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ABSTRACT: Naturally occurring intrastrand oxidative cross-
link lesions have proven to be a potent source of endogenous
DNA damage. Among the variety of lesions that can be formed
and have been identified, G[8−5]C damage (in which the C8
atom of a guanine is covalently bonded to the C5 atom of a
nearby cytosine belonging to the same strand) occurs with a
low incidence yet takes on special importance because of its
high mutagenicity. Hybrid Car−Parrinello molecular dynamics
simulations, rooted in density functional theory and coupled to
molecular mechanics, have been performed to shed light on the cyclization process. The activation free energy of the reacting
subsystem embedded in a solvated dodecamer is estimated to be ∼12.4 kcal/mol, which is ∼3 kcal/mol higher than the value for
the prototypical G[8−5m]T lesion inferred employing the same theoretical framework [Garrec, J., Patel, C., Rothlisberger, U.,
and Dumont, E. (2012) J. Am. Chem. Soc. 134, 2111−2119]. This study also situates the G[8−5m]mC lesion at an intermediate
activation free energy (∼10.5 kcal/mol). The order of reactivity in DNA (T• > mC• > C•) is reversed compared to that in the
reacting subsystems in the gas phase (C• > mC• > T•), stressing the crucial role of the solvated B-helix environment. The results
of our simulations also characterize a more severe distortion for G[8−5]C than for methylene-bridged intrastrand cross-links.

Reactive oxygen species (ROS) continuously trigger
chemical modifications to biomolecules, directly or

mediated by water. They induce the formation of not only
single-nucleobase lesions, which have been extensively studied,1

but also tandem lesions, which involve two contiguously
damaged nucleotides.2−4 For instance, in 1997, Freund and co-
workers evidenced an intrastrand cross-link (ICL) lesion,
named G[8−5m]T, in which the methyl carbon atom of
thymine is covalently linked to the C8 atom of the adjacent
guanine base.5 Partners other than thymine and guanine can be
envisaged. To consider the probability of such a lesion, one has
to tackle the ground-state coupling reactivity between the C5
atom of a pyrimidine (either thymine, cytosine, methylcytosine,
or uracile) and a neighbor purine base (guanine or adenine,
mostly but not exclusively on C8). Furthermore, this reactivity
gives rise to two strand orientations.6 This sketches a large
subfamily of lesions, embracing a priori 64 oxidative ICLs. Most
of them have been intensively characterized in terms of
formation yields, mutagenicity, and sometimes thermal
destabilization measurements.7−13 In this rather complicated
landscape, the data collected so far delineate some clear
tendencies, such as the higher formation yield of G[8−5m]T
versus those of T[5m−8]G14 and G[8−5]C, as well as a
lowered reactivity of radical pyrimidines toward adenine.15

Meanwhile, a few adducts such as C[5−8]G have not yet been

detected, even by high-performance mass spectrometry.11 The
quest for these complex lesions is indeed hampered by their
rarity, below a threshold of several lesions per 108 nucleotides.
Measurements of yields of formation have revealed that 0.037
G[8−5]C lesion and 0.050 G[8−5m]T lesion are formed per
109 nucleosides and per gray in HeLa-S3 cells,11 while values
for oxidative single-nucleobase lesions are typically 3 orders of
magnitude higher.16

Among the numerous oxidative ICLs characterized so far, the
guanine−cytosine ICL adduct G[8−5]C, in which the C8 atom
of the guanine is bonded to the C5 atom of the cytosine, takes
on special importance because of its lack of repair.17,18 In
addition, its occurrence is disfavored compared to structurally
related methylene-bridged ICLs such as G[8−5m]T.7,11,19 The
formation of G[8−5]C proceeds through the three-step
mechanism depicted in Figure 1. It begins (step 1) with the
abstraction of the H5 atom of a cytosine,20,21 which generates
in situ a cytosinyl radical. Then (step 2), the cytosinyl radical
attacks an adjacent guanine at the C8 position,22 yielding a
G[8−5]C⌉• cyclic radical. Finally (step 3), the H8 atom is

Received: September 4, 2012
Revised: December 20, 2012
Published: December 20, 2012

Article

pubs.acs.org/biochemistry

© 2012 American Chemical Society 425 dx.doi.org/10.1021/bi301198h | Biochemistry 2013, 52, 425−431

pubs.acs.org/biochemistry


removed from the DNA system,23 restoring a closed-shell
species, the G[8−5]C lesion. Note that this mechanism is very
similar to that involved in the formation of the closely related
G[8−5m]T and G[8−5m]mC (were mC stands for “methyl-
cytosine”) lesions, for which the initial H abstraction is
performed on the Me(C5) group (see, e.g., Figure 1 of ref
24). Cytosine methylation is a common mutation having the
specific effect of reducing the level of gene expression. More
specifically, it has been reported19 to increase the level of
formation of guanine−(methyl)cytosine ICLs by a factor of 10.
We stress that, as for all other oxidative ICLs, it is currently

not possible to isolate experimentally G[8−5]C (or G[8−
5m]mC or G[8−5m]T) in a DNA macromolecule and resolve
its structure by either nuclear magnetic resonance or X-ray
diffraction, yet it is of utmost importance to gain structural
insight about this lesion, to improve our ability to repair it. As
stated in ref 3, complex lesions are “a matter of debate for more
than 40 years due to the lack of accurate methods for (their)
measurement”. Computational modeling offers a useful
alternative to this issue, because one can build the desired
lesion in silico, as we did in our previous computational
investigation of the G[8−5m]T adduct.24 A complete study of
G[8−5]C adduct formation would require the calculation of
the probability of the attack of a hydroxyl radical on the H5
atom of the cytosine in a -G-C- motif, and the investigation of
all the steps depicted in Figure 1. However, as we already
showed in ref 24, one can gain most of the structural
information about the lesion by focusing on step 2 only.
Indeed, it is during this step that the two bases are brought
close together [cyclization process leading to the G[8−5]Py⌉•
(Py = C, mC, or T) intermediate], which is inevitably
associated with a significant local distortion. Thus, the main
structural effect on the surrounding DNA macromolecule is
expected to occur during this step.
In this study, we have modeled step 2 of the formation of

G[8−5]C and G[8−5m]mC, following the same strategy as in
our previous study of G[8−5m]T.24 Our approach is based on
state-of-the-art quantum mechanics/molecular mechanics
(QM/MM) Car−Parrinello molecular dynamics (CPMD)
simulations, which provide a realistic description of the solvated
DNA environment.24−29 This method is an interesting
alternative for bridging the gap between the experimental
view and the theoretical investigations based on gas-phase or
implicit solvent models.30 Recent studies of intrastrand cross-
link formation or repair, first light-induced27 and more recently
oxidative ones, guanine−thymine24,31 and guanine−uracil,32
have illustrated the benefits of using CPMD−QM/MM
approaches. Beyond reactivity, one gains key information
concerning the DNA structural distortion associated with the

formation of a covalent linkage between two nucleotides on the
same strand, initially separated by ∼3.6 Å.
In this paper, we draw a comparison between the formation

of G[8−5]C⌉•, G[8−5m]mC⌉•, and G[8−5m]T⌉•. This can
be related to the observed relative yields of formation of the
corresponding ICLs, namely, G[8−5]C, G[8−5m]mC, and
G[8−5m]T, respectively. We show that the intramolecular G
← C• attack is a rather facile process, although it is disfavored
compared to methylene-bridged adducts, G[8−5m]T and
G[8−5m]mC. Meanwhile, the B-helix undergoes a more
pronounced distortion.

■ METHODOLOGY AND COMPUTATIONAL DETAILS
Our simulation setup is based on the CPMD−QM/MM
protocol that we used in our previous study of the G[8−5m]T
lesion.24 Here we briefly summarize the main aspects of this
setup and provide more details in the Supporting Information.
Our simulations were initiated from the self-complementary
m o d e l s e q u e n c e d [ AGAGAGCAGAGT ] ( · d -
[TCTCTCGTCTCA]) depicted in Figure 2. The cytosine

located in the central guanine−cytosine motif (inside the red
box in Figure 2) was transformed manually into either a
cytosinyl or a 5-methylcytosinyl radical (second structure in
Figure 1) to obtain the structure ready to perform step 2. The
resulting dodecamer differs from that of ref 24 only by the
cytosinyl (or 5-methylcytosinyl) radical and the corresponding
G base in the opposite strand and thus allows a more direct
comparison between the G[8−5m]T and G[8−5]C (or G[8−
5m]mC) lesions.

Figure 1. Three-step mechanism for the formation of the G[8−5]C ICL adduct. The key radical attack from C5/H-abstracted cytosine to guanine,
on the C8 position, leads to a covalently tethered adduct, displayed with a thick red line. This step (2), the intramolecular addition, is investigated in
this study, in a CPMD−QM/MM with frontiers located on the N-glycosidic bonds (blue wavy lines). The choice of a N7-centered radical for the
product results from spin density calculations (Figure S3 of the Supporting Information).

Figure 2. Cartoon representation of the reactive guanine−cytosinyl
(or 5-methylcytosinyl) radical moiety, embedded in a fully solvated
dodecameric sequence (not displayed). One notes a deplanarization of
cytosine after hydrogen abstraction at the C5 position, and a rotation
along the N-glycosidic bond captured by a shy plane-to-plane angle
deviation of approximately −10°. The approaching distance d is
consequently increased compared to that of the internucleobase
species.
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After a classical molecular dynamics (MD) equilibration of
∼6 ns using the AMBER99 force field,33 a low-root-mean-
square deviation structure was extracted and taken as a starting
structure for QM/MM simulations. The QM part included the
two reactive nucleobases, G6 and C7• (or mC7•), and was
described using DFT with the BLYP functional and the
DCACP dispersion correction pseudopotentials, as tested in
refs 24 and 34. After an unconstrained CPMD−QM/MM
simulation of 2 ps, the reaction coordinate d(G6/C8−C7/C5)
was fixed to 4.4 Å and then decreased up to 1.5 Å in a stepwise
procedure. The total simulation length was ∼50 ps. The free
energy profile along this reaction coordinate was obtained by
thermodynamic integration, using the method of constraints.35

Helical analysis was performed on the fly using 3DNA.36

With regard to the possible limits of the model, it should be
stressed that QM/MM studies using ab initio methods
[sometimes termed QM(ai)/MM] usually involve only limited
conformational sampling.37,38 This is due to the fact that the
(expensive) evaluation of ab initio QM forces over many MD
steps still represents a challenge for today's computers. As far as
we know, the only method that allows for extensive sampling
together with a very good reproduction of free energy barriers
of molecular reactions in the condensed phase is the empirical
valence bond (EVB).38,39 The advantage of this approach is
that it uses a Hamiltonian whose elements are represented by
simple analytic functions that are calibrated over experiments
and/or accurate ab initio calculations about the reaction in
water (see also ref 40 for a discussion). This allows a much
faster computation of the forces acting on each atom at each
MD step than in QM(ai)/MM calculations. Another promising
related method is paradynamics,41 which involves an EVB
Hamiltonian for performing the sampling, and a QM(ai)/MM
Hamiltonian for refining the EVB Hamiltonian and computing
the free energy barrier.
However, the use of such approaches, which would require a

careful parametrization of the EVB Hamiltonian, is outside the

scope of this study. Here we assume (like in all previous related
studies of DNA-based systems24−29) that CPMD−QM/MM
simulations of a few picoseconds in each thermodynamic
integration window (see the Supporting Information for more
details) are sufficient to provide a reasonable description of
solvent adaptation around the reacting solute, albeit not fully
quantitative.
As a final remark, it is worth noting the AMBER99 force field

is known to induce nonphysical distortions of double-stranded
DNA on the 100 ns time scale.42 However, the time scale
covered by our simulations is much smaller (∼50 ps in total),
and we expect that no such artificial distortion can occur. Here
the force field is used, for those parts that are not treated
quantum-mechanically, to describe the (mostly harmonic)
motions occurring in the subspace that is orthogonal to the
reaction coordinate. AMBER 99 has been the force field of
choice for many previous studies of DNA-based systems using
the same CPMD−QM/MM approach. In particular, severe
DNA distortions induced by cyclobutane pyrimidine dimers27

or by binders26,43 were elucidated using this force field.

■ RESULTS AND DISCUSSION

The unconstrained CPMD−QM/MM simulation of the
solvated dodecamer featuring a cytosinyl radical prior to the
thermodynamic integration procedure reveals that the hydro-
gen abstraction at C5 (step 1 in Figure 1) has a limited impact
on the B-helix structure. A relevant descriptor is angle ϕ formed
by the G6 and the C7• planes. A value centered around 0°
would indicate that the π-stacking is maintained. Here ϕ is
mostly slightly negative, with an average value of approximately
−10°. It reflects a shy rotation of cytosine with respect to the
N-glycosidic bond, associated with a deplanarization as
represented in Figure 2. We note that this deviation remains
limited compared to thermal fluctuations (±20°). Conse-
quently, the distance d between the C5 atom of cytosine and
the C8 atom of guanine, which constitutes our reaction

Figure 3. Free energy profiles (top) obtained by thermodynamic integration for the cyclization step in the formation of the G[8−5]C, G[8−5m]mC,
and G[8−5m]T lesions (step 2 in Figure 1) and cartoon representations (bottom) for a distance d of 3.6 Å (red dashed line) associated with
planarity. The two nucleobases whose atoms are displayed as balls and sticks form the QM part.
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coordinate, is impacted. Our simulations show that d is
centered around 4.0 ± 0.3 Å, and hence slightly superior to the
initial G6(C8)−T7(Me-C5) distance in the case of the G[8−
5m]T lesion (3.6 Å as in ref 24). Meanwhile, the analogue
distance between the same C/C5 atom and the C8 atom of
adenine A8 fluctuates around 5.5 Å, i.e., systematically greater
than d toward G6 (see Figure S2 of the Supporting
Information). This is strongly expected to penalize the
cyclization of C[5−8]A versus G[8−5]C, following the
geometrical argument that a longer approaching distance in

the reactant will be associated with a higher activation free
energy.24 This corroborates the fact that the C[5−8]A lesion
has never been identified experimentally within oligonucleo-
tides, all the more because adenine is less reactive toward
coupling.14,15,44 Hence, this sequence effect is discarded in this
study.
The free energy profile computed for the G ← C•

intramolecular addition is plotted in Figure 3. Relevant
energetic and structural data are also listed in Table 1. The
abscissa d ranges from 4.4 to 1.5 Å along step 2, with a

Table 1. Relative Energies and Geometrical Characterization of the Three Stationary Points for the Cyclization Step in the
Formation of the G[8−5]C, G[8−5m]mC, and G[8−5m]T Lesions (step 2 in Figure 1)a

structure

energetics reactant transition state product

pyrimidine model ΔG⧧ ΔrG d ϕ bend d ϕ bend d ϕ bend

C• isolated 9.0 −18.5 3.34 −9.7 − 2.50 103.7 − 1.53 123.4 −
12 bp 12.4 9.5 4.40 −10.0 7.6 1.95 31.6 11.5 1.50 55.1 24.3

mC• isolated 10.6 3.2 3.21 −7.9 − 2.10 13.4 − 1.61 20.4 −
12 bp 10.5 8.5 3.60 0.3 5.7 2.10 22.8 5.2 1.50 28.2 10.0

T• isolated 11.8 5.8 3.20 −5.7 − 2.09 9.4 − 1.61 15.5 −
12 bp 9.7 6.5 3.50 −1.8 4.4 1.90 25.9 15.1 1.50 35.2 20.1

aIsolated nucleobases are built to respect the 5′ ← 3′ orientation. Cartoon representations of the G[8−5]C lesion are given in Figure 4.

Figure 4. Structural evolution of the guanine−cytosine motif along the reaction coordinate of the cyclization process (step 2 in Figure 1). The lack of
conformational flexibility between the base pairs51 is further reinforced within a B-DNA environment, and the latter thwarts a “destacking” of the
linked nucleobases. The last row illustrates the conformational freedom of the isolated base pairs, in contrast with the restriction of the accessible
conformations of the product within a helical pattern.
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transition state located at a d⧧ of ∼2.0 Å. The latter value is
typical for an activation distance for the formation of a carbon−
carbon single bond in biological systems.45 More specifically,
we obtain a very similar critical distance d⧧ for the formation of
the G[8−5m]T⌉• adduct and the analogue guanine−methyl-
cytosyl G[8−5m]mC⌉• radical. Even if the transition-state
distance d⧧ is similar, the structures of the G···Py⌉• reactants
(Py = C, mC, or T) embedded in the double-helix structure
strongly depend on the nature of the radical pyrimidine. In
particular, a maintained planarity between G6 and the two later
radicals was reported.24 In turn, the average structure of the
reactant presents an angle ϕ of ∼0°. The approaching distance
between the guanine and cytosinyl radical is greater by 0.8 Å,
which is reflected in the free energy profile: restoring a shorter
distance between the nucleobases is associated with a low free
energetic penalty of ∼1.2 kcal/mol.
The activation free energies of step 2 of the three oxidative

ICL lesions indeed single out the G[8−5]C lesion, with a
barrier ΔG⧧ estimated to be 12.4 ± 0.9 kcal/mol. The G ← C•

cyclization is a rather facile process, although other DNA
damages typically occur with an even lower activation free
energy. For instance, photolesions are barrierless upon the
absorption of UV light,30 and the two other free energy barriers
for radical cyclization onto guanine and C8 are estimated to be
10.5 and 9.7 kcal/mol for methylcytosine and thymine,
respectively (see Figure 3). According to the activation barriers
obtained from our simulations, we can establish the following
reactivity order:

> >• • •T mC C (1)

All three cyclizations are endergonic processes, with ΔrG
values of 9.5, 8.5, and 6.5 kcal/mol for C, mC, and T,
respectively. These values follow a monotonous yet nonlinear
dependence with respect to activation free energies, such that
the kinetic and thermodynamic perspectives converge. Our data
tend to indicate that the G[8−5m]T and G[8−5]C adducts
delineate the two extreme cases of this subfamily of tandem
lesions. They provide a quantitative view of the T•, mC•, and
C• positioning toward guanine G6 attack. Cytosine methylation
corresponds to a decrease of 2 kcal/mol in the cyclization
activation free energy, while the endergonicity is weakened by
∼1 kcal/mol. Radical thymine gives the lowest-energy profile,
with an additional decrease of 1 kcal/mol for ΔG⧧ and an ∼6
kcal/mol endergonicity. Nevertheless, these energies cannot be
related to the experimental yields of formation given in the
introductory section; the latter embrace the whole formation
pathway and are reported for a specific set of operating
conditions, yet our simulations show significant differences in
cyclization profiles among the three hydrogen-abstracted
pyrimidines. Hence, this step plays a role in easing the
formation of methylene-bridged adducts, and not solely
initiation of hydrogen abstraction known to be favored on
the methyl group of mC compared to C5.46,47

The construction of a complete picture with the kinetic data
from simulations is the ultimate goal but is outside the scope of
this study (see Methodology and Computational Details for a
discussion of the limits of the QM/MM approach). It is
nevertheless insightful to examine step 2 in more detail and to
identify the factors leading to the reactivity order of eq 1. The
cyclization profile reflects the intrinsic ease of the radical attack,
modulated by a more or less destabilizing contribution arising
from the distortion of the B-helix. The first contribution can be
assessed by DFT/BLYP-D calculations of free nucleobases (i.e.,

the same atoms as the QM part used in our QM/MM
calculations) in the gas phase. The free energies listed in Table
1 indicate that C• is a more intrinsically efficient tandem
partner than 5-methylcytosine and thymine, with an activation
barrier (ΔG⧧) of 9.0 kcal/mol compared to barriers of 10.6 and
11.8 kcal/mol, respectively. The recently proposed index of
radical electrophilicities48 corroborates this ΔG⧧ sequence (see
the Supporting Information), which is also in line with the ΔrG
values that establish the same sequence from a thermodynamic
perspective. The reactivity order (C• > mC• > T•) obtained in
the gas phase is reversed compared to that established within
DNA (eq 1), which highlights the decisive contribution from
the solvated B-helix environment. A graphical representation is
given in Figure 3. This dramatic environment effect can be
understood by analyzing the evolutions of the ϕ angle along the
reaction coordinate. The d and ϕ values for the transition states
and products associated with T• and mC• do not differ
significantly between free nucleobases and their counterparts
within the DNA double helix. However, for C•, deviations are
much more pronounced; isolated nucleobases form adducts
with an angle of ∼123° (Figure 5, bottom right). Within

double-stranded DNA, ϕ monotonously increases from an
initially small negative value at d = 4.4 Å to become clearly
positive and fluctuates around 30° in the activated region (d ∼
2 Å). This increase becomes more steep going to the product,
as the system becomes locally rigid, to finally reach ∼55°. This
indicates that the conformational freedom from which the free
nucleobases benefit is severely restricted within the DNA
double helix because of geometrical and steric constraints. The
solvated helix restricts the accessible conformations of the
guanine−cytosine moiety and destabilizes the linked nucleo-
bases for the transition state and a fortiori product structures.
This is reflected in the fact that the marked exergenicity for
G[8−5]C⌉• adduct formation (ΔrG = −18.5 kcal/mol) is
reversed to an endergonicity once the cyclization takes place
within B-DNA.
The guanine−cytosinyl radical moeity centered in a

dodecamer is strongly influenced by the solvated DNA
environment and adopts a restricted conformation that can
coexist with both coaxial stacking and Watson−Crick hydrogen
bond pairing. The final value of ϕ, which is intermediate
between π-stacking and orthogonality, evidences an energetic
and structural compromise.
Interestingly, the importance of the embedding is much less

marked for the G[8−5m]mC⌉• and G[8−5]T⌉• radical
adducts. Both present similar values of d and ϕ when isolated
and when embedded within B-DNA (Table 1). Furthermore,

Figure 5. Activation energies for the G ← Py• cyclization (step 2 in
Figure 1). The intrinsinc electronic reactivity sequence is reversed as
the mechanical embedding of the B-helix comes into play.
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the ϕ values for both these lesions are also similar in each of
these two cases. Thus, unlike G[8−5]C⌉•, the intrinsic
structure of these adducts can be easily accommodated with
B-DNA without invoking any serious steric clashes with
neighboring groups. The methylene spacer allows enough
flexibility for a π-stacking benefit in all cases, and the plane-to-
plane angle is reduced by more than half compared to that of
G[8−5]C⌉• (∼25° for the G[8−5m]T⌉• and G[8−5m]mC⌉•
radicals).
Beyond the ϕ descriptor, the structural interplay between the

G[8−5]C lesion and the macromolecular helix can be more
globally characterized by helical analysis.24 First, the bend angle
defined by the normal vectors of the two base steps (Figure S4
of the Supporting Information) stays close to 5−10° up to a
distance d of 3 Å and then increases to 25°. This latter value,
which corresponds to that of the cyclized adduct, is slighty
higher than those obtained for G[8−5m]T⌉• and G[8−
5m]mC⌉•, 20° and 10°, respectively. The second descriptor is
the unwind angle, defined by the difference between twist
angles (Figure S4 of the Supporting Information). It presents
limited variations, between 6 and 8° and independent of the
nature of the pyrimidine radical. Finally, the evolution of the six
hydrogen bond distances of the Watson−Crick pairing for G6/
C18 and C7/G19 (Figure S5 of the Supporting Information)
shows a near stability until the product region is approached (d
∼ 1.7 Å), where the hydrogen bond becomes weakened. Again,
this constitutes a common point for the three oxidative
guanine−pyridimine lesions, in line with the seminal study by
Kishi and co-workers,49 and contrasts with some photolesions
that induce a disruption of the Watson−Crick pairing.50

Altogether, this generalizes the results obtained for G[8−
5m]T,24 with oxidative ICLs that present smaller deviations
compared to photolesions.

■ CONCLUDING REMARKS

In this study, state-of-the-art simulations were used to gain
insights into the formation of the guanine−cytosine ICLs
(G[8−5]C and G[8−5m]mC) inside a DNA dodecamer.
Following the philosophy of our previous investigation of the
guanine−thymine (G[8−5m]T) ICL,24 we focused on the
second step in the reaction because it is during this step that
cyclization occurs, and this cyclization is expected to have the
most important impact on the global structure of the DNA
macromolecule. This reaction turns out to be particularly
sensitive to environmental effects. We have illustrated the
interplay between the geometry of the cyclized G[8−5]C⌉• (or
G[8−5m]mC⌉•) intermediate (measured by angle ϕ formed by
the guanine and the cytosine planes) and the global structure of
the DNA dodecamer (measured by twist, bend, roll, and tilt
angles) in which the reaction takes place. While the cytosinyl
radical has an intrinsically higher reactivity (in gas phase) than
the thyminyl radical against guanine, the B-DNA environment
reverses this reactivity order. We have shown that methylene-
bridged ICLs such as G[8−5m]T or G[8−5m]mC lesions are
better accommodated in the B-DNA framework than those that
do not contain the methylene bridge such as the G[8−5]C
lesion. Our results indicate that this methylene group acts as a
spacer that helps the cyclization process: the G[8−5m]mC⌉•
and G[8−5m]T⌉• intermediates are typically more flexible and
loose than the G[8−5]C⌉• intermediate.
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around G6·C18 and C7·G19 base pairs along the reaction path,
and radical electrophilicity indices (as defined in ref 48,
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