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ABSTRACT: The effect of the environment on the guanine redox potential is studied
by means of a theoretical−computational approach. Our data, in agreement with
previous experimental findings, clearly show that the presence of consecutive guanine
bases in both single- and double-stranded DNA oligomers lowers their reduction
potential. Such an effect is even more marked when a G-rich quadruplex is considered,
where the oxidized form of guanine is particularly stabilized. To the best of our
knowledge, this is the first computational study reporting on a quantitative estimate of
the dependence of the guanine redox potential on sequence and conformational effects
in complex DNA molecules, ranging from single-stranded DNA to G-quadruplex.

■ INTRODUCTION

Deoxyribonucleic acid (DNA) is the molecule used by living
organisms to store the precious information needed to survive.
DNA is constantly exposed to oxidant agents, both
endogenous and exogenous, such as reactive oxygen species1

(ROS) and ionizing radiations.2 The events responsible for the
DNA oxidation could lead to mutagenesis, carcinogenesis, and
aging-related processes.3,4 DNA oxidative damage can cause
loss and/or corruption of information retained in living
organisms.
In addition, charge transfer along the double strand, which

makes it a molecular wire,5,6 is supposed to play a decisive role
in DNA repair mechanisms.7

To investigate the DNA oxidation process, a deep
knowledge of its electronic properties in realistic environments
and conformations is needed. As such, efforts in the estimation
of the oxidation potentials of native and mutated nucleic acids
have been made. However, from an experimental viewpoint,
the measurement of the oxidation potentials of the building
blocks of nucleic acids in solution, e.g., (2′-deoxy)nucleosides
and (2′-deoxy)nucleotides, is partially hindered by low
solubility, partial irreversible nature of the electrode oxidation
reaction, and pH dependent electrochemical potential.8−10 For
these reasons, theoretical−computational approaches are
particularly useful because they are not limited by those
experimental difficulties.11−23 Nevertheless, in these types of
approaches, other complications exist: that is, the huge number
of degrees of freedom in a system of nucleic acids in solution
prohibits the quantum mechanical treatment of the entire
system. To overcome this limitation, the effect of the
environment on the nucleobase electronic properties is often

treated by means of dielectric continuum models24−26 or by
splitting the system into the QM part, where the electronic
properties are explicitly calculated, and the MM part, which
accounts for the effect of the environment on the QM
region.27,28

In line with the latter, in the present study we made use of a
QM/MM approach, the Perturbed Matrix Method29−31

(PMM), which blends the extended sampling provided by
classical molecular dynamics simulations and quantum
mechanical calculations, in order to evaluate the thermody-
namics properties, i.e., the redox potentials, of guanine in
complex DNA molecules.
The guanine was selected because in several experimental

and computation works,8,10,16,32 wheresuch a nucleobase was
found to be the easiest to oxidize. It was also found that
sequences containing two or more adjacent guanine bases
show a higher propensity to oxidation than a guanine base
alone in solution or when no consecutive guanines are present
along the DNA strand.33−35 A possible explanation concerns
the delocalization of the positive charge over two (or more)
bases.36,37 However, it was also observed that solvation favors
the (electronic) hole confinement to one or few nucleo-
bases.20,38−40 Computational and experimental (ESR spectros-
copy) works agree that an electronic hole in 5′-GG-3′ and 5′-
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GGG-3′ sequences tends to localize to a single guanine
site.41−43 To better understand the oxidation properties of
guanine in realistic contexts, we applied the PMM−MD
method to estimate the reduction potential of the guanine base
cation in single- and double-stranded oligonucleotides and in a
G-quadruplex structure in solution to investigate sequence,
conformational, and environmental effects on the thermody-
namics of the oxidation of such a nucleobase.

■ THEORY
Perturbed Matrix Method. The MD−PMM is a

quantum/classical hybrid method based on the combination
of high-level quantum theory electronic calculations and
molecular dynamics simulations. Its ability to treat complex
systems in order to obtain thermodynamic and kinetic
properties has been demonstrated.12,44−47

The method is based on the partition of the system into a
region, in which the process of interest occurs, treated
quantum mechanically (termed as the quantum center, QC;
in our case, the redox center), and the effect of the
environment is included as a semiclassical electrostatic
perturbation, generated by the environmental atomic charges,
for each configuration explored in the MD simulation.
Once the electronic properties of the QC in the gas phase

are calculated, it is possible to construct the perturbed
Hamiltonian matrix, H̃ :

H H V0̃ = ̃ + ̃ (1)

expressed as the sum of the unperturbed Hamiltonian matrix,
H 0̃ , and the perturbation matrix, V ̃ . The elements of the
perturbation matrix are obtained by

V Vl l l l,
0 0[ ̃ ] ′ = ⟨Φ | ̂ |Φ ⟩′ (2)

where l
0Φ and l

0Φ ′ are the unperturbed (gas-phase)

eigenfunctions of the QC. V ̂ is the perturbation operator,
which can be expressed by the Taylor series expansion
(truncated at the first-order term) of the electrostatic potential
around each nth atom belonging to the QC:

V qr r E r r r( ) ( ) ( ) ( )
n j

n j j n n j n∑ ∑̂ = Ω [ − · − ]
(3)

The sum over j runs over all the QC nuclei and electrons, each

one with its charge qj. In the first-order term, E
r

= −∂
∂ . Ωn is a

step function being null outside and unity inside the nth
atomic region. This atom-based expansion is performed only
for the diagonal elements; for the off-diagonal elements a
perturbation operator expansion within the dipolar approx-
imation is used:

V q r E r r r( ) ( ) ( )
j

j j0 0 0∑̂ = [ − · − ]
(4)

with r0 being the coordinates of the QC center of mass.
The perturbed Hamiltonian matrix for the QC is

constructed and diagonalized for each configuration sampled
by MD, giving a trajectory of eigenvectors describing the
perturbed eigenstates of the QC, nestled in the complex
system, and the relative eigenvalues, i.e., the perturbed
energies.
In the present case, we are interested in the evaluation of the

ground-state energies of the redox center, i.e., the nucleobase,
in the reduced (neutral, B) and in the oxidized (radical-cation,

B·+) form in order to obtain the free energy of the one-electron
reduction reaction (B·+ + e− → B) and the reduction potentials
of the oxidized nucleobases in single- and double-stranded
oligonucleotides, a double-stranded DNA, and a G-quadruplex
structure.

Helmholtz Free Energy. The Helmholtz free energy
change, ΔA, associated with the reduction reaction can be
expressed as

A k T A
k T A

k T A k T A

ln e
ln e

ln e ln e
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ion

B red ox
ion

B ox red
ion
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(5)

where Δ is the QC environment whole energy change upon
oxidation, with eΔ being the corresponding QC perturbed
electronic ground-state energy change. The electronic energy
change is obtained at each classical configuration, relaxing the
quantum nuclear degrees of freedom, and thus approximates
the vibronic ground-state energy change (and hence e red⟨Δ ⟩
is the adiabatic ionization energy). The angle bracket
subscripts ox and red indicate that both the energy change
and the averaging are obtained in either the oxidized or
reduced ensemble, respectively, each involving its own ionic
condition. In the hypothesis of negligible environment internal
energy change associated with the QC reaction (in the case of
MD force fields and assuming the environment electronic state
is independent of the QC oxidation state and is exactly zero),
the approximation eΔ ≃ Δ holds.

Ared
ionΔ is the relaxation free energy for the reduced species

due to the ox→ red ionic environment transition, and Aox
ionΔ is

the relaxation free energy for the oxidized species due to the
red → ox ionic environment transition. Considering

A Ared
ion

ox
ionΔ ≃ Δ , the following can be written:

A
k T

2
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e
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e

e
Δ ≃

⟨ ⟩
⟨ ⟩

β

β

− Δ

Δ
(6)

This equation is the one used for the evaluation of the free
energy change upon redox reaction. The perturbed electronic
ground-state energy change and the ensemble averages are
evaluated via the MD−PMM approach.

■ METHODS
In this case the QC coincides with the nucleobase in the
substrate of interest. Hence, as indicated in the previous
section, the gas-phase properties of the nucleobases are needed
for the application of the PMM method.
For this purpose we optimized the geometry of the

nucleobases, taken from the work of Psciuk et al.16 using the
density functional theory (DFT) with the B3LYP functional
and the 6-311++G(2d,2p) basis set, for the neutral and radical
cation state. The unperturbed electronic properties of the
ground state and the first seven excited states were calculated
at the DFT and TD-DFT level of theory using the B3LYP
functional and the 6-311++G(2d,2p) basis set. All the
calculation were made using Gaussian 1648 and Dalton49

software. The calculated (B3LYP/6-311++G(2d,2p)) adiabatic
ionization energy for the guanine base in the gas phase is 7.65
eV.
MD simulations were carried out for the single-stranded

oligonucleotides ss-5′-d(TTTGTT)-3′ (ss-HG1), ss-5′-d-
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(TTGGTT)-3′ (ss-HG2), and ss-5′-d(TGGGGT)-3′ (ss-
HG4) and the corresponding double-stranded DNA ds-5′-
d(TTTGTT)-3′ (ds-HG1), ds-5′-d(TTGGTT)-3′ (ds-HG2),
and ds-5′-d(TGGGGT)-3′ (ds-HG4) in water both in the
neutral and radical cation state at the site of the base involved
in the redox process. Each oligonucleotide was placed in a
cubic box with an edge of 4.873 nm filled with 3800 SPC50

(simple point charge) water molecules and a number of Na+

ions to achieve the system electroneutrality.
Additional MD simulations were carried out for a 12-base

pair DNA fragment: ds-5′-d(CGTATGGGTACG)-3′ (ds-
DG3) in water both in the neutral and radical cation state at
the site of the base involved in the redox process. The
molecule was placed in a cubic box with an edge of 6.745 nm
and solvated by 10 013 SPC water molecules and 22 (21) Na+

ions in the reduced (oxidized) ensemble.
The substrates were selected from the work of Capobianco

et al.35 to provide a tight comparison with experimental data.
In that work, the guanine redox potentials were measured by
means of differential pulse voltammetry (DPV) and reported
against the Fe(CN) /Fe(CN)6

4
6
3− − redox couple, considered as

a quasi-reference electrode.35 Due to possible inaccuracies due
to (i) the use of quasi-reference electrodes and (ii) dealing
with irreversible processes,51 a quantitative comparison with
the experimental data is discussed in terms of the shift
(indicated by the symbol Δ) of the reduction potentials with
respect to the ss-HG1, which is used as a reference.
Lastly, a simulation of a parallel G-quadruplex structure was

carried out (7KLP in PDB52) with the sequence 5′-
d(AGGG(TTAGGG)3)-3′ in a cubic box of 6.543 nm, filled
with 9355 SPC water molecules and 21 (20) K+ ions in the
neutral (oxidized) ensemble. Several MD simulations in the
oxidized ensemble of the same system were performed
charging in turn different guanines positive charge residing at
different sites (guanine sites).
The temperature was kept constant, via the velocity rescaling

with stochastic term algorithm,53 at 278 K for oligonucleotides
and at 300 K for the dodecamer ds-DNA and the G-
quadruplex. The simulations time length was 100 ns, and a
time step of 2 fs was used. The volume was kept constant.
All the molecular dynamics simulations were made using the

Gromacs software package54 and AMBER99 force field.55 For
the simulations of the DNA containing nucleobases radical
cations (i.e. simulations in the oxidized ensembles), the atomic
partial charges were estimated by the same procedure used for
the estimation of the parameters in the AMBER force field.55

For the calculation of one-electron reduction potentials of
the nucleobases radical cations, the Helmholtz free energy
associated with the B·+ + e− → B process was used (calculated
as reported in the Theory section):

E
A

nF
E0

SHE
0= − Δ −

(7)

where F is the Faraday constant and n is the number of
electrons involved in the reaction. The value of the standard
hydrogen electrode potential ESHE

0 was taken from the
literature (4.281 V).56 The statistical errors were estimated
by calculating the mean values of the observable in different
subparts of the trajectory and evaluating the standard error.
The convergence of the Helmholtz free energy, and thus of the
reduction potential, was checked for each system by calculating
its value at an increasing number of frames (see Figure S3).

Note that our results are discussed in terms of guanine
oxidation but reporting cationic guanine standard reduction
potentials E0 to provide values directly comparable to
literature.

■ RESULTS AND DISCUSSION
We calculated the cationic guanine redox potentials in two
oligonucleotides: ss-5′-d(TTTGTT)-3′ (ss-HG1) and ds-5′-
d(TTTGTT)-3′ (ds-HG1) (see Figure 1). These constructs
were chosen because of the availability of experimental data
obtained by differential pulse voltammetry measurements.35

Using the guanine base as the QC in both cases, the
estimated reduction potentials (E0) are 0.80 and 0.67 V (vs
SHE) in single- and double-strands, respectively. Considering
the value of the reduction potentials in the gas phase of a single
guanine base (1.25 V), in both systems the perturbing
environment favors the guanine oxidation, although to a
different extent. The difference in the E0 values between single-
stranded DNA (ss-DNA) and double-stranded DNA (ds-
DNA) can be explained by the analysis of the guanine
(perturbed) energies as obtained by the PMM−MD approach.
In fact, the ionized state of the guanine is more stabilized by
the environment in ds-DNA than in ss-DNA. An analysis of the
perturbation as provided by the electric field felt by the QC
shows that, in both systems, the rest of the DNA bases lead to
a stabilizing contribution to the energy of the guanine in the
ionized state (as calculated by Eμ− ⃗· ⃗, where μ ⃗ is the electric
dipole moment of the ionized guanine base and E ⃗ is the
electric field generated by the inhomogeneous atomic−
molecular environment), being higher in the double-stranded
system (see Figure 2). The destabilizing effect of the solvent,
which is more structured in ds-HG1, does not compensate the
perturbation due to the DNA, thus resulting in the lower value
of E0 in ds-HG1 with respect to ss-HG1.
The convergence of ΔA (and thus of E0) in both the neutral

and oxidized ensemble was checked by a sensitivity analysis
(see Figure S3).
The effect of the presence of two consecutive guanine bases

on their redox potentials was investigated considering the two
oligonucleotides ss-5′-d(TTGGTT)-3′ (ss-HG2) and ds-5′-
d(TTGGTT)-3′ (ds-HG2). In these systems, a guanine
replaces the third thymine of the two systems discussed
above (ss-HG1 and ds-HG1).

Figure 1. Schematic representation of the simulated single- and
double-stranded DNA.
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In these cases, the guanine at the 5′ terminus was selected as
the QC, whereas the guanine at the 3′ end acts as a part of the
perturbing environment. The choice to consider the QC as
formed by a single guanine base was motivated by the analysis
of the charge distribution of an ionized guanine dimer. A dimer
of guanine in cationic form was built using the optimized
geometry of two isolated guanine bases placed in the same
relative position as if they were in an ideal B-DNA strand (see
Figure S2). The charge distribution of the dimer in the gas
phase and in water as calculated at different levels of theory
shows that solvationas modeled by the dielectric continuum
modelinduces a charge localization on a single guanine base
(see Table S1), in agreement with previous works.20,38,39 As
such, it is reasonable to consider the QC as being formed by a
single guanine base, i.e., assuming the localization of the
positive charge on a single guanine.
The reduction potentials of the oxidized guanine bases in ss-

HG2 and ds-HG2 are indistinguishable, being 0.69 V (vs SHE)
for both the substrates.
Contrary to the hexamers ss-HG1 and ds-HG1, in ss-HG2

and ds-HG2 the presence of the complementary strand does
not modify the reduction potential. This result reproduces the
experimental findings35 at a quantitative level (see Table 1).

When ds-DNA with two additional guanine bases is
considered, as in ds-5′-d(TGGGGT)-3′ (ds-HG4), a further
decrease of the E0 of the guanine was observed with respect to
the other hexamers considered before (see Table 1). The
comparison between our results and the available experimental
data, clearly showing the remarkable accuracy of our approach

in all the systems considered, indicates that the effect of adding
adjacent guanine bases from 1 to 4 leads to a decrease in the
reduction potential of the ionized guanine base in the strand.
To shed light on the effect of the DNA conformation, and in

particular of the nucleobase stacking, the reduction potential of
the cationic form of guanine in the ss-HG2 system was
calculated at different temperatures, i.e., 278 and 300 K. This
was motivated by the results of an experimental work35 where
the same value of the guanine oxidation potential was
observedat 300 Kin two single-stranded DNA, one
containing a single guanine base (ss-HG1) and one containing
a couple of consecutive guanine bases (ss-HG2). Such an effect
was explained by the absence of stacking interactions along the
strand. In fact, the measurement of the oxidation potential at a
lower temperature (278 K), favoring the stacking interactions,
showed the expected decrease of the reduction potential, i.e.,
0.76 vs 0.66 V.35 Indeed, by performing an additional MD
simulation of the ss-HG2 system at 300 K, we observe a very
similar decrease of the E0 (0.69 V) with respect to the system
at 300 K (0.83 V). The analysis of the stacking interactions in
ss-HG2 as provided by the MD simulations at 278 and 300 K
shows, as expected, that the fluctuations of the typical DNA
base pair parameters are remarkably higher at 300 K with
respect to 278 K (see Table S2 in the Supporting Information).
These results substantiate the hypothesis, previously used to
rationalize the experimental data where an atomic-based
interpretation was attempted,35 that the presence of two
consecutive guanines favors their oxidation as long as a proper,
”well-stacked” interaction between these nucleobases occurs.
To gain further insight into the effect of consecutive

guanines on the redox potential, we also calculated the redox
potential of the guanine base in ds-HG1 and ds-HG2 without
the perturbing contribution of the neighbor nucleobase in the
5′ direction. That is, we removed the effect of the neighbor
thymine in ds-HG1 and guanine in ds-HG2. These results,
summarized in Table S3 in the Supporting Information, show
that the reduction potential increases more in ds-HG2 than in
ds-HG1 with respect to their corresponding redox potentials
obtained considering the complete perturbation of the
environment (see Table 1). Therefore, the decrease of the
reduction potential due to the presence of the guanine stack is
due to its direct effect leading to the stabilization of the
guanine in its radical cationic form.
The effect of the sequence on the guanine oxidation

potential was also investigated in a longer, double-stranded
DNA dodecamer ds-5′-d(CGTATGGGTACG)-3′ (ds-DG3).
In agreement with experimental results35 (E0 = 0.61 V), we

Figure 2. Analysis of the perturbation felt by the guanine in ss-HG1 and ds-HG1.

Table 1. Calculated Values of the Cationic Guanine
Reduction Potentials in ss-DNA and ds-DNAa

system T (K) E0(V),b,d PMM Δ(V), PMM Δ(V),c exp.35

ss-HG1 278 0.80 0.00 0.00
ds-HG1 278 0.67 0.13
ss-HG2 278 0.69 0.11 0.10
ss-HG2 300 0.83 −0.03 0.00
ds-HG2 278 0.69 0.11 0.11
ds-HG4 278 0.55 0.25 0.20

aΔ indicates the difference in the reduction potential with respect to
ss-HG1; both calculated and experimental values are reported.
bValues are reported against SHE. cDue to the use of a quasi-
reference electrode, only the guanine reduction potential shifts with
respect to ss-HG1 are reported. dThe estimated standard error on the
calculated reduction potentials is ±0.04 V.
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estimated E0 = 0.75 V and E0 = 0.67 V (vs SHE) for the first
and the central guanine bases, respectively. These data,
confirming the stabilizing effect on the guanine oxidation
potential due to the presence of consecutive guanines along the
DNA strand, suggest that the limited number of nucleobases
present in the hexamers does not affect the previous
interpretation of the results.
Finally, due to the supposed role played by guanine as the

electron sink in telomeresDNA tracts rich in guanineits
oxidation potential was calculated in a G-quadruplex 5′-
d(A(GGGTTA)3GGG)-3′ (GQ). To this end, we calculated
the E0 for a subset of representative guanine bases of GQ
applying the PMM−MD procedure. We found a remarkable
variation of the E0 along the sequence: the guanines forming
the central plane of the quadruplex show a limited propensity
to oxidation (DG9 and DG15 in Table 2). On the contrary,

the value of E0 decreases up to 0.40 V when the guanine
belonging to the lower plane of the quadruplex is considered
(DG16 in Table 2). Very interestingly, the low values of E0

observed for guanine located in the external planes strongly
suggest that these kinds of constructs can act as electron sinks,
thus protecting the cells from oxidants. In fact, such potential
G-quadruplex sequences (Figure 3) are often found in 5′-
untranslated regions and in the first intron of many genes.57

■ CONCLUSIONS
We estimated the oxidation potentials of guanine bases on
different DNA molecules, single-stranded and double-stranded

DNA and G-quadruplex, by means of a theoretical−computa-
tional procedure able to include the structural-dynamical
effects. Our results, in agreement with experimental data,
clearly show that the guanine oxidation potential is influenced
by the presence of guanine stretches, which stabilize the
oxidized, cationic form of the nucleobase. Such an effect is
particularly relevant when the DNA conformation allows a
proper interaction between the guanine bases, as occurring at
low temperatures in the single-stranded DNA as well as in
double-stranded DNA and in G-quadruplex. The stabilizing
effect of the presence of consecutive guanines (≈0.10 V for
each additional consecutive guanine added to the DNA strand)
is quantitatively in line with experimental estimates and, in the
case of the G-quadruplex, reaches a remarkably lower value
which might explain the cathodic protective effects of this kind
of G-rich sequence, particularly present in important gene
regulatory regions.
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