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ABSTRACT

In order to elucidate the indirect effect by radiation on DNA base pairs, we investigate the mechanism for the attacking
reaction of a hydroxyl radical ((OH-radical) to the G-C and A-T base pairs, by the density functional theory (DFT) cal-
culations. The effect of solvation on the mechanism is also revealed by performing the same DFT calculations under the
continuum solvation approximation. We find the stable structures for the dehydrogenated G-C and A-T base pairs, in
which the hydrogen atom of NH, group of G or A base is abstracted by the ‘OH-radical. The solvation around the base
pairs stabilizes the dehydrogenated structures significantly, indicating the acceleration of the attacking reaction by
‘OH-radical to the base pairs in water. Therefore, we conclude that the hydrogen atom of the NH, group of G or A base
in the G-C and A-T base pairs is the most preferably abstracted by the "OH-radical in living cells.
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1. Introduction

Genetic information recorded in DNA can be damaged
by the variety of environmental agents, in particular,
such as radiation. There are two types of effects by radia-
tion, which are commonly called direct and indirect ef-
fects [1]. Only a small part of high-energy radiation can
attack directly to the DNA molecule in living organs to
damage its structure and electronic properties [2]. In fact,
when a cell is exposed to radiation, the probability of the
radiation interacting with the DNA molecule is very
small, since it makes up a small part of the cell mostly
composed of water molecules. Therefore, there is a much
higher probability of radiation interacting with the water
molecules. As a result, the principal effect of radiation is
the ionization of water molecules in a cell, producing
highly reactive hydroxyl radicals (OH-radical). Because
they react with organic cellular components, especially
DNA and lipids, DNA is damaged in its structure and
electronic properties [3,4]. In solution, the ‘OH-radicals
form hydrogen bonds with solvating water molecules. It
is thus expected that the relative orientation of ‘OH-ra-
dical with respect to the hydrogen atoms of DNA bases
are restricted, leading to retardation in hydrogen abstrac-
tion from the DNA bases by the ‘OH-radical. Therefore,
it is important to investigate the chemical reaction of
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‘OH-radical to DNA in solvating water molecules for
elucidating the initial damage in DNA induced by the
attacking of ‘OH-radicals under a realistic environment in
living cells.

There are various effects of the ionizing radiation on
the biological systems, ranging from the development of
genetic aberrations, carcinogenesis to aging. Most of
these effects have attributed to the role of free radicals. In
particular "OH-radicals are major contributors in the sin-
gle/double strand breaking of the DNA duplexes, be-
cause about 2/3 of the surrounding environment of the
DNA duplex in the cell-nucleus is composed of water
molecules [5]. Due to the short (within nano-seconds)
life-time of the "'OH-radical [6], it is generated only with-
in 1 nm from the surface of the DNA duplex and can re-
move a hydrogen ion to form a water molecule. The high
reactivity of the "OH-radical is attributed to the possible
pairing of two electrons having the opposite spin, which
come from the "OH-radical and the target molecule. In
the solvated environment, ‘OH-radicals reach an active
site of the DNA molecule and remove a hydrogen ion
from the sugar moiety (e.g., a deoxyribose) or nucleobase
of DNA. As a consequence of the "OH-radical attacking
to DNA, the native double-helical structure of DNA is
altered leading to errors in the genetic information stored
in DNA [7]. Therefore, understanding the damage in
DNA induced by the hydrogen abstraction is of par-
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ticular importance to reveal the effect of ‘OH-radicals on
DNA.

There are a huge number of theoretical studies on the
reaction mechanism between DNA and ‘OH-radicals,
based on classical Monte Carlo (MC) [8], classical mo-
lecular dynamics (MD) [9] or quantum mechanical den-
sity functional theory (DFT) [10-16] method. It is indis-
pensable to perform quantum mechanical molecular or-
bital (MO) or DFT calculation for the complex of DNA
with ‘OH-radical, in order to elucidate the reaction me-
chanism at an electronic level. Since guanine is the most
likely to be attacked by ‘OH-radicals among the four
DNA nucleobases [5], many quantum mechanical simu-
lations were performed for guanine. For example, the
gas-phase dehydrogenation reaction of guanine with
‘OH-radical was studied by Car-Parinello first-principle
MD simulations [10], while the DFT calculations [11,12]
were carried out for the complex of guanine with ‘OH-
radical. In addition, the ‘OH-radical attacking reaction to
G-C base pair was investigated by DFT calculations [13,
14]. On the other hand, a limited number of MO or DFT
calculations were performed for the adenine base [15]
and A-T base pair [16]. And to our knowledge, there is
no MO or DFT calculation investigating the difference in
the dehydrogenation reaction between G-C and A-T base
pairs induced by the ‘OH-radical.

In the present study, in order to elucidate the indirect
effect by radiation on DNA base pairs, we investigate the
stable structures and their electronic properties for the
complexes of G-C or A-T base pair with an "OH-radical,
by the DFT calculations in vacuum and in water. The re-
sults reveal that the ‘OH-radical prefers to react with the
NH, group of G (A) base of G-C (A-T) base pair and to
abstract the hydrogen atom of the NH, group, resulting in
a water molecule. These abstractions can produce the iso-
merization of G and A bases, leading to spontaneous mu-
tations in DNA base sequence.

2. Details of DFT Calculations

Since DFT method includes electron correlation effect
and describes the electronic properties of molecules and
solids enough accurately, we used this method in the

1.81 A

_1.96

(a)

present study. We first constructed the structures of Wat-
son-Crick type conventional G-C and A-T base pairs and
optimized their structures in vacuum. For this optimiza-
tion, we employed the DFT program D-mol® [17,18], and
the Kohn-Sham orbitals were expanded in a numerical
basis set DNP (double-numerical plus d-polarization func-
tions for heavy atoms and p-polarization functions for
hydrogen atom). The revised Perdew-Burke-Ernzerhof
(RPBE) functional [19] of generalized gradient approxi-
mation was employed for exchange and correlation po-
tentials. In addition, to confirm the accuracy of the above
DFT calculation, the G-C and A-T structures were opti-
mized by the B3LYP [20] hybrid density functional in
conjunction with the 6-31G(d,p) basis-set using the Gau-
ssian 09 suite of program [21]. The previous DFT calcu-
lation [22] confirmed that the B3LYP functional can de-
scribe the potential energy surface for the reaction me-
chanisms of "OH-radical with imidazole, tyrosine, pyri-
midine and purine. In the present DFT study, the terminal
sites connecting to the C1” atom of deoxyribose in DNA
strands were terminated by the CH; group, as shown in
Figure 1.

In order to find the most preferable attacking site of
‘OH-radical around the G-C and A-T base pairs, we
added an "OH-radical near the hydrogen atom of the base
pair and constructed the six types of initial structures for
the base pair + ‘OH-radical complexes, as shown in Fig-
ures 2 and 3. The distance between the hydrogen atom of
base and the oxygen atom of ‘OH-radical was set as 1.5
A. These structures were optimized in vacuum by the
unrestricted DFT method (RPBE/DNP) of D-mol’, with a
doublet spin state assigned. In addition, to investigate the
effect of solvation on the reaction mechanism between
the base pair and the "OH-radical, we performed the same
DFT optimizations in water approximated by the contin-
uum solvation model [23] of D-mol®.

3. Results and Discussion

3.1. Optimized Structures of DNA Base Pair +
‘OH Radical in Vacuum

We first optimized the G-C and A-T structures in vacuum

(b)

Figure 1. Optimized structures of base pairs: (a) G-C and (b) A-T.

Copyright © 2013 SciRes.
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Figure 2. Initial structures of G-C base pair + ‘OH-radical; (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; and (f)
Case 6.

e
(e) ®

Figure 3. Initial structures of A-T base pair + "OH-radical; (a) Case 1; (b) Case 2; (c¢) Case 3; (d) Case 4; (e) Case 5; and (f)
Case 6.

Copyright © 2013 SciRes. JMP
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by the DFT method (RPBE/DNP). The optimized struc-
tures are shown in Figure 1. The obtained hydrogen
bond lengths between G and C and between A and T
bases are identical within a 0.02 A difference to those for
the structures optimized by the present B3LYP/6-31G(d,p)
calculations, the previous B3LYP/6-31G(d) calculations
[16] as well as those in the B-form DNA structure ob-
tained by the X-ray analysis [24]. Accordingly, the pre-
sent DFT calculation is confirmed to be valid for obtain-
ing the stable structures of the closed-shell base-pairs.

To elucidate which hydrogen atom of G-C and A-T
base pairs can be abstracted by the ‘OH-radical, we
added it near the hydrogen atom of the base pairs to con-
struct the six types of initial structures shown in Figures
2 and 3. They were fully optimized by the unrestricted
DFT calculations, with a doublet spin state assigned. Fig-
ures 4 and 5 show the structures optimized in vacuum.
As in the previous DFT calculations [16], the ‘OH-radical
can be stabilized near the hydrogen bond between the
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DNA bases. In addition, we found a stable structure
shown in Figure 4(d), in which the ‘OH-radical abstracts
a hydrogen atom from the NH, group of guanine in G-C
base pair to change into H,O. This structure is at least
10.6 kcal/mol more stable than the other optimized struc-
tures, as listed in Table 1(a). In contrast, the other hy-
drogen atoms of G-C base pair can not be abstracted by
the ‘OH-radical, as indicated in Figure 4. Therefore, we
can conclude that the ‘OH-radical prefers to react with
the NH, group of guanine of G-C base pair in vacuum
and abstract the hydrogen atom of the NH, group, as in-
dicated in Figure 4(d).

This result for G-C is comparable to the recent experi-
mental results [25] obtained by absorption spectroscopy,
which imply that the major reaction between guanine and
the "OH-radical is hydrogen abstraction from the NH, group.
In contrast, the other experiments [26,27] using the redox
titration technique indicate that the ‘OH-radical adds to
the C4, Cs or Cg positions on purine bases, leading
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Figure 4. Optimized structures of G-C base pair + ‘OH-radical in vacuum; (a) Case 1; (b) Case 2; (c¢) Case 3; (d) Case 4; (e)
Case 5; and (f) Case 6. Total energy (kcal/mol) relative to the most stable structure and the distance (A) between the oxygen

atom of "OH and the hydrogen atom of DNA base are shown.

Copyright © 2013 SciRes.
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Figure 5. Optimized structures of A-T base pair + "'OH-radical in vacuum; (a) Case 1; (b) Case 2; (c¢) Case 3; (d) Case 4; (e)
Case 5; and (f) Case 6. Total energy (kcal/mol) relative to the most stable structure and the distance (A) between the oxygen

atom of "OH and the hydrogen atom of DNA base are shown.

Table 1. Total energies (T.E.) (kcal/mol) and their relative energies (AT.E.) to the most stable structure for the optimized
structures of the G-C/A-T + ‘OH-radical complexes shown in Figures 4-7 obtained by RPBE/DNP. (a) In vacuum; (b) In water.

(@
G-C A-T
Structure T.E. AT.E. Structure T.E. AT.E.
Case 1 —685472.6 13.4 Case 1 —675388.3 52
Case 2 —685475.4 10.6 Case 2 —675387.4 6.0
Case 3 —685475.4 10.6 Case 3 —675393.5 0.0
Case 4 —685486 0.0 Case 4 —675385.6 7.9
Case 5 —685464.3 21.7 Case 5 —675389.6 39
Case 6 —685470.3 15.7 Case 6 —675391.1 2.4
(®)
G-C A-T
Structure T.E. AT.E. Structure T.E. AT.E.
Case 1 —685514.1 0.4 Case 1 —675409.5 17.2
Case 2 —685498.8 15.7 Case 2 —675409.9 16.8
Case 3 —685499 15.6 Case 3 —675426.7 0
Case 4 —685514.6 0 Case 4 —675409 17.7
Case 5 —685494.2 20.3 Case 5 —675411.2 15.5
Case 6 —685494.4 20.2 Case 6 —675409.8 16.9
Copyright © 2013 SciRes. JMP
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to ring-opening or dehydration reaction. As for the mo-
lecular simulation on the reaction between G-C and
‘OH-radical, state-of-the-art ONIOM calculations based
on DFT were performed [13] for an elaborated hydrated
DNA model. The computed results demonstrate that the
attack of ‘OH-radical on the cytosine base increases the
strength of O6(G)-N4(C) bond and consequently the ef-
ficiency of the proton transfer reactions. However, there
is no result about the abstraction of the hydrogen atom
from G-C base pair induced by the ‘OH-radical.

Figure 5 shows the optimized structures for the com-
plex of A-T base pair with ‘OH-radical, indicating that
the hydrogen atoms of A-T can not be extracted by ‘OH-
radical in vacuum. Among the six structures optimized in
the present study, the structure shown in Figure 5(c) is
the most stable. Even in the most stable structure, the
‘OH-radical can not abstract the hydrogen atom from the
NH, group of adenine base, although the ‘OH-radical is
stabilized near the NH, group. Consequently, it seems
that A-T base pair is relatively insulated from the influ-
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ence of ‘OH-radicals in vacuum.

3.2. Optimized Structures of DNA Base Pair +
‘OH-Radical in Water

Since DNA is surrounded by a large number of water
molecules in a cell, their effect should be considered in
the analysis for the ‘OH-radical attacking reaction
mechanism. In principle, the water molecules should be
considered explicitly in the DFT calculations. However,
in the practice of the DFT calculations, it is very time-
consuming task to perform the DFT optimizations for the
fully-solvated systems composed of DNA base pair and
‘OH-radical. We thus considered the effect of solvating
water molecules by the continuum solvation model [23]
as the first step of the DFT simulations. The initial struc-
tures of G-C and A-T base pairs with ‘OH-radical shown
in Figures 2 and 3 were fully optimized in water ap-
proximated by the continuum solvation model. Figures 6
and 7 show these optimized structures, and their total

D20s
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(d) AT.E=0.0

(f) AT.E=20.2

Figure 6. Optimized structures of G-C base pair + ‘OH-radical in water; (a) Case 1; (b) Case 2; (c¢) Case 3; (d) Case 4; (e)
Case 5; and (f) Case 6. Total energy (kcal/mol) relative to the most stable structure and the distance (A) between the oxygen

atom of ‘OH and the hydrogen atom of DNA base are shown.

Copyright © 2013 SciRes.
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Figure 7. Optimized structures of A-T base pair + ‘OH-radical in water; (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e)
Case 5; and (f) Case 6. Total energy (kcal/mol) relative to the most stable structure and the distance (A) between the oxygen

atom of ‘OH and the hydrogen atom of DNA base are shown.

energies are listed in Table 1(b).

As shown in Figures 6(a) and (d), for the G-C base
pair, the two stable structures with the hydrogen abstrac-
tion from the NH, group of guanine were obtained in
water. They are at least 15.6 kcal/mol more stable than
the other structures shown in Figure 6. Therefore, it is
concluded that the abstraction of the hydrogen atom from
the NH, group of guanine is energetically more favorable
in water. If "OH-radical can come close to the guanine
NH, group of the DNA duplex in a cell, the ‘OH-radical
is expected to abstract the hydrogen atom from the gua-
nine base and cause damage to the base. To elucidate the
reaction mechanism between G-C and ‘OH-radical, the
ab initio MD simulations based on DFT are underway
now in the continuum salvation model. The results will
be published elsewhere.

The effect of solvation is also significant for the reac-
tion of "'OH-radical to A-T base pair. As shown in Figure

Copyright © 2013 SciRes.

7(c), "OH-radical can attack and abstract the hydrogen
atom of the adenine NH, group of A-T base pair in water.
This structure is at least 15.5 kcal/mol more stable than
the other structures shown in Figure 7, indicating that
the dehydrogenated A-T structure shown in Figure 7(c)
is largely preferable in water. As mentioned above, the
present DFT optimizations in water elucidate that the
hydrogen atom of the NH, group of guanine and adenine
bases in the solvated G-C and A-T base pairs can be ab-
stracted by the "OH-radical from the view points of en-
ergy.

As for the "OH-radical reaction with adenine, the en-
ergetics and associated transition states for the dehydro-
genation of adenine by "OH-radical were investigated by
DFT calculations [15]. The results elucidated that the re-
action is exothermic and that the N6 position is most
favorable for the ‘OH-radical attack, resulting in the for-
mation of Ng-dehydrogenated adenine radicals. This re-

JMP
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sult is consistent with our present results on A-T base
pair obtained in water. Consequently, it can be concluded
that the hydrogen atom of the NH, group of adenine of
A-T prefers to be abstracted by the ‘OH-radical attack.

In order to elucidate the reason why the hydrogen
atom of NH, group of guanine and adenine bases in the
G-C and A-T base pairs is abstracted by the ‘OH-radical
attack, we investigated the electronic properties of these
base pairs in vacuum and in water by the DFT calcula-
tions. Figures 8 and 9 show the space distributions of
highest occupied MO (HOMO) and lowest unoccupied
MO (LUMO) for G-C and A-T, respectively. Since the

HOMO levels of these base pairs are higher in energy
than the singly occupied MO (SOMO) level of "‘OH-
radical, it is expected that the "OH-radical reacts with the
base pairs at the position with larger distribution of
HOMO. As shown in Figures 8(a) and (c), the HOMO
of G-T is distributed on guanine both in vacuum and in
water. Among the hydrogen atoms of guanine, those of
NH, group and that of CH group have larger HOMO
distribution. The CH bond is stronger than the NH bonds
of NH, group. As a result, the ‘OH-radical prefers to re-
act with the hydrogen atom of the NH, group and abstract
it in the G-C base pair. As indicated in Figure 9, the

Figure 8. Space distributions of HOMO and LUMO for G-C base pair in vacuum and in water. (a) G-C HOMO in vacuum;
(b) G-C LUMO in vacuum; (¢) G-C HOMO in water; (d) G-C LUMO in water.

©
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Figure 9. Space distributions of HOMO and LUMO for A-T base pair in vacuum and in water. (a) A-T HOMO in vacuum; (b)
A-T LUMO in vacuum; (¢) A-T HOMO in water; (d) A-T LUMO in water.

Copyright © 2013 SciRes.
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situation is similar for the A-T base pair. HOMO is dis-
tributed on adenine, and the NH, group of adenine has
significant HOMO distribution. These HOMO distribu-
tions for G-C and A-T base pairs can be related with the
formation of the dehydrogenated structures of the NH,
group of guanine and adenine induced by "OH-radical.

4. Conclusions

By using the DFT calculations, we investigated the stable
structures for the complexes of G-C and A-T base pairs
with ‘'OH-radical in vacuum and in water, which was de-
scribed by the continuum solvation model.

The results are summarized as follows:

1) In vacuum, the hydrogen atom of NH, group of
guanine base in G-C base pair is abstracted by the “OH-
radical, while that of adenine base is not abstracted.

2) In continuum solvation model, the “OH-radical ab-
stracts the hydrogen atom of the NH, group of G and A
bases in both the G-C and A-T base pairs.

3) The reaction of ‘OH-radical attack to G-C or A-T
base pair is exothermic and accelerated by the effect of
solvation.
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