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Abstract The intermolecular interaction energies in central
guanine triad of telomeric B-DNA were estimated based on
ab initio quantum chemistry calculations on the MP2/aDZ
level of theory. The source of structural information was
molecular dynamics simulation of both canonical
(AGGGTT) and oxidized (AG80xoGGTT) telomere units.
Our calculations demonstrate that significant stiffness of
central triad occurs if 80x0G is present. The origin of such
feature is mainly due to the increase of stacking interactions
of 8oxoG with neighbouring guanine molecules and
stronger hydrogen bonding formation of 8oxoG with
cytosine if compared with canonical guanine. Another
interesting observation is the context independence of
stacking interactions of 8oxoG. Unlike to 5'-G,/G3-3" and
5'-G3/G4-3' sequences which are energetically different, 5'-
G,/80x0G3-3" and 5'-80x0G3/G4-3" sequences are almost
iso-energetic.

Keywords GGG triad - Oxidative damage - 8-oxo-guanine -
Stacking - Telomers

Introduction

Intermolecular interactions determine structure and proper-
ties of many crucial biomolecules [1, 2]. The cellular
enzymatic machinery relies on subtle energetic effects
during recognition, repairing, replication, synthesis and
many other life-sustaining processes. One of such example
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are telomeric fragments present in every human somatic
cell [3, 4]. They play an intricate role of “mitotic clock” due
to their regular shortening with each cell division by about
20-200 base pairs [5—7]. This vital structure is protected by
DNA binding proteins, TRF1 [8] and TRF2 [9]. There is
observed intricate sensibility of such DNA-protein com-
plexes formation on the presence of 8-oxo-guanine in
telomeric DNA [10, 11]. Even single lesion reduces by a
factor two the ability of protein binding in comparison with
standard non-damaged DNA [12]. The presence in telo-
meric repeats of multiple 8-oxo-guanine lesions, has more
dramatic consequences and makes the binding process
nearly impossible. Although in one of our previous papers
[13] some comments on the structure and energy of
oxidized telomeric fragments were provided there are still
open questions that deserve further investigations. First of
all the structure of B-DNA is controlled by two distinct
intermolecular interactions, namely hydrogen bonding and
stacking interactions [14—18]. Despite significant progress
in contemporary force field the empirical formula posses
inherent pitfalls [19], which prevent direct use in precise
characteristic of the intermolecular interactions. Thus, only
quantum chemistry methodology provide rationale tools for
accurate characteristics of the base-base interactions [20—
22]. The hydrogen bonding is governed mainly by
electrostatic contribution and may be properly described
by modest levels of theory [20-22]. On the contrary for
proper characteristics of stacking interactions only ad-
vanced ab initio levels including electron correlation are
of choice [20-24]. This is related to significant contribution
of London dispersions to the stacking interactions [25].
Furthermore, both hydrogen bonding and stacking of
nucleobases are very sensitive to mutual orientation of
monomers [26]. Since the stability and flexibility of B-
DNA double helix relies on delicate interplay of different
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energetic components [2, 27] the selection of representative
conformation(s) is not a trivial task [28]. For demonstration
purposes in Fig. 1 there were presented the fluctuations of
values of selected base step parameters observed during
molecular dynamics simulations of 5'-ACTTAGGGT
TAGGG-3' sequence. More technical details are provided
below in the methodology part. It is essential to notice that
although there are correlations between values of step
parameters the broad range of conformations are typically
adopted by nucleobases in B-DNA. Obviously there is not
just one set of base step parameters and their mean values
are simply meaningless. Thus, in order to characterize the
intrinsic intermolecular interactions in the telomeric B-
DNA fragments the broad spectrum of conformations must
be taken into account. Thus, the aim of this study is the
statistical analysis of intermolecular interactions occurring
in the standard and oxidized telomeric fragments. Besides,
the structural imposed changes cased by guanine oxidation
are also discussed.

Methods

The conformations of two nucleobases pairs are controlled in
B-DNA double strand by the set of 18 parameters [29, 30].
The mutual orientation of hydrogen-bonded pairs is
declared by shear, stretch, stagger, buckle, propeller and
opening, while the values of shift, slide, rise, tilt, roll and
twist define the base-base orientations in stacked confor-
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Fig. 1 The fluctuations of values of selected displacement parameters
defining mutual conformations of G2/G3 guanine molecules in 5'-
ACTTAG,G3G4TsTeAGGG-3' sequence. The MD simulation details
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mations. The contemporary instrumental methods as NMR
or Xray diffraction may directly provide these data [31].
Although there are numerous NMR experiments [32, 33] on
non-modified telomeric fragments such data are unavailable
for oxidized chains. Fortunately, the molecular dynamics
simulations may also be used as a source of values of the
base pair and base step parameters. The AMBER [34]
force-field is widely and successfully used for studying of
the time evolutions of variety model systems [35-38]. In
this paper the trajectories generated during 2000 ps runs
were used for quenching of snapshots. Thus, B-DNA double
helix sequences (str.l: 5'-ACTTA;G,G3G4TsT6AGGG-3',
str.2: 5-ACTTA G280x0G3G4TsTsAGGG-3') were built
based on standard parameters [39]. Each structure was
immersed in a 54 Ax52 Ax75 A box filled with 4893
water molecules and 26 sodium cations. The periodic
boundary conditions were applied for 2500 ps simulations
at room temperature. Initial 500 ps interval was sufficient for
equilibration in either case. This was confirmed by stable
fluctuations of RSMD and energies values. The structural
parameters were collected every 1 ps for final 2000 ps. The
B-DNA base pair and base step parameters were estimated
using X3DNA program [39] for each snapshot. These data
were used for characteristics of structural diversities of
standard and oxidized central telomeric triad (CTT) com-
prising 5'-G,G3G4-3" or 5'-G,80x0G3G4-3" sequences. The
intermolecular interaction energies (IIE) were estimated for
every 20 ps snapshots. The X3DNA program was used for
generation of stacked and hydrogen bonded pairs. The
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are provided in the methodology part. Grey dots represent values
corresponding to snapshots taken every 1 ps from MD runs. The black
point stands for averaged value over 2000 ps
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structures of nucleobases originally defined in the 3XDNA
local library (without hydrogen atoms) were modified and
replaced with ones optimized at MP2/aug-cc-pVDZ level.
The planarity (Cs symmetry) of canonical bases was
imposed during gradient optimization of monomers geome-
try. Then all atoms were removed except the ones belonging
to stacked or hydrogen bonded pairs. In such a way the
sugar-phosphate backbones were simplified just by hydrogen
atoms. Thus, 100 structures corresponding to either G,/Gs,
G3/G4, 80x0G,/G3, 80x0G3/Gy stacking or G3-C, 8ox0G3-C
hydrogen boding were used for IIE estimation at DF-MP2/
aug-cc-pVDZ (aDZ) level of theory. The density fitting (DF)
method was applied since it is about one order of magnitude
faster than the exact MP2 treatment and provides almost
identical values of the intermolecular interaction energies as
MP2 level. The counterpoise correction for BSSE error [40,
41] was included in all single point calculations. In all
molecular dynamics simulations the AMBER package [42]
was used and the quantum chemistry calculations were
performed with the aid of MolPro package [43].

Results and discussion

The influence of guanine oxidation on structural properties
of central telomeric triad

The trajectories generated during MD simulations were
used as a source of the values of base pair and base step
parameters. The fluctuations of these values stand for
inherent structural heterogeneities of the central telomeric
triad. In order to gain deeper insight into time evolution of
the CTT conformations, the statistical analysis was applied
to all sets of parameters coming from 2000 ps runs. The
skewness is often used as a measure of the asymmetry of a
distribution. For a normal distribution it is equal to zero,
and any symmetric data should have a skewness close to
zero. The negative values of skewness indicates that the left
tail of distribution is more pronounced that the right one.
On the contrary positive values of skewness is accom-
plished with the presence of significant tail at higher values
than median. In Fig. 2 there are presented values of
skewness corresponding to parameters distributions esti-
mated for both standard (strl) and oxidized (str2) central
telomeric triad. As it may be inferred form Fig. 2 most of
pair and step parameters are characterized by small and
positive values of skewness. This suggests that configura-
tional space is almost equally covered by parameters values
defining structure of central telomeric triad and there is only
small tail corresponding to higher values of structural
parameters defining nucleobases positions in the double
stranded B-DNA. However, some intriguing exceptions
may be noticed. For example shear distribution is signif-
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Fig. 2 The values of skewness of base pair and base step parameters
distributions estimated for 2000 ps MD runs. The sequence of
canonical telomeric fragment (A1G,G3G3TsT) is denoted as s/,
while oxidized form (A;G,80x0G3G4T5T) is described as str2

icantly affected by oxidation of G; guanine. The positive
value of skewness is typical for non-oxidized guanine,
while negative value is noticed for 80xoG;. The median
values of shear are almost the same for strl and str2 and are
equal to —0.21 A and —0.19 A, respectively. Since shear
defines mutual in-plane displacement of two bases of a pair
along shorter molecular axis, the right tail of the this base
pair distribution suggests significant oscillations of guanine
G3 towards major groove. On the contrary the existence of
the left tail of shear distribution is caused by occasional
withdrawal of 80xoG from the major groove towards minor
groove. Besides, opening is also affected by oxidation of the
central telomeric triad. First of all the medians are not very
different and are equal to 0.11° for G in strl and —1.06° for
80x0Gs3 in str2. The additional increase of the skewness of
the opening distribution suggests more frequent rotation of
80x0G-C pair by opening the hydrogen bonds occasionally
destabilizing interactions between these two monomers. The
next significant impact of the oxidation of guanine in GGG
triad is the observed increase in skewness of the roll
distributions. It has a meaning of the rotation of two
successive base pairs about longer molecule axis by opening
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the minor grove side. In case of Gj in strl the median values
is equal to +5.09°, but for 8-0x0Gj in str2 is about +6.38°.
This slight increase of roll values is accomplished with
significant increase of skewness of its distribution. In case of
non-modified GGG triad the natural tendency of Gj rolling
is significantly reduced after oxidation. The skewness
properties of the rest parameters distributions are very
similar for analyzed triad in strl and str2. Besides, the
median values are also almost not affected by the oxidation
of guanine molecule. The only exception is observed for
buckle, which values are equal to 5.52° for Gj in strl and
2.00° for 80x0Gs in str2, respectively. The buckle denotes
the rotation of two hydrogen bonded bases about shorter
molecular axis. Thus, although the distributions of buckle are
similar for both non-modified and oxidized guanines the
slight increase of stiffness is observed in oxidized central
telomeric triad.

The second statistical quantity characterizing distribution
of structural parameters is kurtosis. It is a measure of
whether the data are peaked or flat relative to a normal
distribution. Thus, data sets with high kurtosis tend to have
a sharp peak near the mean, decline rather rapidly, and have
heavy tails. In contrast, data sets with low kurtosis tend to
have a flat top near the mean rather than a pointed peak. A
uniform distribution would be the extreme case. The
kurtosis for a standard normal distribution equals 3.0. In
case of base pair and base step parameters the high values
of kurtosis characterize stiffness of the structure, since high
percentage of conformations adopts values close to median.
On the contrary low values of kurtosis indicates higher
flexibility with respect to given parameter and greater
elasticity of molecular structure. The values of kurtosis
calculated for base pair and base step parameters distribu-
tions are presented in Fig. 3. Interestingly, most of
structural parameters characterizing central telomeric triad
has distribution more flat than the normal one. This
suggests that these parameters fluctuate significantly during
molecular dynamics simulations. The only exceptions is
opening for 80x0G;-C pair, for which the values of kurtosis
is close to 6.0. This consistently suggests increasing of the
structural stiffness of oxidize central telomeric triad.

The stacking interactions in central telomeric triad

The structure alterations imposed by oxidation of central
telomeric triad must influence the energetic characteristic of
B-DNA telomeres. The distribution of intermolecular
interaction energies of hydrogen bonded and stacked pairs
are presented in Fig. 4. Interesting features are described by
presented plots. First of all the hydrogen bonding of
80x0G; with cytosine is about 2 kcal mol™' stronger
compared to G3-C pair if the most probable IIE values are
compared. The previously mentioned structural fluctuations
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Fig. 3 The values of kurtosis of base pair and base step parameters
distributions. Notation is the same as in Fig. 2

of oxidized telomeric triad are also visible on the energy
histograms. The presence of the significant right tail on the
energy distribution is caused by opening and rolling of HB-
bonded 8oxoG-pairs. Also the stacking interactions of
modified guanine are stronger compared to canonical one.
Interestingly, the stacking abilities of 8oxoG are context
independent. Both 5'-G3/80x0G4-3" and 5'-80x0G3/G4-3’
sequences are characterized by very similar IIE distribu-
tions with respect of range, shape and position of the
maximums on the smoothed histograms. On the contrary,
small context dependence of G/G stacking is observed due
to the fact that stacking interactions in G,/G3 pairs seem to
be slightly stronger than for Gs/G4 pairs. It is noteworthy
that stacking interactions are very important for stabilizing
of CTT. Since each 80x0G interacts with two neighbouring
guanine molecules the stacking energy reached up 67% of
hydrogen bonding, while for canonical guanine it makes
only about 40%. Thus, the observed stiffness in oxidized
CTT is mainly due to significant increase of stacking
interactions. It is interesting to see what is the source of the
observed differences in IIE values. The nature of intermo-
lecular interactions may be described by detailed energy
decomposition [19, 44]. Unfortunately these kind of
calculations are very demanding and it is impractical to



J Mol Model (2009) 15:607-613

611

Fig. 4 The smoothed histo-
45% -

-HB G3-.C3' ~HB BoxoG3.C3'
R ST G2/G3 ~ST G2/8ox0G3
'\ ST G3/G4 ~ST Box0G3/G4
Stacking (ST}
[keal mol ]
G2/Ga -4.5
G3/Gy -3.8

Gz/BoxoGa -7.5
80x0G3/Gy -7.6

hydrogen
bonding (HB)
[keal mol]
Gs-Ca' -20.7
BoxoGs-Cy -226

grams presenting the distribu-
tions of intermolecular 40% A
interactions occurring in canon- 359 |
ical and oxidized central telo-
meric fragments. The 30% 1
distributions of hydrogen bond- 5 25%
ing and stacking interactions of g e
middle purines (ie. G3 or é‘
80x0G3) represent 100 confor- 15% 1
mations coming from 2000 ps 10% -
MD runs
5% 1
0% ’
-30.0 -25.0

perform such an analysis for the set of pairs considered in
this paper. However, it is noteworthy that the molecular
systems stabilized mainly by electrostatic contribution may
be described by one-electron approach with satisfactory
accuracy. This is usually the case for hydrogen bonded
systems. On the contrary if dispersion contribution becomes
dominant in the intermolecular interaction energy, the
electron correlation becomes crucial. Thus, the qualitative
characteristics of the nature of stacking interactions may
done by comparison of these two values, namely intermo-
lecular interactions energies estimated on HF/aDZ level
(denoted as ITE(HF/aDZ)), and electron correlation contri-
bution estimated via MP2/aDZ approach (symbolized as IIE
(corr/aDZ)). The distributions of both these terms are
presented in Fig. 5. According to common expectation,
the HF contribution is positive and electron correlation term
is negative. However, IIE(HF/aDZ) values are lower for
pairs comprising 80oxoG. This may be related to slight
increase of electrostatic contribution to the stacking
interactions in pairs comprising oxidized guanine. Interest-
ingly, the electron correlation contribution is of the same
magnitude for all pairs except for the G,/G3 one, which is
characterized by higher values of this term. Furthermore,
the 80oxoG is characterized by the same amount of both
energy components irrespective of the context of stacking
interactions. The median values of HF contribution are
equal to 6.0 kcam mol ' and 6.5 kcam mol ' for 5'-G/
80x0G-3" and 5'-80x0G/G-3" sequences, respectively. Be-
sides, the electron correlation contribution to the total
intermolecular interaction energy is also of the same
magnitude and the corresponding values of medians are
the following —13.9 kcam mol ' and —13.7 kcal mol .
Thus, the compensation of SCF and electron correlation
energies is the same and both sequences involving 80xoG are
almost iso-energetic. However, this is not the case for non-
oxidized GGG triad. As it is presented in Fig. 5a the stacking
interactions of G,/Gj pair are characterized by highest SCF
component. The median values corresponding to G,/G3 and
Gs/Gy pairs are equal to 9.1 kcal mol™' and 7.6 kcam mol ',
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respectively. The electron correlation contribution is slightly
higher for the former pairs since the corresponding median
values are equal to —13.8 kcam mol ' —12.0 kcam mol .
Thus, the origin of the destabilization of G3/G4 pairs is due
to slight decrease of SCF contribution not compensated by
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contributions to the intermolecular interactions energies of stacked
pairs in central telomeric fragment
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increase of electron correlation in the same magnitude as it is
in the case of G,/Gs.

The relationships between structure and IIE are pre-
sented in Fig. 6. The contour maps represent the percentage
of structures characterized by values of particular base step
parameter and corresponding value of IIE. The method
used for preparation of these plots was very similar to one
applied to smoothed histograms. Namely, the whole span of
values presented on either axis was divided on ten equal
intervals and the relative populations were estimated. The
scale of colour spectrum is the same for all contour plots in
Fig. 6. The six parameters for which the plots were
presented are ones that actually define the stacked con-
formations of two monomers. Additionally, at the edges of
the contour maps, the smoothed histograms were supplied
for detailed characteristics of distribution of the base step
parameters. The grey lines and corresponding grey points
typify canonical CTT, while black curves along with black
points stand for oxidized CTT. Interestingly, on all
presented contour maps almost perfect separation of points
is observed representing standard and modified guanine.
The source of this feature is the significant differences in
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Fig. 6 The contour plots representing correlation between values of
base step parameters and IIE of standard and oxidized central
telomeric fragments. The colour spectrum represents the percentage
of populations characterized by particular value of IIE and shift, slide,
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the stacking energies. On some of the contour maps there
are observed distinct peaks representing the most frequently
occurring structures. For example as is demonstrated in
Fig. 6a, the interval between 0.3 A and 1.1 A of shift values
is most often used by pairs in oxidized central telomeric
fragment. The corresponding peak for canonical CTT is
much less pronounced, which again stands for much higher
flexibility of non-oxidized B-DNA fragment. Similar
conclusion may be also addressed to roll and twist
(Fig. 6e,f). In general the values of all six base step
parameters characterizing stacking in canonical telomeric
triad fluctuate more significantly than for oxidized CTT.
However in cases of rise (Fig. 6¢c)and #ilt (Fig. 6d) such
differences are negligible.

Conclusions
The central guanine triad of telomeric B-DNA repeat unit
plays an important role in the interactions with TRF1 and

TRF2 ligands. The structural and energetic properties of
GGG sequence are significantly affected by oxidation of
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the middle guanine. The results presented above allowed
for detailed characteristics of both structure and energy
alterations imposed by replacement of middle guanine by
its oxidized form at Cg position. Our analysis has a unique
feature, not utilized till now by other investigators. We have
combined precise energy estimations on ab inito quantum
chemistry level with quenching molecular dynamics simu-
lations. This allowed for full statistical analysis of both
conformations variability and intermolecular interactions
energies heterogeneities. Since the conformations of ana-
lyzed pairs exactly mach ones found in B-DNA, the nature
of CCT may be directly inferred from our computations. To
our best knowledge this kind of information is discussed for
the first time. The most important conclusion consistently
predicted by structural parameters analysis and IIE distri-
butions is that significant stiffness of central telomeric
fragment occurs if 8oxoG is present. This is mainly related
to the increase of stacking interactions of 8oxoG with
neighbouring guanine molecules. Besides, the significant
increase of hydrogen bonding of 8oxoG with cytosine is
observed. Both these facts cause a number of structural
changes in G80xoGG fragment if compared to canonical
one. Among the most important alterations are reductions
of opening and rolling of pairs comprising the oxidized
guanine. Also the distributions of buckle indicates increase
of stiffness of oxidized central telomeric triad. Another
interesting observation is the context independence of
stacking interactions of 80xoG. Unlike to 5'-G,/G;-3" and
5'-G3/G4-3' sequences, which are energetically different, 5'-
G/80x0G-3" and 5'-80x0G/G-3" sequences are almost iso-
energetic.
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