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Abstract. Molecular mechanics calculations were per-
formed with the JUMNA program on d(GCGTGOGT-
GCG) - d(CGCACTCACGC) where “O” is a modified
abasic site: 3-hydroxy-2-(hydroxymethyl)tetrahydrofu-
ran. From energy minimizations, for intrahelical or
extrahelical positions of the unpaired thymine, various
structures with different curvatures were obtained.
Dynamical properties of this abasic sequence were also
investigated through the controlled studies of DNA
bending. Poisson-Boltzmann calculations were used to
mimic the electrostatic effect of solvent on this sequence.
The lowest energy structures show an acceptable agree-
ment with experimental data.
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1 Introduction

Apurinic/abasic sites (Ap sites) in DNA result from
cleavage of N-glycosidic bonds and removal of the base.
Owing to the relative instability of this bond, cleavage
may occur by spontaneous hydrolysis with a relatively
high frequency or enzymatically in the course of the
repair of modified or abnormal bases [1, 2]. The
hydrolytic process is markedly accelerated by chemical
modifications of the nucleic bases (with alkylating
agents, carcinogens, etc.) [3] or by physical agents
(UV, y radiations) [1, 2, 4]. Unrepaired, abasic sites
can become potentially mutagenic or even lethal lesions
[1, 5]. Naturally occurring Ap sites correspond to a
mixture of - and f-hemiacetals in tautomeric equilib-
rium with the ring-opened aldehydic form which is
present less than 1% [6, 7]. This intrinsic instability of
the abasic site represents a major hindrance for studying
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the structural and biological consequences of the
presence of the lesion in the DNA strand. To avoid this
instability, the 2-deoxyribose moiety “R” is replaced
with a chemically stable 3-hydroxy-2-(hydroxymethyl)
tetrahydrofuran [8, 10] which has been demonstrated to
retain the biological properties of the natural abasic site
[10]. The tetrahydrofuranyl abasic site will be named
“O” (Fig. 1).

Conformational analysis is an important means for
reaching a better understanding and control of the repair
processes. However, a fundamental difficulty is that only
a few structures of DNA duplexes containing abasic sites
have already been examined by NMR and/or molecular
modeling methods. These studies show that duplexes
containing an unpaired purine opposite the abasic site
(R or O) conserve a regular right-handed DNA geome-
try in which the base opposite the lesion stacks inside the
helix [9-16]. Studies concerning duplexes containing
unpaired pyrimidines indicate that the unpaired base
may be stacked in the helix or pushed out, depending on
the nature of the abasic site and the flanking sequences.
Cuniasse et al. [17] showed that an unpaired thymine
flanked by two cytosines and opposite the abasic site O
was in equilibrium between two forms, pushed out and
stacked, whose proportion depended on the tempera-
ture. For the same sequence, but with a natural abasic
site R, Singh et al. [18] found that the thymine is stacked
in the helix. By a combination of NMR and MD
methods, Coppel et al. [19, 20] showed that an unpaired
thymine flanked by two guanines and opposite the an-
alogue O was again stacked in the helix. In this example,
however, the sequence displays a kink of 30° near the
lesion. We have shown by molecular modeling [21] that,
for an unpaired cytosine opposite O flanked by two
cytosines, the extrahelical conformation is less bent and
more stable than the intrahelical form, which is in
accordance with previous experimental results [17].

We present here a conformational analysis of the
following sequence, where Og is the modified abasic site
3-hydroxy-2-(hydroxymethyl)tetrahydrofuran:

¥d(G1C2G3T4Gs0G7TsGoCroGry)* -
¥d(C2G21C0A19C15T17C16A15C14G13C1a)°
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Fig. 1. The tetrahydrofuran analogue O

to elucidate the conformational perturbations intro-
duced into DNA by the abasic lesion involving an
unpaired thymine flanked by pyrimidines. The calculat-
ed results have been correlated to NMR data [17].

2 Methodology

All calculations were performed using the JUMNA
(JUnction Minimization of Nucleic Acids) algorithm,
which has been the subject of a number of previous
publications [22, 23]. JUMNA models DNA flexibility
by a combination of helicoidal parameters describing the
position of each nucleotide with respect to a common
helical axis system. Initial optimizations used B-DNA
fiber coordinates as starting points [24]. To investigate a
large conformational space and to locate different stable
conformations, we used a wide variety of restraints on
helical deformations (twisting or stretching) or on the
sugar angles and/or amplitude.

JUMNA offers also the possibility to impose and
control the curvature of DNA, by using the superhelical
symmetry [25, 26]. This option can be used for obtaining
a relationship between energy and DNA curvature,
giving a constant which quantifies the relative flexibility
of a sequence, which is an important parameter for its
biological activity. This option is very useful for study-
ing the conformational and energetic aspects of bending
induced by the presence of an abasic site in the sequence.
Inducing bending, while maintaining symmetry, how-
ever, requires a change from helical to superhelical
symmetry. This change implies several extensions to
normal helical coordinates. Superhelical geometry can
be imposed on nucleic acids by fixing the radius and the
pitch of the superhelical pathway. The repeating unit for
superhelical symmetry corresponds to the number of
base pairs per turn of the double helix or a multiple of
this value. We currently use repeats of 10 base pairs for
an average twist of 36°. To avoid the end-effects asso-
ciated with studying oligomers, 8 base pairs on either
side of the repeating unit were added. This enables to us
to mimic an effectively infinite polymer. Calculations
were performed here with a 18mer sequence:

d(GCGTGOGTGCGCGTGOGT)-
d(CGCACTCACGCGCACACA).

We choose as variable C = 1000/R (with R in A), which
leads to a direct evaluation of the curvature angle o of
the repeating unit considering that o=~ 10 x 3.4 x
180/R ~ 2C (in degrees) for a repeating unit containing
10 nucleotides separated by a average interval of 3.4 A.
Energy variations were studied as a function of the
radius of curvature, allowing the DNA to rotate around
its helical axis (equivalent to allowing the direction of
curvature to be free).

In order to take into account environmental effects,
counterion interactions are modeled by reducing the net
charge on each phosphate to —0.5¢, while solvent elec-
trostatic damping is modeled by introducing a sigmoidal
distance dependence of the dielectric function as pro-
posed by Hingerty et al. [27]. Although this approach
has led to good results concerning DNA fine structure
[28], it does not include changes in solvation enthalpy.
Earlier studies [29, 30] have shown that these effects can
be treated more correctly using Poisson-Boltzmann
electrostatics. Poisson-Boltzmann calculations were
carried out here with the DelPhi program [31-34] in
three “focusing” steps using successively smaller boxes
around the DNA oligomer. In the first of these runs,
30% of the box is filled by the oligomer and Coulomb
boundary conditions are used. Subsequent runs were
performed for 60% and 90% of the box filled to achieve
a good final accuracy. The internal dielectric constant of
DNA was set to 2 to mimic solute polarizability and the
external dielectric constant was set to 80. The probe
sphere radius defining the accessible solvent surface was
set to 1.05 A. To correct the electrostatic energy Fgs of
the pre-optimized conformations, Egg was replaced by
the reaction field energy Err and coulombic energy Ec
calculated with DelPhi program. The total energy thus
becomes:

Ej_pg = Ey — Egs + Ec + ERp

where Ej is the total JUMNA energy. Lastly, all DNA
conformations were analyzed using CURVES [35, 36].

3 Results and discussion

The calculations described in the first section of the
methodology were started from more than 100 differ-
ently distorted structures for intrahelical conformations.
The extrahelical conformations, where both the abasic
sugar (or backbone region) and the unpaired thymine on
the complementary strand are protruding out of the
helix, were generated using various approaches such as
permutation between the unpaired base and abasic site
in which the abasic sugar is shifted towards the groove.
In each case we have calculated the solvent contributions
using Poisson-Boltzmann electrostatics as described in
the methodology.

A first large selection amongst the results was based
on geometrical grounds (nonphysical distortions) or
energetic grounds (energy differences greater than
15 kcal mol™" with respect to the most stable confor-
mations) and allowed many of the structures resulting
from these different minimization pathways to be dis-
carded and led to a total of 15 acceptable structures, 9



structures for the intrahelical form and 6 for the extra-
helical form. Table 1 lists all the total energies of these
conformations and CTC;, CTCq, CTC;, CTC;4, and
CTC,; correspond to minimized 1Ilmers deduced from
the 18mers obtained by the superhelical symmetry
calculations.

The nine intrahelical structures mainly differ by their
global curvature angle and are classified in two families
according to this feature: family I (seven structures)
with a global curvature angle ranging from 4° to 20°
and family II (two structures) with 50° and 60° for the
curvature angle. Structures within family I are slightly
bent and essentially differ by the position of the abasic
sugar. In all cases the unpaired thymine and all the base
pairs are in very similar conformations. AEj_pg energy
differences within family 1 (CTC; ;) range from
0.7 kcal mol™" to 6.7 kcal mol™" with respect to the most
stable conformation.

The two structures of family II (CTCgo) are highly
bent and present similar conformational features. Their
AEj_pg energy differences are 4.1 kcal mol™" and
6.3 kcal mol~! with respect to the most stable confor-
mation. Figure 2 represents the most stable conforma-
tion within each of these families. The presence of the
abasic site in the sequence induces a kink near the lesion
location and the direction of curvature is toward the
major groove in both cases.

The six extrahelical conformations could be grouped
into two families representing two distinct positions of
the unpaired thymine within the groove. Family III
(CTCp_1») has the unpaired thymine in the major
groove and family IV (CTC; ;5) has the thymine in the
minor groove. The most stable conformations for each
family are shown in Fig. 3. For both families we observe
a good stacking between the two base pairs flanking the
abasic site, in agreement with the experimental results
[17]. In CTC,3 the unpaired thymine protrudes into the

Table 1. AEj, AEj_pp and total curvature angle (°) of the stable
conformations

Intrahelical AE) AE;_pp Total curvature
conformations angle (°)
Family I
CTC, 8.5 0.7 15
CTC, 8.9 2.3 19
CTC; 13.4 2.7 3
CTCy 9.2 4.3 14
CTC; 12.8 5.0 5
CTCq 15.2 5.7 7
CTC, 14.6 6.7 11
Family II
CTCy 7.5 4.1 50
CTCy 10.5 6.3 60
Extrahelical
conformations
Family III
CTCyg 4.6 1.6 31
CTCy, 5.0 3.7 11
CTC,, 5.2 4.6 18
Family IV
CTC; 0.0 0.0 18
CTCy4 3.5 2.0 21
CTC;s 7.8 2.9 22
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Fig. 2. Stereoviews of the two intrahelical conformations with two
different degrees of curvature [39]

minor groove, making a hydrogen bond between its
amino group and O3’ of G9 in the other stand. In CTC,,
the thymine is situated in the major groove, making
three hydrogen bonds between T17(HN3) and G3(06),
T17(04) and C2(H2N), and T17(02) and A15(H2N).
This result is in line with the findings of Joshua-Tor et al.
[37] and Miller et al. [38], who have demonstrated by
X-ray crystallography that an extrahelical base could lie
in the groove of the DNA in close proximity to one of
the neighboring nucleotides.

If, despite the limitations of our force field and solvent
model, we use a finer screening, eliminating sructures
with energy differences greater than 1.6 kcal mol™' with
respect to the lowest energy, then only the two structures
CTC, and CTC,;5 remain (all other being less than 4% in
the mixture in terms of a Boltzmann average, assuming
that the entropy contribution differences between con-
formers are negligible and liken the calculated differences
with free energy differences). Both conformations have a
small global curvature angle, 15° and 18°, and are less
curved than the abasic sequence containing an unpaired
thymine flanked by two guanines [20].

As a final step, the flexibility of our sequence was
investigated by performing bending deformations. The
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Fig. 3. Stereoviews of the two extrahelical conformations repre-
senting the unpaired thymine in the minor (above) or major groove
(below). Molecular structures are displayed using Insight II 970 of
Biosym Technologies, San Diego

flexibility constants were obtained by fitting a quadratic
function to the bending deformation curves. Results
were compared to calculations performed on regular
infinite sequences (GT), and (GC),. The conformational
energy of the DNA abasic sequence was examined as
a function C = 1000/R for an intrahelical position of
the unpaired nucleotide CTCj;  (Fig. 4) and for the
extrahelical conformation CTC,5 (Fig. 5). Our results
show that, for this sequence, both the intrahelical and
extrahelical forms are as or less flexible (1.1 and
1.4 x 10* kcal A mol™") than natural DNA (10* kcal
A? mol™). Thus, introduction of an abasic site facing an
unpaired thymine in this case slightly reduces the flexi-
bility of the sequence.

4 Conclusion

Molecular modeling has been used to study the confor-
mation of a DNA containing an unpaired thymine
opposite an abasic site. It is shown that this molecule can
adopt several conformations with different degrees of
curvature when the unpaired thymine is stacked within

y = 0,54882 - 0,15727x + 1,1364e-2x"2 R*2 =0,999
y = -2,5210e-2 + 2,2657e-3x + 9,6454e-3x*2 R"2 = 1,000

y = -5,3673e-3 - 1,7134e-3x + 1,0200e-2x"2 R”2 = 1,000

5
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Fig. 4. Deformation energy (kcal mol™') for the intrahelical
conformation (OJ), (GT), (@), and (GC), (A) studied as a function
of curvature expressed as 1000/R (A™")
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Fig. 5. Deformation energy (kcal mol™') for the extrahelical
conformation studied as a function of curvature expressed as
1000/R (A™")

the helix. Extrahelical forms also exist and are found to
be as flexible, slightly less kinked and as or more stable
than the intrahelical forms. Using Poisson-Boltzmann
electrostatics in this study to take into account solvent
effects clearly improves on the results obtained with
a simple distance dependent dielectric function. The
conformations retained in accordance with this correct-
ed energy criteria lead to a good correlation with the
experimental observation of an equilibrium between an
intra and extrahelical form.
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