
AEXX EACL

CA0000195
AECL-l 1850, COG-97-374-I

Modeling Early Physical and Chemical Events for
DNA Damage Induced by Photons and Tritium
Beta Particles

V. Moiseenko, A.J.Waker, W.V. Prestwich

1998 February



AECL

MODELING EARLY PHYSICAL AND CHEMICAL EVENTS FOR DNA DAMAGE
INDUCED BY PHOTONS AND TRITIUM BETA PARTICLES

by

V. Moiseenko*, AJ. Waker**and W.V. Prestwich*

The work reported in the document was funded by the COG R&D Program:

Working Party No. 28, WPIR No. 2813

Under the joint participation of Ontario Hydro, Hydro-Quebec, NB Power and AECL.

McMaster University
Department of Physics and Astronomy

Hamilton, Ontario L8S4K1

Radiation Biology and Health Physics Branch
Chalk River Laboratories

Chalk River, Ontario KOJ 1 JO

1998 February

AECL-11850
COG-97-374-I



EACL

MODÉLISATION DES PREMIERS PHÉNOMÈNES PHYSIQUES ET CHIMIQUES
AYANT POUR OBJET LES DOMMAGES À L'ADN CAUSÉS PAR LES PHOTONS ET LES

PARTICULES BÊTA DE TRITIUM

par

V. Moiseenko*, A.J. Waker" et W.V. Prestwich*

RÉSUMÉ

Une méthode a été mise au point pour modéliser la production de cassures monocaténaires (SSB) et
bicaténaires (DSB) dans l'acide désoxyribonucléique (ADN) par les rayonnements ionisants. La
modélisation est effectuée par la méthode de Monte Carlo et comprend la prise en compte des dépôts directs
d'énergie dans les molécules d'ADN, de la production d'espèces chimiques à la suite de la radiolyse de
l'eau, de la diffusion des espèces chimiques et de leurs interactions les uns avec les autres et avec l'ADN.
Les trajectoires d'électron dans l'eau liquide produites par ordinateur sont utilisées pour modéliser le dépôt
d'énergie et pour en déduire la localisation initiale des espèces chimiques. On utilise la représentation
atomistique de l'ADN par une couche de première hydratation pour en déduire les dépôts directs d'énergie
dans les molécules d'ADN et leurs conséquences ainsi que les coordonnées des sites réactifs pour modéliser
le stade chimique des radiolésions. On suit la diffusion des espèces chimiques dans le temps et on considère
que les réactions des espèces entre elles et avec l'ADN ont lieu à la manière de rencontres contrôlées. La
durée du suivi de diffusion est limitée à 10"I2-10"9 s, ce qui produit une longueur de diffusion de radicaux
hydroxyles comparable à celle de l'environnement cellulaire. On suppose que les SSB de l'ADN résultent
des dépôts directs d'énergie quels qu'ils soient dans la fraction phosphate-sucre, des ionisations dans les
molécules d'eau liées au phosphate-sucre et des attaques des hydroxyles sur le désoxyribose. On suppose
que les DSB sont le résultat de deux SSB sur des brins opposés séparés par 10 paires de bases ou moins.
On examine les rayonnements de photons dans la gamme d'énergie 70 keV-1 MeV et les particules bêta de
tritium. On montre que dans le cas de l'ADN nu sous forme B (la configuration qu'on pense être la plus
pertinente du point de vue biologique) l'efficacité du tritium dans la production de SSB et de DSB est, dans
les limites des incertitudes statistiques, comparable au rayonnement de photons possédant des énergies dans
la gamme 70 keV-1 MeV, bien qu'une tendance à la production accrue de DSB ait été observée pour les
photons de 70 keV qui représentent des rayons X d'orthovoltage et pour les particules bêta de tritium. On
prévoit que les radicaux hydroxyles réagissent avec une bien plus grande probabilité avec les bases
(probabilité de 80 %) qu'avec le sucre (20 %). Les cassures de l'ADN sont pratiquement toujours
combinées à des dommages subis par les bases, ce qui contribue à la complexité de la cassure. Plus de la
moitié des DSB occasionnées dans les conditions étudiées (ADN nu, suivi de diffusion restreint à 10'9 s) est
obtenue par médiation des radicaux hydroxyles.
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ABSTRACT

A method has been developed to model production of single-strand breaks (SSB) and double-strand
breaks (DSB) in Deoxyribo Nucleic Acid (DNA) by ionizing radiations. Modeling is carried out by
Monte Carlo means and includes consideration of direct energy depositions in DNA molecules,
production of chemical species following water radiolysis, diffusion of chemical species, and their
interactions with each other and DNA. Computer-generated electron tracks in liquid water are used to
model energy deposition and to derive the initial localization of chemical species. Atomistic
representation of the DNA with a first hydration shell is used to derive direct energy depositions in DNA
molecules and the resulting consequences, and to derive coordinates of reactive sites for modeling of the
chemical stage of radiation damage. Diffusion of chemical species is followed in time, and the reactions
of species with each other and DNA are considered to occur in an encounter-controlled manner. Time of
diffusion follow-up is restricted to 10'12- 10"9 s, which yields a diffusion length of hydroxyl radicals
comparable to that in the cellular environment. DNA SSB are assumed to result from any direct energy
depositions in the sugar/phosphate moiety, ionizations in water molecules bound to sugar/phosphate and
hydroxyl attacks on deoxyribose. DSB are assumed to result from two SSB on opposite strands separated
by 10 or fewer base pairs. Photon radiations in the energy range 70 keV-1 MeV and tritium beta particles
are considered. It is shown that for naked DNA in B-form (the configuration thought to be most
biologically relevant) the effectiveness of tritium for SSB and DSB production is, within statistical
uncertainties, comparable to photon radiation with energies in the range 70 keV-1 MeV, although a
tendency for increased DSB production has been observed for 70 keV photons that represent
orthovoltage X-rays and for tritium beta particles. It is predicted that hydroxyl radicals react with a much
higher probability with bases (80% probability) than with sugar (20%). DNA breaks are virtually always
combined with base damage, which contributes to break complexity. More than half of the DSB under
the considered conditions (naked DNA, diffusion follow-up limited to 10~9 s) are hydroxyl radical
mediated.
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1. INTRODUCTION

There is a general consensus that endpoints of interest to radiation biology, including cell killing
and chromosome rearrangements, result from deoxyribonucleic acid damage (DNA) (Trant,
1978; Elkind, 1985; Ward, 1988; von Sonntag, 1994). Specific point mutations or translocations,
in turn, could initiate a multistage process, eventually leading to cancer (UNSCEAR, 1986;
Solomon et al., 1991). It is therefore important from both fundamental and practical standpoints
to elucidate the mechanisms of DNA damage induced by ionizing radiation, and to link physical
events of energy deposition and absorption in biological matter with pathways of DNA damage.

Although extensive data on a variety of damage induced in DNA by ionizing radiation have been
accumulated, mechanisms involved in the formation of DNA damage are not fully understood
(von Sonntag, 1987, 1994). There is controversy in the literature regarding relative biological
effectiveness for DNA DSB. DSB are considered to be precursors of chromosome
rearrangements and correlate with cell death. It is therefore very important to understand
mechanisms of their formation and dependences on dose and radiation quality. The prevailing
view that the relative biological effectiveness (RBE), for DSB is not different from unity for high
linear energy transfer (LET), radiations has been questioned lately (Lobrich et al., 1996). It is
argued that experimental methods that translate dose dependences for large DNA segments into
DSB yields assuming a random distribution of breaks in DNA might underestimate DSB yields.
This is related to the role of DNA organization in the cell nucleus, where regularities in high-
order structures (nucleosomes) lead to a significantly non-random distribution of breaks in the
DNA. This is considered to be more important for high LET radiations. When an actual and not
a presumed random distribution is applied, RBE values significantly different from unity have
been observed (Lobrich et al., 1996).

Monte Carlo computer codes are available that allow modeling of energy deposition by ionizing
radiation and diffusion of species produced following radiation-induced water radiolysis; the
codes provide tools to investigate radiation-induced damage to the DNA molecule in detail. This
allows one to elucidate mechanisms of break formation and to evaluate the role of different
factors (e.g., DNA organization) on break yields. Modeling of DNA breakage is also useful for
comparing of the effectiveness of different radiations in break production free of experimental
conditions and artifacts. Not only does this method allow evaluation of the effectiveness of
radiation, it also provides information regarding factors that determine this effectiveness.

In the present work, energy deposition patterns from photon radiation and tritium beta particles
have been modeled. DNA in atomistic representation with a first hydration shell has been used
to derive direct energy depositions. Contributions from indirect effects have been estimated by
modeling radical diffusion and interaction with other species present in the media and DNA. The
objective is to compare the effectiveness of tritium beta particles in producing single-strand
breaks (SSB) and DSB in DNA with that of photons with different energy, and to estimate the
contributions of factors that determine this effectiveness. In the present study, naked DNA in B-
form (Arnott and Hukins, 1972) only has been considered.
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2. MODELING ENERGY DEPOSITION IN MATTER AND DNA

The method of modeling energy deposition has been described in detail in Moiseenko et al.
(1996). Some important changes have, however, been made. First, a switch was made from
tracks generated for water vapor (Uehara et al., 1993) to those generated for liquid water by the
Oak Ridge Electron Code (OREC) code, Oak Ridge National Laboratory (Ritchie et al., 1978,
1991). Electron tracks generated by this code account for certain features of condensed matter;
e.g., initial delocalization and subsequent localization of excitations. All ionizing collisions are
assumed to lead to H2O+ and a secondary electron. Excitations are partitioned into six types, as
will be discussed in more detail later, when pathways of water dissociation are discussed. A
detailed description of the OREC code is given elsewhere (Ritchie et al., 1978, 1991). Results of
studies on a comparison of microdosimetric parameters obtained by utilizing tracks generated by
different codes, including OREC, have also been reported (Paretzke et al., 1991; Nikjoo et al.,
1994b). Simple tests carried out in the present study showed that calculated values for dose-mean
lineal energy in spherical targets with a diameter of 2-6 u,m are in good agreement with
experimental and theoretical data in the photon energy range from 12 keV to 1 MeV (Ellett and
Braby, 1972; Kliauga and Dvorak, 1978; ICRU, 1983).

Various representations of the DNA have been used to model radiation-induced damage. The
simplest model was an unstructured cylinder (Charlton et al., 1985), which still allowed one to
determine the effectiveness of different radiations in producing DNA damage (e.g., Goodhead
and Nikjoo, 1989). A volume model of double-stranded DNA has also been extensively used
(Charlton et al., 1989; Nikjoo and Charlton, 1995). The important feature of this representation
was that it allowed the distinction between base and sugar sites, and also DNA strands. This
made a more detailed consideration of DNA damage possible, including the modeling of SSB
and DSB. The DNA model considered direct radiation action only (Charlton et al., 1989), but
was further extended to early chemical events (Nikjoo et al., 1994a).

The accumulation of data on the atomic structure of the DNA molecule from X-ray diffraction
data (e.g., Arnott and Hukins, 1972, 1973) allows one to model the atomistic structure of the
DNA (Chandrasekaran and Arnott, 1989). Substantial data on atomic coordinates for a variety of
DNA structures have been accumulated in the Brookhaven Protein Data Bank (Bernstein et al.,
1977). This has made possible consideration of radiation damage to DNA using a detailed model
of the atomic coordinates of the DNA molecule (Chatterjee and Holley, 1990; Pomplun, 1991),
usually in B-form, although other forms have been considered (e.g., Michalik et al., 1995). This
representation of the DNA provides much more detailed information regarding events leading to
possible damage.

Representation of the DNA, of course, significantly determines how the production of DNA
damage is modeled. Traditionally, mechanisms of damage production in the DNA were
considered in terms of direct and indirect radiation action (Lea, 1955; Zimmer, 1961). Effects
occurring in the same molecule where energy was deposited were classified as direct, whereas
indirect effects required a carrier; e.g.; a free radical. However, this concept is simplified and the
accumulation of knowledge on mechanisms of charged transfer, as well as progress in
understanding DNA hydration, have led to suggestions that the concepts of scavengable and
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unscavengable damage be used (Ward, 1994). These terms are essentially similar to the
traditional ones; i.e., the requirement remains that effects caused by indirect action must be
modifiable by scavengers . However, the requirement that, in the case of direct action, energy
deposition and damage must occur in the same molecule does not apply. Notions of scavengable
and unscavengable damage are close to the definitions of indirect and direct damage by
Baverstock and Will (1989), who draw a borderline between two pathways of radiation action
through a possibility of modification by radical scavengers. In the present report, effects that
occur through a diffusion of a carrier (e.g., hydroxyl radical), and that can be modified by the
introduction of radical scavengers, will be considered to be indirect; effects that occur in a
molecule where energy was absorbed, or following energy absorption in a water molecule that is
bound to the eventually damaged molecule (via charge transfer), and that cannot be modified by
adding radical scavengers, will be considered to be direct.

DNA hydration has been extensively studied and its role in the three-dimensional organization of
DNA is now better understood. Water molecules bound to DNA are an integral part of DNA
(Swarts et al., 1992; Wang et al., 1993). They stabilize DNA and influence its conformation.
Studies of DNA hydration (see Umrania et al., 1995, and references therein) show that DNA may
adopt an A or B-form, depending on the relative humidity. These studies showed that there are
approximately 10 water molecules per nucleotide in the first hydration shell in A-DNA, and 20
molecules in B-DNA. These molecules are bound to specific groups in the DNA in decreasing
order of strength, from anionic oxygens in the phosphate group to electronegative atoms in the
bases (Saenger, 1984). Umrania et al. (1995) studied the hydration pattern of 12 B-DNA
oligonucleotide crystal structures. This allows one to derive positions that water molecules are
most likely to occupy relative to certain groups of atoms in the DNA, namely the phosphate
group, sugar, and each of the four bases.

When radiation effects on the DNA are considered with computer-generated tracks to model
energy deposition, the usual approximation made is that the energy deposition pattern in water is
similar to that in a non-homogeneous cellular environment (Pimblott et al., 1997). Of course,
ideally energy loss in DNA has to be used. Although some data for DNA are gradually becoming
available (e.g., Pimblott and La Verne, 1995), incorporation of these rather limited sets of data
into DNA damage modeling is problematic. Justification for substituting water for DNA where
energy deposition is concerned is based on arguments (Michalik and Begusova, 1994) that the
ionization potentials of the DNA constituents are similar to liquid water. Also, dry DNA and
solid DNA bases show energy loss functions that have features similar to that for liquid water, in
particular a peak at approximately 21 eV (Heller et al., 1974; Inagaki et al., 1974). This is,
however, for liquid water, and not for water vapor. Pimblott and La Verne (1995) and La Verne
and Pimplott (1995) calculated a number of energy loss properties for DNA and compared them
to those calculated for gaseous and liquid water. They showed that although liquid water could
be used as a DNA surrogate to model energy deposition, this hardly applies to gaseous water.
The most probable energy loss events for a 1 MeV electron in solid DNA and liquid water are 24
eV (see also above) and 21-22 eV, respectively, in contrast to a gaseous water value of 18-20 eV.
Mean energy losses for a 1 MeV electron are also close for DNA and liquid water (58 and 57
eV), whereas a value of 51 eV has been obtained for gaseous water. Generally, the method of
modeling energy depositions in the DNA is to use one of the existing track structure codes to
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generate particle tracks in water, preferably liquid water, and then to use those tracks with
overlaid DNA representation to consider radiation damage in DNA sites.

For the purposes of this study, an atomistic representation of DNA has been used. Coordinates
of atoms comprising each of four nucleotides, adenine (A), guanine (G), thymine (T) and
cytosine (C), have been generated using the code Insight II (Biosym, San Diego, CA), available
at the cancer research group, McMaster University. Coordinates of atoms that constitute bases as
well as sugar and phosphate groups were recorded. This has been used to generate any DNA
sequence in B-form using DNA periodicity of 10 base pairs per turning and a shift of 0.338 nm
for each successive base pair. The computer code MAKE_DNA, specifically written for this
purpose, allows the generation of atomic coordinates of atoms for any predetermined or random
DNA sequence. An A-T/C-G ratio must be pre-set in the latter case. In the present study,
random sequences have been generated every time DNA damage has been considered (see
below) with the A-T/C-G ratio 1.16 (Pennings et al., 1989; Holley and Chatterjee, 1996).

After DNA constituents have been generated, water molecules are placed to hydrate the bases,
sugars and phosphates. Coordinates of water molecules in polar coordinates associated with
atomic groups in base, sugar or phosphate have been taken from Umrania et al. (1995). Four
bases with associated sugars, phosphates and bound water molecules from the first hydration
layer are shown in Figure 1. An example of a DNA segment, 10 bp long, is shown in Figure 2.
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Figure 1: Hydrated nucleotides. Open circles show atoms constituting DNA (hydrogens are
not shown), solid circles show water molecules associated with each base,
phosphate and sugar. Dimensions are in A.
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Figure 2: Segment of DNA in atomistic representation with a first hydration layer. Total
length 10 bp. Open circles show atoms constituting DNA (hydrogens are not
shown), solid circles show water molecules associated with each base, phosphate
and sugar.

When an atomistic model of DNA is used, each atom must be ascribed an effective volume, so
that energy deposition events can be associated with particular DNA constituents. Pomplun
(1991) suggested that van der Waals radii (Saenger, 1984) be used for this purpose and used it to
model DNA damage from DNA-incorporated 123I and 125I nuclides (Pomplun, 1992; Pomplun
Roch and Terrisol, 1992). Van der Waals radii will be larger than bond lengths in DNA
(Farsman, 1976; Pomplun, 1991); therefore, there will be a substantial overlap between volumes
occupied by atoms with a bond. To derive the volume occupied by atoms constituting DNA, a
Monte Carlo method has been used. A sequence of 100 bp generated in random order with A-T
and C-G pairs equally probable (there is virtually no difference in volumes occupied by atoms
from A-T and C-G base pairs) has been enveloped by a cylinder with a length equal to the DNA
segment and a radius of 1.5 nm. Points have been thrown into the cylinder at random, and every
point recorded as belonging or not belonging to a volume of any atom comprising DNA. Water
molecules have not been considered. Effective volumes have been ascribed to atoms using van
der Waals radii, see Table 1. This could, however, be changed in future studies. In the present
calculations, naked linear B-DNA only has been considered. Higher-order DNA structures,
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namely nucleosome and supersolenoid (Terrisol and Pomplun, 1994; Tomita et al., 1994; Holley
and Chatterjee, 1996), will be considered in future studies.

Table 1: Van der Waals radii for DNA constituents from Saenger (1984)

Atom Radius,
(nm)

H 0.12
C 0.17
N 0.15
O 0.14
P 0.19

Following energy deposition modeling and the subsequent generating of DNA sequences each
ionization and excitation is checked against the positions of atoms in the DNA and hydration
shell. If energy deposition occurred in a volume occupied by one of the DNA atoms or water
molecules in the hydration shell, a direct hit is recorded and that particular deposition is removed
from further consideration. Subexcitation energy electrons that have been found in the volume of
any of the DNA atoms have been assumed to readily interact with bases (see below).

3. PRECHEMICAL STAGE (10 15-10'2 s)

At the physical stage of energy deposition in matter, radiation produces ionizations and
excitations in molecules that are present in the exposed substance. Processes of ionization and
excitation are generally complete in about 10"15 s (Chatterjee and Holley, 1991; Hamm et al.,
1994). Following this, various chemical species are produced and become thermalized at 10"12 s
(Turner et al., 1988). Following this, species diffuse and react with each other, DNA, scavengers
and other targets present (e.g., histones).

Methods used to translate the energy deposition pattern into an initial (10"12s) spatial distribution
of species and their yields can be roughly classified into two types. The first uses the concept of
a track being composed of three entities: short tracks, blobs and spurs. Short tracks are defined
as being local energy deposits, of 500 to 5000 eV, blobs 100 to 500 eV, and spurs 100 eV or less.
The method is to interpret the energy deposition pattern in terms of small packages (Chatterjee
and Magee, 1985; von Sonntag, 1987). Spurs only are often used as a feature of energy
deposition pattern (Mozumder and Magee, 1966). The number of ion pairs (Ore and Larsen,
1964) and species, and their distribution in space in a spur, are well-established (Mozumder,
1969; Chatterjee and Magee, 1980). Initial spatial distribution of species with this approach is
modeled in two steps. First, spur centers are positioned along a particle trajectory. Second, a
spur is modeled around each center, with numbers and positions of species selected at random
from known parameters of a spur (Chatterjee and Magee, 1985; Chatterjee and Holley, 1993).
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Coordinates for the species are usually derived from three-dimensional Gaussian distributions,
with known characteristic standard deviations for each species.

The second method interprets each energy deposition event as possibly leading to a production of
chemical species through dissociation (Turner et al., 1983). This method requires Monte Carlo-
generated particle tracks with sufficient details for each energy absorption event to translate
transitions into products of water radiolysis using branching ratios that are specific for every
transition (Turner et al., 1983; Zaider and Brenner, 1984). This treatment of water dissociation
provides more accurate distributions of species in matter than the first type of analysis.
In the present study, electron tracks generated by the OREC code (Ritchie et al., 1991) have been
used. This allows the interpretation of each energy deposition event individually to derive the
initial distributions of species. To derive the initial distribution of species, branching ratios must
be ascribed to energy deposition events that follow certain pathways of dissociation or relaxation.
This was done by the authors of the OREC code (Turner et al., 1983, 1988), and initial yields as
well as time-dependent yields for hydroxyl radicals and hydrated electrons were found to be in
agreement with Jonah et al. (1976) and Jonah and Miller (1977). However, after further data was
accumulated on yields of products of water radiolysis, branching ratios were subsequently
altered, as well as pathways of dissociation (Ritchie et al., 1991). In the present study, branching
ratios have been further altered, and minor changes have been made to the consequences of H2 +
O dissociation (see below). Otherwise, consideration of the prechemical stage closely follows
Turner et al. (1988) and Ritchie et al. (1991).

Ionization events in the OREC code are partitioned into five subsets, according to different
ionization channels. All ionizing collisions are assumed to lead to the appearance of a water
cation and a secondary electron. Secondary electrons are followed until their energy falls below
a threshold for electronic excitation, 7.4 eV. Excited states are partitioned into six specific
subsets (Table 2). Following electronic transitions that are complete at 10'15 s, ionized H2O+,
neutral excited H2O water molecules, and subexcitation electrons will be present in matter. It is
assumed that these species are the only ones present at this time. From 10"15 to 10"12 s, other
changes take place and these depend on the type of transition.

The transition of the H2O"1" cation occurs very quickly (~10~14 s), through the loss of a proton to a
water molecule to form a hydronium ion and an OH radical:

H2O
+ + H2O -> H3O

+ + OH

One of the features of liquid water is its collective response to electron impact. It is assumed that
the water cation is initially in a delocalized state, where it remains until deprotonation. The
diffusion (via charge transfer) distance for H2O+ is selected from a Gaussian distribution with a
mean displacement of 1.5 nm. At 10"12 s, it is assumed that the HsO+ ion is located at the site of
the original H2O+ ion with the OH radical adjacent to it. The centers of the ion and hydroxyl
radical are assumed to be separated by 0.29 nm, the diameter of a water molecule. The direction
of the OH radical relative to the H^O+ ion is selected at random. At 10*12 s, we will therefore
have one H3O+ ion and one OH radical following each ionization in bulk water.



- 9 -

Most inelastic transitions will lead to production of excited neutral H2O molecules. Subsequent
events follow different pathways, depending on the particular mode of excitation. There are six
types of excitations, as generated and recorded by the OREC code; they are listed in Table 2
(Ritchie et al., 1991).

Table 2: Types of H2O* excitation as generated and recorded by the OREC code.

Excitation Code

1
2
3
4
5

Presumed Transition

A'B]
B'AJ

Rydberg A+B
Rydberg C+D
Diffuse band

Threshold Energv
(eV)

8.4
10.1
11.26
11.93
14.1

6 Dissociative excitation 21.4

A'Bi transitions lead either to relaxation or to the dissociation H2O* -» H + OH. It is assumed
that these two species are present at 10"12 s, separated by three water molecule diameters, 0.87
nm. Their positions are selected on a line centered at the original site of the H2O* and having
random orientation in space. Current opinion is that 25% of excitations of this type result in
dissociation; the rest relax, which means that the water molecule returns to its initial state.
At 10"12 s, following each A'Bi transition that further leads to a dissociation, there will be H and
OH radicals.

B ' A I transitions lead to the dissociation H2O* —> H2 + O. The treatment of the initial separation
is similar to that described above, with an initial separation between H2 and O equal to two
molecular diameters (.e., 0.58 nm) Current opinion is that 60% of these types of excitations lead
to dissociation; the rest relax. In the first versions of the OREC code, O was assumed to quickly
combine with a water molecule and form H2O2 (Turner et al., 1983; Trumbore et al., 1988).
However, radiation chemical experiments have shown that formation of all the H2O2 could be
prevented using very reasonable concentrations of scavengers, < 1 M. This means that initially
there is no H2O2,, and it appears at later times to be due to other reactions. La Verne and
Pimblott (1991), considering kinetics of species in a spur, show that the G value for H2O2 reaches
0.2 only at approximately 10"10 s.

The consequences of H2O* -4 H2 + O dissociation following B*Ai transitions have therefore
been modified. With the H2 and O separated by 0.58 nm, the oxygen is assumed to combine with
a water molecule to form two hydroxyl radicals. Positions of these OH radicals are calculated on
opposite sides of a straight line centered at the point where the O has been placed. The recorded
distance for each hydroxyl radical is calculated by sampling a Gaussian distribution with a mean
displacement of 0.58 nm. Following each B*Ai transition that leads to a dissociation, H2 and
2 hydroxyl radicals will be present.
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For other excitations (see Table 2 above), it is assumed that an electron in 40% of the cases is
lost in the liquid; therefore, an H2O+ ion is formed and treatment is identical to that of water
cation following ionization, except that the energy of a released electron is set at 0.2 eV (see
below). The rest of the excitations are assumed to relax. For each of these transitions that occur
in bulk water, either relaxation or dissociation is selected at random. If a dissociation pathway is
selected, each transition will lead to the appearance of H3C1", OH and a hydrated electron at
10"12s.

After an electron's energy falls below the threshold for electronic excitation, 7.4 eV, it diffuses
about its original position, thermalizes, and becomes hydrated within 10~12 s. Various methods
have been suggested to model the thermalization and hydration of a subexcitation electron.
Turner et al. (1988) randomly selected a distance from a Gaussian distribution with a mean
displacement of 3 nm. Terrisol and Beaudre (1990) used data on subexcitation electron cross
sections (Kutcher and Green, 1976; Michaud and Sanche, 1987) to model time and distance
distributions for electron thermalization (Table 3). They compared their calculated data with
Gaussian and modified exponential theoretical distributions, Equations (1) and (2), respectively:

d(r)=exp(-r/b2) 4 r2Nn b3 (1)

d(r)=exp(-r/b) r2/2b3 (2)

where r is the thermalization distance and b is an adjustable parameter. Terrisol and Beaudre
(1990) showed that although neither theoretical function provides a good fit to calculated
distributions for the whole energy range from 0.2 to 7 eV, the overall correspondence is
reasonable. The exponential function appears to give a better fit at low energies, whereas the
Gaussian works better at higher energies.

In the present calculations, every subexcitation energy electron was allowed to travel a distance
selected at random from the exponential distribution Equation (2), with the parameters of the
distribution being derived from values listed in Table 3. The mean distance derived from
Equation (2) will be R=3b. For each subexcitation energy electron, the mean distance, R, has
been derived from the data listed in Table 3. After this, b is derived as R/3. Integrating Equation
(2), one can obtain:

F(x)=l - (x2 + 2bx + 2b2) exp(-x/b)/2b2 (3)

F(x) is the probability that the thermalization distance is equal to or less than x. After b is
derived, a random number, £,, is chosen from a uniform distribution in a range from 0 to 1, and
equation F(r)= £, is solved numerically, to derive a randomly chosen thermalization distance, r.

When the Gaussian distribution (Equation 1) is used (e.g., to select a H2O"1" diffusion distance via
charge transfer), a procedure similar to that described above is applied. For these calculations,
F(x) for the Gaussian has been tabulated, where x is r/b. For of a Gaussian distribution, the mean
displacement is R=1.128 b. After a random number, ^, is selected from a uniform distribution
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between 0 and 1, the equation F(x)= 2; is solved and a reverse transformation is made to derive
r=xb.

Table 3: Mean distances and standard deviations for electron thermalization (Terrisol and
Beaudre, 1990).

Energy
(eV)

0.2
0.5
1
2
3
4
5
6
7

Mean Distance
(nm)

3.174
4.150
5.603
9.204

14.404
20.474
25.610
28.413
30.716

Standard Deviation
(nm)

1.768
2.230
2.849
4.535
7.003
9.805

12.056
13.273
14.260

Yields of species produced following exposure to ionizing radiation are expressed as the number
of species per 100 eV energy deposition, G, by an incident projectile. The above branching ratios
have been adjusted to give G values that are consistent with those available from experimental
and theoretical studies. Table 4 summarizes G values obtained from papers that are similar in
nature to the present one.

Table 4 shows that there is an inconsistency in predicting G values for Monte Carlo codes that
translate initial energy depositions into chemical species, because they tend to overpredict G
values for hydrogen. La Verne and Pimblott (1991), summarizing substantial data, showed that
combined H+H2 initial (10'12 s) yields are 0.6-1 (see also Appleby and Schwarz, 1969). This is
much lower than in the first versions of the OREC code. Molecular dissociation and de-
excitation branching ratios have been further adjusted (Ritchie et al., 1991). However, in this
study independent adjustment of branching ratios (see above) has been done. The initial yields of
various species as calculated by the code used in this study are listed in Table 5. Photons with an
energy of 660 keV are representative of I37Cs radiation, those with an energy of 320 keV are
representative of 5I Cr radiation, and those with 70 keV are representative of orthovoltage
X-rays.
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Table 4: Summary of G values from various sources.

Source OH H Note

Chatterjee and Holley

Nikjooetal., 1994a

Terrisol and Beaudre,

Short etal., 1981

Turner et al., 1983

,1993

1990

5.88

4.96

4.91

6.0

8.4

0.88

1.77

1.5

0.8

2.1

5.0

4.44

4.5

4.7

6.3

5

6

.0

.3

0.37

0.3

0.3

Refers to a spur

1.5 keV electrons

10 keV electron

Refers to a spur

5 keV electron

La Verne and Pimblott, 1991 5.50 0.42 4.78 4.78 0.15 Refers to a spur

1 Values from this source have been taken by eye from a graph.

Table 5 shows that under present assumptions there is no energy dependence, which has been
expected, since various inelastic collisions would occur with probabilities that do not change
much in this energy range. Values in Table 5 are close to those used by Chatterjee and Holley
(e.g., Chatterjee and Holley, 1993, see Table 4), and to those reported by La Verne and Pimblott
(1991) and data compiled therein; e.g., Burns et al. (1984). G values are linked together by the
expression G(OH)=G(H)+G(H3O

+)+2G(H2). The G value for hydrated electrons is a little above
that of H^O* because of a small contribution from Auger emission.

Table 5: Calculated G values for chemical species present in matter following the
prechemical stage (10~12 s). For each photon energy and for tritium beta particles,
3000 tracks have been considered.

Radiation

1 MeV photons

660 keV photons

320 keV photons

70 keV photons

Tritium beta

OH

5.71

5.71

5.70

5.75

5.74

H

0.55

0.56

0.54

0.54

0.57

H3Q

4.79

4.81

4.81

4.86

4.83

Ha

0.19

0.17

0.17

0.18

0.17
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After the physical stage has been considered, direct hits recorded, and ionizations and excitations
involved in direct hits dealt with, remaining energy deposition events are considered to occur in
bulk water. These are translated into chemical species according to the assumptions outlined
above. Following the physical and prechemical stages at time 10~12 s, therefore, there will be
DNA sites and water molecules in the first hydration shell that have experienced direct
ionizations or excitations and chemical species in the bulk water surrounding DNA.

4. CHEMICAL STAGE

After species are produced and become thermalized, they start diffusing at rates determined by
their diffusion constants. In the process of this diffusive motion, they could react with each other
as well as with chromatin, scavengers and other molecules present in the cellular environment.
At this stage, some species may interact with bases or sugar moieties in DNA and cause DNA
damage, primarily through hydrogen abstraction.

The motion of species and their interactions are usually treated using the Smoluchowski scheme;
the case of reactants randomly diffusing in media and interacting in an encounter-controlled
manner has been described in detail by Chandrasekhar (1943). This method has been further
applied to model diffusion and reactions of species following radiation water radiolysis (Turner
et al., 1983; Zaider and Brenner, 1984; Chatterjee et al., 1986; Nikjoo et al., 1994a; Terrisol and
Pomplun, 1994; Michalik et al., 1995).

The scheme is based on following species in time and allowing them to 'jump' or 'hop' with a
certain frequency, v. The distance, /, over which species jump will be dependent on the
frequency and diffusion coefficient for that species. These quantities are interrelated by the
equation:

D=v/2/6 (4)

where D is a diffusion coefficient. Following each jump, new positions of species are checked
against each other and against other reactive sites present in the system (e.g., sugars and bases).
Reactions are assumed to occur in an encounter-controlled manner; i.e., if two reactants
following random diffusive motion become closer than an encounter radius, they interact. The
encounter, or reaction radius for reaction between species 1 and 2, is related to the diffusion
coefficients of each species, Di and D2, and the reaction rate, ki^:

k1,2=47l(D,+D2)R1,2 (5)

where R12 is a reaction radius for a reaction between species 1 and 2 to occur.
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Table 6:

Species

OH
H3O

+

e aq

H
OH'
H2O2

Diffusion constants, D

Wrishtetal.. 1985

2.5
9.5
5.0
8.0
5.3
1.4

, for reactive species.

D 10"5cm2/s

Buxton etal.. 1988

2; 2.1; 2.3

4.75; 4.90
7; 8

Used in the Present Study

2.1
9.5
4.8
7.5
5.3
1.4

Reaction rates have been extensively studied and substantial data have been compiled by Buxton
et al. (1988). Table 6 shows diffusion constants from Wright et al. (1985), values compiled in
Buxton et al. (1988), and values taken for the present study. Diffusion constants shown are for
species produced as a result of ionizations and excitations, and for those produced as a result of
the interaction of species. Random diffusion without reactions would mean that the mean
squared distance of motion would depend linearly on time. Figure 3 shows the results of
modeling the diffusive motion of OH", e"aq and H+; 1000 species have been set into motion in
each case to obtain reliable mean values.

I
flj1o

'•B

c/3

cr
C/3

101" 10' ioi-7

Time, s

Figure 3: Results of modeling diffusive motion of hydrogen, hydroxyl radical and hydrated
electron.
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An alternative scheme of modeling interactions between species has been suggested by Zaider
and Brenner (1984) (see also Rice, 1985). The probability that two species initially separated by
distance rj,2 will come closer than the encounter radius, Ri,2, and interact by time t can be written
as:

(6)

where D is Dj + D2 (see Zaider, 1991; Clifford et al., 1982\ 1982b). The procedure is therefore
to generate reaction times for each pair of the initial point-pair distribution of species from
Equation (6), and then to consider the earliest reaction, substitute the species taking part in the
interaction by their reaction products, and recalculate point-pair distribution and reaction times,
etc. This scheme will be, of course, less time-consuming than explicit modeling of diffusion and
reaction of species; however, modern computer resources allow the use of the diffusive motion
and interaction scheme. The latter was applied in the present study.

Extensive data on reaction rates are available. Buxton et al. (1988) compiled an impressive
review of rate constants for hydrated electrons, hydrogen atoms, and hydroxyl radicals. In the
present study, interactions between species have been restricted to nine reactions that are of
major concern. Reaction rates for these from various sources, together with values taken for the
present study and derived reaction radii, are listed in Table 7.

Generally, values from different sources are in reasonable agreement, except for the H+ + OH"
reaction, for which there is no direct experimental measurement. La Verne and Pimblott (1991)
noted that the value 7 x 109 dm3 mol"1 s"1 shown by Buxton et al. (1988) has been taken from the
work of Thomas, and actually represents a lower limit and is in conflict with the value 3.2 x 1010

dm3 mol"1 s"1 also reported by Thomas. A compromise value of 2 x 1010 dm3 mol"1 s"1 has been
used in this study, which is in agreement with Schwarz (1969); see also La Verne and Pimblott
(1991) for additional comments.
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Table 7:

Reaction

Reaction rates, k, and reaction radii, R

k IP10 dm3 mol1 s ' R, [nm]

Source

e'aq + e"aq -> H2 + 2 OH"
e'aq + H -> H2 + OH"
e"aq + OH -» OH"
e'aq + H2O2 -> OH + OH
e"aq + H3O

+ -> H + H2O
H + H -> H2

H + OH -» H2O
OH + OH ^ H2O2

HSO+ + OH" -> 2 H2O

Wright
etal., 1985

0.6
2.4
3.0
1.2
2.3
2.1
3.2
0.6
12.0

Buxton
etal., 1988

0.55
2.5
3.0
1.1

0.77
0.7
0.55

Short
etal.. 1981

0.5
3.0
3.0
1.2

1.3
3.2
0.5

Used in the
Present Study

0.55
2.5
3.0
1.2
2.3
1.0
2.0
0.55
12.0

0.076
0.270
0.577
0.256
0.213
0.088
0.276
0.173
1.076

When species are set in motion and followed in time, it is essential that the time allowed for a
jump be short enough that the jump length does not exceed the reactron radii and that species
will not "jump through" each other without interacting. In the present study, initially 99 jumps of
10 ' s each are made, bringing the total time to 10"10 s. At this stage, because of diffusive
motion and reactions, the track pattern is largely lost and species move away from each other.
Keeping the jump size at 10~12 s makes the procedure inefficient. Therefore, this has been
increased to 3 x 10"12 s, which is still short enough to accurately follow up diffusive motion and
the interaction of species.

Table 8 and Figures 4a-d and 5a-d illustrate the development of a 10 keV electron track in liquid
water in space and time. Obviously, different reactions lead to a removal of different numbers of
species from the system. For example, H+OH removes both hydrogen and hydroxyl, OH+e"aq

leads to one less species, and e~aq+H2O2 leads to a production of OH and OH; the total number of
species therefore remains unchanged. In the example below, at the time of 10"8 s, the total
number of species removed is (see No. Species on Reactions Occurred)
44+2x29+106+20+2x76=380. The total number of surviving species is 1636-380=1256. One
can see that the number of reactions per unit time decreases rapidly with time. Species spread
out with time, and as Figures 4 and 5 show, at 10"8 s, the initial energy deposition pattern is very
much obscured.
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Table 8: Summary of development of a 10 keV track in time from 10'12 to 10"8 s.

Species or Reaction No. Species or Reactions Occurred

Time, s 10"12 10"9 10"8

O H 584 442 365

H 3 O + 488 432 392
H 54 36 41
H 2 21 23 25
e~aq 489 419 355
H 2 O 2 - 29 40
OH" - 14 38
Total species 1636 1395 1256
OH+OH - 30 44
OH+H - 27 29
OH+eaq - 56 106
H3O

++e"aq - 11 20
H3O

++OH" - 45 76
H+eaq - 2 4
H2O2+e"aq - 1 4

At this stage, interactions of species with the DNA molecule will occur. The mechanisms of
interactions of species with DNA and their consequences are not fully understood (von Sonntag,
1987, 1991, 1994). Some details will be discussed in section 5. As far as the modeling of
interactions between species and DNA is concerned, this is done in the same way as reactions
between various species, in a diffusion/encounter-controlled manner. To derive reaction radii for
interactions with sugars and bases, the diffusion constant of DNA was set to zero in Equation (5).
In a review of reaction rates, Buxton et al. (1988) showed that hydroxyl radicals attack
deoxyribose at rates much higher than other species, and are usually considered to be the only
contributor to strand breakage from chemical species (Chatterjee and Holley, 1991).

Hydroxyl radicals and hydrated electrons also attack bases, whereas reactions of other species
with nucleotides and deoxyribose occur at rates that are negligible compared to those above
noted and they are of major interest when radiation damage to DNA is considered (La Verne and
Pimblott, 1993). Therefore, in this study, reactions of species with DNA have been restricted to
hydroxyl attacks on bases, and deoxyribose and hydrated electron interactions with bases. Table
9 listed reaction rates adopted from Buxton et al. (1988) and reaction radii used in this study.
The values in Table 9 are in good agreement with Terrisol and Pomplun (1994) and Holley and
Chatterjee (1996), which is natural because they were derived using the same equation and
similar sets of data. Minor differences are due to choice of diffusion coefficients and reaction
rates.
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Table 9: Reaction rates and reaction radii, derived from Equation (5).

Reaction

e"aq + A
e"aq + C
e"aq + G

e"aq + T
OH + A
OH + C
OH + G
OH + T
OH + deoxyribose

Reaction Rates
(dm3 mol"1 s"1)

9.0 109

1.3 1010

1.4 1010

1.8 1010

6.1 109

6.1 109

9.2 109

6.4 109

2.0 109

Reactor Radii
(nm)

0.249
0.359
0.387
0.498
0.385
0.385
0.581
0.404
0.126

When reactions of species with DNA are considered, positions of reactive centers must be
determined. Chatterjee et al. (1986) suggested using centers of gravity of the carbon positions
weighted by the number of hydrogen atoms bound to them. This is reasonable, since OH radicals
will efficiently abstract hydrogens, and in the first approximation attacks could be considered to
be occurring at random (von Sonntag and Dizdaroglu, 1977; von Sonntag, 1980), although there
are tentative conclusions that the C4' position is attacked more readily. This procedure puts the
reactive center of a sugar in the C4' position. Positions of reactive centers for each of the four
bases have been calculated in the same way.
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Figure 4a: Chemical evolution of a 10 keV electron track. Each cross represents a species
.-12Time corresponds to completion of the prechemical stage, 10" s.
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Figure 4b: Chemical evolution of a 10 keV electron track. Each cross represents a species.
Time corresponds to 10"9 s.
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Figure 4c: Chemical evolution of a 10 keV electron track. Each cross represents a species.
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Figure 4d: Chemical evolution of a 10 keV electron track. Each cross represents a species.
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Figure 5a: Expanded view of initial part of the 10 keV electron track shown in Figure 4a.
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Steric effects apart from reaction radii will, of course, be of importance (Chatterjee and Holley,
1993). This might partly account for a difference in probability of OH radical attacks on sugar
and bases between single-stranded polynucleotides and double-stranded DNA. In the latter case,
DNA bases are better protected from radical attacks, and therefore a relatively (compared to
single-stranded polynucleotides) higher proportion of OH-DNA interactions involve the sugar
moiety.

Following consideration of the physical stage, after all energy depositions in the DNA and water
in the first hydration shell are removed from consideration, and also the prechemical stage,
positions of DNA atoms are no longer necessary for further modeling. For each sugar and base,
coordinates of reactive centers are calculated, and these coordinates are used to consider
interactions of species with bases and the sugar moiety for the chemical stage. Following the
chemical stage, therefore, there will be DNA sites that have experienced direct ionizations or
excitations and also interactions with chemical species following their diffusion in bulk water
surrounding DNA.

5. MODELING DNA DAMAGE

Consequences of direct ionizations or excitations in A DNA molecule, and radical attacks on the
DNA and molecular mechanisms of base damage and strand break induction, are not fully
understood (von Sonntag, 1994). These will be treated keeping in mind that the major objective
of this study is to model DNA breaks. Therefore, DNA damage that does not lead to strand
breakage will be commented on only very briefly.

It is considered that, following direct energy depositions, strand breaks can occur either following
direct dissociation or loss of hydrogen from one of the carbon positions. In the latter case, strand
breakage might result either from a prompt reaction following deprotonation at the carbon site
that leads to elimination of the phosphate group, or a sequence of reactions that result in a strand
break. Essentially, deprotonation following direct energy deposition leads to the same radical as
following hydrogen abstraction by a hydroxyl radical.

Following direct energy depositions in the DNA molecule, a variety of reactions may occur. As
far as energy depositions in bases are concerned at this stage, this is supposed to lead to non-
specific base damage. There is some evidence that in certain systems (e.g., in polynucleotides),
base radicals could further cause strand breakage. However, this is unlikely to happen in DNA
(see below). It is also thought that charge would travel from one nucleobase to another (charge
transfer). In any case, this is assumed not to cause damage in the sugar-phosphate backbone of
the DNA and subsequent strand breakage.

For ionization in a phosphate group, it is conceivable that because of its hydrogen abstractive
power, the phosphate radical will abstract H from the C4' position, which will promptly lead to
an elimination of the phosphate group and thereby strand break (von Sonntag, 1991). Direct
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energy depositions in sugar are considered to lead to a strand break either following cleavage of
the C-C bond or loss of a proton.

Hydroxyl radical attacks on sugar are considered to lead to a strand break (Osman et al., 1991;
von Sonntag, 1991; Chatterjee and Holley, 1993). Strand breaks could occur directly by
eliminating a phosphate group (or breaking both phosphate linkages) or through alkali-labile
sites, which convert into a strand break on alkali treatment (von Sonntag, 1987). Mechanisms of
phosphate elimination following hydrogen abstraction from the C4' position (or deprotonation
following a direct hit) are well-established. There is clear evidence that hydrogen abstraction
from the C4', see Figure 6, position leads to phosphate elimination, probably faster at C3'
followed by elimination at C5' and formation of a sugar radical cation (von Sonntag, 1987,
1991). Products of reactions involved in this process have been found following exposure of
DNA in aqueous solution to y-radiation (Dizdaroglu et al., 1975). Possible consequences of
hydrogen abstraction from C3' and C5' have not been completely elucidated so far. This is
discussed in much detail in von Sonntag (1987). Chatterjee and Holley (1993) consider
hydrogen abstraction from the C5', C4' and C3' positions to lead to a prompt strand break.
Attacks of OH radicals on Cl' and C2' are considered to lead to a strand break following healing
or a change of pH (alkali labile). The scheme suggested by Chatterjee and Holley (1993) is
applied in the present study; i.e., hydroxyl radical diffusion is followed and reactions with sugar
are considered to occur in an encounter- controlled manner. The reaction site in sugar is
positioned on C4' in a sugar ring.

—C5 B a s e

Figure 6: Sugar ring attached to a base. The group that is carried at the C2' position is
different for ribo and deoxyribo series. It is OH in a former and H in a latter case.
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Each interaction of a hydroxyl radical with sugar is considered to lead to a strand break. Figure 7
illustrates production of a strand break following diffusion of a hydroxyl radical and its
interaction with sugar.
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Figure 7: Interaction of a hydroxyl radical with sugar following diffusion. Open circles
show reactive centers in sugars, solid circles in bases of a 10 base pair DNA
sequence. Diffusion of a hydroxyl radical produced in the vicinity of DNA is
followed in time, each segment of a line representing a 'jump'. As a result of
diffusion, the hydroxyl radical and reactive center of sugar become separated by a
distance less than the reaction radius, and an interaction is therefore recorded.
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In the present study, it has been assumed that any direct energy deposition in any atom of the
sugar-phosphate backbone leads to a SSB either via cleavage of the C-C bond or following
deprotonation from a carbon position. This is different from assumptions made in studies
utilizing the volume model of the DNA (Nikjoo et al. 1994a), when an energy deposition above a
threshold value (of the order of 17 eV) has been considered to lead to a strand break. Essentially,
this threshold is an adjustable parameter, and its value therefore might be sensitive to the
representation of DNA and the code used to generate tracks. Terrisol and Pomplun (1994), in
using an atomistic model of the DNA, considered ionizations in sugar/phosphate to be the only
source of directly produced strand breaks. Pomplun (1992) used a threshold value of 10 eV for
direct depositions in sugar/phosphate, to translate them into SSB. The feasibility of introducing a
threshold will be considered in forthcoming studies using a nucleosome model of DNA. At this
stage, theoretical predictions will be compared to available experimental data and necessary
adjustments will be made.

Solvated electrons react with nucleobases forming radical anions. These events are not
considered to cause damage in the sugar-phosphate backbone. It is considered that electron
transfer between nucleobases might occur in the direction towards bases with the highest electron
affinity. Such transfers would lead to a non-random distribution of nucleobase anions, possibly
in a protonated form (von Sonntag, 1991). Evaluations of mean migration distances vary over a
wide range (Fuciarelli et al., 1994a). Studies of electron migration in nucleic acids using
oligonucleotides containing 5-bromuracil (Fuciarelli et al., 1994b) showed that electron migration
is significantly influenced by the base sequence and strandedness. Oligonucleotides containing
guanine showed migration along seven base pairs. In the present study, electrons trapped in
bases have been considered to lead to a non-specific base damage. This applies both to solvated
electrons that interact with bases following diffusion, and to subexcitation energy electrons that
are trapped in bases before the chemical stage; i.e., those that are present in the DNA volume
following energy deposition.

Hydroxyl radicals react with nucleobases by adding to double bonds or abstracting carbon-bound
hydrogen atoms. Base radicals have been shown not to cause strand breakage in DNA. This is in
contrast to polynucleotides, where such effects have been proven (Ward, 1991). There is clear
evidence that in polyuridylic acid, a base radical can transfer a radical to the sugar moiety thereby
initiating a strand break (Lemaire et al., 1984, 1987). The chemistry of DNA and poly U is,
however, different. Base to sugar radical transfer in poly U will most likely occur via hydrogen
abstraction from the C2' position in the sugar ring, Figure 6.

The C2' radical in poly U will quickly eliminate the phosphate group at the C3' position, thereby
causing a strand break (von Sonntag, 1991). Polynucleotides are usually, however, from the ribo
compounds, and extrapolation to DNA is restricted to mechanisms not involving a hydroxyl
group at C2'. Elimination of a phosphate group at C3' is typical for a cc-hydroxy-P-phosphate
alkyl radical, that is formed following a hydrogen abstraction in ribo compounds from the C2'
position. In DNA, the hydroxyl radical is no longer present at the C2' position, and therefore
even if radical transfer occurs, the resulting C2' radical will not eliminate a phosphate group
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(von Sonntag, 1991). Polynudeotides have shown different susceptibility to radiation-induced
strand breakage (Adinarayana et al., 1988; Karam et al., 1988), which could be attributed to the
different behavior of base radicals. Strand breaks in poly U also showed a dependence on pH,
which suggests that there is an intermediate between a uracil radical and abstraction of a
hydrogen from the C2' position (Osman et al., 1991). This could be specific to poly U and will
not occur in the DNA.

At this stage, radical attacks on bases have been recorded as leading to non-specific base damage.
Apart from a possible contribution of base damage to strand breakage, base damage could also
contribute to the severity of the damage. Charge transfer between nucleobases may lead to the
occurrence of severely damaged sites.

Summarizing the above considerations of DNA damage, the following assumptions have been
made in this study to model DNA damage:

- any direct energy depositions in sugar-phosphate, ionizations in water molecules bound to
sugar-phosphate, and hydroxyl radical attacks on sugar lead to a strand break; and

- any direct energy depositions in bases, ionizations in water molecules bound to bases and
hydroxyl, or solvated electron attacks on bases lead to non-specific base damage.

Obviously, following energy deposition, only a small fraction of a target volume will be involved
in direct depositions and radical diffusion. The atomistic representation of the DNA and the
following- up of chemistry, when the position of every ionization/excitation and then species
must be checked against positions of DNA atoms or reaction sites, require optimization of the
modeling. Most of the central processor unit (CPU) time is spent following the chemistry, and
therefore this must be restricted to situations where DNA damage is principally possible. The
time of following-up the chemistry has been restricted in this study to 10"l2-10"9 s (Nikjoo et al.,
1994a). This corresponds to a hydroxyl radical diffusion length of the order of a few nm (see
Figure 3), which mimics that in the cellular environment (Roots and Okada, 1975). Therefore,
consideration of any DNA segment that is initially separated from any energy deposition by more
than a few nm will be a waste of computer time, since no DNA damage could occur.

In the present study, following the modeling of energy deposition in a sphere with a 1 |im
diameter, projection of this sphere is further scanned with a step size of 2.3 nm in X and Y
dimensions. Following this, X-Y coordinates of each ionization and excitation are checked
against the current X-Y position, which represents a starting point of a DNA segment axis that is
further generated along the Z axis. For DNA damage to result, an energy deposition must occur
within a diffusion length from the DNA. This is illustrated in Figure 8. A track is tentatively
shown as a dashed straight line; in reality, this will be a more complicated structure (see Figures
4 and 5). Dark circles show the points of track entrance and exit from the target volume. When
X-Y coordinates of the axis of DNA segment 1 are considered, obviously no direct energy
depositions that are within diffusion distance can be found. These coordinates are skipped and
scanning is continued until a situation similar to that shown for DNA segment 2 is found. In this
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case, both direct depositions and radical diffusion to DNA are possible, and a DNA sequence
therefore must be generated and radiation effects considered.

DNA

Segment 2

DNA

Segment 1 y^\

\ A •
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Volume of interest

Figure 8: Selection of DNA segments that may possibly experience direct or indirect
effects. The dashed straight line shows the track. The dashed circle shows the
volume of interest where DNA segment 2 has base pairs that are close enough to
the track for direct energy depositions or radicals to cause DNA damage.

The value of a distance threshold to decide whether a DNA sequence must be generated could be
adjusted, although this is a process involving judgments. Test runs showed that as far as strand
breaks are concerned, threshold values above 5 nm do not lead to any different results. Hydrated
electrons are, however, more mobile, and therefore ideally threshold values of the order of 10 nm
must be used. An increase in the value of the threshold causes a drastic increase in the computer
time needed to achieve reasonable statistics. For the purposes of this paper, the threshold was set
to 5 nm; base damage from hydrated electrons is therefore underestimated.

After a suitable starting point for the DNA sequence is chosen, DNA is generated and direct
energy depositions are recorded, and remaining ionizations and excitations are translated into
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chemical species. The modeling of chemistry requires most of the CPU time. Obviously,
consideration of the chemistry could not be restricted to a volume of 5 nm surrounding DNA,
since species that are further away might not necessarily cause damage to the DNA; however,
they might interact with other species and thereby influence their behavior. Test runs showed
that restricting the volume of interest for chemistry considerations to a cylinder with a radius of
20 nm surrounding DNA is safe enough, and does not cause any bias in evaluation of indirect
damage to the DNA. In addition, only a part of a DNA sequence could be possibly involved in
interactions with species. Figure 8 shows that the top and bottom parts of DNA sequence 2 are
still too far from any energy deposition to experience any damage. These could be excluded
from consideration, and this was done using the above 20 nm threshold.

Mechanisms of DSB production have not yet been fully elucidated. There is a consensus that
DSB results from SSB; however, there are different interpretations of how SSB are converted
into DSB. Two feasible theories are generally cited (Ward, 1990). The first theory (Siddiqi and
Bothe, 1987) allows DSB to form as a result of a single radical attack on the DNA and breakage
of one DNA strand (SSB). Sidiggi and Bothe propose a mechanism by which, following
formation of a deoxyribose radical, a further radical transfer to the opposite strand occurs, with a
consequent hydrogen abstraction and strand breakage. Therefore, DSB results from from one
SSB. Presumably, the same mechanism applies to direct hits; e.g., ionization with a further
deprotonation in deoxyribose leads to a deoxyribose radical and further radical transfer. The
second theory, suggested by Ward (1985), is based on the concept of a multiple radical transfer in
which one radical or direct hit is required to produce each SSB on opposite strands to lead to
DSB. Although presently available data do not allow us to unequivocally disregard one of the
mechanisms, there is a strong argument in favor of the second mechanism requiring independent
production of two SSB on opposite strands (Prise et al., 1993; Milligan et al., 1995).

Although the single radical mechanism received some attention from modelers (Xapsos and
Pogozelski, 1996), the usually accepted pathway of DSB formation for the purposes of modeling
is that two SSB on opposite strands separated by a certain number of base pairs, h, or less lead to
a DSB (Nikjoo et al., 1994a). Estimates of h vary over a wide range. In an experimental setting,
this would depend on the ionic strength of the medium. Double-helical DNA structure is known
to open readily in media with low ionic strength. The value of h has been estimated as 34 in a
solution containing 10"3 mol dm'3 salt with a decrease to 3 at 10"' mol dm"3 (Freifelder and
Trumbo, 1969; van der Schans, 1978; von Sonntag, 1987). Tomita et al. (1994) in their model
assumed that only SSB on opposite strands of the same base pair led to a DSB. In most studies, a
compromise value of 10 bp has been applied (Nikjoo et al., 1994a; Terrisol and Pomplun, 1994;
Holley and Chatterjee, 1996). Charlton et al. (1989) showed that for direct hits the predicted
DSB yields become only slightly dependent on h after h exceeds 10. This is because direct hits
leading to DSB will result from clustered energy depositions. In the present study, the two-
radical (or any combination of direct hits and radical attacks) mechanism has been used as a
pathway of DSB induction. Two SSB separated by 10 bp or less have been assumed to lead to a
DSB. If two SSB on opposite strands are separated by more than 10 bp, this has been recorded
as 2 SSB, which is how it would be seen following double helix DNA unwinding.
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The probability of DSB production from any combination of directly or indirectly produced SSB
from different tracks in the dose range of interest for cell killing and chromosome rearrangements
(up to a few Gy) is negligibly low. Test runs showed that the damaged portion of the DNA, even
in the case of clustered energy depositions, rarely extends beyond 30 base pairs. The time limit
set for the follow-up of radical diffusion also prevents DNA damage following radical diffusion
by more than a few nm. This size of target is too small to be hit by overlapping tracks up to
doses of 20 Gy (Moiseenko et al., 1997; Nikjoo et al., 1991). Doses in excess of 20 Gy are, of
course, of no interest for radiation protection. DNA damage modeling has therefore been carried
out on a track-by-track basis. It is, however, conceivable that at very low scavenger
concentrations, radicals would have larger diffusion length, and therefore there could be a
noticeable contribution in DSB production via a two-track mechanism in the 10-20 Gy dose
range. This might account for a shift of the dose-response curve for DSB from linear quadratic at
a low scavenger concentration to linear at a high scavenger concentration obtained in
experiments (e.g., Krisch et al., 1991).

The modeling of the energy deposition, prechemical and chemical stage and DNA damage
outlined above can be summarized in the following steps:

- an electron energy is selected at random from the electron spectra derived for a given photon
energy and the target volume (a sphere with a diameter 1 urn in the present calculations), and
one of the recorded electron tracks is sampled from a position where the electron energy
closely matches that selected;

- projection of the target volume on the X-Y plane is scanned with a 2.3 nm step in each
direction for positions that are 5 nm or closer to the X-Y coordinates of any ionization or
excitation in a track;

- for each position found, a random B-DNA sequence is generated with A-T/C-G ratio of 1.2;

- the positions of each atom comprising DNA and water molecules in the first hydration shell are
checked against the position of each ionization and excitation;

- every energy deposition event that occurred within a van der Waals radius of any atom from
the DNA or first hydration shell is recorded as a direct hit, and is removed from further
consideration;

- remaining energy depositions and subexcitation energy electrons are translated into chemical
species thermalized at 10"12 s. Chemical species that are more than 20 nm apart from the DNA
axis are removed from consideration. Top and bottom parts of the DNA are also removed from
consideration until the first position on the axis that is 20 nm or closer to any species is found;

- chemical species are set in motion and their diffusion, reactions with each other and the DNA
are followed until 10"9 s; DNA damage from reactions of hydroxyl radicals with sugars and
bases, and solvated electrons with bases is recorded;
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- SSB are assumed to result from direct energy deposition in atoms constituting sugar/phosphate,
ionizations in water molecules bound to sugar/phosphate, and hydroxyl radical attacks on
sugar; and

- two SSB on the opposite strands separated by 10 base pairs or less are recorded as a DSB.

6. RESULTS AND DISCUSSION

Radiation damage to sugar-phosphate and bases leads to various patterns of direct and indirect
events occurring in short segments (a few tens of base pairs) of DNA. Some examples are shown
in Figures 9a-e. Charlton et al. (1989) suggested classification damage to DNA to reflect the
complexity of a break. Figure 9a shows a DNA segment subjected to multiple base damage and
one hydroxyl radical on sugar. This will be recorded as an SSB and classified as SSB using
Charlton et al. (1989) notation (referred to below as C89). Figure 9b shows another segment
where direct and indirect SSB have been produced in adjacent sugar-phosphate moieties on the
same strand. Although this will still be recorded as an SSB, this is a more complex damage, and
C89 classification is SSB+ (breaks could be further apart). As in 9a, strand breaks are
accompanied by substantial base damage. Figure 9c shows a segment of DNA with one SSB on
one strand and one SSB+ on another strand separated by 14 bp. This does not lead to a DSB,
because separation of the SSB on opposite strands is larger than 10 bp. This is recorded as two
SSB. Figure 9d shows a segment where two SSB, one direct, another indirect, are on the
opposite strand and separated by 6 bp. There are no extra strand breaks in this segment and this
will be recorded as a simple DSB, the same as in C89 notations. Figure 9e shows a DSB
combined with an additional SSB on one of the strands. This is more complex damage compared
to a simple DSB, and is recorded as DSB+ in C89 notation. Another possibility is to have two
DSB in the same DNA segment (not shown). This is classified in C89 as DSB++.

Figures 9a - 9e show that strand breakage is usually combined with substantial damage to bases.
Therefore, although the classification of Charlton et al. (1989) is convenient to describe damage
to the sugar-phosphate backbone and its complexity, base damage is a certain and significant
contributor to DNA damage.
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Figure 9: Various patterns of radiation-induced damage in DNA. The top and bottom lines
in each subset show sugar-phosphate, another two middle lines show the
corresponding bases. D shows positions of direct energy depositions, H shows
hydrogen abstraction following hydroxyl radical attack, and E shows interaction
with a solvated electron. In the last example (e), interaction of both a hydroxyl
radical and solvated electron with a base has been recorded; this is shown as R.
Also, two direct energy depositions combined with a hydroxyl radical attack
occurred; this is shown as M.

SSB and DSB yields have been calculated for four photon energies and tritium. Results of the
calculations are listed in Table 10. A breakdown of breaks into complex and simple is not given;
this will be briefly discussed below. SSB and DSB yields are shown both per Gy per bp and per
Gy per dalton, for convenience.
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Table 10: Results of calculations for photons of four different energies and tritium.

lMeV 660 keV 320 keV 70keV Tritium

Dose, Gy
No. interactions OH-sugar
No. interactions OH-base
No. interactions e"aq-base
Total SSB
Total DSB
SSBGy'bp"1 xlO7

DSBGy'bp"1 xlO8

SSB Gy"1 dalton"1 xlO10

DSBGy'dal ton 'x lO"

66.7
3753
16351
18615
5296
414
2.71
2.12
4.10
3.21

54.3
2871
13638
15662
4017
366
2.52
2.30
3.82
3.48

68.0
3704
16908
19703
5213
445
2.61
2.23
3.96
3.38

99.5
5641
25055
31577
7399
758
2.54
2.60
3.84
3.94

61.7
3411
15671
19781
4572
436
2.53
2.41
3.83
3.66

Apart from SSB and DSB yields that have been calculated, other valuable information could be
derived from calculations, and certain frequencies or ratios must conform to experimental data or
results of other theoretical work. This applies to the relative probabilities of a hydroxyl radical to
interact with either sugar or base. Chatterjee and Holley (1990) state that this ratio must be 4:1
(i.e., 80% of reactions are with base, 20% with sugar), which is in agreement with experimental
data (von Sonntag et al., 1981). A similar estimate has been given by Ward (1991) when
considering quantitative changes in DNA irradiated in dilute solutions (Scholes et al., 1960).

These relative probabilities of interacting with sugar or a base will, of course, depend on
strandedness and DNA organization. Only 7% of hydroxyl radicals attack the sugar moiety in
single-stranded poly U (Deeble et al., 1986). Because of steric effects in double-stranded DNA,
sugars are more exposed to hydroxyl radicals (von Sonntag, 1991). Relative probabilities
predicted in the present calculations are very close to 4:1. In most cases, a little less than 20% of
hydroxyl radical reactions with DNA have been reactions with sugars; the remainder have been
with bases. This is in very good agreement with what is expected for double-stranded DNA
(Chatterjee and Holley, 1990).

The effectiveness of hydrogen abstraction from DNA by hydroxyl radicals will depend
significantly on the concentration of scavengers and DNA organization. Milligan et al. (1993a,
1993b) showed that the efficiency for SSB formation following OH attacks drops significantly in
SV40 minichromosome compared to naked DNA. This agrees well with the theoretical results of
Tomita et al. (1994), who showed a substantial decrease in strand breaks when nucleosome or
solenoid models are used compared to naked DNA, due to the protective role of histones.
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In the present study, naked DNA only has been considered and, to account for the scavenging of
species, the time of follow-up of radical diffusion was limited to 10~9 s, which provides diffusion
lengths that mimic those in a cellular environment (Nikjoo et al., 1994a). Higher-order structures
will be considered in future studies.

Another prediction that could be compared with available experimental and theoretical data is the
ratio of SSB to DSB yields. Roots et al. (1985), on the basis of their own results for intracellular
SV40 exposed to 50 kVp X-rays and 60Co y-rays, and summarizing available data for intact viral
or cellular prokaryotic and eukaryotic DNA, concluded that this ratio for sparsely ionizing
radiations is of the order of 10:1. Values for this ratio available from the literature are
appreciably scattered. Siddiqi and Bothe (1987) reported a value of 19±6 for calf thymus DNA
exposed to 60Co in aqueous solution in the presence of oxygen, and they did not note much
dependence on hydroxyl scavenger concentration. Substantially higher ratios have been reported
by Krisch et al. (1991) for SV40 DNA irradiated with 137Cs photons. They reported values
ranging from 100:1 to 40:1, with a decrease in ratio following an increase in scavenger
efficiency. Spotheim-Maurizot et al. (1990), who reported a 56:1 ratio for pBR322 plasmid
DNA exposed in solution to 60Co, noted that "comparison could be hazardous because of the
disparity in the irradiated materials, irradiation conditions and analysis methods". Still,
theoretical predictions must fall in the range derived from observations and conform to results
from other calculations. Ratios that could be derived from Table 10 are very reasonable and in
good agreement with those predicted by Nikjoo et al. (1994a) for 1-1.5 keV electrons.

The contribution of radical-mediated pathways of DNA damage and cell killing has been a
subject of studies with a variety of systems and radiations. The usual method to derive
contributions from direct and indirect effects is to evaluate that proportion of the endpoint (strand
breaks, cell killing) that could be modified by adding radical scavengers. However, one must be
careful with this interpretation. Von Sonntag (1987) states that direct effects (e.g., strand breaks
originating from radical cations in poly U (direct effect)) could be modified by ethanol. Milligan
and Ward (1994) showed that methyl radical (derived from dimethyl sulfoxide, a commonly used
hydroxyl radical scavenger) is capable of producing DNA SSB. Also, radical scavengers might
interfere with enzymatic repair by this means, leading to ambiguous conclusions.

Contributions of indirect effects (through OH radicals) to cell lethality and strand breakage have
been extensively studied, and are summarized in von Sonntag (1987). In air, more than 50% of
strand breakage or cell killing is believed to result from indirect effects, and less than 50% (of the
order of 20-30%) in hypoxia. Littlefield et al. (1988) studied the effects of adding dimethyl
sulfoxide (DMSO), which is a hydroxyl radical scavenger, on dose response data for dicentrics
observed in human lymphocytes exposed to 220 kV X-rays. They derived a 'dose modifying'
factor of approximately 0.5; i.e., hydroxyl radical-mediated lesions were found to be responsible
for half of the dicentric dose dependence for both intratrack and intertrack exchanges.

The proportion of lesions that could be modified by adding scavengers is thought to vary with
radiation quality. Spotheim-Maurizot et al. (1990) compared the effectiveness of 60Co y-rays and
p34 + Be cyclotron neutrons in producing SSB and DSB in pBR322 plasmid DNA. They
concluded that 15% of the DSB produced by neutrons could not be principally inhibited by
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ethanol, and therefore must result from mechanisms other than hydroxyl radical mediated (i.e.,
direct energy depositions in DNA). This was in contrast to 60Co data where virtually all of the
DSB could have been inhibited. This is in good agreement with the results of similar studies;
e.g., Jones et al. (1993) studied SSB and DSB yields in SV40 DNA and SV40 minichromosome
following exposure to l37Cs and 4He ions with LET in the range from 85 to 152 keV/|im. Jones
et al. concluded that a lower proportion of DSB could be modified by the presence of DMSO
both for SV40 DNA and minichromosome following exposure to 4He.

The contribution of indirect effects will, of course, also depend on DNA organization, because of
the protective role of histones in higher-order structures. Krisch et al. (1991) showed that at
highest scavenger concentrations, SSB and DSB yields in SV40 DNA and minichromosome
exposed to 137Cs are essentially the same, indicating that direct effects are not modified much by
DNA organization. Nygren and Ahnstrom (1996) studied SSB and DSB yields in DNA
substrates derived from normal human fibroblast cells exposed to 137Cs, and accelerated ions at
various scavenger concentrations and various shielding conditions of DNA by proteins. Their
evaluation of a hydroxyl-mediated contribution to DSB production in intact cells showed that for
y-rays, the reduction factor is 3.6 at the highest concentrations of DMSO. A much larger
contribution of direct effects has been estimated for N6+ ions with LET 125 keV/|im: a reduction
factor of only 1.4, which supports the above considerations. Removal of histones has led to a
sharp increase in DSB induction, which is, however, more pronounced for y-rays: 22-fold
compared to 12-fold for nitrogen ions. Nygren and Ahnstrom (1996) have concluded that the
RBE of various radiations in DSB production will depend on the scavenging capacity of the
system.

One more possible role of DNA organization must be mentioned. Holley and Chatterjee (1996)
and Rydberg (1996) showed that in higher-order DNA structures (e.g., 30 nm supersolenoid),
because of clustered damage, short DNA fragments could be released, which would be more
typical for high LET radiations. DNA organization will therefore influence the size distribution
of DNA fragments. This might mean that DSB frequencies calculated with assumed randomness
of DNA breakage could underestimate those frequencies (Lobrich et al., 1996). The conclusions
above are therefore subject to changes resulting from the possible non-randomness of DNA
strand breakage. Qualitatively, however, the picture would not change; i.e., high LET radiations
would have a higher proportion of breaks that are not hydroxyl radical mediated, and histone
protection of DNA would substantially decrease break production. Effects resulting from
regularities in DNA organization in high-order structures will, of course, be of much less
importance for plasmid DNA.

In the present calculations, radical diffusion has been modeled to mimic the cellular environment
by restricting the time of follow-up. Therefore, the results of these calculations should not be
compared with experimental results when scavenger concentration varies from virtually no
scavenger to very high concentrations. Table 11 lists the results of calculations of SSB and DSB
with the chemical stage ignored in comparison with the total number of breaks from Table 10.
Under present assumptions, direct energy depositions are responsible for approximately half of
SSB and probably a little less than half of DSB. This is in good agreement with a variety of
experimental data (see the review in von Sonntag (1987)). Theoretical evaluations of the
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contribution of direct energy depositions vary over a wide range. Tomita et al. (1994) predicted
an 86% contribution from indirect effects for the cellular environment, when only the
nucleosome or solenoid model of DNA is considered with appreciable protection from histones.
For naked DNA, almost all the damage is due to hydroxyl radicals. This is in contradiction to
Nikjoo et al. (1994a), who concluded that about two-thirds of SSB and DSB result from direct
energy depositions. The difference, of course, could result from the exact method of DNA
modeling, radical diffusion and interaction with DNA, etc.

Table 11: Evaluation of contribution of hydroxyl radical mediated mechanisms to strand
breakage in naked linear DNA. Total number of breaks for each radiation at doses
shown in Table 10 are presented.

SSB DSB

Direct+Indirect Direct Only Direct+Indirect Direct Only

1 Me V photons 5296 2405 414 195
660 keV photons 4017 1990 366 160
320 keV photons 5213 2597 445 173
70 keV photons 7399 3593 758 331
Tritium 4572 2279 436 193

The complexity of damage is often expressed using SSB, SSB+, etc. (see Charlton et al., 1989).
Obviously, this is by no means sufficient to describe the real complexity of DNA damage, and it
has been often stated (Nikjoo et aL, 1994a) that strand breakage is usually accompanied by base
damage from radical attacks and direct depositions. Remember that the interaction of a hydroxyl
radical with a base is four times or so more probable than interaction with sugar. DSBs typically
require clustered energy deposition, so that opposite strands can both be subjected to direct
energy depositions or radical attacks, resulting in interaction with sugar. These clustered energy
depositions result in the production of hydroxyl radicals and solvated electrons, some of which
would interact with DNA at the site of the strand breakage. DSB are therefore virtually always
combined with base damage, which will also determine the severity of the damage. SSB also
often combine with base damage, but to a lesser extent. Complex SSB (e.g., two SSB on the
same strand resulting from the same track), typically separated by a few base pairs (SSB+ using
the notation of Charlton et al. (1989) in the present calculations occur at frequencies 10 times
lower than simple SSB (although base damage could be still present in both). This is in contrast
to DSB; DSB combined with extra SSB on one of the strands is very common. This result is in
good agreement with Nikjoo et al. (1994a).

Damage complexity is considered to be related to radiation quality. High LET radiations are
known to efficiently produce clustered energy depositions in nanometer size volumes (Goodhead,
1994), possibly making them more effective in producing complex DNA damage. Low-energy
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electrons could not only be more effective in producing DSB (Frankenberg et ah, 1986), but also
more efficient in producing complex breaks (Michalik and Frankenberg, 1996). Consideration of
DNA damage complexity will be a subject for future studies, and this may require extended
classification compared with that suggested by Charlton et al. (1989).

Results obtained have been compared with experimental data. At this stage, no adjustments
(e.g., deposited energy to cause a strand break) have been made; adjustments might be necessary
at later stages. However, the model at least must overpredict strand-break frequencies, since
further adjustments will easily result in a decrease of predicted yields; but to increase predicted
yield it would be necessary to revise the mechanisms of strand breakage. Data for DSB in
cellular DNA for sparsely ionizing radiation are listed in Table 12. Emphasis has been placed on
data collected since 1988, especially using the pulsed-field gel electrophoresis method. For
reviews of data obtained before this see Radford (1988) and Ward (1990). Data in Table 12 are
listed in the units used in the original papers; calculated yields in Table 10 are listed in both
normalizations (i.e., Gy^dalton"1 and Gy'bp"1).

Table 12 shows that the data are appreciably spread. This could be partly due to variation
between cell types. Ward (1990) considered possible factors that might determine this variation
between cell lines (e.g., chromatin structure). Ward concluded that differences might arise from
the chemical stage of strand breakage, because there would be a dependence on the particular
cellular environment and the extent to which DNA is exposed to hydroxyl radicals. He also
noted that there is a discrepancy in the estimates of the mean radical diffusion length for different
cells. Chapman and Gillespie (1975) evaluated this to be 1.5-1.7 nm, which is approximately a
factor of four less than the estimate obtained by Roots and Okada (1975). This might reflect
differences in scavenging capacities and the extent of exposure of the DNA to hydroxyl radicals
in different cells.



- 4 2 -

Table 12: Accumulated data for DSB yield for cellular DNA and lowLET radiations.
Original units (i.e., as in the original paper) have been maintained. Power of 10 is
shown as E; e.g., E-12 means 10-12

System

Hamster V79
Mouse L

Ehrlich ascites
tumor cells

CHO

CHO

Mouse
EMT-6

CHO-K1

Method

Elution

Radiation Source

dsb
y a )

Gv"W(2)

250kV6.1E-12(l) 8.7E-12(1)

Sedimentation 140 kV 11.7E-12(1)

Reference

Radford and
Hodgson, 1985

Blocher, 1988

PFGE

PFGE
Elution

PFGE

CFGE

Human SP3

Hamster V79
Human glioma
U-343MG

CHO

Human3

RT112

PFGE

PFGE

PFGE

PFGE

250kV7.OE-12(l,Gl) 10.3E-12(l,Gl/S) Iliakiset al., 1991s

7.0E-12(l,S) and Uiakis et al.,
9.OE-12(1,G2/M) 1991b

250kV9.3E-12(l)

320 kVp

250 kV 6E-9 (2)

80 kV

60Co

250 kVp

60,-,

Co

10-12E-12 (1)

-33E-12(1)'
23E-12 (I)2

6.3E-9 (2)

4.6E-9 (2)
5.6E-9 (2)

5.3E-9 (2)

5.7E-94 (2)

Ager and Dewey,
1990

AhnetaL, 1991

Heilmann et al.,
1995

Lobrich et al.,
1994

Stenerlow et al.,
1996

Wongetal., 1995

Ruiz de
Almodovar et al.,
1994

continued....
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Table 12 (continued)

System

Human glioma
U-343MG
Hamster V79
Human LS-174T5

Human HF19

Human AT27

Human 18OBR8

Human GM38

Human GM38

CHO

V79

V79

Human

Method

PFGE

PFGE

PFGE

PFGE9

PFGE

Sedimei

Sedimei

U-128510

U-181011

Human
RT112

Human
Caski13

V79

PFGE

PFGE

Radiation source

60,'Co

137,Co

225 kV 5.8E-9 (2)

150 kVp

250 kVp

60,

250kV5.1E-9(2)

60,Co

Elution

PFGE
Elution
PFGE

"uCo
50 kV
50 kV
60Co
50 kV

dsb
Gy-'O)
Gv1bp'1(2)

4.2E-96 (2)

4.4E-9 (2)

4.0E-9 (2)
4.6E-9 (2)

10.7E-9(2)

8.3E-12(1)

3.9E-12(1)

4.3E-12(1)

4.6E-9 (2)

2.7E-9 (2)12

7.0E-9 (2)14

6.0E-9 (2)
5.5E-9 (2)
6.0E-9 (2)
4.8E-9 (2)

Reference

Stenerlow et al.,
1994

Badie et al., 1995

Lobrich et al.,
1995

Lobrich et al.,
1996

Ageretal., 1990

Jenneretal., 1993

Jenneretal., 1992

Cedervall et al.,
1994

Whitaker and
McMillan, 1992

Weber and
Flentje, 1993

1 Mode method;2 weighted average method;3 human bladder carcinoma cell line;4 average of
two values obtained by two different methods in oxic cells is shown, see original paper for
details;5 human colon carcinoma cell line;6 all three cell lines showed approximately the same
DSB induction frequency;7 cell line from a patient suffering from ataxia telangiectasia
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Table 12 (continued)

(AT); 8 radiosensitive cell line from a patient with no clinical symptoms of AT;9 distribution of
radiation-induced DNA fragments in size was measured in this work in the range 0.1-1120 kbp;
this distribution was used to calculate the induced DSB frequency instead of the generally
assumed random break distribution;10 small-cell lung carcinoma cell line; " undifferentiated
large-cell lung carcinoma cell line; l2 yield obtained under oxic conditions is shown;
13 squamous carcinoma cell line;14 values shown in this paper are normalized per g"1 mol Gy"1.
These have been recalculated assuming a DNA content of 5.04E12 g mol"1 for V79 and 10.6E12
g mol"1 given in this paper, derived from flow cytometry data. They might simply reflect a
substantial underestimate of DSB yields, which is dependent on radiation quality.

Table 12
(concluded)

Apart from variations between data obtained by different authors by different methods for
various cell lines, it must be determined how reliable these estimates are in principle. The
method usually employed experimentally to determine DSB yields is to analyze rather large DNA
fragments, with the size determined by a particular assay. To convert this to a total DSB yield,
the usual assumption is made that breaks are randomly distributed in DNA. Holley and
Chatterjee (1996), theoretically, and Rydberg (1996), experimentally, showed that this might not
be true, and that higher-order organization of the DNA might play a role. Regularities in DNA
structure in nucleosome and the 30 nm solenoid lead to a release of short DNA fragments of a
size proportional to the periodicity of DNA in the nucleosome or solenoid. This would be more
important for high LET radiations. One of the implications of the Rydberg (1996) study is that
the break distribution in DNA is not random, and that this non-randomness is linked to high-
order DNA structure. Lobrich et al. (1996), following these conclusions, specifically studied
non-randomness of the DNA break distribution. Instead of using the implied distributions to
derive total DSB yields, they measured actual distributions, with the size of DNA fragments
included in the analysis down to 0.1 kb. They concluded that a substantially higher frequency of
small fragments than would be expected from a random break distribution has been observed in
human dermal fibroblasts GM38 following irradiation with X-rays, N and Fe ions (LET 97 and
150 keV/(im). It therefore follows that estimates obtained by pulsed-field gel electrophoresis that
quantifies dose dependence for rather large DNA fragments (Mbp range) could lead to a
substantial underestimation of DSB yields. Lobrich et al. (1996) concluded that the correction
factor will be dependent on the radiation quality. In their experiments, this was approximately
two for X-rays and four to five for N and Fe ions. This also means that the RBE for DSB is
approximately unity for high LET radiations (of course, at very high LET values, RBE will be
actually < 1); e.g., Belli et al. (1994).

Compared to the experimental data listed in Table 12, the theoretical predictions in Table 10 are
much higher. Depending on which particular source of data is used, the difference could be
anything from a factor of 10 (Whitaker and McMillan, 1992) to almost unity (Ahn et al. 1991).
Applying parameters of human genome (Morton, 1991), yields listed in Table 12 translate to
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anything from 17 to 140 DSB per cell per Gy of y- or X-rays. The data by Ahn et al. (1991)
differ substantially from that of others, and most of the data would fall in the range 20-60 DSB
per cell per Gy.

A substantial overprediction of DSB yields was expected, since no protection of the DNA from
proteins that existed in the experimental setting was included in the modeling. Also, no
thresholds for direct energy depositions were introduced. A substantial decrease of DSB yields
would be expected after the nucleosome structure is introduced, and further adjustments would
be made at that stage. In its current form, the model is more relevant to exposure of plasmid
DNA. Experimental data for plasmid DNA is substantial; however, often for various scavenger
concentrations the data is from very low to very high, and not directly comparable to the cellular
environment. This, of course, complicates a comparison, although there are estimates of
scavenger concentration that would correspond to the cellular environment as far as radical
diffusion is concerned. For example, Chatterjee and Holley (1990) have concluded that 0.5 M of
tris would mimic cellular conditions for hydroxyl radical scavenging. They derived a hydroxyl
radical time constant 6x10~10 s (Chatterjee and Holley, 1993) for this concentration of tris, and in
fact used 6.67x10"'° s in their most recent paper (Holley and Chatterjee, 1996). This is in
contrast to of Tomita et al. (1994), who used a value of 8.7x10"9 s for hydroxyl radicals to model
the cellular environment, although they used a 9.3 nm diffusion distance for hydroxyl radicals to
represent the scavenging conditions present in the cell. This differs from the 3 nm value adopted
by Chatterjee and Holley (1990).

Roots et al. (1985) used linearization assay to study DSB production in supercoiled nucleosome-
complexed SV40 intracellularly irradiated with 50 kVp X-rays and 60Co. Measured values of
0.20x10"'° and 0.19x10"'° dsb Gy'dalton"1 for X-rays and 60Co, respectively, are higher than
those for cellular DNA (see Table 12), but still lower than predicted by calculations (see Table
10). For experimental results for plasmid DNA irradiated to low LET radiations in aqueous
solutions, calculated values compare well to values observed at moderate ranges of scavenger
efficiency, and substantially higher than those obtained at relatively high scavenger efficiency;
see Krisch et al. (1991), Jones et al. (1993) and references therein. It can therefore be concluded
that under the assumptions made, the results of these calculations make sense and both
qualitatively and quantitatively compare well with available experimental data.

No notable dependence of SSB or DSB yields on radiation type has been observed (see
Table 10). The tentative increase in DSB yields for 70 keV photons and tritium beta particles
compared to 1 MeV photons is statistically not significant (P<0.05). This is in contrast to Tomita
et al. (1994), who found that these yields substantially depend on electron energy, with
low-energy electrons being more efficient in producing strand breaks. The relative decrease has
been found to significantly depend on DNA organization, with naked DNA showing the sharpest
decrease of DSB production with an increase of electron energy. Nikjoo et al. (1994a) also found
0.3 keV electrons more effective in producing DSB than 1.5 keV electrons. The greater
effectiveness of low-energy electrons and high LET radiations in producing strand breakage is
associated with their greater efficiency in producing clustered energy deposition, which is in turn
considered responsible for strand breakage, especially for DSB (Brenner and Ward, 1992).
Under the current assumptions, there are no thresholds set to translate energy depositions to
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strand breaks. Therefore, in its current state, this model will not actually significantly favor
clustered energy depositions. In Nikjoo et al. (1994a), 17.5 eV energy deposition was required to
produce a SSB, which means that single-energy depositions will be unlikely to cause a break. If
at later stages such thresholds are introduced in the model, this might result in predicted greater
effectiveness of low-energy electrons in producing strand breaks.

7. CONCLUSIONS

A method has been developed to study radiation damage to DNA from direct energy depositions
in the DNA molecule and water molecules tightly bound to the DNA, and radical-mediated
pathways following radical diffusion. The method distinguishes between damage to bases and
the sugar-phosphate backbone, thereby providing data that could be used to predict yields of
DNA SSB and DSB in combination with base damage. DSB and SSB yields calculated for
naked B-DNA on a time-scale that allowed for radical diffusion that would mimic diffusion
distances in the cellular environment showed no statistically significant dependence on photon
energy from 0.07 to 1 MeV, and were within statistical uncertainties for tritium beta particles.
Predicted yields as well as other data (e.g., the ratio of probabilities of hydroxyl radical attacks on
sugar and bases), compare well with available experimental data. The contribution of the
hydroxyl radical-mediated pathway of strand breakage has been estimated under the model
assumptions to be approximately 50% for SSB and a little above this for DSB. The method will
be further extended to model higher-order levels of DNA organization. In its current state, the
method does not include any free parameters. However, it retains the flexibility for adjustments
to be incorporated, if necessary, based on future work and comparisons with experimental data
for plasmid and cellular DNA.
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