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Introduction

Oxidative damage to DNA is a common event that through
the formation of strand breaks and nucleobase modifications
may cause mutagenesis, cancer and is involved in aging.[1,2]

Fortunately, cells possess defense mechanisms such as base
excision repair and break repair enzymes, which correct
such damages in order to maintain the integrity of the
genome.[3]

Since the DNA molecule has an extraordinarily clever
structural design, it is natural to wonder if also its electronic
structure has evolved so as to steer environmental damage
toward specific products that could be more easily recog-
nized by repair enzymes.
A crucial role concerning the effect of oxidative damage

is played by guanine (G), which has the lowest oxidation po-
tential among the nucleic acid bases,[4] and within GG and
GGG clusters its ionization potential is even lower.[5–8] Gua-
nine radical cation (GC+) can be formed either by direct oxi-
dation by a large variety of agents[9] or indirectly via hole
migration.[10] Extensive experimental and theoretical investi-
gations have been carried on this topic.[4,7,9,11–19]

In this work, by applying state of the art computational
techniques that enable to overcome large energetic barri-
ers[20,21] and to follow the time evolution of a very large
system,[22] we elucidate the nature and the consequences of

a radical defect in a hydrated DNA fiber. In particular we
have addressed two main issues.
We first analyzed the protonation state of the guanine

radical cation/cytosine pair (GC+ :C). In aqueous solution the
GC+ undergoes a rapid deprotonation, since its pKa is 3.9,

[23]

which leads to the formation of deprotonated guanine radi-
cal (G(�H)C). Experiments have shown that the proton lost
is the one attached to N1 (see Figure 2).[23,24] This has been
confirmed by calculations on GC+ that take into account sol-
vent effects in a simplified manner.[25]

In DNA G is paired with C, and so it is not completely
clear which is the protonation state of the pair. Some be-
lieve that comparing the pKa of GC+ and C in water would
give a good estimate of the oxidized basis pair protonation
state.[26, 27] Others instead deem the gas-phase acidity as a
more relevant model for the DNA environment.[9] Clearly
either points of view are partial and while it is generally ac-
cepted that the protonation state of the G:C radical cation
pair in DNA is G(�H)C :C(H)+ this point of view is not
based on direct observation. We found that the protonation
state of GC+ :C in DNA is different from that found in gas
phase and that the source of this difference are the geomet-
rical constraints imposed by the DNA backbone on the rela-
tive positions of the bases. This result was obtained by ex-
tensive quantum mechanics/molecular mechanics (QM/MM)
simulations and by applying a novel method that allows fast
and precise calculation of free energy profiles.
Second we elucidate the fate of the GC+ :C base pair.

There is experimental evidence that the final fate of the GC+

depends on its environment, as the products found in water
are a mixture of products (imidazolones and oxazolones)
while in double helical DNA the oxidation leads to 8-oxo-
7,8-dihydro-2’-deoxyguanosine (8-oxo-G).[9,28–31] This differ-
ence has been ascribed to the putatively different proton-
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ation state of guanine as well as the base stacking.[31] If one
of these two effects is more important in changing the G re-
activity or if both are involved is unclear. The ab initio cal-
culations made on the G:C radical cation pair in gas phase
have shown that when the G is protonated the formation of
8-oxo-G is exothermic, while when the G is deprotonated
the oxidation reaction is endothermic.[16] But it is not clear if
these gas-phase calculations are relevant for the GC+ in
double stranded DNA and water solution, even more so
since recent pulse-radiolysis experiments performed on the
G radical in solution at different pH values show that nei-
ther the neutral G(�H)C radical nor the GC+ give rise to 8-
oxo-G;[32] this questions the role of the protonation state in
determining the oxidation products. Extensive analysis of
the free energy surface as a function of many possible reac-
tion coordinates shows that an important role is played by
the phosphate backbone which lowers the barrier for the
rate limiting step of the reaction, that is, the protolysis of a
water molecule close to the G, by enhancing a charge (and
radical) transfer from the GC to it.
These findings demonstrate the importance of the DNA

backbone in guiding the oxidation process toward the 8-
oxo-G.[33]

The calculations are performed on a fully hydrated double
strand DNA decamer, namely d(GpCpGpCpGpCpGp-
CpGpCp)[34] (see Figure 1). This system has the smallest
primitive cell among the self-complementary nucleotide
crystals that have been synthesized in the laboratory, and its
atomic and electronic structure have already been thorough-
ly characterized via full ab initio optimizations.[18] Although
not biologically active, it has all the ingredients of an active
DNA, namely the double strand, the counter-ions and the
solvation waters. Furthermore the tight packing of the DNA
strands resembles the situation found in the genes.[35] All the
simulations were performed with periodic boundary condi-
tions.
On this system we performed both a fully ab initio calcu-

lation of the radical cation state (where all the 3960 valence
electrons of the atoms in the elementary cell were treated
explicitly) and mixed quantum mechanics/molecular me-
chanics (QM/MM) simulations. In this latter approach, the
system is partitioned into two regions, described, respective-
ly, at the density functional theory level and with a classical
force field (see ref. [36] for details). Within the quantum
region all calculations were performed in the framework of
density functional theory using two different gradient-cor-
rected exchange and correlation functionals (see ref. [37] for
details) and Martins–Troullier pseudopotentials for the core
electrons.[38] All the calculations were made with the CPMD
code.[39]

Great attention has been devoted to quantify the errors
induced by the QM/MM approach. The geometry, the
HOMO–LUMO gap, the properties of the frontier orbitals
and the energetics of protonation state were compared to
those of the full ab initio calculation and for all these prop-
erties we found a good agreement between the two meth-
ods.[40]

The reactions that are the object of this study involve the
transition over barriers of the order of tens of kcalmol�1.

This kind of activated process cannot be observed within the
time scale of a full ab initio or even QM/MM simulations. In
order to clear these barriers and reconstruct the free energy
as a function of the relevant reaction coordinates, we apply
the method already introduced in refs. [20,21] The method
is based on a coarse-grained history-dependent dynamics
(metadynamics) that is able to explore the free energy in
the space defined by a manifold of collective coordinates Sa

that characterize the reaction process. At each metadynam-
ics step the system evolution is guided by the combined
action of the thermodynamic force (which would trap the
system in the free-energy wells) and a history-dependent
force which disfavors configurations in Sa space that have al-
ready been visited. The history-dependent potential FG, is
constructed as a sum of Gaussians centred on each value of
the Sa already explored during the dynamics. As shown,

[20,21]

FG fills in time the minima in the free energy surface and, in
the limit of a long metadynamics, the sum of FG and F tends
to become flat as a function of the Sa. As has been shown
elsewhere,[20,21] meaningful results can be obtained in a rela-
tively short simulation time if the Sa are able to discriminate
between the initial and final state and include all the modes
relevant to the reaction that cannot be sampled within the

Figure 1. View of the three-dimensional structure of the G:C decamer
d(GpCpGpCpGpCpGpCpGpCp) and of the spin density isosurface (in
cyan) associated with the radical cation state. Water molecules, counter-
ions and hydrogen atoms have been removed for clarity. The sugar-phos-
phate backbone is represented as tubes. Overall the elementary cell con-
tains 654 heavy atoms and 540 hydrogen atoms (Mw C228N96O144P24-
Na24H264·138H2O). The isosurface represented has a value of 10�3 elec-
trons K�3.
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typical time scale of an ab initio MD run. In the present
work the Sa were chosen to be a combination of two or
three coordination numbers.[41] and we use the metadynam-
ics algorithm described in ref. [21] The coordination number
is the number of atoms of one type (e.g. hydrogen atoms) at
a bonding distance from another atom (e.g. G-N1) and is de-
fined as:[20]

S ¼ 1�ðr=r0Þ6

1�ðr=r0Þ12
ð1Þ

where r is the distance between the two chosen atom types
and r0 was 1.32 K in the case of nitrogen–hydrogen and
oxygen–hydrogen coordination number and 2.9 K in the
case of oxygen–carbon coordination number.

Protonation state of the cytosine/guanine radical pair
cation : The coordinates of interest are the coordination
number of hydrogen with respect to N1 and N2 of GC+ and
the N4 of cytosine.
In Figure 2c the free energy surfaces as a function of the

guanine N1 and cytosine N4 hydrogen coordination number
computed with the QM/MM partition of model A is report-
ed. As a reference, we repeated the same calculation with
the hydrogen-bonded radical base pair in gas phase (Fig-
ure 2b).

The DE of the two minima in gas phase is �3 kcalmol�1

and the barrier is �6 kcalmol�1, consistent with previous
calculations.[42, 43] The same energy differences, within a frac-
tion of kcalmol�1, are found by repeating the calculations
with the HCTH functional. The DE calculations were re-
peated in the fully hydrated DNA within the QM/MM
framework (model A of Figure 3 was used for the quantum
subsystem, see also Supporting Information).
A remarkable inversion of stability takes place and we

find that protomer A2 is stabilized by �4 kcalmol�1 with re-
spect to A1 (Figure 2c); the other possible protonation state
described by our choice of collective coordinates (A3,
Figure 2) turns out to be energetically unfavorable.
This relative protonation stability inversion is remarkable

not only because it is different from the gas phase results
but also because it contradicts the hypothesis that the reac-
tion toward 8-oxo-G (the main product found in double he-
lical DNA) has to go through a GC+ intermediate. It is there-
fore essential to check the validity of the calculations. To
this effect we have performed several geometry optimization
energy calculations both in gas phase and in the DNA, at
various levels of approximation and concluded that the
errors were within the accuracy of the method (see Support-
ing Information).
We are now in a position to trace with confidence the

origin of the protomer stability inversion. Further calcula-
tions were made on model A starting from the optimized
structure. The role of the charges of the backbone and of
the nearby sandwiching bases was studied by selectively
switching them off. One set of geometry optimization/
energy calculation was repeated leaving only the charges of
the deoxyribose and phosphate attached to the quantum
system and setting to zero all the other classical charges.
The resulting DE value was �5.3 kcalmol�1. A second set of
geometry optimization/energy calculation was made with
pure mechanical coupling between the classical and the
quantum system, resulting in DE = �1.2 kcalmol�1. This
analysis shows that the main sources of the energy reversal
are the electrostatic coupling with the directly attached
sugar and phosphate, the changes of geometry experienced
by the bases going from gas phase to DNA and the dynami-
cal fluctuations of the DNA backbone. On the other hand,
electrostatic coupling with the remaining atoms including
the nearby sandwiching bases has in this case little influ-
ence.

Formation of 8-hydroxy-7,8-dihydroguanyl radical : When
the 8-hydroxy-7,8-dihydroguanyl radical (8-OH-GC) is
formed from the GC+ (see Figure 4 top), the first step is a
nucleophilic attack on G–C8.[9] Therefore we chose as collec-
tive variables the oxygen coordination number of the G–C8

and the hydrogen coordination number of water molecules
(the model used was B, Figure 3). Moreover, since the pro-
tonation state can be expected to affect the reaction mecha-
nism, we also include in the collective coordinate space the
hydrogen coordination number of guanine N1.
In Figure 4 we represent the events leading to the water

addition to GC+ . A total of 1950 steps of metadynamics for a
total of 2.3 ps were made with model B (Figure 3). The tra-

Figure 2. Free energy surfaces (in kcalmol�1) of the N1 (x) and N4 (y) hy-
drogen coordination number (A) in gas phase (B) and in the fully hydrat-
ed DNA molecule (C). In A) the schematic representations of the pro-
tonation states are spatially arranged to match the corresponding minima
in B and C. The surfaces B and C were obtained with 1347 and 2262
Gaussians with a height and width of 0.62 and 0.05 kcalmol�1 (see
ref. [20]). The Gaussians were added each 50 steps of ab initio MD giving
a total simulation time of 16.4 and 9.8 ps. The fictitious mass and the cou-
pling constant of the restraints was set to 70 amu and 0.3, respectively.
Since the free energies are defined modulo an undetermined constant we
have chosen our zero to coincide with state 2.
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jectory in the metacoordinate space is represented in
Figure 4, middle. The system oscillates between state B
(GC+) and state A (G(-H)C) for a long time until it has ac-
quired enough energy to overcome the main barrier, which
turns out to be water protolysis, as experimentally proved
elsewhere for a similar system.[44] The barrier for this rate
limiting step is �10–15 kcalmol�1, consistently with the ex-
perimentally determined rate for the water addition to the
GC+ :C in DNA (6L104 s�1).[45]

After the water dissociates, the hydroxide reacts almost
immediately with the G, and the proton jumps back from C-
N3 to the G-N1. Single point calculations on the couples 8-
OH-GC :C and 8-OH-G(-H)C :C(H)+ show that the first is
more stable by as much as 22 kcalmol�1. The steps that
follow the formation of the radical 8-OH-GC (Figure 4) and
lead to the production in oxidizing conditions[46] of 8-oxo-G
are well understood and will not be studied here.[1]

According to our calculations, the autoprotolysis of a
water molecule close to GC+ is very significantly enhanced
with respect to pure water. In order to understand the origin
of this effect we performed some further analysis. The frac-
tion of unpaired electron on each atom was calculated as
the difference 1up�1down integrated around each atom up to
a distance equal to the VdW radius. For comparison on the
other QM water molecules it amounts to less than 1L10�4,
while it amounts to 0.2 electrons on the most radical atoms
(i.e., C4, C5 and C8).

We first considered GC�H2O pair in the gas phase in the
same geometry as in the QM/MM simulation, and found
that there is a small but significant charge transfer from the
water HOMO to GC : 0.2L10�2 electrons (Figure 5b). This
transfer is enhanced if we add the phosphate anion to the
GC�H2O pair, 0.7L10�2 electrons (Figure 5c). Even larger is
the charge transfer if we include in the calculation the effect
of the full DNA environment by means of the QM/MM sim-
ulation: 1.2L10�2 electrons (Figure 5a). A study conducted
on a number of full QM snapshots showed that this effect is
general and the charge transfer is a function of the water G
distance and the extent of radical localization on the G.
Given the tendency of BLYP functional to delocalize the
charge, we have repeated the gas phase calculations with the
more accurate B3LYP functional and obtained the same re-
sults (Figure 5c, d) Even a CCSD calculation with a 6-31G*
Gaussian basis set on the larger cluster (Figure 5c) support-
ed our findings. The observed charge transfer does affect
considerably the barrier of the protolysis reaction
(H2O+(RO)2PO2

�HO�+(RO)2PO2H) which we calculated
to be in the gas phase �41 kcalmol�1 and is reduced by the
presence of the GC to 25 kcalmol�1. The full DNA environ-
ment stabilizes the transition state by another �10 kcal
mol�1.
A relevant question is whether our model is representa-

tive of real life biological DNA or whether the role of the
phosphate is amplified by our use of a tightly packed crystal
structure. In particular in our simulations a crucial role is

Figure 3. Quantum subsystems used in the QM/MM calculations. The smallest QM system (A) includes a G:C hydrogen-bonded pair linked with a classi-
cal bond between the deoxyribose C1’ and the nitrogen of the bases. Model B includes system A plus four water molecules and a phosphate anion.
In model C the deoxyribose attached to the guanine is added to model B. In model D also the sugar and the phosphate attached to the cytosine are
included.
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played by the phosphate of a neighboring strand. While in
the chromosomes this kind of tightly packing might indeed
occur, one needs to consider a more general case. We have
therefore performed a simulation on the QM/MM model C
of Figure 3. In this model the sugar and phosphate attached
to the GC are included in the QM part, while the closer phos-
phate of the neighboring strand is treated classically. Fur-
thermore the effect of the latter phosphate on the QM part

is excluded from the calcula-
tion. The outcome of this simu-
lation is interesting. The barri-
er for the reaction is slightly
increased by �3 kcalmol�1

and the proton is shuttled to
the second nearest phosphate
through a bridging water mole-
cule via a Grotthuss mecha-
nism. Since interstrand phos-
phate are always present and
do not depend on the se-
quence, we believe that our
mechanism is generally appli-
cable.

Conclusion

The global picture arising from
our calculations on the role
played by the DNA structure
on guanine oxidation is more
complicated than previously
thought and in some aspects
even surprising. Our calcula-
tions in gas phase are in excel-
lent agreement with the results
found in the literature[16,42,43]

that predict the pair GC+ :C to
be more stable than
G(�H)C :C(H)+ . But in the hy-
drated DNA the electrostatics
of the backbone as well as the
different geometrical structure
assumed by the pair lead to a
reversal of the situation, and
we find that in DNA
G(�H)C :C(H)+ is more stable
by as much as 4–5 kcalmol�1.
The rate limiting step of the

8-OH-GC formation is the
water autoprotolysis. Once the
hydroxide is formed it prompt-
ly reacts with the GC+ and the
proton jumps back on guanine
N1. This finding confirms spec-
ulations on the importance of
DNA structure in changing the
products of guanine oxidations.
It was suggested that the dif-

ferences in the products obtained in solution and in DNA
are due to guanine stacking and pairing with cytosine. We
found that stacking does not play a fundamental role in this
case, while it could affect the competing reaction with O2 by
steric hindrance.[47] A fundamental role is instead played by
the phosphate backbone, which reduces the barrier for the
water protolysis by enhancing the charge transfer from GC to
the water and shuttles the lost proton to the water solution.

Figure 4. Conversion of GC+ to the 8-OH-GC (top); 8-oxo-G is formed from this radical by further oxidation.
Middle: trajectory of the reaction metadynamics in the 3D space of the collective coordinates: number of hy-
drogen atoms coordinating N1 (x), number of oxygen atoms coordinating C8 (y) and number of hydrogen
atoms coordinating the water molecule closest to C8 (z). The time evolution of the trajectory is color coded
ranging from blue to red. The coordination numbers are defined as in Equation (1) with r0 equal to 1.32, 1.32
and 2.9 K respectively. The height and width of the added Gaussian potentials were 0.62 and 0.05 kcalmol�1.
The fictitious mass and the coupling constant of the restraints was set to 70 amu and 0.3, respectively. The con-
tinuous line encircles the rate limiting step of the reaction (water protolysis) while the dashed line encircles
the hydroxide addition concerted with N1 reprotonation step; the arrows show the corresponding transitions.
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This result confirms previous speculations[48] and could be
checked by examining the G oxidation in a DNA:PNA
duplex in which one strand would be incapable of catalyzing
the deprotonation of water, or in a modified DNA were the
phosphate backbone is changed in thiophosphate. Both ex-
periments are feasible and it would be very interesting to
see them performed. Indirect evidence for the relevance of
the catalysis of the phosphate comes from two experiments.
Once the 8-OH-GC is formed, the deprotonation of N1 is

impossible since the protonated form is more stable by
more than 20 kcalmol�1. So the overall role of the pairing of
guanine with cytosine and the backbone in the oxidation re-
action is quite subtle: first cytosine takes the proton from
guanine radical cation, stabilizing even more the radical on
the guanine (and localizing it), but then, once the backbone
has catalyzed the hydroxide formation, the pairing favors
the 8-OH-GC formation by releasing the proton when
needed and greatly stabilizing the product of the reaction.
Fluctuations in the structure of the backbone also seem to
play a role in aiding proton transfer from one base to the
other. Overall we find evidence of a fine-tuned mechanism
that acts in double helical DNA to funnel the oxidation re-
action toward 8-oxo-G formation.
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