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Abstract Changes of electrostatic potential (EP) around the
DNA molecule resulting from chemical modifications of
nucleotides may play a role in enzymatic recognition of dam-
aged sites. Effects of chemical modifications of nucleotides
on the structure of DNA have been characterized through
large-scale density functional theory computations. Quantum
mechanical structural optimizations of DNA fragments with
three pairs of nucleotides and accompanying counteractions
were performed with a B3LYP exchange-correlation func-
tional and 6–31G** basis sets. The “intact” DNA fragment
contained guanine in the middle layer, while the “damaged”
fragment had the guanine replaced with 8-oxo-guanine. The
electrostatic potential around these DNA fragments was pro-
jected on a surface around the double helix. The 2D maps of
EP of intact and damaged DNA fragments were analyzed to
identify these modifications of EP that result from the occur-
rence of 8-oxo-guanine. It was found that distortions of the
phosphate groups and displacements of the accompanying
countercations are clearly reflected in the EP maps.
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1 Introduction

DNA in living cells is exposed continuously to a number of
environmental agents, which include UV and ionizing radi-
ation as well as various chemical species. In many cases, the
mechanism of action of these agents involves generation of
free radicals that attack DNA and produce a variety of lesions,
including sugar and base modifications, strand breaks, and
cross-links. Some active oxygen radicals (e.g., O−

2 , •OH) are
also generated endogenously during cellular aerobic
metabolism, and the damage they cause may be an impor-
tant factor in aging and age-dependent diseases, including
cancer [1–4].

The genomes of aerobic organisms suffer from chronic
oxidation of guanine (G) to a genotoxic product 8-oxo-guan-
ine (8oG) (Fig. 1) [5]. The replicative DNA polymerases
misread 8oG residues and insert adenine instead of cytosine
opposite to the oxidized base. Both bases in the resulting A-
8oG mispair are mutagenic lesions, and both undergo base-
specific replacements to restore the original C–G pair [6] .
Doing so represents a formidable challenge to the DNA re-
pair machinery, because adenine makes up roughly 25% of
the bases in most genomes.

Nature has developed very efficient pathways for repair-
ing sites containing 8oG. The enzymatic DNA damage detec-
tion and repair is a complex multi-step process. However,
the idea of damage detection is fairly simple: the enzyme
has to locate the damage based on features that make those
sites different from intact fragments of DNA. The DNA–
enzyme interaction is determined by three typical interac-
tions in chemistry: hydrogen bonds, electrostatic interactions
and dispersion forces. The first two have the same origin
and result from the interaction of static charges while dis-
persion interaction can be associated with the interaction of
instantaneous multipoles. In this work, we analyze electro-
static potential around an intact DNA fragment and around
the same fragment but with guanine being replaced with 8oG.
Our goal is to identify differences in electrostatic potential
that might be relevant for enzymatic recognition of the dam-
aged DNA. For this study, we chose the 5′-TGT-3′ intact
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Fig. 1 Guanine and 8-oxo-guanine and atom numbering

fragment of DNA (fragment containing three nucleic base
pairs, the complementary strand is 5′-ACA-3′) and the cor-
responding fragment containing 8oG in the place of G.

The electrostatic potential around DNA molecule is
nonuniform as the molecule contains many polar groups
specifically arranged in space. The analysis of electrostatic
potential in three dimensions might be a very complex task.
However, most of the important interactions take place near
the surface of DNA. Hence, we will focus our analysis on
the values of the electrostatic potential at the “molecular sur-
face”. A definition of molecular surface will be given in Sect.
2.2.2.

For the purpose of our study, we will develop and imple-
ment a cylinder projection [7–10] of the electrostatic poten-
tial, in which the values of the electrostatic potential at the
molecular surface are projected onto a simpler surface. This
technique is sometimes called “gnomonic projection”. In our
case, we project the electrostatic potential from the compli-
cated molecular surface of DNA onto the walls of a cylinder.
The resulting 2D electrostatic maps of intact and damaged
DNA are then analyzed. The main features resulting from
the replacement of G with 8oG are reorganizations of the
countercations and phosphate groups.

2 Methods

2.1 Molecular structure and introduction of DNA lesions

To obtain the structure of intact and damaged DNA frag-
ments, we use the same approach as described before [11].
From the starting molecule, the 5′-CTAGTTGTTCCC-3′
DNA dodecamer (Fig. S-1) described by Arnott et al. [12],
we cut a 5′-TGT-3′ fragment (a trimer) containing three nu-
cleic base pairs. To limit the size of the system, the phosphate
groups were removed from the 5′ and 3′ ends and the strands
were saturated with OH groups. The sodium countercations
were placed at each of the four phosphate groups.

The resulting structure was a starting point for DFT opti-
mizations using a B3LYP exchange-correlation functional
[13–15]. The atoms of the top and bottom nucleic acid base
pairs where fixed in space during the optimization to elim-
inate the unphysical “surface” effects related to a “cluster

model” of DNA that we use in our study. The 6-31G** basis
set was used for all geometrically optimized atoms and 6-
31G basis set for the geometrically fixed atoms. In the next
step, we introduced a lesion. The guanine of the intact 5′-
TGT-3′ trimer was replaced with 8oG by changing H at the
position 8 into oxygen and adding a hydrogen atom to N7. The
initial interatomic distances and angles for 8oG in the DNA
fragment were the same as those resulting from the B3LYP/6-
31G** optimization for the isolated 8oG. The resulting DNA
trimer with 8oG was optimized at the B3LYP/6-31G** level,
and again the top and bottom pairs of nucleic acid bases were
fixed in space. For the optimized geometries of the fragments
of intact and damaged DNA, we calculated net atomic charges
using the ESP method [16,17] and the default atomic radii.1

The charges on atoms were fitted to reproduce the electro-
static potential around the molecule. Those atomic charges
are later used in our electrostatic potential analysis.

All DFT calculations were preformed using the NWChem
program package [18,19] .

2.2 Cylinder projection of electrostatic potential

2.2.1 The idea of cylinder projection and introductory video

Analysis of electrostatic potential of a molecule is a compli-
cated process. One needs to look at the potential created by
charges in the 3D space around the molecule. A simplifica-
tion is provided by a technique called “gnomonic projection”
[20]. Here, a fragment of the DNA molecule is positioned at
the center of a cylinder and the axis of the DNA is aligned with
the axis of the cylinder. The shape of the cylinder matches
well the structure of a short DNA fragment. The values of EP
at the surface of the DNA are projected onto the wall of the
cylinder. It is not necessary to project EP onto the top and
bottom of the cylinder because, in the case of DNA, these
areas are occupied by other layers of base pairs.

An introductory video was prepared to explain the basics
of the cylinder projection approach to the analysis of elec-
trostatic potential around DNA molecule. A MPEG-1 format
video file is attached as a supplementary material.

1 Atomic radii used for ESP calculation (Merz-Kollman scheme): H
1 Å, C 1.47 Å, N 1.4 Å, O 1.36 Å, Na 2.1 Å and P 1.8 Å
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2.2.2 Definition of molecular surface

There is no unique definition of a molecular surface because
electron density is given by a charge distribution. The molec-
ular surface may be defined in various ways depending on the
task. For example, it may be defined by atomic radii [21] or
van der Waals radii [22] . In the case of our study, we are inter-
ested in the molecular surface that is important for enzymatic
recognition. This is the area where the DNA–enzyme inter-
actions take place. The length of a typical hydrogen bond is
1.8–2.2 Å (defined by the distance of atomic centers). On the
other hand, electrostatic interaction of charged groups has a
long-range character. We believe that an interesting molecu-
lar surface might be ca. 2–5 Å from centers of the outermost
atoms of DNA fragments. In this study, we assumed that the
molecular surface is spanned by spheres centered on atomic
nuclei. The radii for the C, N, O, H, P atoms are based on
covalent radii, which are additionally increased by 2 Å . The
radius for Na is based on its ionic radius, also increased by
2 Å . The used radii are presented in Table 1. One may note
that covalent radii are not typically used for defining inter-
molecular interactions and the van der Waals radii might be
more suitable for this purpose. However, we initially explored
different definitions of the DNA surface, setting it from 2 to
4.5 Å from atomic centers. We found out that the main fea-
tures of EP were insensitive to the details of the DNA surface.
As the van der Waals radii for atoms like carbon vary signifi-
cantly from one compilation source to another, we decided
to use covalent radii.

2.2.3 The axis of DNA

In our implementation of the gnomonic projection approach
a cylinder is built around the axis of the DNA fragment. This
axis could be approximated by a vector normal to the bot-
tom nucleic acid base pair (Fig. 2a) and passing through the
geometric center of this base pair. As a nucleic acid base pair
is not perfectly planar, we approximate the axis of DNA by
a vector z (Fig. 2b) which is a cross-product of vectors con-
necting atoms N9 and N4 for adenine (vector b, Fig. 2b) and
N1 of thymine with N4 of adenine (vector a, Fig. 2b). This
approximate axis of the DNA fragment goes through a point
in the middle of the line connecting N1 of thymine with N9
of adenine (axis z, Fig. 2c). Figure S-2 shows the resulting z
axis in the DNA trimer. We tested the proposed construction
for different fragments of DNA and in all cases the resulting
z axis was meaningful.

2.2.4 Points on the molecular surface

First, equally distributed points on the cylinder wall were
selected. It is done in two loops:
(a) Over the height of the cylinder along the z axis (Fig. 3),
(b) Over the angle α in the xy plane (Fig. 3)
For each step in height (along the z axis), the R vector (radius
of the cylinder2 ) is rotated around the z axis by an angle α

2 Radius of the cylinder was set to 20 Å

Fig. 2 Axis of DNA (axis z) approximated by a vector z, which is nor-
mal to the bottom nucleic acid base pair: a Bottom nucleic acid base
pair of the DNA trimer – A-T pair and atom numbering; b Vector z – a
cross product of vectors a and b; c Axis z, defined by the vector z and
going through the middle of a line connecting N1 of thymine and N9
of adenine

and the resulting point on the cylinder is recorded (Fig. S-3).
Each selected point on the cylinder defines a point on the
DNA surface (Fig. S-4). We search for this point along R
and passing through the preselected point on the cylinder.
The outermost point on this line, R′ (Fig. 3), for which the
distance from any atom is smaller than ratom+2Å, is the DNA
surface point (ratom is an atomic radius defined in Table 1).
Finally, EP is calculated at each point of the DNA surface
(see Sect. 2.2.5).

The final electrostatic potential map consists typically of
72000 points. The angular coordinate was scanned from 0 ◦
to 359 ◦ with a step of 1 ◦. The z coordinate was scanned with
200 steps of 0.05 Å each. The starting point of the z coordi-
nate scan was set to 2Å below the bottom A-T base pair.

2.2.5 Electrostatic potential on the DNA surface and its 2D
map

At each point on the molecular surface, the electrostatic po-
tential is calculated as a sum over contributions from all
atoms:
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Table 1 Covalent radii for H, N, C, O, P, and ionic radius of Na (in Å)

Element H C N O P Na

Radius 0.37 [21] 0.77 [21] 0.74 [21] 0.74 [21] 1.10 [21] 1.02 [23]

Fig. 3 Details of cylinder projection

EP(p) =
n∑

1

qn

|p − rn| , (1)

where n is the total number of atoms, qn the charge of the
nth atom, and rn the position of nth atom.

The final electrostatic potential 2D map is formed from
the values of EP determined at the molecular surface (Fig. 5a
b). The angle α and the z coordinate of each point are dis-
played on the horizontal and vertical axes, respectively. The
color is assigned according to the value of the electrostatic
potential. Red and blue points have positive and negative val-
ues of EP, respectively.

The resulting EP maps can be analyzed together with the
pictures of molecules and the accompanying molecular sur-
faces.

2.2.6 Software

The cylinder projection of electrostatic potential is done with
the in-house program EPproj written in C. The electrostatic
potential maps are generated using the FreeImage library

(http://freeimage.sourceforge.net) . The introductory video
was prepared with additional C/OpenGL routines to the EP-
proj program and final processing was done with the MS
MovieMaker.3

3 Results

First, the geometrical differences of the intact and damaged
DNA fragments were analyzed. As both fragments had the
same top and bottom nucleic acid base pairs fixed in space
during the geometry optimization, it is possible to superim-
pose those pairs and compare the differences in the remaining
molecular part (Figs. 4, S-5). To clarify the picture, the top
and bottom base pairs were removed.

The geometrical differences of the DNA fragments con-
taining G and 8oG are limited to a strand with the lesion.
The 8oG is slightly displaced in the direction of the major
groove in comparison with the position of G in the intact
strand. Some reorganization of the phosphate group with a
sodium countercation next to the lesion might also be ob-
served. Those atoms are moved along the long axis of DNA
because of the repulsive interaction between the negatively
polarized O8 in 8oG and a negatively charged phosphate
group.

The cylinder projection of EP around the DNA fragments
containing G and 8oG shows multiple features (Figs. 5, S-6,
S-7). The EP maps are analyzed by comparing them with pic-
tures of the DNA trimers with probed surface points (Fig. S-
4). The most important features are marked on Figs S-6 and
S-7. The most distinctive features are sodium countercations
that are represented by four big red spots of a positive elec-
trostatic potential. The sugar-phosphate backbones are rep-
resented by two elongated shapes of a neutral potential. The
minor and major grooves might be seen between the two
strands. The grooves are characterized by a negative poten-
tial. The guanine base might be associated with a big spot of
a negative potential in the major groove. This negative po-
tential is coming from a nitrogen N7 and an oxygen O4 of
guanine.

At the first glance, the EP map of the DNA fragment with
8oG looks very similar to the EP map of the intact fragment.
The sodium countercations, strands, and grooves might be
identified in both cases. The intensity of colors, reflecting the
values of EP, is very similar except of the middle part of the
plot, suggesting that the lesion did not affect the DNA struc-
ture much . The features coming from 8oG are displayed in
the major groove, where previously a negative potential was
coming from the intact guanine. A spot in the middle of the
major groove, which corresponds to a positive electrostatic

3 MS MovieMaker is a part of MS WindowsXP operating system
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Fig. 4 The superimposed intact (gray) and damaged (red) DNA trimers show differences in geometry. Top and bottom base pairs were removed
to clarify the picture. Arrows mark a small relaxation of the damaged strand next to the lesion and a reorganization of sodium countercations

Fig. 5 Electrostatic potential maps of intact a and damaged b DNA trimers together with a difference map c. Angular coordinate α is placed on
horizontal axis and the height h is on the vertical axis with zero set to the bottom AT pair

potential, is correlated with a hydrogen attached to N7 of
8oG.

A plot showing the difference in the EP maps for the dam-
aged and intact DNA is presented in Fig. 5c. The differences
in electrostatic potential are limited to the damaged site. The
sodium countercation is moved along the long axis of DNA.
The features of positive electrostatic potential coming from
the N7 hydrogen of 8oG disrupt a negative potential in the
major groove.

4 Conclusions

An intact 5′-TGT-3′ fragment of DNA and its counterpart
with G replaced with 8oG (5’′-T8oGT-3′) were studied using
the B3LYP/6–31G** method. The geometries of 5′-TGT-3′
and 5′-T8oGT-3′ were optimized with a constraint of the fixed
top and bottom base pairs. The electrostatic potential around
the DNA fragments was studied using the cylinder projec-
tion technique. The values of electrostatic potential at the
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molecular surfaces were projected onto the walls of cylin-
ders surrounding the DNA fragments. The resulting maps
of electrostatic potential with accompanying geometries of
intact and damaged DNA fragments were analyzed and the
results are summarized in the following points:

1. It was found that the presence of the 8oG lesion distorts
the geometry mainly at the damaged site. The relaxation
of the complementary strand is minimal.

2. The damaged nucleic acid base is slightly displaced in the
direction of the major groove in comparison with the po-
sition of the corresponding undamaged base in the intact
DNA fragment.

3. A reorganization of counteractions together with the neigh-
boring phosphate groups is a distinct feature of the 8-oxo-
guanine lesion. The relaxation of charged particles along
the axis of the DNA fragment is clearly reflected in the
electrostatic potential maps.

4. A negative electrostatic potential character of the major
groove is disrupted by the occurrence of 8oG. A posi-
tive electrostatic potential, which results from a hydrogen
atom connected to N7 of 8oG, is manifested in the EP
map.

Our future study will focus on the analysis of the molecu-
lar shape of the damaged and undamaged DNA fragments.
Molecular dynamics simulations will be performed to find
a correlation between the distribution of countercations and
the findings presented here.
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