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Abstract Changes of electrostatic potential around the
DNA molecule resulting from chemical modifications of
nucleotides may play a role in enzymatic recognition of
damaged sites. The electrostatic potential around the DNA
fragments containing either the intact guanine-cytosine pair
or 8-oxoguanine-cytosine or the guanine-abasic site was
projected on a cylindrical surface around the double helix.
The 2D maps of EP of intact and damaged DNA fragments
were compared using image analysis methods. Occurrence
of abasic site and 8-oxoguanine lesions were found to be
reflected in the EP maps. In the case of the 8-oxoguanine
lesion, the two phosphate groups and countercations of
the damaged strand are moved away from the lesion in
opposite directions, whereas they are moved in the same
direction in the case of the abasic site lesion. The char-
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acteristic features of 8-oxoguanine lesion might be identi-
fied in the major groove, whereas the features of abasic site
lesion the minor groove.
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Introduction

DNA is continuously exposed to a number of environmen-
tal agents acting on living cells, which include UV light,
ionizing radiation 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
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produce a variety of lesions, including sugar and base
modifications, strand breaks, and DNA-protein cross-links
[1]. Some reactive oxygen species (ROS), e.g., O, , *OH,
are also generated endogenously during cellular aerobic
metabolism, and the damage they cause may be an
important factor in aging and age-dependent diseases,
including cancer [2-5]. In other cases, oxygen radicals
may be introduced exogenously to the living cells, e.g.,
with tobacco smoke. They have been recognized as a major
etiological factor for cancers of the upper aerodigestive
tract [6].

An example of a ROS related, mutagenic modification of
DNA is an oxidative derivative of guanine purine base, 8-
oxoguanine (80G, see Fig. 1). The genomes of aerobic
organisms suffer from the presence of 80G in DNA as the
replicative DNA polymerases misread residues with 80G
and place nucleotides with adenine instead of cytosine
opposite to the oxidized base [7]. Both bases in the
resulting A-80G mispair are mutagenic lesions, and both
must undergo a base-specific replacement to restore the
original C-G pair [8].

Another common type of lesions in DNA are abasic
sites, denoted as (AP), which correspond to these mod-
ifications of DNA, in which nucleic acid bases are removed
from the nucleotides. Loss of a base can take place as a
spontaneous process [9], but typically it happens as a result
of base modification, or it can be observed during an
enzymatic repair process [10—12]. If such damage is not
repaired, the resulting abasic site has a high potential for
mutagenicity and might led to cell death. Due to the
biological relevance and importance, there is strong interest
in methods of recognizing abasic sites in DNA both for
diagnostics and for pharmaceutical use. From the structural
point of view, an abasic site represents a discontinuity of
the DNA stack, and clearly leads to a deviation from the
regular duplex structure [13]. Recent studies showed that
within the human cell the spontaneous generation of abasic
site can occur 10,000 times per one cell per day [14].
Abeasic sites are very base-labile and can also spontaneously
further a DNA fragment to form cytotoxic single-strand
breaks.

Guanine 8-Oxoguanine

Fig. 1 Labeling of atoms in guanine and 8-oxoguanine

@ Springer

The DNA lesions occur as an inseparable part of life
processes. However, to sustain the “state of living”, the
cell’s repair machinery has to constantly detect and correct
the damaged DNA. The damage detection and repair is a
complicated process in practice. The idea of damage
detection is, however, fairly simple: the repair enzymes
have to locate the damaged sites based on features that
make those sites different from intact fragments of DNA.
The DNA-enzyme interaction is determined by hydrogen
bonds, electrostatic interactions and dispersion forces. The
two first have similar origins and result from the interaction
of effective atomic charges of molecule A with the
polarizable charge distribution of molecule B. The disper-
sion interaction, on the other hand, can be associated with
the interaction of instantaneous multipoles of A and B. In
our recent studies we analyzed electrostatic potential
around an intact DNA fragment and around the same
fragment but with guanine being replaced with 8-oxogua-
nine (80G, see Fig. 1) [15, 16], adenine being replaced with
8-oxoadenine (80A) [17], and thymine being replaced with
thymine glycol (Tg) [18]. Our goal was to develop and
employ a proper approach to identify differences in the
electrostatic potential that might be relevant for enzymatic
recognition of alternated nucleic acid bases.

The electrostatic potential (EP) around DNA is nonuni-
form because the molecule possesses many polar and non-
polar groups specifically arranged in space. The analysis of
electrostatic potential in three dimensions might be a very
complex task. Assuming that the most important interac-
tions take place near the surface of DNA, we proposed to
focus our analysis on the values of the electrostatic
potential at the “molecular surface” [16, 17]. To facilitate
such analysis we developed and implemented a cylindrical
projection of EP, in which the values of the electrostatic
potential at a complicated molecular surface of DNA are
projected onto the walls of a cylinder, which is built around
an approximate DNA axis. The resulting two dimensional
(2D) electrostatic maps were then analyzed for the intact
fragments of DNA (consisting typically of three (5'-TGT-3’
[15], 5'-AAC-3' [17]) or five (5'-ACTAG-3' [18]) nucleic
acid base pairs) and the corresponding fragments containing
alterations (80G in the place of guanine, 80A in the place of
adenine, Tg in the place of thymine). The main new
features in the EP map resulting from the presence of the
lesions were reorganizations of countercations and phos-
phate groups [16, 17].

In the current study, we conduct the analysis of the
electrostatic potential around the 5'-AGT-3' trimer and
around the analogous systems where the central nucleic
base pair was alternated. We have investigated two
damaged trimers: (i) the guanine is replaced by 8-
oxoguanine, and (ii) the cytosine is removed to create an
abasic site lesion. The resulting systems are denoted as 5'-A
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(80G)T-3" and 5'-A(AP)T-3', respectively. This study
represents an advancement over previous studies as now
we include abasic sites to the portfolio of studied lesions
and we compare the relative structural and EP changes
caused by different lesions. We demonstrate that the presence
of these lesions leads to the reorganization of the DNA
fragment which is especially pronounced in the case of the
abasic site lesion. The reorganization of the DNA includes
shifts of the C and G pairs as well as movements of the
countercations and sugar-phosphate backbones. In addition,
and in contrast to the initial studies [16, 17], we improved the
analysis of EP maps by employing advanced image analysis
methods [18, 19]. Here we demonstrate how important
features on EP maps can be automatically detected and
measured. Our results shows that image analysis techniques
might be very useful in chemical applications, where they
can automate some part of the results analysis process.

Methods

Molecular structure and introduction of DNA lesions To
obtain the structure of intact and damaged DNA fragments,
we used the same approach as described before [15-17,
20]. From a starting molecule, the 5'-GGGAACAACTAG-
3" DNA dodecamer described by Arnott et al. [21], we cut a
5'-AGT-3' fragment (a trimer containing three nucleic 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
initially placed at each of four phosphate groups at the
position found to be optimal in our calculations of the gas-
phase NaH,PO, obtained in our previous study [18].

The resulting structure was a starting point for density
functional theory (DFT) optimizations using a B3LYP
exchange-correlation functional [22-24]. In order to sup-
press computational artifacts resulting from: (i) using a
trimer as a model of the DNA double strand, and (ii) a
failure of B3LYP to reproduce intermolecular dispersion
interactions [25], we introduced additional constraints on
the trimer. The atoms of the top and bottom nucleic acid
base pairs were fixed in space during the optimization [15—
17, 20]. This approach guarantees that the B3LYP failure to
reproduce the 7-7t stacking interaction does not lead to
unphysical geometries of the trimer.

The 6-31G(d,p) basis set was used for all geometrically
optimized atoms and the 6-31G basis set [26, 27] for all
geometrically fixed atoms resulting in 1925 basis functions
for the 193 atom system. In the next step, we introduced
lesions. The guanine of the intact 5-AGT-3' trimer was
replaced with 80G by substituting hydrogen with oxygen at
the C8 position and adding the hydrogen atom to the N7
atom (see Fig. 1). The (AP) site lesion was created by

removing the cytosine and saturating the dangling bond
with a hydrogen atom. The geometries of the resulting
damaged structures were optimized in the analogous way to
the intact form.

All DFT geometry optimizations were preformed using
the NWChem 4.5-4.7 program package [19] on a cluster of
dual Intel Itanium2 nodes with Quadrics ELAN4 intercon-
nect. Structural optimizations required approximately 200
geometrical steps with the convergence criteria being set to
default values (the maximum and root mean square gradient
in the coordinates being set to 0.00045 and 0.00030 a.u.,
respectively). The NWChem calculations used 128 Gb of
memory and up to 1Tb of disk space. We also tried to use
64 and 256 processors and found out that the calculation
time scales nearly linearly with the number of processors
involved. The detailed benchmarking of different tasks
performed with the NWChem code on various machines is
presented on the NWChem website [28]. The Extensible
Computational Chemistry Environment (ECCE) [29, 30],
which provides a sophisticated graphical user interface and
scientific visualization tools, was particularly useful to set
up calculations for systems with “frozen” atoms and mixed-
basis sets. The optimized geometries of all studied systems
are provided as Supporting Information.

Regular cylindrical projection of electrostatic potential
Analysis of electrostatic potential for a molecule is a
complicated process. One needs to look at the potential
created by charges in the 3D space around the molecule. A
simplification is provided by a technique that is called a
regular cylindrical projection, which is similar to gnomonic
projection methods [31-35]. The details of this technique
and our implementation are provided in [18]. Here we only
briefly summarize how the EP maps are obtained.

First, a cylinder is built around the DNA axis. The axis is
defined by a point and a vector. For consistency of the EP
analysis, they both are kept unchanged when analyzing
both the intact and damaged DNA fragments. The point is
defined by the geometrical center of the intact DNA
fragment. The axis is derived by diagonalization of the
tensor of inertia of the starting DNA dodecamer. The
eigenvector corresponding to the largest eigenvalue defines
the axis of the DNA molecule.

Next, we uniformly distribute points on the side wall of
the cylinder. It is done in two loops:

(i.) over the height of the cylinder along the z axis
(Fig. 2), and
(ii.) over the angle « in the xy plane (Fig. 2).

For each step in height (along the z axis), the R vector (a

radius of the cylinder is set to 20 A) is rotated around the z
axis and the resulting points on the cylinder are recorded

@ Springer
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Fig. 2 Details of cylindrical regular projection

(Fig. 3a). The angular coordinate was scanned from 0 to
359.5 degrees with a step of 0.5 degree. The z coordinate
was scanned with 101 steps of 0.1 A each. The starting
point of the z coordinate scan was set to 5.0 A below the
geometrical center of the intact trimer. The resulting
cylinder consists of 72,720 points, which coordinates are
provided as Supporting Information.

Each selected point on the cylinder defines a point on the
DNA surface (Fig. 3b). To identify the point on the DNA
surface one walks along R toward the cylinder axis until
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Fig. 3 Points on the projection cylinder (a) and the molecular surface (b)
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one encounters the DNA surface. This procedure defines a
DNA surface point p marked by R’ in Fig. 2. The DNA
surface is spanned by spheres centered on atomic nuclei
with excluded cavities, which are not accessible to solvent
molecules (simulated by a probe of a 1.3 A radius). The
spheres’ radii for the C, N, O, H, P atoms [36] are based
on van der Waals radii used in the MM3 force field [37].
The radius for Na is based on its ionic radius [38]. Finally,
at each point on the molecular surface, we calculated the
EP value directly from the B3LYP/6-31G(d,p) electron
density. These calculations were done with the Gaussian03
program [39] on an SGI Altix machine with 128 Gb of
shared-memory.

The final 2D electrostatic potential maps are presented in
Fig. 4. The angle « and the z coordinate of each point are
displayed on the horizontal and vertical axis, respectively.
The color is assigned according to the value of the
electrostatic potential. Red and blue points have positive
and negative values of the EP, respectively. EP maps are
stored in standard bitmap files (bmp format). A color of
each pixel of a bitmap is a superposition of three colors and
it is stored in 24-bits of data: 8-bits (256 possible values) to
code each of the red, green and blue channels (RGB).
However, in the presented results only two channels are
used to store information (one channel for positive values
of EP, the other for negative values of EP), therefore the
values of EP changing from -0.53 to 0.53 au are
represented by 511 colors.

The maps generated with (720x101) points are scaled
too a higher resolution (720x801) using a bi-directional
cubic spline interpolation, as implemented in the Freelmage
library [40]. One should have in mind that such scaling
distorts the original ratio between height and length of the
map and it does not reflect the true ratio between the height
of the DNA fragment and its circumference. The origin of
important features of the resulting EP maps was interpreted
based on geometrical structures of the molecules and their
accompanying molecular surfaces (Fig. 3b), as well as on
topographical maps described later in this text. The differ-
ences between two maps can be highlighted in difference
maps (Fig. S-1) obtained by subtracting the values of
corresponding points of two maps. A quantitative analysis
of the EP maps was done using the image analysis
techniques described in the following section.

Image analysis methods employed in analysis of EP
maps We have created specific computer vision tools to
quantitatively measure differences in the EP maps pre-
sented in Fig. 4a, c, d. These tools provide the following
general facilities:

1. Segmentation (detection) of red features corresponding
to counteractions in the EP map images (Fig. 4b);
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Fig. 4 Electrostatic potential a
maps of 5'-AGT-3' (a), A(80G)
T-3' (¢) and 5'-A(AP)T-3' (d)
DNA trimers. The angular
coordinate « is placed on the
horizontal axis and the height z
is on the vertical axis with zero
set to the upmost AT pair. The
dominant structural features of
DNA fragments are marked in
the b map, with the sodium
countercations labeled 1—4.
Important features of the
considered DNA fragments are
encircled on the maps a, ¢ and d
and labeled A—E. One should
keep in mind that the 0° to
359.5° range on the horizontal
axis corresponds to the circum-
ference of the DNA double
helix, which is approximately 104
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2. Measurement of the displacement of red features
(counteractions) among different EP maps;

3. Segmentation (detection) of fuzzy features, A—E in
Fig. 4a, ¢, d, in the EP map images;

4. Description of the features previously segmented in
terms of size and intensity.

The segmentation of the red features (counteractions) has
been achieved by applying a threshold based segmentation
technique (P-tile method [41]) to the blue channel of the EP
map images. Once segmented, the countercations are
automatically labeled using a morphological operator [42]

Table 1 Positions of Na countercations in the reference EP map of
the intact DNA (5'-AGT-3") and corresponding displacement vectors
for the damaged DNA containing 80G and (AP) lesions obtained

(I-4 in Fig. S-2b), and their positions are computed as the
center of gravity (centroids) of the detected object. The
displacements of countercations having the same labels but
belonging to different EP maps are finally computed as the
distances between their centroids computed along the axes
« and z. The results are presented in Table 1.

The segmentation technique applied to detect the fuzzy
features labeled as A—F in Fig. 4a, ¢, d, exploits the extended
h-minima transform [42, 43], a morphological filter that
adopts a contrast criterion in the selection of minima from
an image. Once the fuzzy features A—E are segmented, see
Figs. S-2 and S-3, the EP values are calculated by

using image analysis algorithms. Positions and vectors in “(x, y)”
format with x coordinate in A and y coordinate in °. Displacements of
the Na * counteractions is 3D and are in A

Countercation Initial position in the Displacement vectors Displacement in 3D
intact 5'-AGT-3' trimer
A(80G)T-3' 5'-A(AP)T-3’ A(80G)T-3' 5'-A(AP)T-3’
1 (6.16, 32.0) (1.90, =3.0) (0.29, 1.0) 1.95 0.30
2 (4.44, 187.5) (0.50, 0.5) (1.24, -8.0) 0.56 1.91
3 (5.84, 229.0) (-0.09, 1.0) (243, -11.5) 0.26 3.22
4 (4.64, 350.0) (-0.89, 3.5) (0.65, =3.5) 1.23 0.90

@ Springer
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Table 2 The mean electrostatic potential and the size of the important 4 and B features identified in the major groove of intact and damaged

DNA trimers

Feature Intensity of EP (in a.u.)

Shape

Object A in the major groove Mean EP Value

Standard Deviation

Width (in ©) Length (in A) Area (in © * A)

At35A At7 A
5'-AGT-3' —0.106 0.018 12.5° 12° 3.73 146.76
5'-A(80G)T-3' —0.066 0.014 44. 5° 40° 6.84 276.36
5'-A(AP)T-3’ —0.087 0.016 30.5° 27° 4.37 202.63
Object B in the major groove Mean EP Value Standard Deviation Width (in ©) Length (in A) Area (in © * A)
At5 A
5'-A(80G)T-3' -0.018 0.007 20.5° 2.53 41.18
measuring the mean intensity value, the standard deviation = Results

and the shape of each object detected. The results are
presented in Tables 2 and 3.

The image analysis was preformed using the MATLAB
(version R2006b) [44] and functions available in the image
processing toolbox.

Topographical maps of the DNA surface Similarly to the
EP maps, we have generated topographical maps of the
DNA surface (Fig. 5). The angle o« and the z coordinate of
each point are displayed on the horizontal and vertical axis,
respectively. For each point on the surface we found the
closest atom. The color is assigned according to the value
of the corresponding atomic number. The maps were
generated with 720x801 points, similarly as in the scaled
EP maps.

First, the geometrical differences between the intact and
damaged DNA fragments were analyzed. Since both frag-
ments had the same top and bottom nucleic acid base pairs
fixed in space during the geometry optimization, it is
possible to superimpose these pairs and compare the
differences in the remaining molecular parts (Fig. 6). To
clarify the picture, the top and bottom base pairs of trimers
were removed from Fig. 6. The structural differences
between the DNA fragments containing G and 80G are
mostly limited to the strand with the lesion. The 80G 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 sodium
countercations next to the lesion might also be observed.

Table 3 The mean electrostatic potential and the size of the important C—FE features identified in the minor groove of intact and damaged DNA

trimers

Feature Intensity of EP (in a.u.)

Shape

Object C in the minor groove Mean EP Value

Standard Deviation

Width (in ©) Length (in A) Area (in © * A)

At5 A At6 A
5'-AGT-3' —0.037 0.003 8° 0° 3.55 33.66
5'-A(80G)T-3' —-0.037 0.003 8° 0° 3.62 33.73
5'-A(AP)T-3’ —0.045 0.007 18.5° 15° 3.55 47.81
Object D in the minor groove Mean EP Value Standard Deviation Width (in ©) Length (in A) Area (in © * A)
At75A At9 A
5'-AGT-3' —0.072 0.010 12.5° 47.5° 2.63 95.02
5'-A(80G)T-3' —0.070 0.010 19.5° 49.5° 2.79 103.06
5'-A(AP)T-3' —0.060 0.011 22.5° 45.5° 3.65 111.47
Object E in the minor groove Mean EP Value Standard Deviation Width (in ©) Length (in A) Area (in ° * A)
At15A At3 A
5'-AGT-3’ —0.064 0.011 49.5° 30.5° 4.68 176.58
5'-A(80G)T-3’ —0.062 0.011 48.5° 31.0° 4.79 178.39
5"-A(AP)T-3’ —0.047 0.008 42.5° 36.0° 4.52 157.70

@ Springer
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Those atoms are moved along the long axis of DNA
because of the repulsive interaction between the negatively
polarized O8 in 80G and a negatively charged phosphate
group. Similar geometry changes were observed when G

Fig. 6 Top and side views of
the superimposed 5'-AGT-3'
(blue), A(80G)T-3' (red) and
5'-A(AP)T-3' (gray) DNA
trimers demonstrating
differences in their geometries.
The largest changes for
8-oxoguanine and abasic site
lesions are marked with red and
gray arrows, respectively

By Bo Pna

was substituted with 80G in the 5-TGT-3' trimer studied
before [16], suggesting that such geometrical features might
be typical to the 80G lesion and not only limited to the
selected DNA trimer. The extent of structural changes
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caused by introduction of 80G lesion reported here is
in good agreement with the crystallographic study by
Lipscomb et al. [45]. The reported experimental root mean
squared deviation (RMSD) between the coordinates of
intact and damaged DNA decamer is 0.27 A, whereas it is
0.40 A for DNA trimers in our study. The fact that the
RMSD value obtained for our DNA trimers is larger
corresponds with the fact, the geometry alternations are
fairy local. Including contributions from atoms located
further from the lesion in the case of DNA decamer lowers
the RMSD value. This fact is also reflected in description of
results — the authors of the experimental study describe the
structural perturbations induced by 80G as “subtle”,
whereas we provide a more detail description, important
from the perspective of shorter DNA trimer.

The geometrical changes in the trimer containing abasic
site lesion have been studied for the first time and are more
severe than for 80G [16] and 8oA [17]. The structural
differences between the intact and the 5'-A(AP)T-3’ frag-
ments are seen for both stands, however, the strand with the
(AP) lesion seems to be displaced to a much greater extent.
The counteractions are dragged by the phosphate groups as
the whole backbone moves along the z axis. The guanine
base on the strand opposite the (AP) lesion is not hydrogen-
bonded with the missing cytosine and becomes displaced
toward the major groove.

The geometrical features characterizing the 80G and
(AP) lesions can be compared. For both lesions significant
reorganizations of the phosphate groups with sodium
countercations are observed (Fig. 6) and the alternated
central nucleic acid pairs are moved toward the major
groove. However, the above structure changes are much
more evident for the (AP) lesion.

The cylindrical projections of EP around the 5'-AGT-3',
A(80G)T-3" and 5'-A(AP)T-3' DNA fragments show mul-
tiple features (Fig. 4a, c, d). The differences between the EP
maps are analyzed in the context of chemical differences
between the intact and damaged DNA fragments, which are
hidden under the DNA surfaces presented in Fig. 3b. The
most important structural features of a DNA fragment are
marked in Fig. 4b. The most distinctive features are the
sodium countercations that are represented by four big red
spots of a positive electrostatic potential and labeled 74 in
Fig. 4b. The positions of countercations in the reference
map for 5'-AGT-3' and the displacement vectors for DNA
fragments with lesions are summarized in Table 1. The
sugar-phosphate backbones are represented by two elon-
gated shapes of a neutral potential (Fig. 4b). The minor and
major grooves might be seen between the two strands
(Fig. 4b). The grooves are characterized by a negative
potential. A contribution from the intact G in 5-AGT-3,
labeled A in Fig. 4a, can be found in an encircled area. This
contribution is represented as a spot of negative potential,

@ Springer

which is ca. 3.73 A long and up to 12.5° wide (Table 2). It
is associated with a nitrogen atom and an oxygen atom, as
shown in Fig. 5, and the identity of these atoms are N7 and
06 of guanine, respectively (Fig. 1).

At the first glance, the EP maps of the 5'-A80GT-3’ and
5'-A(AP)T-3' DNA fragments (Fig. 4c-d) look very much
like the EP map of the intact fragment (Fig. 4a). The
sodium countercations, strands, and grooves might be
identified in both cases. The intensity of colors, reflecting
the values of EP, is similar except in the middle part of the
plot. The visual inspection might suggest that the lesions
did not much affect the DNA structure. However, the
difference maps (Fig. S-1) expose the regions on the EP
maps affected by the lesions. The characteristic changes are
measured in detail using the image analysis tools and the
results are summarized in Tables 1, 2, 3.

The most characteristic feature of the 8-oxoguanine
lesion can be identified in the major groove. A spot of the
negative potential, which is encircled and denoted 4 in
Fig. 4a, ¢ is now interrupted by a positive feature B
(Fig. 4c). This feature corresponds to a hydrogen atom (see
a topography map, Fig. 5) and can be associated with H
connected to N7 in 80G (Fig. 1). Interestingly, although the
feature B disrupts feature A4, the latter is still much larger
(ca. 60%) in terms of the area of the major groove it
occupies. The larger area of A results from the presence of
an additional oxygen atom (O8) in 8-oxoguanine. The
feature A4 is however less negative (Table 2) than in the
intact fragment, which is the effect of a hydrogen atom
giving the origin to B.

The incorporation of 80G into the 5'-AGT-3' trimer does
not affect the electrostatic potential in the minor groove but
it does induce a geometrical relaxation of the phosphate
backbone, which is followed by a displacement of sodium
counteractions. These differences are clearly seen in Fig. S-1.
The relocations along the DNA axis are the most profound
for two countercations of the damaged DNA strand, labeled
4. They displace away from the lesion by as much as
1.90 A and 0.89 A, respectively, with both moving also
along the angular coordinate by —3.0° and 3.5°, respective-
ly (Table 1). These displacements on the EP maps
correspond to displacements in 3D by 1.95 and 1.23 A,
respectively. The geometrical relaxation of the counter-
cation 2 is also noticeable as it moves up to 0.5 A along the
DNA axis.

Next, we turn attention to the 5'-A(AP)T-3' fragment. A
difference map (Fig. S-1) corresponding to the intact and 5'-
A(AP)T-3" suggests that the abasic site lesion has influ-
enced almost all regions of the map. The most profound is
the reorganization of phosphate groups and the related
counteractions of the DNA strand containing the lesion.
The countercations 2 and 3 were displaced by, respectively,
1.24 and 2.43 A along the DNA axis and by —8.0° and
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—11.5°, respectively, along the angular coordinate. These
displacements on the EP map correspond to displacements
in 3D of 1.90 and 3.22 A, respectively. The geometrical
relaxation of the countercation 4 is also noticeable as it
moves up by 0.65 A along the DNA axis and —3.5° along
the angular coordinate. The difference map (Fig. S-1) also
suggests extensive but not profound changes of features in
both the major and minor groove regions. These features,
marked in encircled areas A4, C - E in Fig. 4a, d, have been
measured and a summary is presented in Tables 2 and 3.
The feature A4, corresponding to a negative potential of
guanine’s O6 and N7 atoms, has ca. 40% larger area (its
length is 0.7 A larger and its width ca. 20° wider) for a
trimer with the lesion. At the same time the mean value of
EP of this feature in 5-A(AP)T-3' is ca. 20% less negative
than in the intact trimer.

The features C—E located in the minor groove are also
affected by the introduction of the abasic site lesion. The
feature C becomes more negative and its area expands by
ca. 40% for the damaged fragment. The feature D also
expands its area as its length and width grow by,
respectively, ca. 1 A and 10° (at 7.5 A). At the same time
D becomes less negative. In turn, a negative feature E
slightly decreases its area (ca. 10%) and it becomes less
negative.

The differences between the two lesions considered
here, namely 8-oxoguanine and abasic site, can be observed
in Fig S-1 and quantitatively described by the image
analysis results of Tables 1, 2, 3. The most noteworthy
difference between these lesions is the pattern of the
geometrical relaxation of countercations and the accompa-
nying phosphate groups. In both cases the counteractions
corresponding to the strand with the lesion are the most
affected. However, the direction of the displacements
depends on the nature of the lesion. In the case of the 5'-
A80GT-3' DNA trimer, the countercations move away from
the damaged site with each of them moving in the opposite
direction (the countercation I moves toward larger z values
while the countercation 4 toward lower z values). In the
case of the 5'-A(AP)T-3' fragment, both countercations,
namely 2 and 3, move toward larger values of z. The mean
displacement in 3D is also larger in the case of the abasic
site lesion.

As far as the features in the major groove are concerned,
both damaged DNA fragments are characterized by larger
areas of the negative spots (features 4 in Fig. 4c, d) than the
intact DNA trimer. However, the 5'-A80GT-3’ fragment has
a characteristic feature, marked B in Fig. 4c, which is
related to a hydrogen atom at guanine’s N7. This new
feature appears in the center of feature A (Fig. 4c). The 5'-
A80GT-3" and 5'-A(AP)T-3' DNA trimers are also different
in the region of the minor groove. The 5'-A80GT-3'
practically reassembles the intact DNA, whereas the 5'-A

(AP)T-3' trimer has larger areas of features C and D, and a
smaller area of feature E.

Summary

We have studied a fragment of intact DNA, 5-AGT-3’, and
its counterparts containing 8-oxoguanine and abasic site
lesions at the central nucleic acid base pairs (5-A80GT-3’
and 5"-A(AP)T-3', respectively) using the B3LYP/6-31G(d,p)
method. The geometries of 5'-AGT-3’, 5'-A80GT-3" and 5'-
A(AP)T-3" were optimized with a constraint of the fixed top
and bottom base pairs. The electrostatic potential around
these DNA fragments was studied using the regular
cylindrical projection technique. The values of electrostatic
potential at the molecular surfaces were projected onto the
side walls of cylinders surrounding the DNA fragments.
The resulting maps of electrostatic potential and optimized
geometries of the intact and damaged DNA fragments were
compared using image analysis techniques. The results can
be summarized as follows:

1. The introduction of either 8-oxoguanine or abasic site
lesion distorts primarily the damaged strand of DNA.
The complementary strand is less distorted.

2. In the case of 8-oxoguanine, the damaged nucleic acid
base is slightly displaced in the direction of the major
groove in comparison with the position of the
corresponding undamaged base in the intact DNA
fragment.

3. A spot of negative electrostatic potential in the major
groove changes its character when guanine is replaced
by 80G. Although the area of the spot becomes larger,
at the same time it is disrupted by a positive
electrostatic potential, which results from a hydrogen
atom connected to N7 of 80G. The EP in the minor
groove is not affected by the presence of 80G.

4. A reorganization of countercations and the neighboring
phosphate groups along the axis of the DNA fragment
is clearly reflected in the electrostatic potential maps.
The countercations of the damaged strand move away
from 8-oxoguanine by 1.9 and 0.9 A.

5. In the case of the abasic site lesion, the guanine
opposite to the removed cytosine is displaced in the
direction of the major groove in comparison with its
position in the corresponding intact DNA fragment.

6. The occurrence of the abasic site lesion is reflected in
the EP map in the areas of both the major and minor
groove. A spot of negative potential in the major groove
increases by ca. 40%. The EP in the minor groove is less
affected.

7. A reorganization of counteractions and the neighboring
phosphate groups is also characteristic for the abasic
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site lesion. The countercations of the damaged strand
move by 2.4 and 1.2 A along the axis of the DNA
fragment.

8. The main differences between the 8-oxoguanine and
abasic site lesions are: (a) the presence of the abasic site
lesion has much larger consequences for the structure
of DNA than the presence of 8-oxoguanine. In the latter
cases the changes were mostly limited to the damaged
site; (b) two counteractions of the damaged strand are
displaced in a different way along the DNA axis: they
move in opposite directions in 5-A80GT-3" and in the
same direction in 5'-A(AP)T-3"); (c) the patterns of EP
in the major groove is different as 5'-A80GT-3’ has a
distinctive positive spot of EP; (d) the minor groove is
affected in the 5'-A(AP)T-3' trimer but not in the 5'-
A80GT-3' fragment.

9. The identified differences in the electrostatic potential
of the intact and damaged DNA fragments provide
hints on how enzymatic recognition of alternated
nucleic acid bases may take place. As in the cell
environment, in the presence of water, the counter-
actions are not tightly connected with phosphaste
groups, the differences in EP in the major groove
become the dominant features distinguishing damaged
fragments from intact ones. Therefore, repair enzymes
are likely to exploit these features by scanning the
major groove for alternated EP features pattern. The act
of recognition can usually be explained in terms of
reorganization energy [46]. The enzyme is preoganized
(the organization means a specific orientation of
charged and polar groups in the folder state of protein)
to facile operation on the intact DNA. However, when
damaged DNA fragment is encountered, different EP of
DNA will force structural changes which correspond to
damage recognition.

We demonstrated how the electrostatic potential maps
obtained by the cylindrical projection technique can be
automatically analyzed with appropriate image tools. We
believe that this approach can be used to build (semi-)
automatic tools to study large number of structures. For
example the image analysis/motion detection algorithm can
be used to track and report the changes of EP as a function
of simulation time in molecular dynamics simulations or
detect characteristic features of particular compounds in
database screening experiments.
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