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ABSTRACT: Oxidatively generated complex DNA lesions occur more H oG
rarely than single-nucleotide defects, yet they play an important role in HZN\Q\
/

carcinogenesis and aging diseases because they have proved to be more i

mutagenic than simple lesions. Whereas their formation pathways are OW N//< o
rather well understood, the field suffers from the absence of structural data o] wa

that are crucial for interpreting the lack of repair. No experimental o Z/féNH -
structures are available for oligonucleotides featuring such a lesion. Hence, Co-b—0 o T Y
the detailed structural basis of such damaged duplexes has remained elusive. s b

We propose the use of explicit solvent molecular dynamics simulations to 2

build up damaged oligonucleotides containing two intrastrand cross-link
defects, namely, the guanine—thymine and guanine—cytosine defects. Each  B-helicity restored for
of these lesions, G[8—Sm]T and G[8—S5]C, is placed in the middle of a G[8-5m]T and G[8-5]C !
dodecameric sequence, which undergoes an important structural rearrange-

ment that we monitor and analyze. In both duplexes, the structural

evolution is dictated by the more favorable stacking of guanine G6, which aims to restore s-stacking with the 3’ purine
nucleobase. Subsequently, transient formation of hydrogen bonds with a strand shifting is observed. Our simulations are
combined with density functional theory to rationalize the structural evolution. We report converging computational evidence
that the G[8—S5Sm]T- and G[8—5]C-containing stuctures evolve toward “abasic-like” duplexes, with a stabilization of the
interstrand pairing noncovalent interactions. Meanwhile, both lesions restore B-helicity within tens of nanoseconds. The
identification of plausible structures characterizes the last hydrogen abstraction step toward the formation of such defects as a
non-innocent chemical reaction.

he constant exposure of biomolecules to free radicals established that the formation of the guanine—thymine OCL is
(oxidative stress) triggers a number of damage processes favored, with a formation yield of 0.050 lesion per 10°
that are more and more satisfactorily and exhaustively nucleotides per gray versus 0.035 for the guanine—cytosine
established. The elucidation of oxidatively generated defects is moiety.® This is traced back to a higher B-helical distortion, as
crucially important especially for DNA," for which a lack of G[8—5]C does not present a methylene spacer.7
repair will result in genotoxicity. A family of DNA lesions with Such OCLs have been identified not only in vitro but also in
particularly important implications has emerged rather cellular DNA.® Data on their repair have only recently been put
recently.” They feature two covalently tethered nucleobases, forward,® and a firm structural basis for a more sound view of
more precisely a purine—pyrimidine association. Measurements repair processes is lacking. Indeed, an in-depth understanding
of formation yields for a series of purine—pyrimidine oxidatively of the photolesion recognition and excision processes has been
generated cross-links (OCLs),”> combined with theoretical based on the X-ray structure of protein—DNA complexes
calculations,”® delineate some rules for understanding the caught in the act, which has highlighted the role of the bend
formation of such defects. The first trend is that they involve angle induced by the cyclization process. In the same way, one
preferentially a 5’ guanine. The three-step pathway leading to seeks structural information about the way by which a B-DNA
guanine—thymine and guanine—cytosine defects, depicted in
Figure 1, is rather well understood. They are denoted G[8— Received: September 12, 2014
Sm]T and G[8-S]C, respectively, referring to the atomic Revised:  January 14, 2015
positions implicated in the internucleobase cross-linkage. It is Published: January 20, 2015
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Figure 1. Dodecameric double-stranded sequences investigated in this study. Three-step pathways leading to the formation of G[8—5m]T and G[8—
S]C cross-link lesions. They differ structurally in the nature of the covalent bridge tethering the purine and pyrimidine bases. We address the
structural distortion they induce as placed in the center of a dodecameric sequence representative of B-DNA, after the departure of H8.

oligonucleotide will host an OCL lesion. It is surmised that
having one versus two carbon—carbon linkages likely results in
a very different structural outcome. This could be the reason
why OCLs are much more refractory to repair than cyclobutane
pyrimidine dimers, but no repair enzyme (NER or BER) has
yet been caught in the act of detecting or excising an OCL.
Thermal measurements have reported overall destabilization
free energies of 3.6 kcal mol™ and 4.0 kcal mol™"*° for G[8—
Sm]T and G[8—S5]C, respectively, embedded in the middle of a
dodecamer, and with respect to the undamaged corresponding
oligonucleotide. These values are significantly higher than the
value for a cis;syn-cyclobutane pyrimidine dimer (1.5 kcal
mol™""): this confirms the hypothesis of a very different
structural outcome. These values are correlated to the potential
of the lesions as substrates for UvrA binding.” In addition to
this single energy measurement that reflects a structural
deviation, a more detailed picture of the B-helix distortion is
sought. It is established as a primary recognition factor."* The
~2 A shrinkage clearly affects the plane-to-plane angle between
the covalently tethered pyrimidine and the guanine, as they can
no longer be z-stacked. It may also modify the initial Watson—
Crick pairing with the complementary nucleobases and alter the
characteristic B-helix conformation, including the global
bending angle.

In the absence of nuclear magnetic resonance or X-ray
structures of OCL-containing oligonucleotides, we set out to
investigate the structure, dynamics, and interactions of two
dodecamers that feature a G[8—Sm]T or G[8—5]C lesion
embedded in the middle of the sequence (see Figure 1). One of
us has recently focused on the formation of these two lesions’
in exactly the same sequence, which is stable enough to be
considered here as a realistic B-DNA environment. Because in
that study we described a reaction, our modeling relied on a
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hybrid Car—Parrinello molecular dynamics density functional
theory (DFT)/MM—MD scheme. However, typical time scales
that such simulations can afford (100 ps in our case) remain
too limited to provide a faithful description of the subsequent
structural dynamics. To gain a clear picture and dramatically
enhance sampling, and as no electronic phenomena come into
play at this stage, an explicit solvent molecular dynamics (MD)
simulation'>'* offers a more reliable approach. It has been
applied to carcinogenic agents,"> but the view of oxidatively
generated DNA coss-links has not gone beyond molecular
models.'"® In Methods, we describe the force field para-
metrization we used for the cross-linked guanine—thymine and
guanine—cytosine defects. The force field is then employed to
perform MD simulations of the two OCL-containing
dodecamers. We analyze the structural consequences of the
OCL and, in particular, derive the global bending angle, which
is known as a key feature for recognition and binding to repair
enzymes."”

B METHODS

Here we briefly summarize the methods employed in our study.
More details are provided in the Supporting Information. All
classical molecular dynamics simulations were performed using
the Amberl2 suite of programs.'® Our starting structures
featuring OCLs were taken at the end of a hybrid quantum
mechanics—molecular mechanics reactive trajectory.”” We
chose to study the same sequence to delineate a comparison
with the QM/MM—MD structures, and our study hence
stresses the pitfalls arising from a lack of sampling (inherent to
the cost of density functional calculations).

The parameters for the G[8—5]C and G[8—5m]T cross-link
lesions were kept identical for the parts inherent to a single
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Figure 2. Cartoon representations of the G[8—Sm]T lesion and its surrounding bases in the DNA duplex (a) at the beginning, (b) after 10 ns, and
() at the end of the 100 ns MD trajectory. The blue and green NCI isodensities (the isovalue is 0.5 au, for a density cutoff of 0.1 au) reflect the
presence of noncovalent interactions (HB and dispersion, respectively). Distances are given in angstroms.

nucleobase. The bonded force field parameters were taken from
the Generalized Amber Force Field (GAFF),* and the f99bsc0
force field, the best currently available for modeling B-DNA,*!
was used. Special care was taken to describe the guanine—
thymine and guanine—cytosine C8:--mCS$ or C8---CS linkages:
C8 was set up as CT. Atomic charges were assigned using the
restrained electrostatic potential (RESP) protocol”* and are
listed in Table S1 of the Supporting Information.

The two macromolecules were first neutralized using 22
potassium ions and then explicitly solvated using TIP3P water
molecules in a periodic box of 70 A X 71 A X 66 A Long-range
interactions were calculated with the particle mesh Ewald
(PME) method. The SHAKE algorithm was used to constrain

bonds involving hydrogen atoms. The temperature was
controlled using Langevin dynamics with a collision frequency
of 1 ps™. A time step of 2 fs was used, and snapshots were
taken every 2 ps. A series of minimization and MD runs were
performed to equilibrate the system (see the Supporting
Information). A production run of 100 ns was then conducted
for each duplex. This simulation time was sufficient to identify
key differences betweeen the conformational dynamics of G[8—
Sm]T- and G[8—5]C-containing duplexes.

The intra-base pair and inter-base pair (or step) coordinates
and the orthonormal frames attached to DNA bases were
computed using 3DNA.” The normal vectors of the G, T, and
C planes within the lesion were defined using three atoms
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Figure 3. Evolution of the three distances corresponding to the hydrogen bond network between T7 and A8 or between T7 and A18 for the G[8—

$m]T-containing duplex, and of the plane-to-plane angle ¢%*/"”.

within each base (C2, C4, and C6 for all the bases). The
magnitude and direction of global bending were measured as
described previously.24 Briefly, three global helical frames were
defined in each oligomer, two at the ends and one in the
middle. Each frame was obtained as the average of base-fixed
frames of bases chosen in the helix. Bases in base pairs 2, 3, 10
and 11 were used for the end frames, and the middle frame was
defined using bases in the two WC pairs flanking the lesion
(bases AS, T20, A8, and T17). The bending magnitude was
defined as the angle between the z-axes of the two end frames,
and the direction was measured with respect to the middle
frame.

Auxiliary DFT calculations were performed within the
Amsterdam density functional (ADF) program® to quantify
the strength of the Watson—Crick hydrogen bonding upstream
and downstream from the T7-A19 base pair, i.e., between G6
and C19 and between A8 and T17 (or potentially any vicinal
nucleobase). DFT has proven its reliability in that respect: we
follow the procedure calibrated by Bickelhaupt and co-workers,
relying on the BLYP functional, combining Becke’s 88 exchange
with the Lee—Yang—Parr correlation functional.***” The
dispersion correction was taken into account with the D3
version of Grimme’s dispersion with Becke—Johnson damping
(D3BJ?®). This level of theory, in conjunction with the use of a
TZ2P basis set, has proven to provide pairing interaction
energies in very close agreement with the coupled-cluster
CCSD(T) approach.”® An energy decomposition analysis®® is
performed on a series of snapshots to evaluate the pairing
interaction and its components in the vicinity of the lesion. At
the same level of theory, a noncovalent interaction (NCI)
analysis®" is conducted to visualize the interactions taking place
in the vicinity of the G[8—Sm]T and G[8—S5]C intrastrand
cross-links. We note that this method is based on the electronic
density gradient and Hessian principal values and allows the
pictorial identification of dispersive interactions and z-stacking
(green), hydrogen bonds (blue core), or steric clash (red). We
do not explicitly include the backbone (sugar and phosphate)
and perform DFT calculations in a pure QM formalism on the
eight nucleobases, which are taken in the exact geometry of the
B-helix conformation.

1262

B RESULTS AND DISCUSSION

Description of the G[8—5m]T-Containing Duplex. We
first discuss the guanine—thymine lesion, which features a
covalent carbon—carbon linkage that bridges the guanine G6[-
H8] (C8 position) and the hydrogen-abstracted thymine T7[-
HSm] in the dodecameric sequence we chose (Figure 1). This
induces a local vertical shrinking of ~2 A that is initially
accommodated within B-DNA notably by a deviation from the
optimal z-stacking. The latter is captured in Figure 2a, where
the structure obtained after equilibration (f = 0 ns) is
represented. It can be measured by the plane-to-plane angle
#° between G6 and T7, and this angle is close to 55° for
the structure obtained at the end of a QM/MM-MD
trajectory”® but rapidly increases along the equilibration run
to reach a value of 124° at the beginning of the MD production.
It corresponds to a release of the steric strain, as the valence
angle Z(CCC) restores a value of 119° close to the equilibrium
one (sp* hybridization of the methylene spacer).

Our simulations show that the opening motion associated
with the increase in %" is not compatible with the
conservation of a Watson—Crick pairing between G6 and
C19 and between T7 and Al8. The cartoon representation at ¢
= 0 ns illustrates an almost complete disruption of the pairing
between G6 and C19 (only a weak electrostatic interaction
between G6 06 and C19 H41 pertains at a distance of 2.49 A).
In that conformation, G6 is nevertheless stabilized by a
transient offset hydrogen bond between one of the amino
hydrogens, G6 H1, and T20 O2 (distance of 1.97 A in Figure
2a). As a consequence, the AS:T20 pair deviates from planarity,
and its Watson—Crick pairing is also weakened. The alteration
of the B-helix conformation at t = 0 ns appears to affect mostly
the G6-C19 and AS-T20 base pairs, as thymine T7 maintains a
tight interaction mode with A18 via two hydrogen bonds with
lengths of 1.73 and 2.06 A.

However, this conformation very rapidly readapts (within <1
ns) as the guanine—thymine entity pivots to lead to a planar
positioning of G6 with respect to AS. This allows the
restoration of a nearly ideal Watson—Crick pairing between
G6 and C19 (see the time evolutions in Figure 3) but also a 7-
stacking between AS and G6. In particular, /"7 decreases
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Table 1. Overall Interstrand Pairing Interaction Energies, AEF*"™"8 (in kilocalories per mole), and Its Decomposition into Three
Components, Evaluated at the DFT/BLYP-D3BJ/TZ2P Level of Theory”

decomposition
snapshot AEPing Pauli + electrostatic = steric orbital dispersion
G[8—Sm]T
reference undamaged DNA —95.3 144.7 —125.4 19.3 —84.5 —30.1
t=0ns —45.5 80.9 —65.0 15.9 —36.2 —25.2
t =10 ns =509 SL.S —53.5 -2.0 =30.7 —182
t = 100 ns —66.5 95.8 —84.1 11.7 —51.8 —26.3
G[8-5]C
reference undamaged DNA —102.8 160.7 —139.4 212 -91.0 —33.1
t=0ns —56.2 99.3 =753 24.0 —47.9 =322
t =10 ns —61.9 96.8 —77.8 19.0 —49.1 -31.8
t = 100 ns —65.9 78.8 =754 3.4 —44.1 —25.2

“The Pauli and electrostatic contributions add up to the steric contribution. Hydrogen bond stabilization corresponds to an orbital contribution.

b) t=100ns

Figure 4. Cartoon representations of the G[8—5]C-containing duplex and the surrounding bases in the DNA duplex (a) at the beginning and (b) at
the end of the 100 ns MD trajectory. More interstrand, offset dispersive interactions lead to a higher planarity among AS, G6, A18, and T17 can be
seen on the NCI plot (green). The stable hydrogen bond between the amino group of C7 and the phosphate moiety linking AS and G4 (blue
isodensity; the isovalue is 0.5 au, for a density cutoff of 0.1 au) is represented in the inset.

from 124° within the first nanosecond and fluctuates around
81° (see Figure 3). This rotation of G6 of course inevitably
impacts the spatial positioning of T7 because the two
nucleobases are covalently tethered. Figure 2 shows that, at
10 ns, G6 has already moved to restore a tighter Watson—Crick
interaction with C19, whereas the T7:--Al8 interaction is
weakened with a single hydrogen bond between T7 O4 and
A18 H61, at a distance of 1.83 A for t = 10 ns, and with the loss
of the NH---N interaction.

This structural evolution between the snapshots at ¢ = 0 ns
and t = 10 ns corresponds to a gain of pairing energy of 5.3 kcal
mol™" according to the energy decomposition analysis given in
Table 1. This confirms that this structural reorientation of the
guanine—thymine OCL within B-DNA is more favorable as G6
lies planar to AS: indeed, the disruption of the G6-C19
Watson—Crick interaction would induce a higher destabiliza-
tion (25 kcal mol™) than the loss of T7-A18 pairing. We
should also note that AS/G6 stacking is more stabilizing than
T7/A8 stacking by 3 kcal mol™", such that both contributions
tend to favor a 7-stacked position of G6.
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A sole hydrogen bond (T7 O4—A18 H61) is maintained up
to 20 ns but then undergoes marked fluctuations until 70 ns,
which can be seen from the time evolution of the HB distance
given in Figure 3. After this transitory regime, T7 flips out and
adopts an extrahelical position. At the same time, the plane-to-
plane angle ¢A5/ 6 increases in a stepwise manner and starts to
fluctuate around 114° (last graph, Figure 3). All interactions
between T7 and A18 are thus lost, and the opposite A18 is left
unpaired; however, this arrangement is very stable, until the
end of the 100 ns trajectory. A cartoon representation at t =
100 ns (Figure 2c) illustrates this new conformation of the
guanine—thymine OCL. The formation of a stable structure can
be traced back to a nearly T-shape conformation that T7 adopts
toward G6 and toward A8, which partially restores stabilizing
London forces. The formation of an intrastrand hydrogen bond
between T7 O2 and A8 H22 (amino group) also comes into
play, which contributes to the orbital contribution; its time
evolution is given in Figure 3 on the right side. It contributes to
the anchoring of T7 and hence to the locking of the damaged
oligonucleotide. One can also identify in panels b and ¢ of
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Figure S. (a—c) Evolution of the three distances corresponding to the hydrogen bond network, between A8 and T17 or between A8 and G18 for the
G[8-5]C-containing duplex. (d) Plane-to-plane angle $C that is stable during the production run. (e) Evolution of the HB distance between the

phosphate group of AS and the amino group of C7.

Figure 2 a transverse dispersive interaction between G6 and
A18 (green regions of the NCI isodensities); it takes place as
the structure behaves as an abasic site. We can note here that
we recently identified a similar behavior for oligonucleotides
featuring a C4’ abasic sites.””

In summary, the structural evolution of this G[8—Sm]T-
containing dodecamer obeys two rules: rearrange to re-form the
G6-C19 pair, at the expense of the T7-A18 pair (because both
cannot coexist in a stable manner because of the constraint of
the methylene spacer), and concomitantly to restore B-helicity,
an important feature that will be discussed in the last subsection
of this manuscript, together with an energy decomposition
analysis.

We have shown that the system evolves toward a well-
characterized structure for the G[8—Sm]T-containing oligonu-
cleotide: we should note the importance of the neighboring
nucleobases in the structural evolution of the dodecameric
sequence we are considering here. The presence of a purine in
position S’ may trigger the preferential planar positionning of
G6 via stacking interactions.

Description of the G[8—5]C-Containing Duplex. We
now inspect the structural consequences of the analogous
guanine—cytosine OCL, involving nucleobases G6 and C7, and
taking place within the same dodecameric sequence. The only
difference is the 18th residue, which is chosen to be a guanine,
such that C7 is facing guanine G18 (see Figure 1).

The absence of a methylene spacer singles out G[8—5]C
with respect to G[8—Sm]T (and also most likely from G[8—
Sm]mC). Notably, the direct cross-link a priori should confer
more rigidity to the system: this is reflected in our trajectories,
as one observes two well-defined substates, whereas the G[8—
Sm]T lesion was found to exhibit more transient and oscillatory
behavior. First, covalently bound cytosine C7 very rapidly
adopts a linear arrangement. The latter is favored at least from
the point of view of electronic structure after hydrogen
abstraction of the G[8—5]C® moeity, as the change in
hybridization gives rise to an extended linear conformation,
stabilized by aromaticity. Hence, the covalently tethered C7
pyrimidine hence rapidly adopts an extrahelical position.
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Our simulations help us to identify the strategies the B-DNA
environment develops to accommodate, and further stabilize,
the G[8—5]C tandem lesion. For instance, A8 is found to stack
with C7 at the beginning of the production run (t = 0 ns), as
depicted in the cartoon representation given in Figure 4a. This
spatial configuration of the duplex implies a local widening of
the B-helix, because of the C7-G6---C19 triad. The orientation
of this triad within the duplex leads to a mismatch of A8 with
G18, instead of the canonical A8-T17 pairing situation. The
interaction between A8 and G18 also implies two hydrogen
bonds between C7 H21 and G18 O2, with lengths of 1.86 and
2.03 A. They correspond to a rather strong hydrogen bond
pattern, such that the G[8—5]C-containning oligonucleotide is
stable in this conformation, up to 28 ns. Afterward, the duplex
rearranges to adopt an alternative conformation, which is
assigned, on the basis of the time evolutions given in Figure
Sa—c for three hydrogen bond distances, to a disruption of A8-
G18 pairing, whereas the Watson—Crick A8-T17 pairing is
restored. This situation is depicted in the cartoon representa-
tion given in Figure 4b, for the final geometry obtained after
simulation for 100 ns. Average distances and fluctuations are
characteristic of a standard interaction, with a very limited
weakening. In that interaction mode, the G18 nucleobase is no
longer paired via hydrogen bonds but is nevertheless engaged
in stabilizing, transverse dispersive interactions with G6 and
T17. The latter can be seen from the NCI analysis (right side)
and come into play to lock the duplex in a stable conformation.
We note that this dispersion scheme is less pronounced for the
guanine—thymine lesion.

We observe fewer fluctuations and less flexibility for the
G[8—5]C system than for the G[8—Sm]T analogue, a direct
consequence of the absence of the methylene spacer. This
rigidity implies that C7 can never be engaged in pairing
interactions with a proximal nucleobase (such as A8). In
contrast, we identify a relatively strong, stable HB interaction
between the amino group of C7 and the phosphate moiety
linking AS and G4: a cartoon representation is given in Figure
4b, along with a time evolution of this HB distance in Figure Se.
This interaction, whose strength is estimated to be ~4 kcal
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mol ™" at the DFT level, drives an out-of-planarity conformation
of the guanine—cytosine lesion, with a nearly orthogonal
arrangement (110°), as can be seen from the comparison of
panels a and b of Figure 4.

For both the conformers we identified, the G6-C19 Watson—
Crick pair remains stable and the OCL-containing duplex tends
to favor the stabilization caused by the purine moiety. This also
corresponds to a more helical duplex, as we will discuss in the
next subsection.

The Exclusion of the Pyrimidine Moiety Restores
Stronger Interstrand Pairing Interaction and B-Helicity.
We now inspect the effects of the lesion on the structure of the
surrounding DNA. As soon as the stable conformation of the
lesion has been reached [this happens at 70 ns for G[8—Sm]T
and at 28 ns for G[8—S5]C (see above)], the whole oligomer
becomes structurally stable. If one starts from that moment,
WC pairs in the helices flanking the lesion remain intact, with
the exception of short-lived transient fluctuation and the usual
end effects (see discussion in the Supporting Information). The
values of intra-base pair and step coordinates do not deviate
from the range of B-DNA values. Thus, as soon as the lesion
structure stabilizes, the DNA flanking the lesion retains its B-
form.

The fact that one goes back to a more B-like structure can
also be seen from the time evolution of the bend angle, given in
panels a and b of Figure 6 for the G[8—Sm]T and G[8—5]C
lesions, respectively. The G[8—Sm]T-containing oligonucleo-
tide features an average angle of 57° between 0 and 65 ns, and
after a reorganization regime (65—75 ns), it decreases to 26°. A
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Figure 6. Time evolution of the bending angle along the classical
trajectories.
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similar, yet more rapid, evolution is found for the G[8—S5]C-
containing duplex: the bend angle is centered around 70° for
the 3—25 ns part of the trajectory and then decreases to ~45°
(30—100 ns). Hence, and not unexpectedly, the absence of the
-CH,- spacer triggers a more drastic bending. The bending is
always directed toward the minor groove in the oligomer center
(bending direction of ~180°). These values are comparable to
those associated with photodimers such as the cyclobutane
pyrimidine dimers that have been reported to induce bending
of ~30° and a widened minor groove,**** yet they represent
very distinct structures, as the photolesions do not adopt
extrahelical positions. In contrast, our structure for the
guanine—cytosine lesion is similar to that of the guanine—
uracile OCL reported by Wetmore and co-workers, also
obtained with an essentially similar methodology® (~3 ns
simulation). Our work reinforces the hypothesis of a contrasted
situation of light-induced versus oxidatively generated defects,
possibly in line with the lack of repair.

To gain more quantitative insights and trace back the flipping
observed for G[8—Sm]T and G[8—S5]C, we performed an
energy decomposition analysis on six representative structures
given in Figures 2 and 4. The series of quantum calculations
that encompass eight nucleobases first confirms with no
ambiguity a reinforced pairing. The gain in pairing energy
accounts for 21 and 10 kcal mol™ as we compare the first and
final structures, respectively, in the second column of Table 1.
This overall energetic stabilization constitutes with no
ambiguity a driving force for the conformational changes
leading to the final, less bent, structure of the OCL-containing
lesions that are considered in this study. The data listed in
Table 1 reveal in more detail the nature of the noncovalent
interactions that take place and indicate two rather different
behaviors for G[8—5Sm]T and G[8-5]C.

For the guanine—thymine defect, the initial interstrand
pairing interaction between the AS---A8 and T17---T20 strands
for the undamaged DNA accounts for —95.3 kcal mol™". One
easily verifies that the hydrogen bonding contributions, of an
orbital nature, are dominant [—84.5 kcal mol™ (penultiame
column of Table 1)]. At t = 0 ns, ie, at the end of the
equilibration regime, this canonical interstrand energy is
decreased by almost SO kcal mol™'. The almost complete
disruption of Watson—Crick interactions between G6 and C19
we observe at the beginning of the production run [t = 0 ns
(Figure 2a)] would decrease the interstrand pairing AEP*"¢ by
25 kcal mol™. Then, this denotes that the Watson—Crick
pairing is also weakened at other base pairs (e.g., the T7---A18
interaction).

The overall time evolution of the G[8—5]C-containing
duplex similarly also features reinforced interstrand interactions
along the classical trajectory: if one starts from a reference,
undamaged value of —102.8 kcal mol™, the pairing energy is
nearly halved at the beginning of the production run (t = 0 ns;
AFP8 = —56.2 kcal mol™). It is progressively reinforced as
the damaged duplex relaxes, to reach —65.9 kcal mol™" after
classical MD for 100 ns. This time, the stabilization arises more
directly from a release of steric interactions, for instance,
between the two amino groups of AS and G6, which can be
seen in Figure 4a and accounts for ~20 kcal mol™" overall.
Meanwhile, dispersion and orbital interactions are both
weakened along the global rotation of the guanine—cytosine
lesion, which results in an optimal placement of G6 with
respect to AS and C19. It is not surprising to find that the
contribution of London forces is reduced (by ~7 kcal mol™)
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because C7 is no longer in a stacking conformation with A8 or
with another nucleobase in the final structure at t = 100 ns. The
array of hydrogen bonds in panels a and b of Figure 4 is in
agreement with a decrease quantified to ~4 kcal mol™" for the
non-Watson pair.

B CONCLUSIONS

While a clear view of the reactivity leading to OCLs within a
DNA oligomer has progressively developed, a more pressing
question is the quantification of the B-helical distortion upon
formation of one carbon—carbon covalent linkage. In this work,
we have extended a reactivity study by one of the authors to
infer the structural consequences of OCL formation using
explicit solvent molecular dynamics simulations, complemented
by quantum chemistry calculations. We simulate representative
DNA dodecamers containing OCLs that reach stable structures
within 100 ns of simulation time.

We show that the structure of two OCLs fundamentally
differs from that of photodimers, where two carbon—carbon
single bonds are formed. They also differ from the 64PPs, a
photoinduced lesion featuring a 6—4 cross-link between two
thymines.*® Our simulations reveal structural differences
between G[8—Sm]T and G[8-S5]C, in spite of the
experimental fact that the free energies of destabilization
reported for the two lesions are close to each other (3.6 and 4.0
kcal mol™, respectively’). When covalently cross-linked to a
guanine, thymine adopts a T-shape conformation, in contrast
with cytosine that is stabilized in an extrahelical position. This
structural difference may have specific implications for the
recognition process.”” Our simulations also unravel the specific
role of vicinal nucleobases that come to stabilize the OCL-
containing oligonucleotides. The extension of this work to
other oligonucleotides would allow the probing and disen-
tangling of possible sequence effects, notably the importance of
the nucleobase in position 5’ of the intrastrand cross-link.
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