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Crystal structure studies indicate that metalation of the exocyclic amino group of cytosine and adenine
nucleobases by PtII and HgII entities, respectively, induces protonation of a nucleobase ring nitrogen atom,
and hence, causes a proton shift from an exocyclic to an endocyclic N atom. This metal-assisted process thus
leads to the generation of rare nucleobase tautomers. In principle, such processes can lead to the stabilization
of mispairs. The present study reports the first quantum chemical analysis of the metal-assisted tautomerization.
The calculations clearly demonstrate that metalation of the exocyclic amino group of nucleobases significantly
increases the protonation energy of the aromatic rings of nucleobases by about 30-34 kcal/mol for the PtII

adduct and by about 10-14 kcal/mol for the HgII adduct. The calculations suggest that this kind of metalation
could, besides the structural changes of DNA, significantly enhance the probability of formation of mispairs
in DNA. In the course of the study, we have realized a substantial difference in terminology, which is used
in computational chemistry and in bioinorganic chemistry to characterize the tautomerism of nucleobases.
The difference arises since nucleobases are studied in very different environments by quantum chemical and
experimental bioinorganic methods. This point is clarified and discussed in detail because it is essential for
future studies of metal-assisted tautomerism of nucleobases.

1. Introduction

The structures and properties of nucleic acids are influenced
by the interactions of nucleic acid bases with metal cations.1,2

Metalation can change the probability for the formation of rare
(minor) tautomers of bases and could influence the ability of
nucleobases to be protonated or deprotonated. Such modifica-
tions of nucleobases could further propagate into the formation
of mispairs.

At first sight, the major contribution inducing proton shifts
in metalated bases should be the ionic electrostatic contribution
when the metal entity bears a nonzero charge. It has been noticed
that when a divalent cation with a charge of+2 interacts with
an H-bonded imidazole pair (a model system for base pairing)
a proton would be transferred from one imidazole ring to
another, leading to the ion pair imidazole dimer.3 Similarly,
metalation of the N7 position of guanine by a divalent cation
could induce proton transfer from the guanine N1 position to
the cytosine N3 position in the Watson-Crick base pair.
However, this rationalization is valid primarily in the gas phase
while trends observed in a condensed phase, e.g., water, are
different. The reason is that polar solvents provide very efficient
screening of the ionic groups.4 The free energy gain due to the
reorganization of the water structure around the ionic groups

can even stabilize close contacts of two groups bearing the same
charge.4 Still, there is a marked increase in the acidity of the
proton at the N1 position as a consequence of N7 purine metal
binding which is on the order of 1.5-2 log units.5 However,
only a moderate effect of the charge of the metal entity is seen,5,6

contrary to the gas-phase trends. If the situation in the solid
state is considered, such a tendency is even less pronounced,
since crystals are strictly neutral and counterions are compensat-
ing for the charged groups. Closely spaced cations are often
observed even in a crystal lattice of oligonucleotide crystals.7

Substantial screening of electrostatic interactions occurs also
in nucleic acids where the negatively charged phosphate groups
play a significant compensatory role.8 The DNA molecule can
contain regions where the charge is not neutralized as strictly
as in the small compound crystals9,10 and the expression of the
ionic effects depends substantially on the particular DNA
architecture.11

Base pairs involving N7-metalated, N1-deprotonated guanine
(hemideprotonation) have been observed in crystal structures
of metalated bases,13 which leads to the self-complementarity
of two N7-metalated guanines.14 On the other hand, protonation
of metalated nucleobases is also possible. For example, adenine
carrying metal entities at N7 is capable of accepting a proton
at N1 irrespectiVe of the chargeof the metal entity, e.g., PtCl3

-

15 or ZnCl3- 16 on one hand orcis-(NH3)2Pt2+, (dien)Pt2+,17

and (OH)2(NH3)3Pt2+ 18 on the other. This clearly showsthat
the protonation is not driVen by the long-range electrostatic
forcesand the metal-induced proton shifts are rather assumed
to be a consequence of direct substantial changes in the
electronic structure of bases upon metalation. Another observed
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proton shift is formation of rare nucleobase tautomers under
the influence of a metal entity. Upon replacement of a hydrogen
atom of the N4 amino group of cytosine by a metal entity,19-21

the N3 position is protonated to produce a metalated form of
the rare iminooxo tautomer of this base. Similarly, a proton of
the exocylic N6 amino group of adenine can be replaced by a
metal entity, e.g., Hg2+ 22 or (dien)Pt2+,23,24and the N1 position
protonated to give the rare imino tautomer of adenine in a metal-
complexed form.

Two of the above-mentioned amino-metalated complexes
appear to be particularly suitable for theoretical calculations
since they are neutral:trans-(am)2Pt(1-MeC--N4)2 (am) NH3

or CH3NH2, 1-MeC- ) 1-methylcytosine anion, with metal
entity at N4)21a and Hg(1,3-DimeU--C5)(9-MeA--N6) (1,3-
DimeU- ) 1,3-dimethyluracilyl anion with Hg at C5; 9-MeA-

) 9-methyladenine anion with metal entity at N6).22 The
electrostatic (ionic) effects should not play a role in the two
cases mentioned and a direct comparison between the calculated
and experimental data is justified. Therefore, in this paper we
complement the experimental studies of nucleobases metalated
at the exocyclic amino group, and by using the ab initio quantum
chemical approach we analyze the energetics of the formation
of metal-assisted tautomers upon metalation of the amino groups
of bases.

2. Method

2.1. Terminology.The present computational study is aimed
at achieving a rationalization of selected proton-shifting pro-
cesses observed in solvent and solid-state experiments on
metalated nucleobases. In the course of this study, we have
recognized that there is a substantial difference in terminology
used in computational chemistry and bioinorganic chemistry.
In this paragraph, we explain the difference.

Figure 1 (parts a-c) shows three structures of a cytosine
molecule: major (amino-oxo) tautomer (a), minor imino-oxo
tautomer (b), and finally N3-protonated cytosine (c). Molecule
a is the prevailing form in a polar solvent; however, the neutral
structure b is almost isoenergetical with (a) in the gas phase,25

while protonated cytosine c is rather frequent in nucleic
acids.10-12

Let us now assume that one of the hydrogens of the amino
group of cytosine is replaced by a metal cation entity with a
charge of+1; that is, the total charge does not change (Figure
1, structures d, e, and f). From a computational chemistry point
of view, it is straightforward to consider M as an integral part
of the cytosine molecule and structures d, e, and f can be
considered an N4-metalated major tautomer of cytosine, an N4-
metalated imino tautomer of cytosine, and an N4-metalated N3-
protonated cytosine, respectively. In contrast, bioinorganic
chemists view the observed structure f as the result of a metal-
induced shift of an amino proton to the N3 position. The metal
is not considered as a part of the cytosine molecule. Thus,
structure f is known as a metal-stabilized imino-oxo tautomer
of cytosine, while structure e has never been observed. One of
the reasons for the difference is that bioinorganic chemists
observe similar proton switches also for metal species carrying
a different charge than+1, which is hardly possible in the gas
phase.

In the present quantum chemical paper, we follow the
nomenclature used in computational chemistry. It allows us to
distinguish between structure e and f and to easily compare
metalated and nonmetalated bases. In addition, this terminology
better reflects the actual electronic structure of the studied
species. Finally, the base-pairing energetics of molecule f closely
resemble the properties of protonated cytosine c while base
pairing of (e) is equivalent to (b).

2.2. Model Systems used in the Calculations.The first
system considered was the crystal structure of N6-mercurated
adenine where the metal cation entity is represented by (1,
3-dimethyl uracil-C5)Hg+ attached to the N6 atom of adenine.22

The mercury atom replaces the adenine amino group hydrogen
which is anti with respect to N1 of adenine. The adenine is
protonated at the N1 position. The whole structure is depicted
in Figure 2. To simplify the calculations we have replaced the
(1,3-dimethyl uracil-C5)Hg+ fragment by Hg(CH3)+ (note that
mercury is attached to a carbon ring atom of the uracil in the
crystal). Then we studied four structures of the metalated
adenine (Figure 3): the canonical neutral structure (major
tautomer, Figure 3a); the neutral imino tautomer of adenine
where the remaining amino hydrogen atom is shifted to the N1
position (Figure 3b); and finally protonated structures with a
proton attached to either N1 or N3 (Figure 3, parts c and d).
The N1-protonated adenine (Figure 3c) corresponds to the
structure which has been crystallized, and this structure is
referred to as the “imino tautomer” in the experimental paper.22

This structure is called a protonated base or protonated imino
tautomer throughout this paper (see above for explanation).

Figure 1. Structures of cytosine: (a) cytosine major (amino-oxo)
form; (b) neutral rare imino form; (c) N3-protonated cytosine. Structures
d-f represent the corresponding forms of the N4-metalated cytosine.
See the text for terminology.

Figure 2. View of (1,3-dimethyl uracilyl-C5)Hg+ attached to the N6
atom of adenine. The N1 protonated form is shown.
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We have also studied metalated cytosine with the HgCH3
+

group replacing the amino hydrogen proton anti relative to N
by considering three molecules (Figure 1): canonical metalated
cytosine (Figure 1d), its N3 imino tautomer (Figure 1e), and
the N3-protonated base (Figure 1f).

The second model system studied was based on the crystal
structure of cationtrans-[Pt(NH3)2(1-MeCyt-N4)2]2+ (Figure
4a).21a In this cation, the platinum(II) adopts a low-spin state
d8 electronic configuration. Its coordination sphere is made up
of two methylated cytosines protonated at the N3 position and
two ammonia molecules creating a square planar ligand field

of S2 symmetry. We have ignored the methyl group connected
to the cytosine ring and-NH2-Me group substituted for one
of the cytosine molecules (Figure 4b). The internal parameters
of the-NH2-Me fragment were frozen based on the optimized
structure of the methylamine molecule. The centrosymmetry of
the original complex was taken into consideration by imposing
a geometrical constraint on the mutual positions of the ammonia
ligands and of the-N<C groups attached directly to the
platinum. Both syn and anti rotamers were studied. The
influence of platination on the basicity and tautomeric equilib-
rium of cytosine was characterized by comparing the stability
of platinated cytosine in its amino (Figure 1d), imino (Figure
1e), and N3-protonated (Figure 1f) forms. The last structure
corresponds to that observed in the crystal.

Finally, we have studied the base pairing properties of the
metalated bases by evaluating the structures and energies of
several base pairs as specified in the Result and Discussion.

2.3. Methods of Calculation. The calculations of HgII-
containing systems have been carried out in the following way.
The first and second-row elements have been described by the
standard 6-31G** basis set of atomic orbitals. The mercury atom
has been described via Christiansen’s relativistic pseudopoten-
tial.26 All structures have been optimized by means of the
second-order Møller-Plesset perturbational method (MP2).

Complexes of platinum with cytosine have been computed
using the Becke3LYP nonlocal density functional theory (DFT)
method. All atoms but platinum were described with the
6-31G** basis set while the pseudopotentials were used for
platinum. We have used two pseudopotentials: Christiansen’s
relativistic pseudopotential26 and the Lanl2DZ pseudopotential.27

The structures of the base pairs have been optimized at the
Hartree-Fock (HF) level for HgII-containing structures, and at
the Becke3LYP level for PtII structures. Coplanarity of the two
bases has been assumed. Christiansen and Lanl2DZ pseudopo-
tentials were used for mercury and platinum, respectively. The
other atoms were described with the 6-31G* basis set. The
interaction energies (difference in energy of the base pair and
the two bases separated into infinity) were corrected for the
basis set superposition error. We did not include the deformation
energies of the monomers since they are rather small and similar
for metalated and nonmetalated structures.28

All calculations have been repeated for nonmetaled bases and
base pairs to evaluate the net effect of the metalation on the
tautomerism, protonation, and base pairing.

The calculations have been performed using the Gaussian 94
suite of programs.27

3. Results and Discussion

3.1. Protonation Energies and Tautomeric Equilibria of
N6-Mercurated Adenine and N4-Mercurated Cytosine.The
results for N6-metalated adenine (Figure 3) and N4-metalated
cytosine (Figure 1) are summarized in Tables 1 and 2,
respectively.

Figure 3. Structures of N6-metalated adenine: (a) major form; (b)
rare imino form; (c) N1-protonated adenine (observed in the crystal);
(d) N3-protonated adenine.

Figure 4. (a) View of trans-[Pt(NH3)2(1-MeCyt-N4)2]2+. (b) The model
molecule used in the calculations in its major tautomeric form, cf. also
Figure 1.

TABLE 1: Relative Energies (kcal/mol) of Neutral Adenine
Imino Tautomer and N1-Protonated and N3-Protonated
Adenine with Respect to the Major Forms of Adenine and
Metalated (HgCH3

+) Adeninee

adenine Ade-HgCH3

major tautomera 0 0
imino tautomerb +12.3 +16.9
N1-protonated basec -237.1 -249.4
N3-protonated based -234.8 -243.6

a Figure 3a.b Figure 3b.c Figure 3c, experimentally observed.d Fig-
ure 3d.e Data obtained at the MP2/6-31G** level.
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The neutral imino tautomer of nonmetalated adenine is ca.
12 kcal/mol less stable than the major amino form which is in
agreement with the previous ab initio calculations.29 Therefore,
the formation of the imino tautomer of adenine is unlikely.
Metalation further increases the difference between the major
(Figure 3a) and rare (Figure 3b) forms of adenine tautomers to
17 kcal/mol.

On the other hand, N6-metalation of adenine by the mercury-
(II) adduct increases (in absolute value) the protonation energy
of the N1-position of adenine (Figure 3c) by ca. 12 kcal/mol.
Similarly, the N3-protonation of N6-metalated adenine (Figure
3d) is favored by 10 kcal/mol over protonation of the nonmeta-
lated base. An increase in stabilization energies for protonated
bases to about 10-12 kcal/mol due to metalation is rather
significant, and it rationalizes the structure, which is observed
in the crystal.

The results indicate that metalation of the amino group is
associated with a certain positive charge withdrawing effect from
the base toward the metal group. This slightly hinders the shift
of the remaining amino group hydrogen atom to the N1 ring
position (neutral imino tautomer). However, the protonation
energy of the N1 ring nitrogen position of the base is enhanced
quite significantly (Figure 3c).

We have also evaluated the molecular electrostatic potential
(MEP) and carried out molecular orbital (MO) analysis. The
MO analysis revealed that the molecular orbitals centered on
the mercury contribute to the uppermost five occupied orbitals
of adenine, but the effect is rathet moderate. MEP calculations
show that upon metalation the genuine minimum of the negative
potential around the N1 position of adenine is almost unaffected
while the negative minimum at N3 becomes slightly weaker
(Figure 5). Therefore, the changes in the protonation energies
cannot be rationalized based on MEP and MEP effects caused
by mercury are considerably less pronounced than the effects
we will report below for the PtII-containing structures. This
explains why the effect of mercury is smaller compared to
platination (see below).

Table 2 shows that cytosine responded to the amino group
metalation in a similar way as adenine. The isolated imino
tautomer of the nonmetalated cytosine is almost isoenergetical
with the major form of this base which is in agreement with
literature data.25 As for adenine, this neutral imino tautomer is
weakly destabilized by the metalation (Figure 1e) with the
energy difference between major and rare forms being 2.9 kcal/
mol in favor of the major tautomeric form. Similarly as for
adenine, the metalation of the amino group of cytosine improves
the protonation energy of the N3 ring position of cytosine
(Figure 1f), in this case by 14 kcal/mol.

3.2. Protonation Energies and Tautomeric Equilibria of
N4-Platinated Cytosine. Table 3 compares the computed
energies of the three forms (Figure 1) of nonmetalated and
platinated cytosine. Their relative stability is markedly influ-
enced by the platination.

The first major difference can be found in the relative stability
of the neutral amino and imino tautomers of free and platinated
cytosine. While the neutral imino tautomer of nonmetalated
cytosine is destabilized by only 1 kcal/mol (with the Becke3LYP
method) with respect to the major form, this energy difference
increases to 11 kcal/mol upon platination. On the other hand,

TABLE 2: Relative Energies (kcal/mol) of Cytosine Imino
Tautomer and N3-Protonated Cytosine with Respect to the
Major Forms of Cytosine and N4-Metalated (HgCH3

+)
Cytosined

cytosine Cyt-HgCH3

major tautomera 0 0
imino tautomerb +0.7 +2.9
N3-protonated basec -241.7 -255.7

a Figure 1, structures a and d.b Figure 1, structures b and e.c Figure
1, structures c and f.d Data obtained at the MP2/6-31G** level.

Figure 5. Molecular electrostatic potential (au) of adenine (a) and
mercurated adenine (b).

TABLE 3: Relative Energies (kcal/mol) of Cytosine Imino
Tautomer and N3-Protonated Cytosine with Respect to the
Major Forms of Cytosine and N4-Metalated (PtII ) Cytosineh

cytosinea Cyt-PtII b Cyt-PtII c Cyt-PtII(syn)d

neutral tautomere 0 0 0 0
Imino tautomerf +1.3 +11.1 +10.8 +9.7
N3-protonated baseg -243.1 -273.4 -273.2 -276.8

a 6-31G** basis set.b Pt: pseudopotential from Christiansen, anti
tautomer.c Pt: Lanl2DZ pseudopotential, anti tautomer.d syn rotamer,
corresponding to the crystal structure. Pt: pseudopotential from
Christiansen.e Figure 1, structures a and d.f Figure 1, structures b and
e. g Figure 1, structures c and f.h Data were obtained from DFT/
Becke3LYP+ pseudopotential calculations.
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platination of cytosine markedly enhances its basicity since the
protonated form has been found to be 30 kcal/mol more stable
in the platinated complex than in the nonmetalated molecule.
Therefore, the calculations clearly suggest that the proton shift
observed in the experiment is a direct result of the metalation.
A comparative calculation on the rotamers corresponding to the
syn crystal orientation of platinum has revealed that the basicity
of the N3 nitrogen of cytosine is even slightly more pronounced
with the difference with respect to the nonmetalated base being
34 kcal/mol. It can be concluded that the effects of platination
of the amino group of the bases on the tautomerism and
protonation processes are almost 3 times larger compared to
the HgII adduct. Table 3 also shows that the results are
independent of the choice of pseudopotential imposed on the
platinum atom.

A molecular orbital analysis of free cytosine forms and their
platinated counterparts has shown that the changes in relative
stability of the amino, imino, and protonated forms upon
platination can be attributed to the influence of the d-2 orbitals
of platinum on the electronic structure of the cytosine ring.
While N3 protonation localizes theπ electron density on the
cytosine ring, in the amino and especially in the neutral imino
cytosine forms, a strong mixing has been observed between the
d-2 orbital of platinum and the py atomic orbitals centered on
the heteroatoms of cytosine. Since both orbitals represent
electronic density in the plane perpendicular to the cytosine ring,
a strong interaction can be expected between theπ electron
density of cytosine and the vacant d orbital of platinum. The
situation can be illustrated using the highest occupied molecular
orbitals (HOMO). The HOMO of the protonated platinated
cytosine is formed exclusively by the d-2 orbital of platinum
and is the deepest in energy among the three platinated
complexes. In the major amino form, the HOMO is made up
of four components: the d-2 orbitals of platinum; the py orbital
centered on N3; and the py orbitals of N4 and O2 (both with
opposite signs). Only two orbitals participate in the HOMO of
the imino form: the d-2 orbital of platinum and the py orbital
centered on N4 with an opposite sign. Let us note that in both
the amino and neutral imino tautomeric forms, the HOMO
orbital is antibonding and, therefore, higher in energy than its
components. It means that the platination of cytosine destabilizes
the cytosine ring of the neutral amino and imino tautomers;
however, it has practically no impact on the protonated cytosine
moiety.

The increased basicity of the N3 position of cytosine upon
the platination is accompanied by a considerable strengthening
(from -0.105 to ca-0.136 au) and broadening of the minimum
of the MEP around the N3 nitrogen atom, as illustrated in Figure
6. Thus, both MO effects and changes of MEP are considerably
larger than for the mercury adduct.

From an analysis of the atomic charges evaluated by the
natural bonding orbital (NBO) method, we have found that
among the cytosine complexes the neutral imino tautomer
undergoes the largest loss ofπ electrons upon platination (0.388
au compared to 0.317 au for the amino form). Therefore, it is
not surprising that the neutral imino tautomer is further
destabilized in the platinum complex compared to the nonmeta-
lated base. Similarly, the results of the molecular orbital analysis
and NBO analysis explain the increased N3 basicity of the
platinated cytosine complexes. As shown above, platination of
the amino tautomer strongly influences the electronic structure
of the amino tautomer, and this leads to energetic destabilization
of the structure. On the contrary, we have found that the
protonated cytosine ring is not influenced by platination.

Therefore, the increased N3 basicity of the platinated cytosine
can be attributed to the relative destabilization of the neutral
amino tautomer rather than to the increased stability of the
protonated form. The computed charges are in accordance with
the above considerations. While the cytosine ring loses electrons
in the platinated amino complex, a small increase in the total
electron density (-0.263 au) is observed on the cytosine part
of the protonated form.

A comparison of the Pt-N4 distances shows that the Pt-N
bond in the protonated form is much weaker than in the other
two structures.30 This is because the bond has mainlyσ-character
due to the lack of an interaction with theπ electron system of
the cytosine ring. On the contrary, three and one py orbitals of
cytosine participate in the HOMO of the amino and imino forms
of platinated cytosine, respectively. In the imino form, a two-
centered “classical”π type chemical bond contributes to the
binding between the Pt and N4 atoms which, not surprisingly,
creates a stronger bond between the platinum and N4 atoms
than the four-centered bond in the amino tautomer. This is

Figure 6. Molecular electrostatic potential (au) of cytosine (a) and
platinated cytosine (b).
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reflected by the slightly shorter Pt-N4 bond observed in the
imino form relative to the amino tautomer.

The extent of delocalization is clearly revealed by the N4-
C4 and C4-N3 distances. Because of the formation of a four-
centered HOMO, the N4-C4 and C4-N3 distances are almost
the same in the amino tautomer (1.343 and 1.342 Å, respec-
tively). In the protonated form, the N4-C4 distance decreases
while the C4-N3 distance increases. A further decrease of the
N4-C4 distance in the imino tautomer results in a surprisingly
short N4-C4 bond (1.269 Å), whereas the C4-N3 distance
adopts an unusually high value, 1.446 Å. Therefore, we conclude
that the double bond character of the N4-C4 bond and the
single bond character of the C4-N3 bond increase in the
following order: amino< protonated< imino.

3.3. Hydrogen Bonding and Proton-Transfer Properties
of the Amino-Metalated Bases.In the above paragraphs, we
have shown that metals attached to the amino nitrogen of bases
enhance the protonation energy of the ring position of bases,
and this prediction is in agreement with the experimentally
observed proton shifts. Formation of these rare tautomers would
be very important if it increases the probability of the formation
of mispairs. The stability of metal-induced mispairs compared

to nonmetalated mispairs is roughly determined by the sum of
two contributions: the difference in protonation energy reported
above and the difference of intermolecular interaction (stabiliza-
tion) energies of the metalated and nonmetalated base pairs.31

The interaction energy is the difference in electronic energy of
the base pair and electronic energies of the bases separated into
infinity.32,33Thus, to predict the effect of metalation on mispair
formation, we have to evaluate, besides the protonation energies,
the influence of metalation on the base pairing interaction
energy. We have carried out these calculations for a representa-
tive set of base pairs.

First, we have considered HgII-N6 metalated adenine pro-
tonated at the N1 position, and we have calculated its pairing
energies with cytosine (Figure 7a) and guanine (Figure 7b)
assuming planarity of the base pairs. The interaction energies
for these two base pairs were-32.4 and-33.3 kcal/mol. The
same energies evaluated for nonmetaleted protonated adenine
are -39.2 for AH+‚C and-39.7 for AH+‚G. Therefore, the
metalation reduces the base pairing interaction roughly by 7
kcal/mol. This can be again related to the positive charge
withdrawing effect from the base toward the metal group. It
makes the dominating molecular ion-molecular dipole inter-

Figure 7. Metalated forms of (a) AH+‚C base pair, (b) AH+‚G base pair, (c) CH+‚G Hoogsteen base pair, (d) A‚T Watson-Crick base pair, (e)
A* ‚T* minor tautomeric form base pair, (f) G‚C Watson Crick base pair, and (g) G-‚CH+ ion pair.
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action10c somewhat weaker since the positive charge on adenine
is shifted away from the other nucleobase forming the pair.
Considering both the protonation and interaction energies, the
metalated mispairs are stabilized by ca. 5 kcal/mol compared
to the nonmetalated ones, and the probability for a formation
of both protonated mispairs (Figure 7, parts a and b) is likely
to be enhanced by the amino group metalation.

We have made similar calculations also for N4-platinated
cytosine and have evaluated its Hoogsteen (H) pairing with
guanine (Figure 7c). This base pairing occurs in pyrimidine-
purine-pyrimidine triplexes. The interaction energy in the
metalated base pair is-31.1 kcal/mol, while the interaction
energy of the nonmetalated CH+‚G H base pair is lower (more
stable) by 10 kcal/mol.28d However, to obtain the overall effect
of metalation on the stability of the mispair compared to the
nonmetalated mispair, one should add together the change in
the interaction and protonation energies. After considering the
protonation energy of platinated cytosine (see the values in Table
3), we conclude that N4-platination increases the relative
stability of this mispair by 20 kcal/mol, i.e., quite significantly.

The formation of mispairs and point mutations can be initiated
by interbase proton transfer within the Watson-Crick base
pairs.34 Thus, we have estimated the effect of metalation on
the proton transfer processes. First, we have investigated the
base-pairing properties of the canonical AT Watson-Crick base
pair (Figure 7d). The MP2/6-31G*//HF/6-31G* interaction
energy of the metalated (HgII) AT WC base pair is-11.8 kcal/
mol. It is identical to the published results for the nonmetalated
AT WC base pair at a similar level of theory.33 Thus, the
energetics of the Watson-Crick base pairing is unaffected by
metalation. Then, we have considered the double proton transfer
that can occur in the Watson-Crick AT base pair, leading to a
base pair abbreviated in the literature as A*T* (Figure 6e).34,35

The A*T* pair is at the HF/6-31G* level destabilized by 21.6
kcal/mol (considering total electronic energy) with respect to
the canonical AT WC pair, while this energy difference increases
to 27 kcal/mol after metalation. This is because the destabiliza-
tion of the neutral imino tautomer by metalation (see above)
destabilizes also the A*T* base pair. Therefore, the metalation
of the N6 position of adenine destabilizes the A*T* pair. (It
should be noted that in order to gain full insight into the proton
transfer process, a search also for the transition state,34,35,36would
be required and it is not attempted in this study.)

We have also considered proton transfer processes in the G‚
C base pair (Figure 7f).34 The calculations have been done with
platinated cytosine since the effect of the platinatum adduct is
larger. We did not investigate the most favorable double proton
transfer mechanism in the G‚C base pair (the structure desig-
nated as GC2 by Florian and Leszczynski)34 since it involves
the formation of a neutral imino tautomer of cytosine which is
destabilized by metalation. However, Florian and Leszczynski
demonstrated that there is another possible route to a mispair
in the GC base pair, the single proton transfer of the H1 guanine
hydrogen to the N3 position of cytosine which leads to the
formation of the ion pair GC structure (Figure 7g). The energy
difference between these two structures in the nonmetalated pair
is ca. 24 kcal/mol in favor of the canonical base pair.34 Since
the ion pair involves protonated cytosine, it should be stabilized
by metalation. Indeed, our calculations show that platination
of the amino group of cytosine decreases the energy gap between
the ion pair and the canonical structures of the GC base pair
quite substantially; it is ca. 12 kcal/mol after metalation.

4. Concluding Remarks

Experimental studies provide excellent structural data via
X-ray crystallography and allow for the determination of the
respective pKa values and for an evaluation of free energy
changes of the protonation processes. However, it is difficult
for experiments to separate the effects of environment (solvent,
counterions, crystal lattice) and “net” energetics and the physical
origin of proton shift processes in metalated bases and base pairs.
Similarly, it is difficult to separate long-range electrostatic effects
and the “nonelectrostatic” contributions.

High-level quantum chemical calculations of nucleobases and
their complexes are comparable in accuracy with the gas-phase
experiments.32 A major limitation of the ab initio method is the
consideration of isolated “gas-phase” systems while reliable
inclusion of solvent effects within the framework of quantum
chemical theory is very difficult.35 The limitation is important
especially for ionic systems since the ionic systems are
frequently dominated by the electrostatic effects in the gas phase
while the electrostatics are off in condensed phase and in
crystals. The crystallographic and ab initio studies of metalated
bases complement each other in terms of the structural and
energetical information and show the studied systems in two
outer situations regarding the expression of the effects associated
with the net charge residing on the metal cation entity. The role
of the electrostatic interactions in DNA will differ from both
crystal and gas-phase situations.

In the present study, we investigated the effect of metalation
of the exocyclic amino groups of bases by HgII and PtII adducts.
Becuase this kind of metalation does not change the electro-
neutrality of the nucleobase, purely ionic effects do not dominate
in these systems. Therefore, direct comparison between the ab
initio and experimental data is justified and the observed effects
can be attributed to the influence of the metalation on the
electronic structure of the nucleobases. The calculations show
that the metalation destabilizes the neutral imino tautomers of
bases with a fully deprotonated amino group by 2-10 kcal/
mol. However, the metalation of the amino group of nucleobases
significantly improves the protonation energy of the nucleobase
aromatic ring, by about 30-34 kcal/mol for the PtII adduct and
10-14 kcal/mol for the HgII adduct. Exactly this proton shift
has been observed in condensed phase experiments and crystal-
lographic studies on model complexes with nucleobases. The
effect is known in the bioinorganic literature as a formation of
metalated forms of the rare imino tautomers of nucleobases,
since bioinorganic chemists use different terminology than
computational chemists (see section 2.1 above).

During the review process, the referees raised a question,
whether the reduced computational models used to mimic the
coordinated cations are not too small, possibly leading to
exaggeration of the calculated effects. In fact, in both crystal
structures considered in this study, the cation simultaneously
binds to two nucleobases. However, also the experimental
studies represent model complexes (that can be crystallized),
and it is not suggested that binding in DNA would necessarily
include two DNA bases. Thus, our model systems might be
closer to the actual binding of the metals to amino groups in
DNA. Further, despite that our models are slightly smaller, they
are still closely related to the molecules characterized in the
experiments. Nevertheless, we have reinvestigated the effect of
the mercury binding to adenine N6 by considering (uracil-C5)-
Hg+ as the metal group. The calculations were done at the HF/
6-31G* level, and the following protonation energies were
obtained for the N1 position of adenine: 252.5 kcal/mol
(metalated base) and 240.2 kcal/mol (nonmetalated base). Thus,
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the metalation enhances the protonation energy by 12.3 kcal/
mol, and this value is identical to the difference obtained above
for the smaller complex.

Although our calculations and the preceding experimental
studies are based on simplified models, they indicate that
metalation of amino groups of bases could promote formation
of those mispairs in DNA which require protonation of the
aromatic rings: AH+‚G, AH+‚C, and CH+‚G, and the ion pair
structure of the GC base pair. Formation and stabilization of
mispairs can have quite significant biological consequences such
as the increased probability of point mutations.34 This could be
one of the reasons why many metals are mutagenic.
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1996, 14, 117. (b) Šponer, J.; Hobza, P. InEncyclopedia of Computational
Chemistry; Schleyer, P. v R., Allinger, N. L., Clark, T., Gasteiger, J.,
Kollman, P. A., Schaefer, H. F., III, Schreiner, P. R., Eds.; John Wiley and
Sons: Chichester, 1998; p 777.
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