
Abstract. Intermolecular proton-transfer processes in
guanine–cytosine Watson–Crick base pairs have been
studied using the B3LYP density functional method.
Protonation of the base pair was carried out both at the
N7 and at the O6 atoms of guanine. It is found that
protonation induces a strengthening of the base pair and
facilitates the N1–N3 single-proton-transfer reaction.
The double-proton-transfer reaction, however, turns out
to be unfeasible when the system is protonated at these
sites. Mutagenic implications of these proton-transfer
processes are discussed.
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Introduction

It has been 50 years since Watson and Crick [1] pro-
posed their double helix model for the three-dimensional
structure of DNA, possibly the most important biolog-
ical macromolecule. Its stability is partially associated
with the hydrogen-bond interactions that take place
among the different nitrogenated bases, the hydrogen-
bonding pattern being determined by the complemen-
tarity of their forms. This specificity of recognition be-
tween bases is responsible for maintaining the genetic
code. Ten years later, Löwdin [2, 3] proposed that in-
termolecular proton-transfer mechanisms could alter
these hydrogen-bonding patterns and ultimately lead,
through base-mispairing, to spontaneous mutations.
Two cases, which approximately correspond to sponta-

neous and induced phenomena, were distinguished. The
first one referred to pairs of equally charged bases. In
this case, concerted double-proton-transfer reactions
would take place in order not to create a charge sepa-
ration. The second one referred to pairs with unequally
charged bases generated through the introduction of a
negative or a positive charge in one of the bases (e.g.,
protonation). Under these conditions the probability of
single-proton-transfer reactions from the more posi-
tively charged moiety to the more negatively charged
one would be greatly increased.

For many years it has not been possible to check
theoretically Löwdin’s suggestions; however, in the last
decade, with the development of computers and cost-
effective theoretical approaches, many studies related to
DNA nucleobases have appeared. Most of them deal
with the relative stability of nucleobase tautomers [4–20]
or their acid–base properties [9, 21–35]. Studies on
proton-transfer processes in base pairs are scarcer
[36–43], the single-proton-transfer and double-proton-
transfer reactions in pairs of equally charged bases being
the processes most often considered [36–38]. Much of
the discussion has focused on whether the mechanism of
the double-proton-transfer reaction is concerted or
stepwise, through a single-proton-transferred ion-pair-
like intermediate (Scheme 1). In particular, Florian and
Leszczynski [38] studied these processes at the HF/6-
31G* level of theory and located an intermediate
structure corresponding to the ion-pair species. This
structure was found to be about 24 kcal/mol above the
neutral form, the transition state of the concerted reac-
tion lying even higher in energy (31 kcal/mol). However,
the relative energy of this transition state was signifi-
cantly decreased (to 14.6 kcal/mol) when performing
single-point calculations at the second-order Møller–
Plesset perturbation theory (MP2) level. Moreover, at
the correlated level, the energy barrier leading to the
single-proton-transferred intermediate disappeared,
indicating the dubious existence of such an intermediate
in this system.
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Less attention has been paid to base pairs with
unequally charged bases; i.e., on how the energy pro-
files of these reactions are modified upon the intro-
duction of a charge in the system. Previous studies on
the guanine–cytosine radical cation [39, 40] showed
that oxidation of guanine induces a strengthening of
the base pair and a stabilization of the single-proton-
transferred structure. The double-proton-transferred
product, however, was not located as a minimum on
the potential-energy surface. Similar results have been
reported for the guanine–cytosine radical anion [41].

To our knowledge, the effect of protonating differ-
ent sites of guanine on these processes has only been
considered in one work at the Austin Model 1 (AM1)
level [42]. The results showed that protonation easily
leads to the single-proton-transferred structure; how-
ever, some unexpected results were obtained. On one
hand, the double-proton-transferred minimum was also
found to be a stable species upon protonation of
guanine at the N7 site, in contrast to some preliminary
calculations performed in our laboratory at Becke’s
three-parameter hybrid method with the Lee–Yang–
Parr correlation functional (B3LYP) level of theory
[43]. On the other hand, a surprisingly bifurcated
hydrogen-bonding interaction was observed in guan-
ine–cytosine pair for the O6-protonated system.

In this paper we reexamine the single-proton-
transfer and double-proton-transfer reactions in a
protonated guanine–cytosine base pair, at the B3LYP
level of theory with a double-f-quality basis set sup-
plemented with diffuse and polarization functions.
Both the N7 and O6 sites of guanine are considered
for protonation. Furthermore, solvent effects are esti-
mated through the use of a polarized continuum model
(PCM).

Computational details

Full geometry optimizations and frequency calculations
for the neutral and the protonated base pairs were per-
formed using the three-parameter B3LYP [44, 45] den-
sity functional method as implemented in the
Gaussian 98 [46] program package, with the 6-31G(d,p)
basis set [47]. The energy values reported in the present
work, however, were obtained by performing single-
point calculations, at the 6-31G(d,p) optimized geome-
tries, with the larger 6-31++G(d,p) basis set. The reli-
ability of density functional methods for studying
hydrogen-bonded systems has been analysed in several
papers [48, 49], which have shown that nonlocal meth-
ods that include gradient corrections, particularly the
B3LYP one, provide results comparable to the MP2
method when similar basis sets are used.

The nature of the stationary points was checked by
vibrational frequency calculations. Thermodynamic
corrections were obtained with the smaller basis set
assuming an ideal gas, unscaled harmonic vibrational
frequencies and the rigid-rotor approximation by stan-
dard statistical methods [50]. Net atomic charges were
obtained using the natural population analysis of
Weinhold and coworkers [51, 52].

Solvent effects were estimated using the PCM pro-
posed by Miertus and coworkers [53, 54] and Cossi et al.
[55] with the large basis set, and considering water as the
solvent. These calculations were performed at the gas-
phase optimised geometries.

Results and discussion

First, we present the results obtained for neutral
guanine–cytosine, G–C. Second, the systems proton-

Scheme 1
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ated at the N7 and O6 sites of guanine, H+GN7C and
H+GO6C, are considered. In all cases, the single-pro-
ton-transfer and double-proton-transfer reactions
shown in Scheme 1 were analysed in the gas phase
and in solution.

Neutral system

For the neutral system, only the product derived from
the double-proton-transfer reaction was found as a
minimum on the potential-energy surface. All attempts
to optimize the single-proton-transferred ion pair col-
lapsed to the initial nontransferred structure. This fact
disagrees with previously published results [38] at the
Hartree–Fock level of theory, which characterized the
ion-pair structure as a minimum. Therefore, electronic
correlation appears to be essential to correctly describe
the topology of the potential-energy surface.

The optimized geometries of the neutral system, G–C,
the transition state, TS(G–C–G¢–C¢), and the double-
proton-transferred product,G¢–C¢, are shown in Fig. 1. It
is observed that the geometries of the nucleobases them-
selves remain similar along the process. Only those dis-
tances related to the keto-enol and the amino-imino
transformation (C–O6, C–N1 and C–N4, C–N3, respec-
tively) change significantly. Hydrogen-bond distances are
given in Table 1. It should bementioned that forG–C, the
trends of the computed hydrogen-bond distances differ
from the available experimental [56] data, which were
obtained from DNA crystals, but agree with other theo-
retical studies of G–C in the gas phase [39, 40, 57, 58]. As
noted previously, the differences are caused by environ-
ment effects in the crystal, especially those produced by
Na+ counterions, which have been shown to play a key
role in determining hydrogen-bond distances [59].

The double-proton-transfer reaction induces some
changes on the hydrogen-bond distances. It can be
observed in Table 1 that the O6–N4 and the N1–N3
distances decrease by 0.10 and 0.06 Å, respectively,
while the N2–O2 distances increases by 0.07 Å. Such
variations mainly result from the changes in the acid–
base character of the centres involved in the O6–N4
hydrogen bond. As often observed, hydrogen bonds at
the transition structure are shorter than in the reactant
or in the product in order to facilitate the proton
transfer between heavy atoms.

The energy profile of this process is shown in Fig. 2. It
can be observed that the G–C interaction energy is
26.2 kcal/mol. This value is in good agreement with pre-
viously published results that include electron correlation
[39, 40, 57, 58, 60]. The double-proton-transferred prod-
uct, G¢–C¢, lies 9.8 kcal/mol above the reactant species,
whereas the energy barrier of the reaction is 14.8 kcal/
mol. DG298 for this double-proton-transfer reaction is
9.8 kcal/mol. The G–C–G¢–C¢ equilibrium (with a cal-
culated equilibrium constant of 6.2·10)8) will be largely
displaced to the reactants and so this double-proton-
transfer reaction will occur rarely. Nevertheless, the fre-

quency is still significant from the point of view of the
fidelity of DNA replication.

As mentioned, the ion pair derived from the single-
proton-transferred reaction is not found as a minimum
on the potential-energy surface. In order to get an

Fig. 1. Optimized geometries for the neutral guanine–cytosine
system. Non-proton-transferred (G–C), transition-state (TS) and
double-proton-transferred (G¢–C¢) structures. Distances in ang-
stroms

Table 1. Hydrogen-bond distances (Å) for neutral guanine–cyto-
sine base pairs. In parentheses, experimental values from
crystallographic data [57]

G–C TS G¢–C¢

O6–N4 2.79 (2.91) 2.50 2.69
N1–N3 2.93 (2.95) 2.61 2.87
N2–O2 2.92 (2.86) 2.83 2.99
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estimation of how high in energy this structure lies, we
optimized the system with the N3–H and N4–H dis-
tances frozen at the values reported by Florián and
Leszczynski [38] The structure obtained lies 17.7 kcal/
mol above the reactants, in good agreement with
single-point calculations at the MP2 level [38]. Natural
population analysis shows that the guanine moiety
holds a charge of )0.74, while the charge on cytosine
is 0.74. Thus, this structure presents important ion-
pair character and the solvent may largely stabilize it.
Because of that, single-point PCM calculations were
carried out for all of the species involved in this
process. The results are shown in Fig. 2b. It can be
observed that the relative energy of the double-proton-
transferred (G¢–C¢) and the TS(G–C–G¢–C¢) structures,
with respect to G–C, increase by approximately
4 kcal/mol upon including solvent effects. However,
the relative energy of the ion-pair structure decreases
from 17.7 to 12.7 kcal/mol, this structure now
becoming stabler than G¢–C¢, which suggests that this
intermediate may exist in solution and be implied in
mutagenic processes.

Protonated systems

The electrostatic potential of the guanine–cytosine base
pair depicted in Fig. 3 shows which are the most suitable

regions to interact with a positive charge. It can be ob-
served that there is a major region around the N7 and
O6 sites of guanine where the electrostatic potential
presents the most negative values. Regions around N3
and O2 are far less attractive in this sense. Furthermore,
quantum chemical calculations have shown that N7 is
the preferred site for protonation followed by O6 [9, 26,
28, 31, 35]. Because of that, these sites are the positions
considered for protonation in this work.

Fig. 2. Energy profile for the double-proton-transfer process in the neutral guanine–cytosine system. A In the gas phase, B in solution).
Superscript a indicates that energies were estimated by freezing the N4–H and N3–H distances

Fig. 3. Electrostatic potential map for the neutral guanine–cyto-
sine base pair. Dark areas correspond to negative values
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In contrast to the neutral system, the double-proton-
transferred product was not localized in any case, the
optimization process always collapsing to the single-
proton-transferred structure, which as we will see later is
largely stabilized because of protonation.

The geometries of the two protonated systems,
H+GN7C and H+GO6C, the corresponding transition
states and the single-proton-transferred products,
H+GN7()H

+)C(+H+) and H+GO6()H
+)C(+H+),

are shown in Fig. 4. The major geometrical changes
produced by protonation at N7 occur at the five-mem-
bered ring. However, for the O6-protonated system the
main differences are due to the partial loss of the C=O6

double bond, which causes a strong C–O elongation and
a significant shortening of the neighbouring C–C and C–
N bonds.

Hydrogen-bond distances for both protonated sys-
tems, transition states and single-proton-transferred
structures are shown in Table 2. For comparison the
distances of the neutral system have also been included.
Both for H+GN7C and H+GO6C, the N1–N3 and N2–
O2 hydrogen-bond distances are smaller than in neutral
G–C. In contrast, the O6–N4 distance becomes larger in
the protonated systems. Variations in the hydrogen-
bond distances can be explained considering the acidity
changes produced upon protonation. When guanine is

Fig. 4. Geometries for the N7- and O6-protonated systems: non-proton-transferred (H+GN7–C and H+GO6–C), TS and single-proton-
transferred [H+GN7()H

+)–C(+H+) and H+GO6()H
+)–C(+H+)] structures. Distances in angstroms

Table 2. B3LYP hydrogen-
bond distances (Å) for neutral
and N7- and O6-protonated
guanine–cytosine base pair

G–C H+G–C TS H+G()H+)–
C(+H+)

N7 O6 N7 O6 N7 O6

O6–N4 2.79 2.94 3.48 2.67 2.82 2.64 2.86
N1–N3 2.93 2.86 2.92 2.64 2.66 2.79 2.85
N2–O2 2.92 2.75 2.72 2.78 2.74 2.96 2.97
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protonated, its acidity is enhanced, thus promoting the
strengthening of hydrogen bonds where guanine acts as
the proton donor (i.e., the N1–N3 and N2–O2 bonds).
Moreover, protonation decreases the basicity of guan-
ine, which produces a weakening of the hydrogen bond
where guanine acts as a proton acceptor (O6–N4 bond).

Hydrogen-bond differences between the two proton-
ation sites are only significant for the O6–N4 distance.
This is mainly caused by the fact that O6 protonation
transforms the carbonyl oxygen into an enol oxygen,
which is less basic. In addition, the electrostatic repul-
sion between the two hydrogen atoms (the one proton-
ating O6 and the one forming the hydrogen bond)
contributes to the weakening of the O6–N4 hydrogen
bond. Despite this, the three-hydrogen-bond pattern is
retained, in disagreement with the bifurcated structure
located with the AM1 method [42]. As found in some
cases, the bifurcated structure is probably an artefact of
the AM1 method.

In the single-proton-transferred product the charge
lies on the cytosine moiety (0.82 and 0.90 for N7 and O6
protonated systems, respectively) and thus hydrogen
bonds where cytosine acts as the proton donor are rein-
forced (O6–N4 and N1–N3), whereas the hydrogen bond
where it acts as a proton acceptor is weakened (N2–O2).
Hydrogen-bond distances in H+GO6()H

+)C(+H+) are
larger than in H+GN7()H

+)C(+H+). Such differences
correlate with the H+GN7()H

+)C(+H+) and
H+GO6()H

+)–C(+H+) interaction energies (see later).
Finally, as for the neutral system, the transition struc-
tures show smaller hydrogen-bond distances than the
corresponding reactants and products.

Base-pair interaction energies for the neutral and
protonated systems are shown in Table 3. It can be
observed that whereas for G–C, the binding energy (De)
is 26.2 kcal/mol, for H+GN7C and H+GO6C the com-
puted values are 36.7 and 35.5 kcal/mol, respectively.
Thus, protonation causes a significant strengthening of
the base pair, mainly due to the increase of acidity of
guanine. The difference between the De values of the two
protonation sites is due to the weakening of the O6–N4
hydrogen bond, which is 0.5 Å longer in the O6-pro-
tonated system. A simple thermodynamic cycle shows
that the increase of the G–C interaction energy (DH298K)

upon protonation is equivalent to the increase of the
proton affinity of guanine associated with base-pairing.
That is, the proton affinity at the N7 and O6 sites in the
base pair is 14.5 and 9.3 kcal/mol larger, respectively,
than that at the same site for guanine alone (Table 3).

The energy profiles are shown in Fig. 5. The major
trend that can be observed in these profiles is that the
reactant and single-proton-transferred product become
much closer in energy than in the case of the neutral
system. As shown, the single-proton-transferred struc-
ture in the neutral system is estimated to lie about
18 kcal/mol higher in energy than the reactant, whereas
for N7- and O6-protonated systems, this species lies
only 4.3 and 2.0 kcal/mol higher, respectively. That is,
as found previously [42], protonation facilitates
enormously the N1–N3 proton transfer and, more
importantly, it permits the existence of the single-pro-
ton-transferred intermediate. However, the computed
B3LYP energy barriers (6.5 and 6.3 kcal/mol) are

Table 3. B3LYP/6-31++G(d,p) interaction energies for neutral,
and N7- and O6-protonated guanine–cytosine base pairs (kcal/mol)

G–C H+-G–C

Neutral N7 O6

De 26.2 36.7 35.5
D0

a 24.7 34.8 33.8
DH 0

298 K
b 24.7 35.1 33.9

DG0
298 K

b 13.2 22.3 22.1

aIncludes zero-point energy computed from the unscaled harmonic
B3LYP/6-31G(d,p) frequencies
bAfter correction for translational, rotational and vibrational
energies determined at the B3LYP/6-31G(d,p) level

Fig. 5. Energy profile for the single N1–N3 proton transfer in N7-
and O6-protonated systems in the gas phase
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significantly smaller than those obtained at the AM1
level (11.8 and 8.2 kcal/mol) [42].

The behaviour of the protonated species is very dif-
ferent from that of the neutral base pair, for which the
ion-pair formation, derived from the single-proton-
transferred reaction, is found to be clearly unfavourable
in the gas phase. In contrast, for the protonated systems,
this reaction becomes a more favourable process owing
to the increased acidity of guanine and to the fact that it
does not imply the creation of charges but the transfer of
a positive charge.

Important differences in the asymptotic behaviour of
the two protonated systems can be observed in Fig. 5.
Although some of the thermodynamic concepts that will
be used in the discussion (such as proton affinity or
exothermicity) correspond to enthalpy values, for sim-
plicity and because relative thermodynamic corrections
are small, we will refer to the potential-energy values
given in Fig. 5. It can be observed that whereas the
H+GN7+C fi H+GN7()H

+)+C(+H+) reaction is
strongly endothermic, the H+GO6+C fi H+

GO6()H
+)+C(+H+) reaction is slightly exothermic.

The value of the reaction energy comes from two fac-
tors: the difference between cytosine N3 and guanine N7
or O6 proton affinities and the different stability of the
two guanine tautomers [guanine and H+GN7()H

+) or
guanine and H+GO6()H

+)]. In the case of the N7-
protonated system, the first factor is not of great
importance, since both proton affinities are similar [22,
27, 32]. Therefore, in this case the guanine and
H+GN7()H

+) tautomer stability determines the reac-
tion energy. At the present level of theory, the relative
energy of the two tautomers is 18.9 kcal/mol, in good
agreement with recently published values [20, 35]. For
the O6-protonated system the situation is different. The
proton affinity of guanine at O6 is 5.1 kcal/mol smaller
than that of cytosine at N3, whereas the energy differ-
ence between the corresponding tautomers [guanine and
H+GO6()H

+)] is only 1.3 kcal/mol. Thus, the exother-
micity ()3.9 kcal/mol) arises from the larger proton
affinity of cytosine.

The difference in the N7 and O6 proton-transferred
asymptotes arises from the different stability of the two
H+GN7()H

+) and H+GO6()H
+) tautomers, which is

computed to be 17.6 kcal/mol. The less stable
H+GN7()H

+) tautomer has a certain zwitterionic
character, the positive charge mainly lying at the five-
membered ring and the negative charge at the six-
membered ring. This fact as well as the nature of the
protonation site make N1 and O6 more basic in
H+GN7()H

+) than in H+GO6()H
+) and so it is not

surprising that hydrogen bonds in H+GN7()H
+)–

C(+H+) become stronger than in H+GO6()H
+)–

C(+H+). Note that the H+G()H+)–C(+H+) inter-
action energy is significantly larger for the N7-proton-
ated system (52.1 kcal/mol) than for the O6 one
(29.6 kcal/mol), in agreement with the much shorter
hydrogen-bond distances found for H+GN7()H

+)–
C(+H+) (see earlier).

In agreement with recently published results [20, 35],
the dipole moments of the H+GN7()H

+) and
H+GO6()H

+) tautomers are significantly different:
9.5 D for H+GN7()H

+) and 3.8 D for H+GO6()H
+).

Thus, solvent effects may have an important role in
determining the relative energies of the two tautomers.
Indeed, the energy difference between H+GN7()H

+)
and H+GO6()H

+) decreases from 17.6 to 9.8 kcal/mol.
The energy profiles obtained from single-point PCM

calculations at the gas-phase geometries are shown in
Fig. 6. Inclusion of solvent effects enhances the stability
of the proton-transferred structure, especially for the
O6-protonated system for which H+GO6()H

+))
C(+H+) becomes stabler than H+GO6C by 2.6 kcal/
mol. In addition, in this case the energy barrier of the
reaction decreases to 4.9 kcal/mol. Thus, solvent effects
make the process even more favourable. As expected,
the base-pair interaction energies in solution are smaller
than in the gas phase mainly owing to desolvation effects
produced in the formation of the complex. This is
especially remarkable for H+GO6()H

+))C(+H+),
which lies only 0.2 kcal/mol lower than its asymptote.
Overall the H+GO6+C fi H+GO6()H

+)+C(+H+)
becomes more exothermic ()9.5 kcal/mol). The
H+GN7+C fi H+GN7()H

+)+C(+H+) reaction re-
mains endothermic but only by 8.7 kcal/mol.

Such different asymptotic behaviour between O6- and
N7-protonated systems has obviously different implica-
tions in mutagenic processes. Protonation at the O6 site
of guanine–cytosine will very easily lead to the forma-
tion of an enol tautomer of guanine and protonated
cytosine. Consequently rare tautomers will be intro-
duced that could disturb the genetic code. In contrast,
the formation of rare tautomers by protonation at N7 of
guanine–cytosine will be much less probable. Neverthe-
less, considering that the proton affinity of G–C at O6 is
8.4 kcal/mol smaller than at N7, the population of
H+GO6–C species will be much smaller than that of

Fig. 6. Energy profile for the single N1–N3 proton transfer in N7-
and O6-protonated systems obtained from polarized continuum
model calculations considering water as the solvent
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H+GN7)C species and, thus, the consequences of pro-
tonation at O6 will only be especially important in a
nonequilibrium situation.

Conclusions

Intermolecular proton-transfer processes in neutral and
protonated guanine–cytosine Watson–Crick base pairs
have been studied using the B3LYP/6-31++G(d,p)
method. Gas-phase calculations for the neutral system
show that the double-proton-transfer reaction occurs
through a concerted mechanism. However, PCM cal-
culations seem to indicate that in solution the existence
of the ion-pair intermediate cannot be disregarded. In
any case, rare tautomeric products are clearly destabi-
lized with respect to the canonical base pair, which
suggests that proton-transfer reactions in uncharged
base pairs will have small implications.

Protonation at the N7 and O6 sites of guanine fa-
vours the N1–N3 single-proton-transfer reaction. How-
ever, the double-proton-transfer process does not take
place. This is in contrast to the neutral system, for which
the double-proton-transferred structure is the only
minimum found in the gas phase. This is due to the fact
that for the protonated system the single-proton-transfer
reaction does not imply the creation of an ion pair but
just the transfer of a positive charge.

The major differences between the N7- and O6-pro-
tonated systems arise from the proton-transfer asymp-
tote. For O6, the formation of an enol form of guanine
and protonated cytosine is a very favourable process,
whereas for N7 the reaction is energetically unfavour-
able. However, since protonation at N7 is more efficient
than at O6, mutagenic effects will only be significant in a
nonequilibrium situation or at very low pHs which are
far from a physiological medium.
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