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Jiř ı́ Šponer,*,†,‡ Jaroslav V. Burda,§ Michal Sabat,*,| Jerzy Leszczynski,⊥ and Pavel Hobza†
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Structures and energetics of complexes between the guanine-cytosine Watson-Crick DNA base pair and
pentahydrated Mg2+, Ca2+, Sr2+, Ba2+, Zn2+, Cd2+, and Hg2+ metal cations were studied. Comparison has
been made with the data for the unsolvated cations. The complexes were fully optimized within the Hartree-
Fock approximation applying the 6-31G* basis set of atomic orbitals, while relativistic pseudopotentials were
used for the cations except magnesium. The energetics have been studied with the inclusion of electron
correlation using the full second-order Møller-Plesset perturbation theory. The cation with its hydration
sphere has been considered as one subsystem in the calculations of interaction energy. Thus, the complete
system for a calculation would include the hydrated cation-guanine-cytosine trimer. The interaction between
hydrated cation and guanine is significantly reduced compared to the guanine-unsolvated cation interaction.
Though the stabilizing three-body contribution has been reduced by almost 50% by hydration, it still remains
significant. The stability of the guanine-cytosine Watson-Crick base pair is enhanced by ca. 20-30% due
to the coordination of the hydrated cation. All the transition metal and Mg2+ cations are tightly bound to the
N7 atom of guanine, constituting an octahedral coordination sphere. The Ca2+, Sr2+, and Ba2+ cations are
coordinated simultaneously to the N7 and O6 atoms of guanine and the base-cation distance increases with
the row number in this series. However, the energy difference between the N7 and N7-O6 types of
coordination is rather small. The calculations show a different balance between the transition metal and
alkaline earth cations with respect to the cation-base and cation-water interactions. Zn2+ compared to
Mg2+ is bound more tightly to the base, and the hydration shell around Zn2+ is more flexible. The replacement
of Mg2+ by Zn2+ can be viewed, to some extent, as a shift from the interaction between nucleobase and a
hydrated cation toward hydration of a metalated base. This is likely to contribute to the different biological
role of Zn2+ and Mg2+.

1. Introduction

High-level ab initio calculations carried out since 1994 have
provided a basic physical characterization of various hydrogen-
bonding and stacking interactions of nucleic acid bases.1-4 The
recent studies were based on the use of the second-order
Møller-Plesset perturbation method (MP2) with medium-sized
diffuse polarized basis sets of atomic orbitals. The reliability
of the MP2 estimation of base-base interactions was verified
by preliminary calculations utilizing the coupled-cluster method
with noniterative triple excitations (CCSD(T)).5

However, quantum chemistry faces yet another challenging
task involving nucleic acid base pairs: their interactions with
various metal cations. Such interactions are important for some
aspects of nucleic acid structure.6 Empirical potentials can

hardly explain many important features in metal complexes with
the bases7-9 mainly due to their inability to describe the electron
transfer between bases and metal ions. Thus, ab initio methods
remain the only feasible technique to study this phenomena.

Preliminary calculations on the interactions between bases,
base pairs or model complexes, and metal cations were carried
out in the 1980s.10-15 These calculations were aided by the
use of the Hartree-Fock approximation (at best), mostly with
a minimal basis set of atomic orbitals. The gradient geometry
optimization was not available, the calculations were usually
not corrected for the basis set superposition error, and the
number of metal cations considered was very limited. The most
important conclusion from the early studies was the observation
of the enhancement of base pairing caused by polarization effects
due to the metal coordination.13-15 A significant effort has also
been devoted to parametrize a force field for platinated
nucleobases.16

Recent developments in computer power together with more
efficient codes allow application of higher level ab initio
methods to the complexes of base pairs with metal cations.7-9,17,18

One possibility is to rely on the density functional theory
techniques, as applied by Carloni and Andreoni to the platinated
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adenine-thymine base pair in the solid state.17 An alternative
is to use the conventional correlated ab initio techniques
combined with relativistic pseudopotentials.7-9,18 Recently we
have studied7-9 interactions between 15 mono- and divalent
metal cations and nucleobases, as well as the Watson-Crick
(WC) and reverse Hoogsteen (rH) base pairs. These calculations
demonstrated that every cation has a rather unique interaction
with the DNA bases and base pairs. The binding energies and
geometries are determined not only by the charges and atomic
radii but also by the electronic structure of the cation and by
the relativistic effects.8,9 In addition, the metal complexes are
characterized by pronounced polarization and charge-transfer
effects. Empirical potentials used in biomolecular modeling are
not able to describe the interactions between bases and cations
and the many-body effects in the cation-base pair complexes
properly.7,9 The calculations also showed a large polarization
enhancement of the base pairing in the M‚‚‚GC (WC)9 (M-
metal cation) and especially in the M‚‚‚GG (rH) complexes.7 It
is very likely that this enhancement of base pairing due to the
metal coordination can be important in Purine‚PurinePyrimidine
(Pu.PuPy) triplexes.19-21 On the other hand, only a small
polarization enhancement of the base pairing has been found
for the AT (WC) and AA (rH) base pairs.7,9 There was a
strengthening of the AT (WC) complex due to the cation binding
caused by the long-range electrostatic interaction between the
cation and thymine.9 In these two systems, the pairing can be
strongly destabilized by the ability of the cation to be simul-
taneously coordinated to the N7 atom and the amino group N6
atom of adenine.7

The previous calculations were carried out without the
consideration of solvent effects. Here, we present the first
systematic study of the interaction between fully solvated
(hydrated) divalent metal cations with an octahedral coordination
sphere consisting of N7 of guanine and five water molecules
(for the explanation see below) and the guanine-cytosine
Watson-Crick base pair (Figure 1). The calculations were
performed for Mg2+, Ca2+, Sr2+, and Ba2+ (group IIa) and Zn2+,
Cd2+, and Hg2+ (group IIb) cations. In addition, the effect of
replacement of one neutral water molecule by OH- ion was
investigated. We think that the presence of OH- in the
hydration sphere cannot be ruled out in real systems,14 although
it is very difficult to prove it experimentally. The later model
system gives us also an upper estimate of the influence of a
negatively charged phosphate group in nucleic acids. (The
negatively charged phosphate group can interact with the
hydration shell of the cation, but not directly with the cation.
The phosphate group has been found to be involved in an outer-
sphere coordination through one of the aqua ligands.)20

In contrast to metal-nucleobase interactions, hydration of
divalent cations has been analyzed in numerous theoretical
studies using explicit and continuous models of solvent.22-36

Ab initio quantum chemical, empirical potential, and hybrid

techniques were used. Among other phenomena, significant
nonadditivity of molecular interactions within the hydration shell
has been revealed.22 Also, the difference between various
cations with respect to the hydration was studied, and it has
been shown that the hydration shell of Zn2+ is more flexible
than that of Mg2+, which allows a reduction of the coordination
number of six for Zn2+ without a substantial energy penalty.30

2. Methods

The system studied by using gradient geometry optimization
within the Hartree-Fock (HF) approximation consisted of the
GC (WC) base pair interacting with a divalent metal cation
surrounded by a water shell (Figure 1) (five water molecules
were used to achieve the most likely coordination numbers of
six or seven; see below).6,20,22,30 The cations were initially
placed near the N7 atom of guanine; however, no constraints
were applied in the optimization. The standard split-valence
6-31G* basis set of atomic orbitals was used for Mg2+, O, N,
C, and H. The other cations (Ca2+, Sr2+, Ba2+, Zn2+, Cd2+,
Hg2+) were described by using the Christansen relativistic
pseudopotentials37 as in our previous studies.7-9 In addition,
the effect of substitution of one of the water molecules by the
OH- group was studied for the Mg complex designated as
“MgOH+”.

The use of relativistic pseudopotentials instead of the
conventional all-electron approach has several advantages. First,
only valence electrons are considered explicitly for atoms for
which the pseudopotential is used. The effect of core electrons
is included via effective core pseudopotential. This results in
a reduction of the number of electrons and thus the dimension
of the Hamiltonian matrix. The calculations are in principle
faster and the convergency is improved. Second, the pseudo-
potentials allow one to consider part of the relativistic effects
(Darwin and mass-velocity terms) in a relatively simple way
using scalar wave function and standard nonrelativistic meth-
odology. No relativistic effects could be included using the
all-electron approach.37

The interaction energies were evaluated for the HF-optimized
geometries by applying the full second-order Møller-Plesset
perturbation method (MP2) with the same basis sets and
pseudopotentials as specified above (abbreviated as MP2/6-
31G*//HF/6-31G* level). In contrast to many of our previous
studies,1,4,5 we did not modify the exponent of d-polarization
functions because this modification does not influence the
H-bonding energies significantly.5 Since we were interested
in the influence of the full solvation shell around the cation on
the base pairing, the interaction energies were mostly evaluated
for the following trimer: solvated cation‚‚‚guanine‚‚‚cytosine.
In other words, the cation plus the five water molecules were
considered as one subsystem in the interaction energy calcula-
tions. The interaction energy of a trimer,∆EABC, can be
expressed in two ways:7,9

(i) as a difference of the electronic energy of the complex
and the monomers:

or
(ii) as a sum of three pairwise dimer interaction energies and

the three-body term∆E3:

Figure 1. Schematic diagram of the hydrated metal ion-GC (WC)
base pair complex.

∆EABC ) EABC - (EA + EB + EC) (1)

∆EABC ) ∆EAB + ∆EAC + ∆EBC + ∆E3 ) EAB - (EA +
EB) + EAC - (EA + EC) + EBC - (EB + EC) + ∆E3 (2)
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Thus, the three-body term can be evaluated as

These equations can be easily extended for complexes
consisting ofN subsystems. (∆E stand for the interaction
energies,E for the total electronic energies.)

All interaction energies were calculated by using the opti-
mized geometries of the complex and were corrected for the
basis set superposition error38 in the trimer-centered basis set.7,9

Because of the use of trimer-centered basis sets, the∆E3, which
is a genuine three-body term defined only for the trimer, is
defined unambiguously. The deformation energies of the
monomers were neglected since they are an order of magnitude
smaller than the interaction energies.7,9 (The deformation energy
of a monomer is a repulsive contribution. It is caused by
deformation of a monomer upon formation of the complex and
is evaluated as the difference of total electronic energy of the
monomer having the geometry in the complex compared to the
optimized isolated monomer.) The deformations concern mainly
the guanine residue due to its direct interaction with the cation.
Nevertheless, we have checked the deformation energies in all
the complexes under consideration. These deformation energies
of guanine were within the range of 5-8 kcal/mol. This is a
reduction of deformation energies compared to those previously
obtained for unsolvated cations.7 The deformation of guanine
by the cation reduces the stability of the whole complex, but it
does not directly influence the base pairing enhancement.7

All calculations were done by employing the Gaussian94 suite
of programs.39

3. Results

3.1. Structures. Coordination Spheres.All previous cal-
culations carried out for unsolvated cations resulted in structures
showing a simultaneous coordination of the cation to both the
N7 and O6 sites of guanine. The inclusion of the solvation
shell protects the O6 site from a direct contact with the cation
in the case of all group IIb elements and Mg2+ (Figure 2). On
the other hand, Ca2+, Sr2+, and Ba2+ are coordinated to both
the N7 and O6 atom. This reflects the increased ionic radii of
the alkali metal cations and higher coordination numbers
preferred. Including the O6 group of guanine, the coordination
number increases from six to seven. In the case of the largest,

Ba2+, the coordination number could be even higher, since it is
known from several experimental data that it prefers a coordina-
tion number of eight. For example, in the d(CGCGCG)2

Z-DNA crystal structure, the barium atom is shared between
N7 and O6 atoms of two guanines of adjacent helices and
hydrated by four water molecules.40

We are aware that inclusion of five water molecules
(coordination numbers six or seven) may not represent an
optimal coordination number for all the cations studied.
However, we could not investigate all possible coordination
patterns due to the computer requirements. Further, the main
aim of this study was to qualitatively understand how the
hydration of a cation influences the base pairing. For this
purpose the present set of data seems sufficient. Let us note
that the actual hydration of a cation is characterized by a
dynamical coexistence of various coordination modes.36

Amino Group-Acceptor Interaction in the Ba2+ Complex.
Although our calculations have been carried out without any
geometrical constraints, the GC WC base pairs remained planar.
The only exception is the pair interacting with the large Ba2+

cation. Barium causes a significant nonplanarity (buckling) of
the base pair. Figure 2 shows the differences in geometries of
the complexes with hydrated Mg2+, Ca2+, and Ba2+ cations.
The buckled structure obtained for the Ba2+ cation is a
consequence of a direct interaction between one of the water
molecules and the cytosine amino group. The amino group
nitrogen atom serves as a hydrogen acceptor with the N‚‚‚
H(H2O) distance of 2.40 Å. The other aqua ligand close to the
cytosine has a different orientation (see Figure 2), and the
hydration shell is very asymmetric relative to the guanine plane.
The cation is shifted away from the guanine plane by 0.5 Å. In
other words, due to the activation of the cytosine amino group,
the system is deviating from theCs symmetry significantly. The
cytosine amino group has partially pyramidal arrangement with
dihedral angles between the hydrogen-bonded H atom and the
cytosine ring of 17°. The analogous dihedral angle involving
the non H-bonded H atom is 25°. The pyramidalization of
amino groups of nucleobases is important in many interactions
involving nucleic acid bases1,41,42and is frequently associated
with perturbation of symmetry.41 A very weak nonplanarity of
the amino H atoms of cytosine (ca. 4°) is also observed for the
Sr2+ complex, although in this case the pair remains essentially
planar and the cation is coplanar with guanine, because the water
shell is not close enough to the amino group. It should be noted
that the present result for Ba2+ cannot be considered as an
ultimate prediction that barium induces the nonplanarity of the
GC (WC) base pair. Our calculations for example neglect the
second hydration shell and those water molecules could accept
H-bonds from the first hydration shell of the cation instead of
the amino group nitrogen atom. Nevertheless the calculations
show a certain potential of the polarized water molecules around
the barium cation to activate the cytosine amino group. On
the other hand, much stronger cation-amino group or cation-
polarized water-amino group interactions occur in case of
coordination of a cation to the N7 position of adenine. This
will be analyzed in a subsequent study.

Interatomic Distances.Table 1 compares selected interatomic
distances in the complexes studied: the cation-base distances,
the cation-water separations, and the base-base H-bonds. The
closest cation-base distance was found for Zn2+ (2.08 Å),
followed by Mg2+ (2.19 Å), in agreement with the data obtained
for the unsolvated cations.8 However, the Mg2+‚‚‚O(water)
distances are slightly shorter than those between Mg2+ and N7,
whereas an opposite trend has been found for Zn2+. This

Figure 2. Stereoviews of the optimized complexes between the GC
Watson-Crick base pairs and a hydrated cation: Mg2+ (top), Ca2+

(middle), Ba2+ (bottom).

∆E3 ) EABC - EAB - EAC - EBC + EA + EB + EC (3)
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indicates that the balance between the cation-base and cation-
water interactions is different for these two cations and that the
transition metal cation prefers to interact with the base. These
will be further discussed below. The difference between
members of groups IIa and IIb becomes even more evident for
the elements with higher atomic numbers. Starting with Ca2+,
the IIa cations are coordinated to both N7 and O6 of guanine.
The cation-base and cation-water distances increase gradually
with the increasing atomic number for the IIa elements, and
the cation-base distances are always larger than the cation-
water distances. On the other hand, the two other group IIb
elements, Cd2+ and Hg2+, remain coordinated to N7. The
cation-base distances are short, and the cation-water distances
are always longer that the cation-N7 distances. In addition,
the cation-base distance decreases when going from Cd2+ to
Hg2+, while the cation-water separations become even larger.
The difference between the IIa and IIb elements has previously
been noticed in the studies of interactions between unsolvated
cations and bases and has been attributed to the high covalent
d-orbital (cation)-lone pair (base) bonding interaction charac-
teristic for the transition elements of group IIb.8,9 The anoma-
lous differences observed in the series Zn2+, Cd2+, Hg2+ can
be attributed to the relativistic effects, well pronounced for
mercury.8,9 The cation‚‚‚water oxygen distances obtained in
the present study are in a very good agreement with the available
experimental values for all cations, which provides additional
support for the reliability of our methodology (cf. ref 43, Table
13).

We will now discuss geometry of the base pairs. In general,
all the hydrated cations have the same effect on the base pair
geometry. The cytosine is slightly counter-rotated in the electric
field of the solvated cation (optimization of the ion-molecular
dipole interaction), which leads to an elongation of the O6(G)‚
‚‚N4(C) H-bond by about 0.3-0.35 Å with respect to the
optimized isolated base pair. Similar effects have been observed
for the unsolvated cations,9 where the elongation of the O6-
(G)‚‚‚N4(C) H-bond was even larger (ca. 0.55 Å). The
screening effect of the water shell is thus quite evident. As
already discussed, the base pair geometry is quite significantly
changed in the presence of Ba2+.

Influence of OH-. Some interesting changes have also been
observed while replacing one of the hydration sphere water
molecules (the outer one) by an OH- ion. The calculations,
carried out for Mg2+ and presented in the last column of Table
1, show that the resulting changes in geometry of the complex
were small. The cation-base and cation-water distances
increased by ca. 0.05 Å. The Mg‚‚‚OH distance was reduced
by 0.2 Å. Also, due to the reduction of charge, the orientation
of cytosine with respect to guanine is closer to that in the isolated
GC WC base pair, as evidenced by a shortening of the O6‚‚‚
N4 distance by about 0.15 Å relative to the Mg2+ complex.

N7Vs N7-O6 Coordination.Two important problems should
be addressed: (i) to what extent can the present data predict
the actual coordination sites in nucleic acids and (ii) how

different are the effects exerted on the base pairing and DNA
structure by the “N7-only” and “N7-O6” coordination modes.
We first tested the importance of these differences in geometry
for the unsolvated Ca2+ cation interacting with the GC WC base
pair. We carried out an optimization with the unsolvated cation
constrained to interact with the N7 site only (the C5-N7-M
angle was constrained to be 127°). The subsequent calculations
of interaction energy revealed no significant differences in the
energetics with respect to the fully optimized structure; only
the direct cation-guanine interaction has been reduced by about
15 kcal/mol, i.e., by ca. 10%.8,9 The three-body term did not
change, which means that the base pair stability did not change.
Therefore, it seems that the precise position of the cation relative
to the N7 and O6 atoms does not significantly influence the
base-pairing and polarization effects. We then repeated the same
constrained calculation with a hydrated cation. Here, the
difference between the total HF energy for the fully optimized
“N7-O6” and constrained “N7” solvated structures was only
1.5 kcal/mol. This indicates that the energies of the “N7” and
“N7-O6” systems are close to each other. We believe that,
under appropriate circumstances, all cations can adopt both types
of coordination, although the larger cations of group IIa show
a more pronounced ability to interact with O6 than the IIb
elements or Mg2+ due to the higher coordination number.

3.2. Energetics. Tables 2 and 3 summarize the energies of
interactions in the hydrated cation-guanine-cytosine com-
plexes. Table 2 shows the data obtained within the Hartree-
Fock approximation, and Table 3 presents the more accurate
data with inclusion of electron correlation effects at the MP2
level of theory. In general, both approximations mostly provide
a very similar picture. The values in parentheses show the data
obtained earlier for the unsolvated cations.9

Pairwise Contributions.The interaction between the hydrated
cation and guanine (evaluated as a pairwise additive contribu-
tion) has been sharply reduced compared to the analogous
interaction between the unsolvated cation and the base. Fur-
thermore, the differences between various cations have been
substantially reduced by the hydration shell. The energies of
interaction between guanine and the bare cation vary within
the range-118 (Ba2+) to -237 (Zn2+) kcal/mol,8,9 while the
hydrated cation‚‚‚guanine interaction energies range from-71
(Ba2+) to -94 (Zn2+, Hg2+) kcal/mol. It should be noted,
however, that this concerns the interaction energy evaluated as
(hydrated cation)‚‚‚base contribution. It will be shown below
that when this energy is further decomposed, differences among
the cations reappear. The pairwise base-base interaction
energies are basically unaffected by the water shell; the hydrated
cation-cytosine interaction is weakly attractive.

Polarization Enhancement of the Base Pairing.Perhaps, the
most interesting energy term is the three-body contribution,
which, as expected, has been reduced relative to the complexes
with unsolvated cations. However, this reduction is moderate
(only 40-50%, except for the Ba2+ complex). Therefore, this
term is still very significant and represents an important

TABLE 1: Optimized (HF/6-31G*) Geometries of the GC WC Base Pair Interacting with a Solvated Cation (M)a

Mg2+ Ca2+ Sr2+ Ba2+ Zn2+ Cd2+ Hg2+ MgOH+

M‚‚‚N7 2.19 2.60 2.74 2.96 2.08 2.32 2.28 2.24
M‚‚‚O6 3.47 2.57 2.70 2.77 3.44 3.47 3.44 3.62
M‚‚‚W 2.09-14 2.46-49 2.62-65 2.80-87 2.11-17 2.34-39 2.43-50 2.11-19
N4(H)‚‚‚O6 3.25 3.27 3.26 3.17 3.24 3.25 3.26 3.11
N3‚‚‚(H)N1 3.05 3.05 3.06 3.07 3.05 3.06 3.05 3.04
O2‚‚‚(H)N2 2.81 2.84 2.84 2.89 2.81 2.81 2.81 2.88

a M‚‚‚N7 and M‚‚‚O6, Cation-Base Distances. M‚‚‚W, the range of cation-water oxygen distances. The last three rows summarize the base-
pair hydrogen bonds. Some other important geometry features are discussed in the text. All distances are in angstroms.
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additional stabilization of the base pairing due to polarization
effects. Let us point out that the base pairing enhancement (the
difference of energies that are necessary to separate the two
bases without and with the presence of a cation) consists
basically of two terms: the three-body term, which includes
the polarization effects, and the classical electrostatic attraction
between the hydrated cation and cytosine.

Influence of OH-. The preliminary calculations for the
MgOH- system can be summarized as follows. The energy of
interaction between the hydrated cation and guanine and the
three-body term were further reduced with respect to the neutral
hydration shell. Nevertheless, the many-body term is still
significant (-5 kcal/mol) so that the stability of the H-bonded
base pair is enhanced compared to the isolated base pair. We
should keep in mind that the effect of the OH- anion can be
considered as the upper limit of the reduction of the base-pairing
enhancement, which might be caused by negatively charged
phosphate groups interacting through a water molecule with the
cation. Therefore, the present calculations indicate that the full
hydration shell and a proximal negatively charged group do not
fully eliminate the base-pairing enhancement caused by coor-
dination of the divalent metal cation to guanine.

3.3. Difference between the Zn2+ and Mg2+ Cations. The
previous paragraphs dealt mainly with the influence of a
hydrated metal cation on the base pairing. Let us now analyze
another important phenomena. It is well established that
divalent zinc and magnesium cations play different roles in some
biochemical processes, while their effect is identical in some
others.6,30 The hydrated cation-guanine complex has been
further explored, and we think that the calculations provide a
rationalization for this seemingly ambiguous behavior. Zn2+‚
‚‚purine interaction is much stronger than the Mg2+‚‚‚purine
one due to the additional metal d-orbital-guanine MO donating/
back-donating interaction,8,9 while the water‚‚‚cation interaction
energies and the hydration energies are very similar for these

two cations.22 The trends in water‚‚‚cation and base‚‚‚cation
distances reported in Table 1 support the idea of a different
balance of interaction between the cation and base and the
hydration of the cation for Zn2+ and Mg2+. We carried out
additional calculations in order to understand this difference
better.

Decomposition of the Guanine-Hydrated Cation Interaction.
First, we made a decomposition of the guanine‚‚‚hydrated cation
interaction energies into the individual pair components (pair-
wise cation‚‚‚base interaction, five pairwise water‚‚‚base con-
tributions, and the many-body term). The pairwise cation‚‚‚
guanine interaction is much stronger for Zn2+ (-186 kcal/mol
at the MP2 level,-174 kcal/mol at the HF level) than for Mg2+

(-149 kcal/mol at the MP2 level,-151 kcal/mol at the HF
level).44 The sum of the five pairwise water‚‚‚base contributions
is similar (ca.+12.5 kcal/mol, MP2 level) for both complexes,
since the geometries are very similar. On the other hand, the
many-body term is very different,+46 kcal/mol for the Mg2+

complex and+77 kcal/mol for the Zn2+ complex at the MP2
level, while the corresponding HF values are+46 and+65 kcal/
mol.45 This many-body term mainly includes screening of the
cation‚‚‚base interaction by the hydration shell and the change
of the base‚‚‚water contributions due to nonadditive polarization
effects. Due to the nature of the many-body term, it is not
possible to separate them. Nevertheless, the similarity of
energetics of the hexahydrated complexes of Zn2+ and Mg2+ 22

indicates that the reduction of the cation...base interaction upon
hydration is the contribution that can be considered very
different for these two cations.

Balance of the Water-Cation and Base-Cation Interactions.
Table 4 compares several different ways of evaluation of the
interaction energies in the studied complexes. The first two
rows compare the interactions between cation and guanine and
between cation and a single water molecule. Zinc has a stronger
interaction with both water and the nucleobase; however, the

TABLE 2: Interaction Energies in the Solvated Cation (M)-Guanine (G)-Cytosine (C) Complexes Evaluated by the
Hartree-Fock Method (HF/6-31G*//HF/6-31G* level)a

∆EGM ∆ECM ∆EGC ∆E3 ∆ET

Mg2+ -89.8(-209.7) -1.6(-) -25.6(-25.9) -7.1(-) -124.2(-252.9)
Ca2+ -86.5(-143.5) -1.5(-3.0) -25.5(-25.5) -4.6(-8.8) -118.1(-180.8)
Sr2+ -80.1(-) -1.9(-) -25.0(-) -3.9(-) -110.9(-)
Ba2+ -70.8(-120.6) -6.4(-1.9) -22.4(-25.3) -1.9(-8.3) -101.4(-156.0)
Zn2+ -93.6(-234.9) -1.6(-4.6) -25.6(-26.0) -7.6(-15.0) -128.5(-280.6)
Cd2+ -87.7(-190.5) -1.2(-4.3) -25.5(-25.7) -7.0(-12.1) -121.4(-232.6)
Hg2+ -91.9(-196.7) -1.4(-4.3) -25.4(-25.7) -7.6(-13.0) -126.2(-239.6)
MgOH+ -58.0(-) +0.4(-) -26.1(-) -4.2(-) -88.0(-)

a ∆EGM, pairwise interaction energy between the guanine and the solvated cation;∆ECM, pairwise interaction energy between the cytosine and
the solvated cation;∆EGC, the pairwise base pair interaction energy;∆E3, the three-body term;∆ET, the total interaction energy, i.e., the sum of the
previous contributions. All energies are in kcal/mol; deformation energies of monomers were not included. The values in parentheses were obtained
for the GC base pair interacting with the unsolvated cation.9

TABLE 3: Interaction Energies in the Solvated Cation (M)-Guanine (G)-Cytosine (C) Complexes Evaluated with Inclusion of
the Electron Correlation (MP2/6-31G*//HF/6-31G* level)a

∆EMG ∆ECM ∆EGC ∆E3 ∆ET

Mg2+ -89.3(-198.7) -1.5(-) -26.4(-26.0) -8.1(-) -125.4(-243.8)
Ca2+ -82.6(-133.9) -1.7(-3.0) -26.3(-25.8) -5.2(-10.1) -115.8(-172.7)
Sr2+ -76.0(-) -2.1(-) -25.8(-) -4.4(-) -108.5(-)
Ba2+ -71.2(-118.3) -7.7(-2.0) -23.2(-25.6) -2.1(-9.6) -104.1(-156.1)
Zn2+ -93.8(-237.2) -1.5(-) -26.4(-) -8.7(-) -130.4(-285.4)
Cd2+ -87.9(-192.6) -1.1(-) -26.3(-26.0) -8.0(-) -123.3(-237.2)
Hg2+ -94.3(-208.0) -1.3(-) -26.2(-25.9) -8.7(-) -130.5(-253.9)
MgOH+ -57.6(-) +0.4(-) -27.0(-) -4.8(-) -89.0(-)

a ∆EGM, pairwise interaction energy between the guanine and the solvated cation;∆ECM, pairwise interaction energy between cytosine and the
solvated cation;∆EGC, the pairwise base pair interaction energy;∆E3, the three-body term;∆ET, the total interaction energy, i.e., the sum of the
previous contributions. All energies are in kcal/mol; deformation energies of monomers were not included. The values in parentheses were obtained
for the GC base pair interacting with the unsolvated cation.9
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zinc/magnesium difference is much more pronounced for the
cation‚‚‚nucleobase complex.46 This difference influences all
the other contributions. The next row provides the hydration
energies of zinc and magnesium in hexahydrated complexes.
The hydration energies are rather similar; the difference of 10
kcal/mol in favor of Zn2+ is in accord with the cation-water
interaction energy values. (The previously reported difference
by Probst for hexahydrated Zn2+ and Mg2+ cations was even
smaller22 because of the neglect of electron correlation). The
next row presents a hydration energy of the cations bound to a
nucleobase (hydration of a metalated base), indicating that the
difference between Zn2+ and Mg2+ is sharply (by almost 30
kcal/mol) reversed. The reason is the repulsive contribution
originating in the weakening of the cation-base attraction upon
hydration. This contribution is much larger in the case of Zn2+.
This leads to similar interaction energies when the interaction
is treated as an interaction between base and a hydrated cation
(fifth row of Table 4). The last row of Table 4 shows the total
interaction energies of the guanine-metal-hydration shell
complex. Here the energy difference between zinc and mag-
nesium complexes increases only slightly with respect to the
corresponding value for hexahydrated cations (row 3), again
because of the larger reduction of Zn2+-base interaction by
hydration.49

Let us briefly summarize the difference between the Mg2+

and Zn2+ ions. The complex consisting of the guanine molecule
and a hydrated cation can be viewed following two ap-
proaches: (i) as a complex between the hydrated cation and a
base (the hydrated cation is taken as one subsystem), and (ii)
as hydration of a metalated base (G-M2+ is taken as one
subsystem). The calculations show that the complex with Zn2+

is shifted significantly more toward the second interpretation
with respect to Mg2+. The key energy contribution is the more
covalent nature of the N7(base)‚‚‚Zn2+ interaction. This is also
fully consistent with the database search showing that Zn2+

interacts with nitrogen more frequently than with oxygen,
compared to magnesium.30

To further illustrate the difference, we carried out an
additional set of calculations. First, we have optimized (HF/
6-31G* level) the complex of guanine with the hydrated cation
(cytosine has been removed from the base pair). Then, we have
fixed the N7-M distance to be by 0.1 and 0.2 Å longer (shorter)
with respect to the optimized structure while the system has
been fully optimized, which corresponds to a variation of the
cation-base distance upon full relaxation of the hydration shell.
It is easier to increase the N7-Mg2+ distance (the energy penalty
of an increase of 0.2 Å is+0.7 kcal/mol only) than the guanine-

Zn2+ distance (+1.7 kcal/mol). Thus, it is easier to separate
the Mg2+ cation away from the base into the solvent. On the
other hand, a compression of the cation-base distance by 0.2
Å requires+5.8 kcal/mol for Mg2+, but only +3.9 kcal/mol
for Zn2+. This observation is probably also related to the finding
by Bock et al. for hydrated cations.30 They reported that the
hydration shell around Zn2+ is more flexible, compared to Mg2+,
so that the energy penalty for changing the water shell structure
around Zn2+ is smaller.30 This means, together with our results,
that once the Zn2+ cation approaches the N7 position of guanine,
it tends to be bound there while the hydration shell is very
flexible. On the other hand, Mg2+ can be more easily released
back to solvent and its hydration shell is less flexible with
respect to the cation.

4. Conclusions

Structures and energetics of complexes between the guanine-
cytosine Watson-Crick DNA base pair and hydrated Mg2+,
Ca2+, Sr2+, Ba2+, Zn2+, Cd2+, and Hg2+ metal cations were
studied at the MP2/6-31G*//HF/6-31G* level using relativistic
pseudopotentials for the description of the cations.

The interaction between hydrated cation and guanine is
significantly reduced compared to the guanine-unsolvated
cation interaction.

The stabilizing three-body contribution has been reduced by
less than 50% and remains significant. The strength of the
guanine-cytosine Watson-Crick base pair is enhanced by ca.
20-30% due to the coordination of the hydrated cation.

The group IIb metals and Mg2+ cations are tightly bound to
the N7 atom of guanine. The Ca2+, Sr2+, and Ba2+ cations are
coordinated simultaneously to the N7 and O6 atoms of guanine
and the base-cation distance increases with the row number.
However, the energy difference between the N7 and N7-O6
types of coordination is rather small. Relativistic effects are
apparent for Hg2+, changing the trend in interatomic distances.

Zn2+ and Mg2+ cations show different balance of the cation-
base and cation-water interactions. Zn2+ is bound more tightly
to the base and its water shell is more flexible than that around
Mg2+. The situation can be partly described as a shift from
the interaction between nucleobase and hydrated cation toward
the hydration of a metalated base. This may likely account for
the differences in biological behavior of Zn2+ and Mg2+.
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