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Abstract

Molecular dynamics (MD) studies on several radiation damages to DNA and their
recognition by repair enzymes are introduced in order to describe the stepwise
description of molecular process observed at radiation lesion sites. MD studies were
performed on pyrimidine (thymine dimer, thymine glycol) and purine (8-oxoguanine)
lesions using an MD simulation code AMBER 5.0. The force field was modified for
each lesion. In all cases the significant structural changes in the DNA double helical
structure were observed; a) the breaking of hydrogen bond network between
complementary bases and resulting opening of the double helix (8-oxoguanine); b) the
sharp bending of the DNA helix centered at the lesion site (thymine dimer, thymine
glycol); and c) the flipping-out base on the strand complementary to the lesion (8-
oxoguanine). These changes were related to the overall collapsing double helical
structure around the lesion and might facilitate the docking of the repair enzyme into the
DNA and formation of DNA-enzyme complex. In addition to the structural changes, at
lesion sites there were found electrostatic interaction energy values different from those
at native sites (thymine dimer —10 kcal/mol, thymine glycol 26 kcal/mol, 8-oxoguanine
—48 kcal/mol). These values of electrostatic energy may discriminate lesion from values
at native sites (thymine O kcal/mol, guanine —37 kcal/mol) and enable a repair enzyme
to recognize a lesion during scanning DNA surface. The observed specific structural
conformation and energetic properties at the lesions sites are factors that guide a repair
enzyme to discriminate lesions from non-damaged native DNA segments.

Keywords: Radiation, DNA Damage, Molecular Dynamics, Radiation Risk



JAERI 1346

HURRIEE DNA L EEEZEOSFEINE S 21— g v

B A E T A8 ZC AT BB FE AT AR M B
Miroslav PINAK

(20034E3 A 7 H%H)

HE

FREHERC X 0 BB 5 172 DNA O F L ~ULIZE T RN E AR B =010, ¥
BEONREN DNABEEX R & L TEERRIC L 2BERHEROLSFENFE I
L—va v R LEMEEITo7, BV IV VEEOBRBE L TFIVE A ~v—¢L
FIvrVa—n, TV UEEOBEL LT 8-AXF Y77 =2V Eif, AMBER
50 FAVWEY I 2 b—va v EfToln, YIalb—a Do hiGiITREOREE
BICBEIEEMZ T, £ TD/—ZATDNA ZELEABEOERRIEEENBEIN
7o DL a) A REEL OKER/FERY NV OBIEIC L2 _ELEADSY
BE B-AFXYrT7=) | b) BETMEFOLE L7 DNADHFNHY (FIVFA<—,
FI TV a—) | o) HEHREED DNAA~D 7 ) o0 77U b @-FFV T
T=2) WKBlEND, InbHOE{KIZL YD DNA ZE b T AEED K AENE
V. TOMERE LTEERR D DNA ~DREE L BEEOTERBES TR D Z L PRR
ST, BEOEMICMA T, BEBMICBOTHERNZBEC XLV —BNEESN
7= (FIVHEA~—:-10 kcal/mol, FI 7Y a—)L : 26 kcal/mol, 8-F %V 77 =
¥ i -48 kcal/mol) , BERRVWEEOHET XL X — (FI 0 keal/mol, 77 =
> 1 -37 keal/mol) & DEWZREM LT, EEBERIT DNA K2z X¥ ¥ > LTV 5/
WCHREER®TIEEALND, BIEOHD DNA LIBEDR DNA L 2 EEERN
KT 2012, ZNOHOBERVNTRINNXT—DORNEERRTFTHEZ ENbdo
77

WHEAFFEAT © T319-1195 FRIRIBRFMER B 5 BIR 2-4



JAERI 1346

Contents

l. Intr()duction D N N ,,xﬁ(»‘;»v@&,o.v*éau*a.n*ag‘;»*ev‘«G,, 1
2. Molecular Dynamics Studies and Radiation Risk =« -<-->>-ovoree creere )
3. Method <« v r s e e 3
3.1 Molecular Dynamics Protocol « -+ - R R
3.2 Computational Details =+« c-rerrrerrrr i ce 5
3.3 Analysis of Electrostatic Energy * - =2 -rrrrrrrr i e §
4. Results and DISCUSSION « -« " <« to i i G
4.1 Thymine Dimer =~ -« = xrermoemme e T Y s

4.1.1 Complex of Repair Enzyme T4 Endonuclease V and TD Lesioned DNA
P 7

4.1.2Electrostatic Energy Analysis <= «-crrrcrocmrmre e s 8

42 ThymlneGlycol P e T N " 9
4.2.1 Electrostatic Energy Analysis <= :vrrrorrrrereeeeee e <+ 10
43 8-OXOQUANINE *** ' "« "t o s ()
4.3.1 Electrostatic Energy Analysis «=--crrrerrrrne e AR
5‘ Conclusions “aa A xow oo :4¢.x»«,4a»a¢x.‘,ag*ﬁ.,w»b.z:,4.x»;.gﬁo.x‘voy.,)g».nll
Acknowledgments << B e 12

References P T T T T T T S I N S e e w o oe e mom s a o ow 13

i



JAERI 1346

30 BFEHFL I 2L —T g DFFE e g
32 %‘.}.%@gi}'ﬂﬂ e e s e s e e e e s e e n B 4 e E e Ak e r e E e st b ey s creeaa §
33 %%%I*/I/%H@ﬁﬁ,‘{ﬁ e E e e e ke e ek e a e E e e w e e s e e ke e R I
%%k%%g ﬁﬁﬁﬁﬁﬁﬁﬁﬁ e e s e s e e i sy e e e s s s ks e P v et e s 6
4.1 %i‘/ﬁ/f‘?‘—‘ aaaaa B T T T A I T AL IR I R 4
4INEEBRZET4= X7 LT —EVEFIVEA~—BELES
DNA(E@T‘E/EI\{ZK S 5 4 h E 3 e e a s 4t E e e s s oA B e h ke s B e ey . 7
412%%%51/—?\/1/%“ﬁ@ﬁ e e e e s B e e e e e s e 8
42 ?i‘/?UCI*—/l/ S e e e s e s s s e s e s s e s Sr e 4 % 6 s e ke w8 5 4wy 9
401 BFE L R U AT e

GESA L L. e ke e e et e et e et e e
. ﬂ%uﬂ’ﬂ &&&&&&&&&& 11



JAERI 1346

Table 1

Table 2

Figure and table captions

CPU simulation time required to accomplish 1 ps of MD simulation of the

system composed of 40,000 atoms.

Summary of structural and energy value changes in DNA initiated by the
respective lesion. The electrostatic energy was calculated by the classical

mechanistic approach using the point charges of atoms (4™ term of Eq.1).

Figure 1 Thymine dimer inside the DNA dodecamer as a composition of two adjacent

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

thymine bases covalently joined between C(5)-C(5) and C(6)-C(6) atoms of

adjacent thymine bases.

Catalytic center of T4 Endonuclease V, (amino acids - Thr-2, Arg-22, Glu-23
and Arg-26).

Complex of thymine dimer lesioned DNA molecule with catalytic center of
repair enzyme T4 Endonuclease V formed during 100 ps of MD simulation.

(green - thymine dimer, red - catalytic center )

Electrostatic energy of DNA dodecamer bases a) native dodecamer, b)
dodecamer with TD. The electrostatic energy of TD is negative around -9

kcal/mol and energy of native thymine is nearly 0 kcal/mol.

Complementary shape of repair enzyme T4 Endonuclease V and dodecamer
with TD. The electrostatic energy of glutamic acid 23 is nearly 10 kcal/mol
and the one of thymine dimer is negative around —9 kcal/mol. Glutamic acid
23 is key amino acid at the repair pathway located close to the C5’ end of
phosphodiester bond of TD.

Molecule of the thymine glycol (5,6-dihydroxy-5,6-dihydrothymidine).
Molecule was optimized at 30 K (bond lengths are in A angles in degrees).

Encircled are hydroxyl groups oxidizing atoms C5 and C6.

Comparison of TG lesioned DNA molecule at the beginning and at the 900 ps
of MD simulation. The cytosine C5” end and guanine C3’ end of DNA
molecule are shown. It is seen that the molecule is bent and kinked at the

thymine glycol site (colored atoms). Bending is expressed as the value of
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angle measured between phosphates of the guanine (position 41), thymine

glycol (position 16, color atoms) and guanine (position 13).

Figure 8 Molecule of 8-oxoguanine (7,8-dihydro-8-oxoguanine). Encircled are the

oxygen 8 (O8) and carbon 8 (C8).

Figure 9 Flipped-out adenine 21 on the complementary strand to strand with 8-oxoG.
The figure also indicates non-existence of hydrogen bonds between guanine 9
and cytosine 22, since the cytosine 22 is severely dislocated from its

intrahelical position.

Figure 10 The intermolecular electrostatic interaction between the nucleotide with 8-
oxoG and the neighboring nucleotides with respective bases (cytosine 6,
adenine 7, guanine 9, thymine 10, adenine 21, cytosine 22, cytosine 23,
thymine 24 and guanine 25). The electrostatic interaction energy in lesioned
DNA largely oscillated around an average value of around 21 kcal/mol. The
electrostatic interaction energy calculated for the nucleotide with the native

guanine 8 has a stable average value of 7.5 + 1.4 kcal/mol.
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1. Introduction

Ionizing radiation damages DNA and causes mutation and chromosomal changes in
cells and in organisms [1]. A certain type of damages to DNA can lead to cell
transformation or to cell death. Radiation as well as other chemical agents may damage
DNA molecules several ways, directly or indirectly by interactions with DNA itself or
with its environment. Some damages caused by ionizing radiation are chemically
similar to a damage that occurs naturally in the cell: this “spontaneous” damage arises
from the thermal instability of DNA as well as from the endogenous and enzymatic
processes. Several metabolic pathways generate oxidative radicals within the cells, and
these radicals can attack DNA to give both DNA damage and breakage [2]. DNA
molecule, as the repository of genetic information and blueprint operation of the
individual cell, is a primary target of the active oxidative products [3].

Considering these important features, it can be concluded that nearly all DNA
damages are harmful. Therefore it is essential to reduce this damage to a tolerable level.
The importance and the complexity of a DNA repair can be seen from the facts that:

a) DNA is the only biomolecule that is specifically repaired, while all the others are

replaced;

b) more that 100 genes participate in various aspects of DNA repair, even in

organisms with very small genomes [4].

Cancer is caused by mutations. In most cases, the “genetic instability” (elevated
mutation rate) is required to permit accumulation of sufficient mutations to generate
cancer during a human lifetime. DNA repair mechanisms promote genomic stability and
prevent cancer. Many, perhaps most, cancers are thus at least partially attributable to
defects in DNA repair [5].

In order to ensure correct cell proliferation and to eliminate potential mutagenic
cells the functioning of repair enzymes removing the damaged DNA parts is very
important. Several nucleotide sequences of specific DNA binding sites that are involved
in gene regulation have been described, suggesting an existence of a code for

‘recognition between DNA regulatory and repair enzymes and DNA sites [6, 7, 8, 9].
Considerable information regarding enzyme/DNA interaction has been gained from
biological experiments. In several of these systems, both prokaryotes and eukaryotes, a
DNA recognition o helix within the DNA binding domain has been observed [10, 11]. It
is known that sequence specific enzymes’ DNA binding by repair and regulatory
enzymes occurs as a result of multistage hydrogen bonding and van der Waals
interactions between DNA recognition amino acids of enzyme and nucleotides of DNA.
However, the underlying mechanisms by which enzymes recognize specific or damaged
sites on DNA are subject of debate [12, 13].
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In the present paper, there are reported the results of several lesioned DNA
molecules examined with respect to the enzyme/DNA interactions between amino acids
and nucleotides. The method used was molecular dynamics (MD) simulation. Where
available, the simulation data were compared with experimental (X-ray crystallography
and NMR measurements) results. In the center of interest were oxidative and radiation
damages to DNA base: 8-oxoguanine, thymine dimmer and thymine glycol and their
potential impact on the DNA structure. Particularly electrostatic interaction energies
were calculated. These interactions between DNA and enzyme may induce breakage of
Watson-Crick nucleotide base pairing hydrogen bonds, further resulting in bending of
the DNA, strand elongation and its unwinding. The formation of stable DNA-enzyme
complex was also studied as an onset of repair process.

2. Molecular Dynamics Studies and Radiation Risk

Estimation of radiation risk to the organisms is primarily based on the
epidemiological studies. These studies are mostly relevant for the high doses and dose
rates and lack sufficient information at low doses, which are more relevant to human
exposure to radiation. Extrapolation of high doses results to low doses region requires a
detailed understanding of the mechanisms by which radiation induces cell mutations,
cancer and other forms of genetic disorders. The biochemical and biological
mechanisms of the cell response to the radiation and oxidative damages are controlled
by a specific set of genes that encodes enzymes catalyzing cellular response to radiation
damage. These enzymes attempt to repair the damage when it occurs.

Numbers of human genes encoding enzymes involved in repair process of DNA
have been already discovered (e.g. hRADS51, XRCC4, hRADS2, hREV3, hNTH,
hOGG], etc.). These enzymes are involved in DNA repair via several pathways and are
functioning in certain phases of the complex repair process. For the study of
qualification of radiation risk, it is necessary to determine the specific pathways and
features that are typical for DNA damages originated by radiation. In addition, the
quantification of radiation risk would involve the study on relative efficiency of the
repair processes in respect to the increased incidence of DNA damages above the
endogenous level.

The followings are samples of several human disorders originated by radiation
characterized by defects in DNA repair.

a) Patients with xeroderma pigmentosum (XP) have clinical sun sensitivity,

extensive freckle-like lesions in sun exposed, increase in developing of skin
cancer (basal cell carcinoma, squamos cell carcinoma and melanom). All XP

cells have been detected to be deficient in DNA repair.
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b) Patients with Cockayne syndrome (CS) have increased sun sensitivity, short
statue and progressive neurological degeneration. In contrary to the xeroderma
pigmentosum, Cockayne syndrome does not result in cancer-proneness. Cultured
cells from CS patients have defective DNA repair.

c) Patients with trichodiostrophy have short statue, mental retardation and brittle

hair. Their cells have also defective DNA repair.
All the above named disorders have similar DNA repair pathways at the molecular
level: base and/or nucleotide excision repair. Specifically, isolated DNA base damages
are removed by a base excision repair pathway while bulky damages are repaired by a
nucleotide repair pathway in which a damaged segment of DNA strand is removed.
Detailed descriptions of DNA radiation damages’ repair pathways can be found
elsewhere [14]. An excision repair pathway consists of following steps with several
enzymes acting in each of them:
1. DNA damage recognition; Specific repair enzymes specifically search for and
bind DNA lesions, and/or attract other repair enzymes to the damaged site.
2. DNA helix opening; Repair enzymes unwind the DNA double helix around the
lesion.
3. Dual incision; An enzyme cuts the damaged DNA strand on opposite sides of the
lesion.
4. Excision; A damaged DNA fragment containing the lesion is removed.
5. Gap-filling; The remaining gap is filled in polymerization and ligation.
Complexity of these repair pathways and a large number of enzymes acting in each
step do not allow a simple approach to their solutions. An MD simulation of lesion
recognition may provide the stepwise description of biomolecular reactions at the
radiation damage site through the capability to govern chemical and chemico-physical
reactions in time intervals that correspond to real time of formation and breakage of
chemical bonds (order of femtoseconds). The specific structural conformation and
energetic properties of the lesion, determined by simulations, may be factors that guide
a repair enzyme to discriminate a radiation lesion from an endogenous one as well as
from native DNA part.

3. Method
The MD technique was the main tool used in simulations. Since a DNA molecule is
not rigid, static structure, the x-ray diffraction and NMR results usually show average
structural parameters. In reality, every DNA molecule is under constant thermal
fluctuations, which result in local twisting, stretching, bending and unwinding of the

double helix. MD is a simulation technique that yields static and dynamic properties of
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a molecular system and thus may provide useful scientific data showing the DNA in its
dynamical mode. The classical MD is based on solving Newton’s equations of motion
for each atom in the system. This way:it is capable to simulate the behavior of a system
consisting of N atoms. Solving these equations produces new atomic coordinates that
can be used to calculate a new set of forces. Static and dynamic properties of the system
are then obtained as time averages over the trajectory. For the simulations the MD
program package AMBER 5.0 was used [15]. The potential energy function in AMBER
5.0 is calculated as contributions from bonds, single angles, torsional, and electrostatic

functions as shown in Eq. 1.
E, =123 K. (r-r,) +1/2Y K, (0-6,) +

bonds angles

1/2 3 K, [1+cos(np - x)]+ Eq. (1)

dihedrals

N\12 L\ 6

e

atoms ato Rij Rij qi qj
> X [P e R B
Jj=1 i>j ij ’,’j &g r,‘j

where r, & and ¢ are bond lengths, planar angles and dihedral angles, respectively; re,
and 6., are their equilibrium values; r; is the distance between atoms 7 and j; g; is the
partial charge on atom 7; ¢ is dielectric constant; K,, K4, K4 and R; are empirical
parameters depending on atom types. The point charges ¢; and ¢; in a calculation of
electrostatic function are centered on each atom and are derived by fitting to quantum
mechanical electrostatic potential.

3.1 Molecular dynamics protocol

In a MD simulation, the simulated molecules were subjected to several hundred
picosecond (ps) up to 1-2 nanosecond (ns) of MD simulation under molecular dynamics
protocol consisting of the following sequential steps:

1. Preparation of solute molecule(s). Solute molecules were non-damaged DNA
segments having certain part replaced by lesion (e.g. 8-oxoguanine). The structural
and chemical parameters of the lesion were defined prior to insertion of modified part
into the solute molecule. These parameters as lengths of chemical bonds, angles and
charges were taken from existing experimental data where available, or for small
molecules (up to several 10’s atoms) were calculated by quantum chemical methods.
The structures of modified solute molecules were then optimized using the program
AMBER 5.0 in order to achieve stabile molecular configuration with minimal
potential energy.

2. Locating the solute molecule into the simulation cell.

3. Neutralization of the negative charges of DNA phosphates by adding the sodium



JAERI 1346 3. Method

counterions at the initial positions bisecting the O-P-O angle at a given distance (~5
A) from each phosphorus atom.

4. Solvation of the solute molecules in the water (several 10 thousand’s water molecules
depending on the size of solute molecule were used).

5. Minimization of the potential energy of the system.

6. Heating up to a required temperature (e.g. 310K (36.85°C), close to human body
temperature) during sequential MD runs.

7. Density stabilization of the system during constant pressure MD runs.

8. Production molecular dynamics with constant volume.

3.2 Computational details

Solvation of solute molecule requires a large number of water molecules that
increase requirements on the capacity of RAM (Random Access Memory) and CPU
(Central Processing Unit) time. To be able to handle such large systems, the original
AMBER 5.0 code was partly parallelized and then installed on Fujitsu VPP5000
vector/parallel supercomputer using an auto-vectorizing compiler. Its sequential and
parallel flags were changed in order to compile the program on the VPP5000 computer.
After introducing these changes and required resizing, the program was able to deal
with a system consisting of up to 100,000 atoms within reasonable CPU time.
Production MD simulations were performed on the Fujitsu VPP5000 supercomputer or
on the Hitachi SR8000 parallel supercomputer. Preparatory steps as formation of solute
molecules, minimization, heating and density stabilization were performed on the scalar
workstations (SUN). Supercomputers that were used in simulations are at the Center for
Promotion of Computational Science and Engineering of the Japan Atomic Energy
Research Institute. The samples of CPU simulation time required to accomplish 1 ps of
MD are shown in Table 1.

3.3 Analysis of electrostatic energy

Electrostatic interactions are found to be the dominant factor in determining
conformation of biomolecules, are significant in ligand-receptor binding and play an
important role in the stability and function of biomolecules [16, 17].

Several electrostatic properties were calculated using the DelPhi program in order to
evaluate the impact of DNA lesions on the DNA structure and the interaction of the
lesions with surrounding environment. DelPhi is the program, which uses the finite
difference method to solve the Poisson-Boltzmann (P-B) equation for molecules of
arbitrary shape and charge distribution [18]. The P-B equation is solved for the system
containing DNA molecule and Na' ions. The overall charge density in the system is
obtained from the charges of the DNA adding the contributions from dissolved Na®
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ions:
ADAQ(T) = Py (D9 + S nexp” HOOKT Eq. 2

i
where pmacro(?) 1s the charge density due to the DNA and the sum of exponentials is the
charge density due to the dissolved ions. (¢ is the electrostatic potential in the region of
space; € is dielectric constant; g, is the charge on Na'; 1 is the number density of ion i
in the bulk solution; k is the Boltzman constant and 7 is the temperature). The
electrostatic energy and van der Waals interactions are the only long-range non-bonded
interactions in the potential energy function, (Eq. 1). Value of electrostatic energy is
calculated for pairs of atoms that are separated by three or more bonds. Thus, it is
assumed that the well-separated atoms were interacting mainly electrostatically since no
cut-off distance was used in the calculation of the electrostatic interactions.

Electrostatic energy in AMBER 5.0 (4™ term of Eq. 1) is calculated as the sum over
all atoms of the DNA molecule (or its part). This calculation is based on atom centered
point charges and the sum runs over all atoms of the molecule. The electrostatic
potential @) at a position r derived from Eq. 2 includes the contributions from all
atoms of the molecule as well as from the Na* counterions in the environment. In this
way, calculated electrostatic interaction includes factors originated by the entire
molecular composition as well as from environment.

In performed MD simulations the constant dielectric function was used and 1-4
electrostatic interactions (electrostatic interactions separated by only three bonds) were
scaled by factor 1.2, which is the recommended value for AMBER 5.0 force field.
Particle Mesh Ewald Sum technique was used as implemented in AMBER 5.0 [19]. In
this method a Gaussian charge distribution of opposite sign was superimposed upon the
original point charges, producing a screened charge distribution. The electrostatic
interactions between the screened charges were then short ranged. The original
distribution was recovered by adding a second Gaussian charge distribution identical to
the first, but of opposite sign. In the calculation of electrostatic interactions no cut-off
distance was applied and thus all water molecules in system were included. The van der
Waals interactions were calculated within the defined cut-off distance (10-12 A).
Periodic boundary conditions were applied throughout the entire simulation to eliminate
undesirable edge effects.

4. Results and Discussion
4.1 Thymine dimer

Thymine dimmer (TD) is photolesion produced by UV radiation in sunlight and is

one major factor causing the skin cancer. It is formed as a covalently bonded complex of
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two adjacent thymines on the single strand of DNA. This damage is very frequent but
almost 90% of TDs are repaired within short time of the order of minutes, and only few
are experimentally observable and initiate future changes on cell level, [20].

This study was conducted with DNA dodecamer d(TCGCGT"TGCGCT),, where
T*T indicates the thymine dimer, (Figure 1). The results of a 600 ps MD simulation
shows that this lesion doesn’t disrupt double helical structure and hydrogen bonds
between complementary bases are well preserved throughout the simulation. Thymine
dimer lesioned DNA, if compared with native one, has sharp bending at the TD site
which is originated by the two covalent bonds C(5)-C(5) and C(6)-C(6) between the
adjacent thymine bases forming the thymine dimer [21]. This bending discriminates
lesion from the native DNA segment and produces conformation that facilitates
formation of DNA-enzyme complex by complementary shapes of repair enzyme and
bent DNA.

4.1.1 Complex of repair enzyme T4 Endonuclease V and TD lesioned DNA

Thymine dimer is repaired by the repair enzyme T4 Endonuclease V that slides on
non-target sequences and progressively incises strand at all dimers within the DNA
molecule. This enzyme binds to DNA double strand in two-step process: at first it scans
non-target DNA by electrostatic interactions to search for damaged sites, and at second
it sequentially specifically recognizes the dimer sites [22]. The entire process of binding
T4 Endonuclease V to thymine dimer lesioned DNA was simulated with an existing MD
method. Considering the limitations arising from the simulations of large systems and
requirements for CPU time, the catalytic center of enzyme was only subjected to the
simulations. Catalytic center of the enzyme is its active site: enzyme catalyzes reactions
involving the joining of two reactants by providing active sites in which the substrates
are bound closely together and properly oriented. Enzyme participates in the reaction
with its substrate (e.g. DNA) by forming brief covalent bonds with the substrate,
catalyzing reactions and then leaving the substrate.

The key amino acid of the enzyme T4 Endonuclease V are — glutamic acid 23 of
which carboxyl chain plays a crucial role in the cleavage of N-glycosyl bond in DNA
(base excision repair) together with surrounding nine amino acids (eight of H1 and two
of H2 helices) were selected to form the simulated part of enzyme. Selection of amino
acids was based on the crystal structure of DNA complexed with T4 Endonuclease V
[23]. T4 Endonuclease V consists of three o helices (H1 - amino acids 14 through 38,
H2 - 64 through 82 and H3 - 108 through 124) standing side-by-side, several reverse
turns and several loops [24]. Glu-23, of which carboxyl chain plays a crucial role in the
cleavage of N-glycosyl bond in DNA during an enzymatic repair pathway, is surrounded
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by amino acids Arg-3, Arg-22 and Arg-26 belonging to helix H1. A side chain of Glu-23
also forms a hydrogen bond with the backbone amino group of Arg-3. Arg-3 and Thr-2 -
two polar amino acids at the NH; terminus - form several hydrogen bonds with the side
chains of helices Hl and H2, and lie on the molecular surface. Considering these
properties, eight amino acids of H1 - Glu-20, Tyr-21, Arg-22, Glu-23, Leu-24, Pro-25,
Arg-26, Val-27, and two amino acids at NH, terminus - Thr-2 and Arg-3 were selected
to form the simulated part of the enzyme. The amino acids - Thr-2, Arg-22, Glu-23 and
Arg-26, form so called catalytic center that is active in the incision of thymine dimer
during a repair pathway, and together with other six selected amino acids - Arg-3,
Glu-20, Tyr-21, Leu-24, Pro-25 and Val-27, lie at the central part of concave site of the
enzyme. This part of enzyme may be easily exposed to the DNA surface and has
extensive contacts with DNA in the crystal complex, (Figure 2).

After nearly 100 ps of the MD simulation, the catalytic part of enzyme approached
the DNA at the thymine dimer site, docked onto it, and this complex remained stable
afterwards (the simulation was performed for 500 ps), (Figure 3). When the same
simulation was performed with the non-lesioned native DNA molecule, the catalytic
center didn’t fuse into the DNA molecule and the DNA-enzyme complex was not
formed [25].

The above conclusions derived from the simulation of DNA-enzyme complex shall
be limited to the description of situation at the docking of catalytic center into DNA.
The entire recognition process would require a simulation of the whole enzyme
molecule that would include the role of secondary structure of the enzyme in the
formation of the complex. This sort of simulation was not performed due to the

limitations of available computational environment.

4.1.2 Electrostatic energy analysis

In consideration of factors that contributed to the formation of the complex of TD
lesioned DNA and catalytic center, the electrostatic interaction energy between the
dimer lesion and catalytic center was calculated. It has been found that while the
electrostatic energy of thymine dimer is negative around —9 kcal/mol (Table 2, Figure 4),
the electrostatic energy of glutamic acid 23 (the closest amino acid to the C5’ atom of
phosphodiester bond of dimer) is around +10 kcal/mol (Figure 5). Glutamic acid 23 is
key amino acid at the repair pathway located close to the C5’ end of phosphodiester
bond of TD. After the enzyme approached the DNA surface, the energy became
negative, which was mainly originated by two arginines (Arg-22 and Arg-26) which
both are having highly negative electrostatic energy of around -50 kcal/mol [21], and

were located at the close positions to DNA. This, in combination with negative charge
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of DNA phosphate backbone, creates repulsive environment, in which the enzyme is
already docked into the DNA.

The calculated values of electrostatic energy that represent the total electrostatic
interactions in the selected molecules were calculated by using the Particle Mesh Ewald
Sum technique for infinite simulated volume of repeating units through periodic
boundary conditions; i.e. no cut-off distance was applied. Since the electrostatic energy
of the native thymine is nearly 0 kcal/mol (Table 2), the specific value of electrostatic
energy at the TD site represents a factor discriminating the thymine dimer lesion from
the native thymine [21].

4.2 Thymine glycol

Thymine glycol (TG) is lesion observed in DNA after irradiation in vitro as well as
in vivo, and after oxidation by chemicals (Figure 6). Thymine glycol is known as
causing Cockayne Syndrome - an inherited disorder in which people are sensitive to
sunlight, have short stature and appearance of premature aging. This lesion is repaired
with the repair enzyme Endonuclease III, which removes a number of damaged
pyrimidines from DNA via its glycosylase activity, and cleaves the phosphodiester
backbone at apurinic/apyrimidinic sites via an B-elimination mechanism. To study the
time evolution of the recognition processes of TG lesioned DNA by the repair enzyme
Endonuclease III, the MD simulations of the following molecules were performed [26,
27]

- DNA  30-mer d(CCAGCGCACGACGCA'TG’GCACGACGACCGGG),
where TG’ refers to thymine glycol;
- repair enzyme Endonuclease III.

The analysis of the results of 1 ns MD simulation shows that the double helical
structure and hydrogen bonding are well kept through the simulation (except the base
pair of cytosine C5’ — guanine C3’ end, in which hydrogen bond pairing collapsed after
850 ps). DNA began to bend at the thymine glycol site after 500 ps of the simulation
and the bending continued until the simulation was terminated. At the TG site the kink
was observed, that relocated TG closer to DNA surface. Bending associated with the
kink at TG site dislocated glycosyl bond at C5” atom closer to DNA surface, enabling it
to be approached by the repair enzyme, (Figure 7).

As far as the movement of repair enzyme Endonuclease III is concerned, the
enzyme was constantly moving toward the surface of DNA in two directions. One
direction was toward the surface of DNA and second one was closer toward the center
of DNA. From the original position (closest atoms at distance around 6 A), it moved as
close as around 2 A at 300 ps. Distance of 2 A is close enough to form the Van der
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Waals contact between surface atoms. In addition to this movement, the enzyme also
rotated around x-axis. This rotation caused that the surface area surrounding glutamic
acid was facing to DNA surface. Glutamic acid is the amino acid of enzyme that was
found localized close to C3’ atom of TG upon formation of complex [27].

4.2.1 Electrostatic energy analysis

Intermolecular electrostatic interactions were calculated between enzyme and DNA
30-mer throughout the simulation. In the beginning of MD simulation, energy had a
positive value (~ +10 kcal/mol). After molecules approached each other (distance
around 2 nm), the electrostatic interaction became negative (~ —20 kcal/mol). Upon
formation of the complex with repair enzyme Endonuclease III, the electrostatic
interaction changed to the value of around —40 kcal/mol (distance of closest atoms ~1.6
A), [26].

The electrostatic energy of nucleotide with TG is negative at value of —26 kcal/mol
(Table 2). This negative electrostatic energy is probably one factor contributing to
proper recognition of TG lesion by the enzyme, and discriminates TG from native
thymine (~ 0 kcal/mol), [21].

4.3 8-oxoguanine

8-oxoguanine (8-0xoG) is formed by an oxidation of a guanine base in DNA,
(Figure 8). It is considered to be one of the major endogenous mutagens contributing
broadly to spontaneous cell transformation. Its frequent mis-pairing with adenine during
replication increases the number of G-C — T-A transversion mutations. This mutation is
the most common somatic mutation in human cancers. The 8-oxoguanine is recognized
and subsequently repaired by the DNA glycosylase (hOGG1 in humans). DNA
glycosylases acting on single-base lesions use an extrahelical repair mechanism during
which the enzyme recognizes oxidative damaged guanines and excludes normal DNA
bases. The study on the 8-oxoguanine lesion was aimed to describe structural and
energetic changes on the DNA molecule that are caused by this lesion, and to discuss
how these changes may be significant in formation of a complex with the repair enzyme.
The MD simulation (2 ns) was performed for two B-DNA molecules:

- (native DNA 15-mer, d(GCGTCCAGGTCTACC),;
- 8-0x0G lesioned DNA 15-mer, d(GCGTCCA’8-0x0G’GTCTACC),, where
8-0x0G refers to 8-oxoguanine.

In the 8-oxoguanine lesioned DNA molecule the disruptions of weak hydrogen
bonds between respective bases caused locally collapsed B-DNA structure. While the
hydrogen bonds between 8-oxoguanine and opposite cytosine 23 were well kept, the
neighboring base pairs (adenine 7 — thymine 24, and guanine 9 — cytosine 22) were
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broken. The hydrogen bonding of base pair thymine 10 — adenine 21 ceased to exist
very early (after around 50 ps of MD simulation). In the case of the native DNA the
B-DNA structure around native guanine 8 was well preserved.

Adenine 21 on the complementary strand (separated from 8-oxoguanine by one base
pair) was completely flipped-out of DNA double helix (Figure 9). This extrahelical
position was caused by the disrupted hydrogen bonds and by the strong electrostatic
repulsion between the atoms in the region. The cytosine 22 was also severely dislocated
form its intrahelical position and its hydrogen bonding to guanine 9 was not existing.
The extrahelical position of adenine 21 formed a hole in the double helix that might
favor docking of repair enzyme into DNA during a repair pathway. The flipped-out base
might also be inserted into the enzyme cavity further ensuring the stability of
DNA-enzyme complex [28].

4.3.1 Electrostatic energy analysis

The electrostatic energy of the 8-0xoG is —48 kcal/mol that discriminates this lesion
form the native guanine (~ —37 kcal/mol), (Table 2). To evaluate the impact of the
8-0x0G lesion on the DNA molecule the intermolecular electrostatic interactions were
calculated between the nucleotide with 8-0xoG and the neighboring nucleotides with
respective bases (cytosine 6, adenine 7, guanine 9, thymine 10, adenine 21, cytosine 22,
cytosine 23, thymine 24 and guanine 25). Interaction energy was calculated between
two groups of atoms: atoms belonging to the nucleotide with 8-0xoG as one group, and
atoms of the respective neighboring nucleotide as second group. During the 1 ns of MD
simulation the electrostatic interaction energy in lesioned DNA largely oscillated around
an average value of around 21 kcal/mol (Figure 10). The positive value of the
interaction electrostatic energy between the lesion and the rest of DNA represents
repulsion that may cause the disruption of hydrogen bonds in the vicinity of the lesion
and also may contribute to the lesser stability of the surrounding atoms. This
electrostatic repulsion between the atoms in the region and disruption of hydrogen
bonds caused extrahelical position of adenine 21 as discussed above. The electrostatic
interaction energy calculated for the nucleotide with the native guanine 8 in the

non-lesioned DNA is less repulsive and has a stable average value of 7.5 + 1.4 kcal/mol.

S. Conclusions
The present paper comprises of the results of MD simulation of several radiation
and oxidative lesions on DNA molecules. There were studied two pyrimidine base
lesions —thymine dimer and thymine glycol, and one purine lesion — 8-oxoguanine.

Except thymine glycol the other two lesions are considered to originate neoplasic

11
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transformation of the cell and are found in human cancers. The summary of structural
and energy specific properties initiated by each lesion are shown in Table 2. The
common features observed for all lesions are the specific conformation originated at the
lesions site, like disruption of hydrogen bonding networks (8-oxoguanine), sharp
bending at the lesion site (thymine dimer, thymine glycol), flipping-out the base on the
strand complementary to the lesion and specific values of the electrostatic interaction
energy at the lesion (8-oxoguanine). Among these changes the most important is
considered the flipping-out base since it creates the empty space in the DNA double
strand and this space may serve as a template for the docking of the enzyme and for the
formation of the DNA-enzyme complex. The strong bending that was observed in the
thymine dimer lesioned DNA molecule forms a complementary shape in respect to the
repair enzyme T4 Endonuclease V and facilitate the formation of complex. The
electrostatic interaction energy at several lesion sites differs from its values at the native
DNA site (thymine dimer, thymine glycol, 8-oxoguanine) and is considered as
contributing to the proper recognition of the respective lesion by discriminating the
lesion from the native site. This recognition is important during electrostatic scanning of
the DNA surface by the repair enzyme. The results on 8-oxoguanine lesioned DNA were
performed for naked DNA only and did not include the repair enzyme. In this aspect
they may serve as a template for theoretical study of the specific recognition mechanism
of the DNA human repair enzyme 8-oxoguanine DNA glycosylase (hOGG1) with its
substrate — the DNA containing 8-0xoG.

The results of MD simulation, in addition to the existing crystallographic and
molecular biology techniques, may contribute to the studies of radiation risk and DNA
radiation damage repair by the dynamical description of the structural and chemical
processes that are undergoing at the lesioned DNA molecule. It may also contribute to
the determination of the key factors in the process of recognition of the lesion by the
repair enzyme. The detail knowledge of these processes would help to quantify and
qualify the chemical processes that lie behind the cellular and tissue changes originated

by radiation and this way indirectly determine the involved radiation risk.
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Table 1 CPU simulation time required to accomplish 1 ps of MD simulation of the
system composing of 40,000 atoms.

Machine | SUN BLADE SR8000 VPP5000
Execution type 1000, scalar scalar-parallel | vector-parallel
Execution time
CPU (750MHz), scalar 248 s
1 CPU (VU-9.6Gflops, 2434 s
333MHz), scalar
1 CPU, vector 286 s
4 CPU, vector-parallel 91s
1 CPU (1.56Gtlops, 375 1914 s
MHz), scalar
1 node (8 CPU), parallel 316s
4 node (32-CPU), parallel 179 s

Table 2 Summary of structural and energy value changes in DNA initiated by the
respective lesion. The electrostatic energy was calculated by the classical
mechanistic approach using the point charges of atoms (4™ term of Eq.1).

native base lesion structural changes electrostatic energy
[keal/mol]
guanine -37
8-oxoguanine bending -48

flipped-out base
disruption of hydrogen bonds

thymine 0

thymine dimer bending -9

thymine glycol bending -26
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Figure 1

Thymine dimer inside the DNA dodecamer as a composition of two adjacent
thymine bases covalently joined between C(5)-C(5) and C(6)-C(6) atoms
of adjacent thymine bases.
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 Glu-23

Figure 2 Catalytic center of T4 Endonuclease V, (amino acids - Thr-2, Arg-22, Glu-23
and Arg-26).
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