
(water) into its first coordination sphere.

In contrast to hydroxide ligands with a localized negative
charge, mesomeric delocalization in HCO2

- allows the

FIGURE 2: The two conformations of the magnesium ion in the
Mg2+-GDP complex of SRP GTPase Ffh (Ow ) water ligand) as
reported in ref25 (pdb 1087).

Table 2: Selected NBO Properties of [Mg(H2O)6]2+ and1b′ a

atomic charge bond indexelectronic
configuration

Mg(H2O)6]2+ [core]3s(0.19)3d(0.01) Mg +1.792 Mg-O 0.063
O -1.013

1b′ b [core]3s(0.16)3d(0.01) Mg +1.825 Mg-OOH 0.077
OOH -1.383 Mg-Oax 0.064
Oax -1.002 Mg-Oeq

c 0.061
Oeq

c -1.032

a Calculated at the B3LYP/aug-cc-pVTZ level of theory.b Penta-
coordinate with only five ligands present.c Average value.

FIGURE 3: Ball and stick diagrams of selected conformations of
the [MgF(OH2)5]+ ion. Structure2a is a transition structure for the
migration of an equatorial water into the second coordination sphere.
Structure2b is the most stable pentacoordinated minimum found
on the hypersurface. Calculated at the B3LYP/aug-cc-pVTZ level
of theory.
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exchange of all six waters although exchange of the sixth
ligand is barely exothermic in the gas phase (Table 3).
Wherever possible, this charge delocalization is supported
via strong hydrogen bonds to neighboring waters or (n > 3)
carboxylate ligands. The thermodynamic equilibrium ex-
change data calculated here (Table 3) quite satisfactorily
match those reported in earlier studies (9c,f,g). In the gas
phase, exchange is thermodynamically favored (large nega-
tive ∆G due to strong Coulomb interactions) until a
maximum of three carboxylates has been reached. We

recommend the cited literature (9c,f,g) for an extensive
discussion of this topic (especially the influence of the solvent
on the equilibrium position).

We went on to deprotonate a water molecule in each of
the species illustrated in Figure 4. Due to the large size of
these mixed ligand complexes as well as the large number
of possible conformations, it proved necessary to optimize
these complexes at the somewhat lower (B3LYP/lanl2dz)
computational level. The presence of a hydroxide ligand
again resulted in a spontaneous lowering of the coordination
nimber to generate trigonal bipyramidal complexes in which
one of the ligands had migrated to the second coordination
sphere. The most stable conformation found for each
complex (several quasi-isoenergetical minima exist for each
possibility) is illustrated in Figure 5.

When one or two carboxylates are present (4a and4b), a
water is preferentially excluded from the first coordination
sphere. For the casen ) 3 (4c), a carboxylate is preferably
lost, probably because the magnesium is not capable of
stabilizing the additional negative charge in the gas phase
without an extensive network of hydrogen bond stabilization
(which is present forn ) 4; 4d).

Deprotonation of a water molecule in3ahas been studied
at the HF/6-31G* [and partially at the MP2(fc)/6-31+G*]
level of theory (10g). Although no symmetry was imposed
during optimizations, the authors did not report finding
pentacoordinate intermediates (10g). In the course of our
studies, we found that the HF level of theory is not capable
of reliably yielding energetically stable pentacoordinate
species. In view of the documented experimental findings
of such species (13, 25) which we discuss in the course of

FIGURE 4: Ball and stick diagrams of the most stable conformation of [Mg(H2O)6-n(HCO2)n]2-n ions (n ) 0 f 6). B3LYP/aug-cc-pVTZ
results except for3f, which was optimized at the B3LYP/lanl2dz level of theory.

Table 3: Thermodynamical Parameters (kcal/mol) for Carboxylate
(HCO2

-) Exchange in [Mg(H2O)6]2+ Ions as Well as Deprotonation
Equilibria for Mixed [Mg(H2O)6-n(HCO2)n]2+ Speciesa

n ∆G ∆H T∆S

[Mg(H2O)6]2+ + nHCO2
- f

[Mg(H2O)6-n(HCO2)n]2-n + nH2O
1 -199.3 -199.8 -0.5
2 -316.3 -320.2 -3.6
3 -352.3 -358.0 -5.2
4 -306.1 -310.0 -3.6
5 -212.1 -212.6 -0.5
6b -23.1 -25.1 -1.8

[Mg(H2O)6-n(HCO2)n]2-n + H2O f
[Mg(OH)(H2O)5-n(HCO2)n]1-n + H3O+

1b,c 73.9 72.7 -1.1
2b,c 155.8 155.0 -0.1
3b,c 241.5 244.4 2.6
4b,c 305.6 309.1 3.1

a Calculated at the B3LYP/aug-cc-pVTZ level of theory.b B3LYP/
aug-cc-pVTZ//B3LYP/lanl2dz energies.c A total of six ligands are
present; in each case a ligand spontaneously left the first coordination
sphere to yield a pentacoordinated central ion (Figure 5).
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this paper, we do not recommend the HF method for further
work on such systems.

Proton transfer between two isolated waters in the gas
phase is well-known to be extremely endothermic (10g). The
presence of a magnesium ion completely eradicates this
endothermicity, thus making proton transfers between an
external water and [Mg(H2O)6]2+ quite feasible, at least in
the gas phase (Table 4; see also ref10g). Substitution of a
water ligand for a carboxylate increases the energy required
for proton transfer by ca. 78 kcal/mol, thus effectively

blocking a proton transfer in the gas phase. We expect that
solvent effects will considerably lower this value and are
currently studying the effect of both specific and bulk
solvation upon the equilibrium position.

Ammonia (Model for Lys/His).A statistical evaluation of
biologically relevant crystal structures contained in the
Cambridge structural database showed that Mg2+ generally
binds six ligands (75% of the total number of structures
found), and oxygen is the most likely ligand (77%) followed
by nitrogen (16%) (10d). Harding has also performed
statistical evaluations of the metal coordination sites in
metalloproteins with much the same results (28). Interestingly
enough, at lower coordination numbers (3, 4, and 5) the
binding preference for nitrogen increases and even surpasses
that for oxygen (10d). Chelating nitrogen atoms in amino
acid chains that are capable of directly coordinating with
Mg2+ are the amino group found in Lys or the imidazole
nitrogens in His followed by the formamide unit in Asn and
Glu side chains as well as the backbone amide group in
protein chains. These latter groups are less commonly directly
coordinated to Mg2+; they are generally found in the second

FIGURE 5: Ball and stick diagrams of the most stable conformation found for [Mg(OH)(H2O)5-n(HCO2)n]1-n ions (n ) 0 f 4). Optimized
at the B3LYP/lanl2dz level of theory.

FIGURE 6: Ball and stick diagrams of the most stable conformation of [Mg(NH3)n(OH2)6-n]2+ ions (n ) 1 f 6). Calculated at the B3LYP/
aug-cc-pVTZ level of theory.

Table 4: Thermodynamical Parameters (kcal/mol) for Ammonia
Exchange in [Mg(H2O)6]2+ a

n ∆G ∆H T∆S

[Mg(H2O)6]2+ + nNH3 f [Mg(H2O)6-n(NH3)n]2+ + nH2O
1 -3.7 -2.7 0.9
2 -6.3 -4.9 1.2
3 -9.2 -7.8 1.3
4 -11.6 -11.0 0.5
5 -15.2 -13.6 1.5
6 -17.5 -16.1 1.3

a Calculated at the B3LYP/aug-cc-pVTZ level of theory.
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coordination sphere or the oxygen in the amide bond is
coordinated to Mg2+ instead of the nitrogen. We therefore
chose to model nitrogen coordination in this study with NH3,
which is representative for Lys and can be extended to His
bonding (29).

Analogous to its behavior with water ligands, magnesium
shows a clear preference for coordination number 6 when it
is bound to ammonia in [Mg(NH3)6]2+ (Figure 6). All mixed
[Mg(H2O)6-n(NH3)n]2+ species5 exhibit, as one would
expect, energetically stable, hexacoordinated structures.
Ammonia is a slightly worse ligand than water; the exchange
equilibrium is weakly endothermic for each successive
replacement of water. The free energies of ligand exchange
are approximately additive (Table 4). Forcing the central
Mg2+ to be pentacoordinated by providing it with only five
ligands leads to energetically stable species in the gas phase.
However, such pentavalent complexes are instable toward
specific solvation. If a sixth ligand (either water or NH3; it

does not matter which) is placed in the second coordination
sphere of a [Mg(H2O)5-n(NH3)n]2+ species and allowed to
freely optimize, the magnesium ion always pulls it into the
first coordination sphere.

Due to limited computational resources, we studied only
the deprotonation of [Mg(H2O)5NH3)]2+, 5a. Completely
analogous to1a, removal of a proton from water and
reoptimization led to a reduction in the coordination number
at the central ion (complex6a, illustrated in Figure 8). Water
and ammonia possess similar ligating properties, and it is
not surprising that Gibb’s free energy of the deprotonation
equilibrium (5a + H2O f 6a + H3O+) is with -5.8 kcal/
mol slightly exothermic. We predict that deprotonation of a
water in the other mixed ligand complexes (5b-e) will also
result in pentacoordinated species.

Biologically ReleVant Mixed Ligand Systems.Magnesium-
based enzymes often contain several (one to three) mono-
dentately bound carboxylates (Asp/Glu) and (occasionally)
one nitrogen (Lys/His) in the first coordination sphere of
the metal cation (10d). We therefore considered the situation
where one ammonia is present and a varying number of
carboxylates and waters complete the first coordination
sphere of Mg2+. Although we could not explicitly consider
all possible permutations, we managed to investigate the
hypersurface throughly enough to be quite positive that the
central ion prefers a octahedral coordination geometry for
any combination of these ligands (the most stable conformers
we found on the hypersurface are illustrated in Figure 7).
No stable pentacoordinate species could be found on a

FIGURE 7: Ball and stick diagrams of the most stable conformation of [Mg(NH3)(HCO2)n(OH2)5-n]1-n ions (n ) 1 f 3). Calculated at the
B3LYP/aug-cc-pVTZ level of theory.

FIGURE 8: Ball and stick diagrams of the most stable conformation
of [Mg(OH)(NH3)(HCO2)n(OH2)4-n]1-n ions (n ) 0 f 3). Calcu-
lated at the B3LYP/lanl2dz level of theory.

Table 5: Thermodynamic Parameters (kcal/mol) for Carboxylate
(HCO2

-) Exchange in [Mg(NH3)(H2O)6]2+ Ions as Well as
Deprotonation Equilibria for Mixed [Mg(NH3)(H2O)5-n(HCO2)n]2+

Speciesa

n ∆G ∆H T∆S

[Mg(NH3)(H2O)5]2+ + nHCO2
- f

[Mg(NH3)(H2O)5-n(HCO2)n]2-n + nH2O
1 -199.2 -199.8 -0.6
2 -314.6 -318.3 -3.7
3 -345.6 -351.5 -5.3
4 -297.5 -301.5 -3.7

[Mg(NH3)(H2O)5-n(HCO2)n]2-n + H2O f
[Mg(NH3)(OH)(H2O)4-n(HCO2)n]1-n + H3O+

1b 75.2 73.1 -1.9
2b 162.5 162.6 0.1
3b 244.6 246.6 1.9

a Calculated at the B3LYP/aug-cc-pVTZ level of theory.b B3LYP/
aug-cc-pVTZ//B3LYP/lanl2dz energies. A total of six ligands are
present; in each case a ligand spontaneously left the first coordination
sphere to yield a pentacoordinated central ion (Figure 8).
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hypersurface containing one Mg2+ and a total of six ligands.
A sixth ligand placed in the second coordination sphere of
a pentavalent start geometry was always pulled in toward
the Mg2+ upon free optimization. The calculated thermody-
namic equilibrium exchange positions (Table 5) are quite
similar to the H2O/carboxylate case. Exchange is again
favored until a maximum of three carboxylates is reached.
Deprotonation of a Mg2+-bound water ligand in complexes
7a-c led to a spontaneous reduction in the coordination
number, regardless of the number of carboxylates present
(Figure 8).

CONCLUSION

Our computational findings, together with the solid state
structures recently published for the Mg2+ complex of the
SRP GTPase Ffh (25), present the very real possibility that
a magnesium ion bound to an active site pocket in a
metalloenzyme can, like the more flexible zinc ion, exhibit
a differential coordination behavior in its mode of action. A
necessary prerequisite for this seems to be the presence of a
magnesium-bound hydroxide or fluoride, ligands which
induce a pentavalent coordination geometry. This could be
of quite some significance in the mode of action of Mg2+-
based enzymes, especially hydrolases, in which a metal-
bound hydroxide is often postulated to be the active
nucleophilic species. Water, carboxylate ligands, and am-
monia are not capable of changing the preference of Mg2+

ions for octahedral coordination geometries.
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