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Abstract The molecular dynamics as well as ab initio
MP2/6-31G(d=0.25) single point calculations were per-
formed for native and oxidized B-DNA telomeric fragments.
The structural, dynamic, energetic and electrostatic proper-
ties along with frontier orbitals distribution were described
for the central triad consisting of three guanine molecules in
its canonical or oxidized forms. Although the average
structural parameters characterizing all of the studied
telomere fragments are close each to other, the significant
consequence on angular and displacement flexibilities are
observed. Namely, the increase of mutual displacement of
two successive base pairs along either axis and increase of
the rotation of two bases of opposite strand are main
dynamic consequences of presence of 8-oxo-guanine in the
central triad of telomeric B-DNA. Besides, the significant
increase of stacking energies in case of 8-oxo-guanine were
found. Furthermore, the guanine pattern visible from the
major groove may be described as donor-acceptor-acceptor
formed by H8-N7-O6 atoms, respectively. To the contrary the
presence of 8-oxo-guanine changes the electrostatic proper-
ties of the major groove into acceptor-donor-acceptor

coming from O8-H7-O6 atoms. This results in significant
alteration of ESP characteristics. Finally, the molecular
orbital properties are also significantly affected by oxidation
of telomeric B-DNA fragments. All these factors contribute
to decrease of binding of telomere proteins.
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Introduction

Telomeres are important protein-DNA complexes capping
the ends of linear chromosomes [1]. Such structures are
supposed to protect the chromosome ends and prevent them
from being recognized and processed as DNA double strand
breaks [2]. Telomers play a critical role in keeping genomic
stability and their dysfunction results in telomere end
fusions, apoptosis or senescence [3]. Mammalian telomeres
contain several kilbases of double- stranded AGGGTT
repeat units providing docking sites for two related DNA
binding proteins, TRF1 [4] and TRF2 [5]. Telomeres are
regarded as “mitotic clock” due to their regular shortening
with each cell division by about 20-200 base pairs in human
somatic cells [6–8]. There was also observed significant
increase of erosion and loss of telomeric DNA in human
fibroblasts after mild oxidative stress-induced by hyperoxia,
mitochondrial dysfunction, arsenic or UV irradiation [9, 10].
The mechanism of the enhanced telomere shortening rate as
a result of damage of free oxygen radicals to the telomeric
DNAwas related to accumulation of single-stranded regions
caused by lower repair of these terminal lesions compared to
other regions [11]. Interestingly, the antioxidant treatment
prevented telomere attrition. On the other hand, the
telomeres formation is highly affected by oxidative lesion
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formation both in vivo and in vitro. For example [12]
presence of single 8-oxo-guanine in telomeric DNA reduced
the percentage of protein binding by factor equal to 50%,
compared with standard non-damaged DNA. The presence
of multiple 8-oxo-guanine lesions in GGG telomeric repeats,
have more dramatic consequences and make the binding
process nearly impossible. However, the consequences of
DNA lesions in telomeric DNA on structure and function
are not understood up till now. It is known that most
abundant product of hydroxyl radical the modified guanine
at C8 position adopts 6,8-diketo form [13], which signifi-
cantly differ in its donor-acceptor properties compared to
native guanine. The alteration of interaction abilities of
modified B-DNA major groove is of special importance
since both TRF1 and TRF2 interact with the same
A1G2G3G4T5T6 binding site [14] by placing N-terminal
arm strongly interacting with ribose-phosphate backbone on
both sides of the major groove. The simplified description of
TRF1 interactions is summarized in Fig. 1 [15]. These direct
contacts of amino-acid side chains along with an extensive
network of indirect water-mediated contacts orient the
protein binding domain on such a way that recognition
helix enters the DNA major groove making sequence-
specific hydrogen bonds to the G-C base-pair triplet of the
binding site. The protein DNA-binding domains dock onto

the DNA through direct interaction with the ribose phosphate
backbone on both sides of the major groove and the N-
terminal arm. In the major groove there are hydrophobic
contacts of the valine and alanine methyl groups with the
methyl group of thymine T6. The G2 guanine is recognized
by bifurcated hydrogen bond formed by lysine, which
additionally interacts with two neighboring phosphate
groups. The aspartic acid side chain makes two hydrogen
bonds to two adjacent cytosines C3′ and C4′. The methyl
groups of methionine, valine and mentioned above aspartic
acid form a hydrophobic cluster with C4’ and C3’ bases as
well as with the backbone sugar of C4′ Although different
amino acids are responsible for the TRF1 and TRF2 binding
to DNA the mechanism is common for both proteins. For
example Lys421 of TRF1 and Lys48 of TRF2 bind to G2,
Arg425 of TRF2 and Arg492 of TRF2 recognizes G3. Thus,
the central triad of telomeric fragment is one of the most
significant patterns recognized by telomeric proteins (Fig. 1).

Thus, the GGG triad of telomeric B-DNA fragment
seems to be crucial for specific recognition and binding of
telomere protein. This study intends to analyze structural,
dynamic, energetic, molecular orbital and electrostatic
consequences of telomeric DNA oxidation in context of
observed reduction of TRF1 and TRF2 binding affinities to
modified telomeric B-DNA fragments.

Fig. 1 The most probable
mechanism of DNA telomeric
fragments recognitions by TRF1
and TRF2 protein binding
domains
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Methods

The initial structure of modeled B-DNA double strand
consisting of 24 pairs of nucleic acid bases was prepared
with the aid of 3DNA program [16]. Phosphate groups
were neutralized by the adding of 46 Na+ cations. The
whole system was immersed in a water box with periodic
boundary conditions. The TIP3P model for water molecules
was applied. The AMBER forcefield supplemented by
parameters for oxidized guanine were used [17]. The details
about sequences of modeled DNA oligomers are presented
in Table 1. For reducing the impact of initial conditions, the
starting A structure coming directly from 3DNA program
was used in preliminary molecular dynamics simulations.
After stabilization of energies and RMS values during
200 ps run the actual molecular dynamics was performed.
The A oligonucleotide obtained during this preliminary run
was then used for preparation of other sequences described
in Table 1. After modification of one, two or three guanine
molecules the starting B, C and D oligomers were obtained.
The molecular dynamics simulations were 1200 ps long
and last 1000 ps were used for snapshots collection and
data averaging in 10 ps interval. During all molecular
dynamics calculations the 10 Å cutoff was applied. The
AMBER 8.0 [18] program was used. Details of time
evoluton of structures A and B were presented in Fig. 2.
Although data are available for the whole 24-mer only
central telomeric fragments were analyzed in details. Each
consisted of one of the following sequence: G2G3G4,
G2X3G4, G2X3X4 and X2X3X4 for A, B, C and D
oligomers, respectively. Symbol X denotes 8-oxo-guanine.
The averaged parameters defining mutual orientations of
nucleic acid bases were used for preparation of bi-or three
molecular complexes. Their energetic, electrostatic and
frontier orbital properties were then obtained based on
MP2/6-31G(d=0.25) single point calculations. The utiliza-
tion of a post-SCF framework is absolutely necessary
especially in case of description of stacked complexes, what
was previously demonstrated [19, 20], where further
methodological details may be found. Briefly speaking, the
MD calculations were used as the source of the intermolec-
ular parameters, while actual geometries of bases were taken

from subsequent optimization onMP2/6-31G(d=0.25) level.
All structures analyyed on the ab initio level were generated
in 3DNA program with non-standard monomers coming
from subsequent /6-31G(d=0.25) otpimization with Cs

symmetry. The computation costs of MP2 calculations
prevent from detailed studies of more complex telomeric
fragments. All the ab initio calculations were performed
with the aid of Gaussian03 package [21] and visualizations
were prepared in GaussView program [22].

Results and discussion

Structural and dynamic consequences of guanine oxidation

Structural properties of DNA are defined by parameters
describing mutual orientation of base pairs within one
strand and two opposite strands of double helix [23].
Figure 3 summarizes definition of these parameters. To the
first class belong so called shear, stretch, stagger, buckle,
propeller, and opening. The second class comprises shift,
slide, rise, tilt, roll, and twist. First three parameters of
either class are expressed in Angstroms, while the last three
are given in degrees. Half of these parameters as bucle,
opening, propeller, sher, strech, and stagger characterize
mutual orientations of two bases of the opposite strands.
The rest parameters declares intermolecular configuration
within one strand. Thus, the first set may be used for
description of hydrogen bonding, while the second one may
be applied for analysis of stacking abilities. The molecular
dynamics simulations provide detailed information, which
may be used for structural characteristics of telomeric DNA
fragments and the impact of oxidation on structural
properties of GGG triad, its flexibility and structure may
be analyzed in details. The flexibility is here defined as the
time percentage, in which the values of parameters vary by
certain amount from averaged ones. Such definition of what

Table 1 The sequences of B-DNA oligomers used in MD simulations

Oligonucleotide B-DNA sequence (5′→3′)

A CCGTACTT-A1G2G3G4T5T6-AGGGTT-AACA
B CCGTACTT-A1G2X3G4T5T6-AGGGTT-AACA
C CCGTACTT-A1G2X3X4T5T6-AGGGTT-AACA
D CCGTACTT-A1X2X3X4T5T6-AGGGTT-AACA

The detailed structural, dynamic, energetic and electronic analysis was
performed for central telomeric triad-fragments marked with bold
letter, where X stands for 8-oxo-gunanine.

Fig. 2 Characteristics of molecular dynamic simulations for telomer-
ics fragments A and B. The period of last 1000 ps was used for
averaging
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lies outside the norm has an arbitrary character but it is
consistent for all structures and is suitable for qualitative
description of differences in telomeric fragment movement.
In the case of angular flexibility this criterion is set to 10
degrees but for displacement flexibility is equal to 0.5Å.
Results of such analysis is presented in Figs. 4 and 5. The
left columns in both figures present the averaged values of
DNA parameters, while the right columns contain flexibil-
ity factors. Rows characterize three pairs belonging to
canonical or modified XXX triad. From these figures it is
possible to depict both the dynamic and structural features
of central telomeric fragments.

The average structure of modified and canonical telo-
meric fragments are close each to other. Although, there are
some trends in mean geometry alterations caused by the
presence of 8-oxo-guanine, but they are usually smaller
than the standard mean deviation. For example the structure
C is characterized by lowest values of slide and twist
parameters for all purines of central telomeric fragments
among all studied DNA fragments. The difference is equal
to 0.5 angstrom and 1.5 degrees, respectively. However, the
standard mean deviation of tilt, roll, twist, buckle, propeller,
and opening are in the range from 2.9 to 8.8. To the
contrary the standard mean deviations of shear, stretch,
stagger, shift, slide, and rise are all smaller than 0.6. The
observation that there is only minor impact of the DNA
oxidation on the average structure is consistent with
previously reported molecular dynamic studies of DNA
comprising 8-oxo-G:C base pair [17, 24, 25]. The structural
differences between standard and modified central telo-
meric triad were quantitatively compared by means of
deviation coefficient defined as follows:

κ ¼
X

i

λX
i � λA

i

� ��
λA
i

�� ��

where λi denotes hydrogen bond length, angular or
displacement parameters. Thus, values of this coefficient
express the sum of absolute values of the relative deviations
from A structure. Table 2 presentes results of calculations
of this deviation coefficient for each of purine belonging to
central telomeric triad. Interestingly the mosts significant
changes are observed for central 8-oxo-guanine. The
greater the number of 8-oxo-G the more significant
deviations from canonical structure. This suggests existence
of the cumulative conformation alterations caused by the
presence of several 8-oxo-G molecules.

Despite similarities in average structures the dynamic
displacement properties are significantly affected by the
presence of oxidized guanine. Usually flexibility with respect

to parameters defining mutual orientation of base within the
same strand are much higher than time variations of
parameters declaring inter-strand mutual orientation of base
pairs. The significant increase of mutual displacement of two
successive base pairs along either axis of modified telomeric
DNA compared to canonical one is especially visible for X2/
X3 and X4/T5 pairs. For example the displacement flexibility
factor of shift and slide for X2/X3 of structures C and D is
more than twice as high as for structure A. Besides, the
movement of two successive base pairs along X axis of X4/
T5 pair of all modified central telomeric fragment is much
higher than for structure A. For example almost 40% of time
the shift parameter of X4/T5 pair in oxidized structures is at
least 10 degrees apart from the mean structure, but at the
same time such variation for corresponding pair of structure
A deviates from mean value only 20% of the time. This
suggests that mutual displacement of two successive base
pairs of all modified structures has higher amplitudes.
Furthermore, the values of angular flexibility factors pre-
sented in Fig. 5 suggest that rotation of two successive pairs
is less affected by oxidation of guanine than displacement
flexibility factors. For all structures the successive pairs do
not undergo opening. However, up to 20% of the time the
propeller varies from the average structure by more the 10
degrees and the buckle may adopt values significantly
changed with respect to the mean value more than 20% of
time. The most significant change of this parameter is
observed for X4-C4’ pair. In this case the structure A exhibits
higher flexibility than oxidized telomeric fragment.

Thus, although there are observed only modest alter-
ations of the mean values of oxidized and standard
telomeric fragments the dynamic properties are significant-
ly affected by presence of 8-oxo-guanine. The most
significant changes are observed for shift flexibilities of
the whole central triad and slide variation of the X2 purine
in the telomeric DNA. The presence of oxidized guanine
increases amplitude of mutual displacement of two succes-
sive base pairs along X and Y axis. The only significant
alterations of two bases rotation is observed about X axis
for X4-C pair. This time, however, the stiffness of rotation
is observed in case modified telomeric fragments.

Energetic consequences of guanine oxidation

The energetic consequences of guanine oxidation in
telomeric DNA fragments were characterized by energies
of pair formation both of hydrogen bonded and stacked
complexes. The counterpoise procedure was applied for
correction of basis set superposition error [26, 27]. Results
are presented in Table 3. According to previous observation
[19] the correlation contribution to the energies of stacked
complexes are of crucial importance. The stabilization
occurs only after treating these complexes by post-SCF.

�Fig. 3 Parameters used in description of conformation of DNA
double helix
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Fig. 4 The averaged values of
DNA parameters as well as their
dynamics characteristics pre-
sented for central telomeric
fragment of oligonucleotides
defined in Table 1. The symbol
X stands for guanine or 8-oxo-
guanine depending on oligomer
type. The displacement flexibil-
ity factor is defined as a time
percentage of adopting struc-
tures, for which the parameters
values deviate from the mean
value by more than 0.5 Å
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Fig. 4 (continued)
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Fig. 5 The averaged values of
DNA parameters as well as their
dynamics characteristics pre-
sented for central telomeric
fragment of oligonucleotides
defined in Table 1. The symbol
X stands for guanine or 8-oxo-
guanine depending on oligomer
type. The angular flexibility
factor is defined as a time
percentage of adopting struc-
tures, for which the parameters
values deviate from the mean
value by more than 10 degrees
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Fig. 5 (continued)
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The energies of stacked complexes corresponding to mean A
oligomer geometries are equal to −3.1 and −3.5 kcal mol−1 for
5′-G2/G3-3′ and 5′-G3/G4-3′, respectively. The additional
calculations for the whole GGG triad in its mean geometry
was found to be equal to −7.5 kcal mol−1. This value has a
meaning of trimer formation and half of this amount stands
for average energy of G/G stacked dimer. Thus, the energy
evaluated in separate calculations for stacked pairs is in
qualitative agreement with results for trimer, what suggests
that the stacked energies is fairly pair-wise additive in the
studied oligomers. The replacement of guanine with 8-oxo-G at
X3 position results in almost a threefold increase of
stabilization energies. This may be responsible for the
observed increase of rigidity in case of oxidized telomeric
fragments. Interestingly, there is significant context depen-
dence on the stacking energy in case of B oligomer. The
5′-G2/8oxoG3-3′ pair is almost twice as strongly bonded as
5′-8oxoG3/G4-3′ one. For C and D telomeric fragments the
stacking energy is almost identical and equals about −7.3 kcal
mol−1, what correspond to stacking of two modified guanine
molecules. The energetics of hydrogen bonds formation may
be quite satisfactory described on SCF level and taking into
account the correlation effect reduces systematically the
stabilization energies by amount about 3 kcal mol−1 the
MP2/6-31G(d=0.25) energies were presented in Table 3.
The strongest hydrogen complex with cytosine was formed
by G3 guanine in canonical telomeric fragment, while the
weakest one among all studied here corresponds to 8oxoG3

in D oligomer. However, the difference between energies of
these two pairs is less than 3 kcal mol−1. Thus, no significant
impact of 8-oxo-guanine presence in telomeric fragments
was found on hydrogen bonding with cytosine.

Electrostatic consequences of presence of 8-oxo-guanine

The final aspects, which was studied in the context of
differentiate of oxidized and canonical telomeres were the
electrostatic and frontier orbitals properties. The TRF1 and
TRF2 proteins interacting with DNA make contact with the
edges of the base pairs that protrude into the major groove. In
the case of purines the donor-acceptor interactions with the
major groove of B-DNA are related to side groups at C6 and
N7 centers along with oxygen atoms located on phosphate
anion. Since 8-oxo-guanine is characterized by the bulk
acceptor bounded to C8 atom of imidazole ring and N7

acceptor site is capped by the attached hydrogen atom it is
reasonable to regard these circumstances as a major source
of guanine recognition distortions. In Fig. 6 the isosurface
contour plots were presented for MP2/6-31G(d=0.25)
derived electrostatic potentials. As one may expect in the
canonical form of telomeric DNA both G2/G3 and G3/G4

stacked pairs are characterized by almost identical electro-
static properties. To the contrary, the 8-oxo-guanine has
quite different donor-acceptor pattern both for G2/8oxoG3

and 8oxoG3/G4 sequences. The N7 group in native A
telomere plays the role of acceptors site, while in oxidized
oligonucleotides becomes the donor one. This is clearly
visible on ESP plots. Besides, the electrostatic features of
hydrogen-bonded complexes found in A and B DNA
fragments are also presented in Fig. 5. The strong and
uniform electronegative region present in native structure
comes from O6 oxygen and N7 centers of guanine. In the
case of 8-oxo-guanine the sources of electronegative
vicinity is different. The O6 along with O8 oxygen atoms
are responsible for this feature. However, due to the
relatively long distance between these centers as well as
the occurrence of donor at N7 site separating the over-
lapping of the former two electronegative regions is
impossible. Thus, the guanine pattern visible from the
major groove may then be described as donor-acceptor-
acceptor formed by H8-N7-O6 atoms, respectively. To the
contrary the presence of 8-oxo-guanine changes the
electrostatic properties of the major groove into acceptor-
donor-acceptor coming from O8-H7-O6 atoms.

Furthermore, the frontier orbital properties are also
significantly affected by guanine oxidation as presented in
Fig. 7. Interestingly the distribution of HOMO is not
uniform in the case of A oligomer. Most densities of this
orbital is placed on G2 and G3. To the contrary LUMO is
predominantly located on the last guanine molecule in the
analyzed triad. This suggests that different guanine mole-
cules will be responsible for electro-donating end electro-
accepting properties. The presence of 8-oxo-guanine in the
analyzed triad completely change the dislocation of frontier
orbitals. Almost 90% of the HOMO is located on G4 guanine,
while both G2 and 8-oxo-G3 have only minor contribution to

Table 2 The values of deviation coefficient calculated for bases in
central triad of oxidized telomeric fragments with respect to the
canonical one

DNA Base pair

X2 X3 X4

B 2.0 7.8 7.9
C 18.2 19.9 19.5
D 10.6 17.7 15.4

Table 3 The energies (in kcal mol−1) of pair formation of both
stacked and hydrogen bonded complexes in central telomeric triad of
standard and oxidized oligomers

ΔEMP2 A B C D

stacking X2/X3 −3.1 −8.7 −7.3 −7.3
X3/X4 −3.5 −4.8 −7.2 −7.5

H-bonding X2-C’2 −23.6 −23.8 −22.9 −23.5
X3-C’3 −24.5 −24.4 −23.5 −21.5
X4-c’4 −23.1 −22.4 −22.2 −22.5
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Fig. 6 The 0.05 isosurface con-
tours of MP2/6-31G(d=0.25)
derived electrostatic potential
are drawn for chosen pairs of A
and B oligomers. The symbol X
stands for guanine or
8-oxo-guanine

Fig. 7 The frontier orbital dis-
tribution in canonical and oxi-
dized central triad of telomeric
B-DNA fragments. The isoden-
sity contour correspond to 0.01
value of molecular orbital
densities
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this orbital. The electro-accepting properties of canonical and
modified telomeric fragments are similar since most of
LUMO is localized on G4. It is noteworthy that although 8-
oxo-G has greater electron affinity than guanine itself and
LUMO should be localized to oxidized guanine rather than
to native one the location of this frontier orbital is contex
dependent. Similarly, the 8-oxo-G is less susceptible to
oxidation than guanine and one may expect localization of
HOMO to the one of guanines rather than to 8-oxo-G.
However context dependence also take place in this case. For
5′-G1/X2-3′sequence sequence HOMO is located on guanine
and LUMO on 8-oxo-G, while in case of 5′-X2/G3-3′
sequence the frontier orbitals are reversed. Thus, both
electrostatic and molecular orbital properties are significantly
affected by oxidation of telomeric B-DNA fragments.

Conclusions

The results presented above of the molecular dynamics
simulations supplemented with ab initio calculations revealed
intricate consequences of DNA telomeric fragment oxida-
tion. The central triad containing 8-oxo-guanine in the place
of guanine significantly changes its dynamic properties,
energetic characteristics as well as electrostatic and frontier
orbital features. This in turn will result in different binding
abilities of such damaged telomeric fragments. Although
results presented in this study give only the qualitative
insight into the observed difference in binding of proteins to
canonical and oxidized telomeric DNA, the potential sources
of observed alteration in binding percentage are pointed out.
The structural and dynamic behavior of modified telomeric
fragments, the quantitative analysis of pair-wise contribution
of amino acid-nucleic acid to energetic and entropic terms of
protein-DNA affinity, the susceptibility of telomeric to the
oxidized medium are only a few open questions of especial
importance. Since telomerase is absent in most normal
tissues and approximately 87% of all primary human cancers
[28] express telomerase activity enabling tumor cells to
maintain telomere length and indefinite replicative capacity
further investigations are worthy. These problems will be
addressed in further investigations.
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