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ABSTRACT

To elucidate the reaction mechanism from wobble Guanine-Thymine (wG-T) to tautomeric G-T base-pairs, we investi-
gate its transition state (TS) by density functional theory (DFT) calculations, in vacuum and in water approximated by
continuum solvation model. From the comparison of these results, we attempt to elucidate the effect of solvation on the
tautomeric reaction for wG-T. In addition, the same DFT calculations are performed for the canonical G-C base-pair, in
order to reveal the difference in the activation energy for the reactions involving wG-T and G-C. The obtained TS
structures between wG-T and G*-T/G-T* (asterisk is an enol-form of base) are almost the same in vacuum and in water.
However, the activation energy is 16.6 and 19.1 kcal/mol in vacuum and in water, respectively, indicating that the effect
of solvation enlarges the energy barrier for the reactions from wG-T to G-T*/G*-T. The activation energy for the
tautomeric reaction from G-C to G*-C* is also evaluated to be 15.8 and 12.9 kcal/mol in vacuum and in water, respec-
tively. Therefore, it is expected that the tautomeric reaction from wG-T to G*-T/G-T* can occur in vacuum with a
similar probability as that from G-C to G*-C*. We furthermore investigate the TS structure for wG-BrU to reveal the
effect of the BrU introduction into wG-T. The activation energy is 14.5 and 16.7 kcal/mol in vacuum and in water, re-
spectively. Accordingly, the BrU introduction is found to increase the probability of the tautomeric reaction producing
the enol-form G* and T* bases. Because G* prefers to bind to T rather than to C, and T* to G not A, our calculated re-
sults reveal that the spontaneous mutation from C to T or from A to G bases is accelerated by the introduction of
wG-BrU base-pair.
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1. Introduction tion [2].

In the high resolution nuclear magnetic resonance
(NMR) and ethidium bromide binding studies [3], some
polymers composed of G and T bases were found to form
ordered double-helical structures. In these structures, G
and T bases are hydrogen bonded together in a wobble
base-pair form, while alternative hydrogen bonding schemes
involving the tautomeric form of either G or T are elimi-
nated. In addition, the X-ray diffraction analysis [4] at 2.5
A resolution for the deoxyoligomer d(CGCG- AATTTGCG)
duplex showed that the G-T base-pairs in the duplex
adopt a wobble structure. The wobble G-T (wG-T) base-
pair can also be accommodated in the octameric A-form
DNA fragment [5] as well as the Z-form DNA with the
sequence of d(CGCGTG) [6].

On the other hand, by the ab initio molecular orbital
"Corresponding author. (MO) calculations [7], it was demonstrated that the dou-

It was revealed from the studies of the genetic codes that
the formation of the canonical Watson-Crick (W-C) base-
pairs (i.e. G-C and A-T) for DNA is strictly observed
only for the first two base-pairs in the codon-anticodon
interactions [1]. On the other hand, many types of base-
pairs including both the canonical W-C and non-cano-
nical W-C base-pairs are involved at the third codon po-
sition. Accordingly, it was proposed that the base-pair at
the 3° end of the codon can deviate or wobble within
arbitrary limits that are consistent with the additional
pairing interactions suggested by the code, and the spe-
cific base-pairings in the codon-anticodon interactions
have been investigated for understanding of the reason
why particular base-pairs are selected at the wobble posi-
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ble proton transfer (DPT) in the wG-T base-pair is a po-
tential pathway for the generation of the rare tautomers
of guanine. Physical-chemical mechanism of transforma-
tion of the wobble DNA base-pairs into the tautomeric
base-pairs was suggested by Brovarets and Hovorun [8].
This transition mechanism, involving the tautomeric form
of either G or T was investigated by means of ab initio
MO and density functional theory (DFT) methods. The
results indicated that the structure of the transition state
(TS) between wG-T and the tautomeric G-T* (asterisk is
an enol-form of base) base-pairs is planar. On the other
hand, the TS between wG-T and enol-form G (G*)-T
base-pairs is non-planar, and this TS has larger activation
energy than that between wG-T and G-T*, indicating that
the transition between wG-T and G*-T is unfavorable in
DNA duplex structure energetically and structurally. In
addition, Brovarets and Hovorun [9] performed the ana-
logical MO and DFT calculations for the wobble G-BrU
(WwG-BrU) and G-BrU base-pairs to elucidate the effect
of BrU on the transition mechanism. The effect of the
other halogenated derivatives of U on the DNA replica-
tion errors was also investigated by ab initio MO calcula-
tions [10].

In previous ab initio MO and DFT study [11], we in-
vestigated in detail the transition mechanism between
wG-T and G*-T/G-T* base-pairs, in order to search for
more stable and planar TS structures for these transitions.
In these calculations, we took into account correlation of
electrons, which is important for determining stable stru-
ctures and evaluating activation energies of reactions
more accurately. The obtained TS between wG-T and
G*-T is remarkably different from the TS obtained by the
previous DFT calculation [8], and the activation free en-
ergy (17.9 kcal/mol) evaluated by our calculation is sig-
nificantly smaller than that (39.21 kcal/mol) obtained by
the previous calculation [8]. It is thus likely that the TS
obtained by our calculations is more preferable than that
by the previous calculation [8].

In the present study, to reveal the effect of solvation on
the tautomeric reactions between the wG-T and G*-T/
G-T* base-pairs, we perform DFT calculations in vac-
uum and in water, which is approximately described by
the continuum solvation model. In addition, the tauto-
meric reaction for the canonical G-C base-pair is inves-
tigated by the same DFT method to reveal the difference
in the activation energy for the reactions involving wG-T
and G-C. The activation energies evaluated by the DFT
method indicate that the tautomeric reaction from wG-T
to G*-T/G-T* can occur in vacuum with a similar prob-
ability as that from G-C to G*-C¥*,

2. Details of DFT Calculations

We first optimized the structures of the wG-T, G*-T and
G-T* base-pairs by using the DFT method of the ab ini-
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tio MO program Gaussian09 (G09) [12]. As exchange
and correlation functionals, we employed the meta-hy-
brid M06 functional [13] based on generalized gradient
approximation, because the MO06 functional has good
performance for calculating activation energies and ther-
mochemical kinetics. Kohn-Sham orbitals were expand-
ed in the 6-311++G(d,p) basis-set. The structures of the
TSs between these base-pairs were searched for by the
STQN method [14] of G09, and the obtained TS struc-
tures were confirmed to have a single imaginary fre-
quency by the vibrational analysis of G09. Afterwards,
the reaction path of proton transfer between bases was
followed by performing an intrinsic reaction coordinate
(IRC) calculation [15], in order to make sure that the
obtained TS structure really is TS structure connecting
the reactant and the product structures. The potential en-
ergy surface for the transitions between the G-T base-
pairs was evaluated by including the zero-point vibra-
tional energy (ZPE), and the free energies at 298.15 K
and 1 atmosphere of pressure were also evaluated. The
same procedure was adapted for the analysis of the tran-
sition mechanism between the wG-BrU, G-BrU* and
G*-BrU and between G-C and G*-C* base-pairs.

In addition, to investigate the effect of solvation on the
reaction mechanism, we performed the same DFT calcu-
lations in water, which is approximately described by the
continuum solvation model. As a self-consistent reaction
field (SCRF) model, we employed the integral equation
formalism for polarizable continuum model (IEFPCM)
[16]. IEFPCM is the default SCRF method in G09 and
creates the solute cavity via a set of overlapping spheres.
We used IEFPCM, because it can describe accurately the
charge distribution of solute outside of the PCM cavity.

3. Results and Discussion

3.1. Reaction Mechanism between wG-T, G-T*,
G*-T in Vacuum

In our previous calculations [11], the structures of wG-T,
G-T* and G*-T base-pairs were optimized by the MP2/
6-31G(d,p) and M06/6-311++G(d,p) methods in vacuum.
The structures optimized by the MP2 and M06 methods
are planar and almost the same to each other, indicating
that the M06 method is accurate enough for investigating
stable structures of these base-pairs. Hereafter, we will
describe only the results obtained by the M06 calcula-
tions. In addition, the optimized structures of wG-T,
G-T* and G*-T were confirmed to fit into the B-form
DNA duplex.

Their total energies including ZPE and free energies
are listed in Table 1(a). Among the three structures,
G*-T is the most stable. To obtain the TS structure be-
tween wG-T and G-T*, we performed the QST2 calcula-
tion using the optimized structures of wG-T and G-T*.
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Table 1. Total energy (TE) (kcal/mol), total energy with zero-point vibrational energy (ZPE), and total free energy (FE) at
298.15 K and 1 atmosphere of pressure for the optimized structures of wG-T, G-T*, G*-T base-pairs, and the transition
states between them evaluated by M06/6-311++G(d,p) method; (a) In vacuum [11] and (b) In water. Dipole moments (Debye)
and stabilization energies (SE) (kcal/mol) by solvent are also listed for the structures optimized in water.

(@)
wG-T TS(WG-T—G-T¥*) G-T* TS(G-T*—G*-T) G*-T TS(WwG-T—G*-T)
TE —625243.1 —625226.4 —625243.6 —625237.7 —625244.7 —625226.4
(Relative energy) 0.0 16.6 —-0.6 53 -1.6 16.6
TE + ZPE —625097.5 —625081.4 —625097.7 —625095.2 —625098.7 —625081.4
(Relative energy) 0.0 16.1 -0.2 2.3 -1.2 16.1
FE —625127.8 —625109.9 —625126.7 —625125.2 —625128.9 —625109.8
(Relative energy) 0.0 17.9 1.0 2.6 -1.1 17.9
(b)
wG-T TS(WG-T—>G-T*) G-T* TS(G-T*—G*-T) G*-T TS(WG-T-G*-T)
TE —625264.0 —625244.8 —625260.5 —625252.4 —625261.2 —625244.9
(Relative energy) 0.0 19.1 3.5 11.6 2.8 19.1
TE + ZPE —625118.7 —625100.2 —625114.9 —625110.4 —625115.6 —625100.2
(Relative energy) 0.0 18.5 3.8 83 3.1 18.5
FE —625150.5 —625129.1 —625144.1 —625139.0 —625144.9 —625129.2
(Relative energy) 0.0 21.4 6.4 11.5 5.6 21.3
SE —22.7 -19.3 -17.3 -13.8 -16.0 -19.3
Dipole moment 12.0 10.4 7.8 4.9 7.7 10.4

The obtained TS structure was confirmed to have only
one imaginary frequency (—170 cm ') and connect the
wG-T and G-T¥* structures by the IRC analysis. The ac-
tivation energy for this reaction was evaluated to be 16.1
kcal/mol including ZPE, while the activation free energy
is 17.9 kcal/mol, as listed in Table 1(a).

By using the same procedure, we searched for the TS
structure between wG-T and G*-T. The previous B3LYP/
6-311++G(d,p) calculation [8] predicted a nonplanar TS
structure. On the other hand, our M06/6-311++G(d,p)
calculation obtained a planar TS structure, which is al-
most identical to the TS structure between wG-T and
G-T*. We considered that this result may come from the
close similarity of G-T* and G*-T structures in compa-
rison with the wG-T structure. In fact, the positions of
two protons contributing to the hydrogen bonds between
the G and T bases are slightly different (about 0.1 A),
while the positions of the other atoms are the same to
each other. Our obtained TS structure is more preferable
than that obtained by the previous DFT study [8] in the
viewpoint of activation energy. We furthermore perform-
ed the IRC analysis to elucidate the reaction path be-
tween wG-T and G*-T. The results elucidated that there
is no direct reaction path between wG-T and G*-T, be-
cause G in wG-T can not easily release the proton bond-
ed to the nitrogen to tautomerize into G*. Consequently,

Copyright © 2013 SciRes.

it was elucidated in our previous DFT and MP2 study [11]
that wG-T can be transferred into G-T* directly but not
into G*-T in vacuum.

In addition, we investigated the transition mechanism
between G-T* and G*-T by the QST3 calculation based
on M06/6-311++G(d,p) method. The obtained TS struc-
ture was confirmed to have one imaginary frequency
(—900 cm™') and connect the structures of G-T* and
G*-T by the IRC analysis. It should be noted that a dou-
ble proton transfer easily occurs between G-T* and G*-T
in vacuum, because the activation free energy was evalu-
ated to be only 2.6 kcal/mol, as listed in Table 1(a).

3.2. Reaction Mechanism between wG-T, G-T*,
G*-T in Water

In order to elucidate the effect of solvation on the reac-
tion mechanism between wG-T, G-T* and G*-T, we per-
formed the same calculations in water approximated by
the continuum solvation model IEFPCM [16]. The opti-
mized structures are shown in Figure 1, being almost the
same as those optimized in vacuum; the hydrogen bond
distances between G and T are at most 0.06 A changed
by the optimization in water. The TS structure between
wG-T and G-T* is the same as that between wG-T and
G*-T. Therefore, the effect of solvation on the structures
of the TS is confirmed to be rather small.
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Figure 1. Structures of (a) wG-T; (b) G-T*; and (¢) G*-T; and TS structures between them; (d) TS(WG-T—G-T¥); (e)
TS(WG-T—G*-T) and (f) TS(G-T*—G*-T) obtained in water by the M06/6-311++G(d,p) method.

In contrast, as listed in Table 1, the change in energy
and free energy during the reaction is remarkably af-
fected by the solvation. The activation energy for the
reaction from wG-T to G-T*/G*-T is evaluated 16.6 and
19.1 kcal/mol in vacuum and in water, respectively. Ac-
cordingly, the effect of solvation enlarges the energy bar-
rier for the reactions from wG-T to G-T*/G*-T. To elu-
cidate the reason for this effect, we investigated the di-
pole moment for the optimized and the TS structures of
these base-pairs, because molecules with larger dipole
moment are stabilized more significantly by solvation.
As listed in the last line of Table 1(b), wG-T has larger
dipole moment than the TS structure between wG-T and
G-T*/G*-T, indicating that the energy of wG-T is stabi-
lized more significantly by salvation in comparison with
that of the TS structure. As a result, the activation energy
is 2.5 kcal/mol enlarged by the solvation.

As for the reaction from G-T* to G*-T, the TS struc-
ture has a dipole moment smaller than those for G-T*
and G*-T, resulting in that the energies of G-T* and
G*-T are more largely stabilized by solvation than that of

Copyright © 2013 SciRes.

the TS. Consequently, the activation energy for the tran-
sition is enlarged significantly from 5.9 to 8.1 kcal/mol
by the solvation. It is thus elucidated that the effect of
solvation should be considered for evaluating the activa-
tion energy for the reactions. The similar results were
obtained for the wG-BrU base pair as listed in Table 2.

The schematic diagrams of change in total energy and
free energy during the reactions in vacuum and in water
are compared in Figure 2. It is noted that wG-T is more
stable than G-T* and G*-T in water, while G*-T is more
stable in vacuum. The bottleneck of the reaction is from
wG-T to G-T*, and its activation energy is significantly
enhanced from 16.6 to 19.1 kcal/mol by the solvation, as
shown in Figure 2. Therefore, by considering the effect
of solvation, the reaction from wG-T to G-T*/G*-T is
less preferable in the viewpoint of energy. Although the
activation energy evaluated in vacuum is similar to that
(15.8 kcal/mol) for the reaction from G-C to G*-C*, the
energy evaluated in water is much larger than that (12.9
kcal/mol) for the G-C reaction, as will be described in
Section 3.4.
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Table 2. Total energy (TE) (kcal/mol), total energy with zero-point vibrational energy (ZPE), and total free energy (FE) at
298.15 K and 1 atmosphere of pressure for the optimized structures of wG-BrU, G-BrU¥*, G*-BrU, and the transition states
between them evaluated by M06/6-311++G(d,p); (a) In vacuum [11] and (b) In water. Dipole moments (Debye) and stabiliza-

tion energies (SE) (kcal/mol) by solvent are also listed for the structures optimized in water.

(@)
TS TS TS
wG-BrU (wG-BrU—G-BrU*) G-BrU* (G-BrU*—G*-BrU) G*-BrU (wG-BrU—G*-BrU)
TE —2215424.7 —2215410.2 —2215425.1 —2215420.2 —2215425.8 —2215410.2
(Relative energy) 0.0 14.5 -0.4 4.5 -1.1 14.5
TE + ZPE —2215302.7 —2215288.8 —2215302.9 —2215301.0 —2215303.7 —2215288.8
(Relative energy) 0.0 13.9 -0.2 1.7 -1.0 13.9
FE —2215333.7 —2215318.7 —2215332.9 —2215330.3 —2215332.9 —2215318.6
(Relative energy) 0.0 15.1 0.9 34 0.9 15.1
(b)
TS TS TS
wG-BrU (WwG-BrU—G-BrU¥) G-BrU* (G-BrU*—G*-BrU) G*-BrU (wG-BrU—G*-BrU)
TE —2215446.7 —2215429.9 —2215442.5 —2215438.0 —2215443.3 —2215429.9
(Relative energy) 0.0 16.7 42 8.7 3.4 16.7
TE + ZPE —2215324.8 —2215308.7 —2215320.5 —2215318.7 —2215321.2 —2215308.7
(Relative energy) 0.0 16.1 42 6.1 3.5 16.1
FE —2215355.8 —2215338.9 —2215350.7 —2215348.3 —2215351.6 —2215338.9
(Relative energy) 0.0 16.9 5.1 7.6 42 16.9
SE —22.1 -20.3 -17.9 -18.0 -18.7 -20.3
Dipole moment 13.2 13.1 8.5 7.3 8.3 13.1
TSJ(};;G—T—»G—T*)

TS(G-T*—>G*-T)

TS(G-T*—>G*-T)

0.0 kcal/mol

(©)

Figure 2. Schematic diagrams of change in total energy and free energy during the transitions between wG-T, G-T* and
G*-T evaluated by M06/6-311++G(d,p); (a) in vacuum and (b) in water. The values shown in parenthesis are relative free

energies.
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3.3. Reaction Mechanism between wG-BrU,
G-BrU*, G*-BrU

It is well known that the introduction of BrU base into
base-pair enhances the provability of the spontaneous
mutations in the sequences of bases of DNA and RNA.
To elucidate the reason for this fact, we investigated the
reaction mechanism between wG-BrU, G-BrU* and
G*-BrU in water and compared the results with those for
the wG-T base-pairs. The optimized structures in water
for these base-pairs are shown in Figure 3. Compared
with the wG-T structure, the hydrogen atoms contribut-
ing to the hydrogen bonds between G and BrU bases are
shifted at most 0.05 A in wG-BrU. The total energies and
free energies for wG-BrU, G-BrU* and G*-BrU evalu-
ated in vacuum [11] and in water are listed in Table 2. In
vacuum, the free energies for the three base-pairs are
identical to each other within the difference of 0.9 kcal/mol.
By considering the solvation, wG-BrU structure is more
stabilized than G*-BrU and G-BrU*, resulting in the 4.2
~ 5.1 kecal/mol difference in free energy. This stabiliza-
tion comes mainly from the large dipole moment of
wG-BrU, as listed in Table 2(b).

The TS structure between wG-BrU and G-BrU* ob-

2 H 1.80 ’
Fal s* g

tained by the QST2 calculation based on the M06 method
is shown in Figure 3(d). This structure has only one
imaginary frequency (—125.0 cm '), and the IRC calcula-
tion starting with the TS structure confirmed that this TS
structure connects between the structures of wG-BrU and
G-BrU*. Therefore, the structure of Figure 3(d) was
confirmed to be a TS structure between wG-BrU and
G-BrU*. This TS structure is identical to that obtained by
the previous B3LYP/6-311++G(d,p) calculation [9]
within a difference of 0.06 A in hydrogen bonds.

In the same way, we obtained the TS structure be-
tween wG-BrU and G*-BrU. As shown in Figure 3(e)
and Table 2(b), this TS structure and its electronic prop-
erties are almost the same as those calculated for the TS
structure between wG-BrU and G-BrU*. The IRC analy-
sis starting with this TS structure obtained the wG-BrU
and G-BrU* structures. Therefore, it seems that there is
no direct path between wG-BrU and G*-BrU in water.
This result is the same as that for the transition between
wG-T and G*-T.

Furthermore, we searched for the TS structure between
G-BrU* and G*-BrU by the QST3 calculation based on
MO06/6-311++G(d,p). The structure is shown in Figure

Ee

Figure 3. Structures of (a) wG-BrU; (b) G-BrU*; (¢) G*-BrU and TS structures between them (d) TS(WG-BrU—G-BrU%); (e)
TS(WG-BrU—G*-BrU) and (f) TS(G-BrU*—G*-BrU) obtained by M06/6-311++G(d,p) in water.
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3(f), which has only one imaginary frequency (—901.4
ecm ') and was confirmed as a TS structure between
G-BrU* and G*-BrU by the IRC analysis. From the
comparison of Figures 1(f) and 3(f), it is elucidated that
the introduction of Br atom into T base affects on the
position of hydrogen atom contributing to the hydrogen
bond between the nitrogen atoms of G and BrU. The
other TS structures shown in Figures 1(d), 1(e), 3(d) and
3(e) are not affected significantly by the Br introduction.

As shown in Figures 2 and 4, the change in energy
during the reaction of wG-BrU is qualitatively similar to
that for wG-T both in vacuum and in water. However,
the activation energies are remarkably changed by the
BrU introduction. The activation energy for the transition
from wG-BrU to G-BrU* is evaluated to be 14.5 kcal/mol
in vacuum and 16.7 kcal/mol in water, respectively.
These values are significantly smaller than those (16.6
and 19.1 kcal/mol, respectively) for wG-T shown in
Figure 2. In particular, the activation energy evaluated in
water is 2.4 kcal/mol smaller than that for wG-T. There-
fore, we can conclude that the introduction of BrU base
into base-pair brings forward the transition reaction from
wG-T to the tautomeric G-T*. Since G* is rather stable
and pairs with T instead of C, T is introduced into the site
complementary to G at the time of DNA replication. As a
result, a mutation from G-C to A-T base-pair is generated
at the subsequent duplex formation. The present DFT
study reveals a possible origin for the spontaneous muta-
tion induced by the introduction of BrU into wobble G-T
base-pair.

The reason for the reduction of the activation energy

TS(WGBrU—G-BrU¥)
o

K. NOMURA ET AL.

for the transition from wG-BrU to G-BrU* can be ex-
plained by the size of dipole moments for wG-BrU and
the TS between wG-BrU and G-BrU*. As listed in the
last line of Table 2(b), wG-BrU and the TS have almost
the same dipole moment; 13.2 and 13.1 (Debye), indi-
cating that the stabilization by the solvation is similar to
each other. As a consequence, the activation energy from
wG-BrU to G-BrU*, which is estimated from the differ-
ence in total energies between wG-BrU and the TS, is not
changed significantly by the solvation. On the other hand,
for the wG-T base-pair, Table 1(b) indicates the larger
stabilization by solvent for wG-T, resulting in the larger
activation energy for the reaction from wG-T and G-T*
in water.

3.4. Tautomeric Reaction Mechanism between
G-C and G*-C*

In order to predict the possibility of the reaction from
wG-T to G-T*/G*-T, we furthermore investigated the
tautomeric reaction mechanism between G-C and G*-C*
in vacuum and in water, by the M06/6-311++G(d,p)
method. From the comparison of the activation energies
for the reactions, we attempted to elucidate the possibil-
ity for the reaction from wG-T to G-T*/G*-T.

Figure 5 shows the optimized structures of G-C and
G*-C*, as well as the TS between them in vacuum. The
TS structure has only one imaginary frequency (—920.7
cm ') and connects the G-C and G*-C* base-pairs. The
activation energy and free energy evaluated by the M06
method is 15.8 and 13.7 kcal/mol, respectively, as listed

TS(G-BrUs—G*-BrU)

g0 9.0 °
-3 >

0.0 keal/mol -L1
(0.9) (0.9)
(a)
TS(WGBrU—G-BrU*)
°
90, K % &
A4 8 B2
®3 o
4.1
TS(G-BrU*—>G*-BrU) B
GBrUr -0, 800 @  GPU
wG-BrU 29 0.0 O oy .“*‘J 9% e g
T od ’ % 2 89 e e 9
2@ ° " .‘. - ° 2@
0,29% .0, Pl
y 887 4% RS

0.0 kcal/mol

Figure 4. Schematic diagrams of change in total energy and free energy during the transitions between wG-BrU, G-BrU* and
G*-BrU evaluated by M06/6-311++G(d,p); (a) in vacuum and (b) in water. The values shown in parenthesis are relative free

energies.
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e J---- ‘\V {
187 {

(®)
Figure 5. Structures of G-C, G*-C* and the TS between them obtained by M06/6-311++G(d,p) in vacuum. (a) G-C; (b)

G*-C*; (¢) TS(G-C—G*-C*).

in Table 3(a). The obtained structures are identical
within the error of 0.04 A to the previous results [17]
obtained by the B3LYP/6-31G(d) method. In addition,
the evaluated activation energy is comparable to that
(17.3 kcal/mol) evaluated by the previous study [17]. The
pathway of the proton transfer in G-C is confirmed to be
a concerted double proton transfer by the IRC analysis.

To analyze the influence of the solvating water mole-
cules around G-C on the reaction mechanism, we per-
formed the same DFT calculation in water approximated
by the continuum solvation model IEFPCM [16]. The
reaction mechanism is more complicated and includes
two steps through two TS structures and one intermediate
state (IS) structure. The optimized structures in water for
G-C, G*-C*, IS, and two TS are shown in Figure 6.
Their relative energies and free energies are listed in Ta-
ble 3(b). In the viewpoint of total energies, G-C is the
most stable, while the TS between IS and G*-C* is the
least stable. On the other hand, in the viewpoint of free
energies, G*-C* is less stable than the TS between IS and
G*-C*, indicating the disappearance of the local mini-
mum structure corresponding to G*-C* on the surface of
free energy. As a result, the G*-C* structure is sponta-
neously transferred into the IS structure shown in Figure
6(b). In the previous DFT study [17], such a complicated
pathway was not obtained for the reaction between G-C
and G*-C*. In our present M06/6-311++G(d,p) study,
the activation energy is estimated from Table 3(b) to be
12.9 kcal/mol in water.

Finally, we would like to compare the activation ener-
gies for the reactions involving wG-T, wG-BrU or G-C
base-pair and predict the probability for the reactions
from wG-T (wG-BrU) to G-T* (G-BrU*). As shown in
Figures 2(a) and 4(a), the activation energy in vacuum
for the reaction from wG-T to G-T* and from wG-BrU to
G-BrU* is 16.6 and 14.5 kcal/mol, respectively. These
energies is similar to that (15.8 kcal/mol) for the tauto-
meric reaction from G-C to G*-C* in vacuum. It is thus
expected that the reactions for wG-T and wG-BrU can
occur with a similar probability as that for the G-C reac-
tion in vacuum. On the other hand, in water, wG-T and
wG-BrU are stabilized more significantly by the effect of
salvation, resulting in the larger activation energies (19.1

Copyright © 2013 SciRes.

kcal/mol for wG-T and 16.7 kcal/mol for wG-BrU)
shown in Figures 2(b) and 4(b), in comparison with that
(12.9 kcal/mol) for the tautomeric reaction from G-C to
G*-C*. Consequently, it can be concluded that the reac-
tions from wG-T to G-T* and from wG-BrU to G-BrU*
are very rare events compared with the tautomeric reac-
tion of G-C in water.

Since our present model is very simple compared to
the real DNA duplex surrounded by water molecules and
counter ions, the quantitative estimation for the rate con-
stants of the above reactions and the equilibrium con-
stants between the base-pairs will full of uncertainty and
be meaningless. The DFT investigation for the wG-T and
wG-BrU base-pairs including the backbone of DNA,
hydrating water molecules and counter ions are under-
way now for quantitative investigation of activation free
energy. In addition, since the present DFT study consid-
ered the influence of the solvating water molecules by
the continuum salvation model, the dynamical effect of
water molecules on the ZPE and free energy is not in-
cluded explicitly. Accordingly, we did not discuss the
free energies in detail here.

4. Conclusions

To elucidate the effect of solvation on the reaction be-
tween wG-T and G-T*/G*-T, we investigated the TS
between these base-pairs by DFT calculations, in vacuum
and in water approximated by continuum solvation
model. The obtained TS between wG-T and G*-T/G-T*
(asterisk is an enol-form of base) is almost the same in
vacuum and in water. However, the activation energy is
16.6 and 19.1 kcal/mol in vacuum and in water, respec-
tively, indicating that the effect of solvation enlarges the
energy barrier for the reactions. The activation energy for
the reaction between G-C and G*-C* was also evaluated
to be 15.8 and 12.9 kcal/mol in vacuum and in water,
respectively. Therefore, it is expected that the reaction
from wG-T to G*-T/G-T* can occur in vacuum with a
similar probability as that from G-C to G*-C*.

We furthermore investigated the reaction between
wG-BrU and G-BrU*/G*-BrU to elucidate the effect of
BrU. The activation energy is 14.5 and 16.7 kcal/mol in
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Table 3. Total energy (TE) (kcal/mol), zero-point vibrational energy (ZPE) and total free energy (FE) at 298.15 K and 1 at-
mosphere of pressure for the optimized structures of G-C, G*-C*, intermediate structure (IS) and the transition state (TS)
between them evaluated by M06/6-311++G(d,p); (a) in vacuum and (b) in water approximated by the continuum solvation
model.

(a)
G-C TS(G-C—G*-C¥*) G*-C*
TE —588110.7 —588094.9 —588100.8
(Relative energy) 0.0 15.8 9.9
TE + ZPE —587974.7 —587962.9 —587964.5
(Relative energy) 0.0 11.8 10.1
FE —588003.5 —587989.9 —587992.9
(Relative energy) 0.0 13.7 10.6
(®)
G-C TS(G-C—[G-C]) [G-C] TS([G-C]—>G*-C*) G*-C*
TE —588129.6 —588118.5 —588119.6 —588116.7 —588118.0
(Relative energy) 0.0 11.0 10.0 12.9 11.6
TE + ZPE —587993.7 —587985.2 —587983.7 —587983.7 —587982.3
(Relative energy) 0.0 8.6 10.0 10.0 11.5
FE —588023.2 —588012.3 —588011.5 —588011.4 —588010.5
(Relative energy) 0.0 10.8 11.7 11.8 12.7

(d)

(e

Figure 6. Structures of G-C, G*-C*, intermediate structure (IS), and the TS between them obtained by M06/6-311++G(d,p) in
water approximated by the continuum solvation model. (a) G-C; (b) IS; (¢) G*-C*; (d) TS(G-C—IS); (e¢) TSUS—G*-C*).

vacuum and in water, respectively. Therefore, the intro-
duction of wG-BrU base-pair increases the probability of
the tautomeric reaction producing the enol-form G* base.
Because G* prefers to bind to T rather than to C, our cal-
culated results reveal that the spontaneous mutation from
C to T bases is accelerated by the introduction of wG-
BrU base-pair.
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