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Chapter 1

Introduction

1.1 1-125 Decays and their Biological Effects

The radioisotope 251 is of high importance in radiation biology. It is of widespread
use in diagnostic nuclear medicine. Its radiation action has often been experimen-
tally studied. If an '2°T atom is incorporated into a deoxyribonucleic acid (DNA)f
molecule, besides the biological damage of the low-energy Auger electrons the toxic
effect resulting from the neutralization of the metastable 12*™Te atom is dominant.
The present work tries to evaluate the fraction of this neutralization effect on the
basis of Monte Carlo simulations and experimental data available. An attempt using
charge transfer theory was also made to explore the contribution of the neutraliza-
tion effect in '?5I-induced DNA damage.

There are two steps in 25T decay. When the nucleus of an 25T atom captures an
inner-shell orbital electron, which mostly comes from the K-shell, the 25T nucleus
decays to a metastable state 2™ Te with an excitation energy 35.4 keV. This step
is called electron capture (EC), which is finished at about 1071¢ to 1071% s. This
time is shorter than the molecular vibration period (107'* to 10713 s), so that the
atom remains in its equilibrium state in the molecule. If the 1?°T atom is a part of a
molecule, the atom will be in neutral. In this period of time, the binding energy of the
captured inner electron will be released by emission of characteristic X-rays, Auger
and Coster-Kronig electrons, shake-off electrons and soft X-rays. This is the first
electron cascade. In the second step, which takes time of 1.6x10 s, the excitation
energy can be released by v photon emission, but 93% of it is transferred directly
to shell electrons, emits internal electrons and produces a vacancy. An outer-shell
electron will fill it and release also characteristic X-rays and Auger electrons as in
the first step. This process is called isomeric transition (IT). During this process the

f Abbreviations see Appendix C.



2 CHAPTER 1. INTRODUCTION

Mammalian Cellular DNA
125T4CTP | [BRFB73], [PYBT74], [BCAT5], [CLLAT6], [CLLATS8], [PY78]
1251qU [MF81], [KSA87], [KFK*89], [CHvLS94], [WAK98b], [WAK98b],
[HLS00], [WDAKO00], [YHDO1], [WAKO01]
125TVME2 | [HvLSC92], [YHDO1], [HPH69]

Plasmid DNA
1251 [AK96], [WDR199], [KHA99b]
125TAP [AK96], [KHA99D]

I2.TFO | [NMC*96], [PLPNO1]

Pyrimidine in Synthetic Oligodexynucleotide

1251 [CH88], [Pom91], [PT94], [LFJ00]

1214CTP | [KL74], [KKS76], [MH81], [LM00a], [LMOOb]

125 TFO | [PN94], [PN96], [PN97], [NLT+00], [NPT*00], [PLPNO1]

Table 1.1: Literature on positions and forms of the '?°I atom in different targets
commonly used in experiments and calculations

atom emits internal conversion (IC) electrons and 7-rays, and it produces a second
electron cascade. If the '?°T atom is incorporated into a molecule, e.g. DNA in
solution, during the two Auger electron cascades, the 2" Te atom is highly positive
charged as a result of the emission of an average of 21.2 electrons [CJ81]. It will
later extract electrons from the parent molecule in which ?°T located and also from
neighboring molecules. This is the so-called neutralization effect. A neutralization
of the charge on the parent moiety will deposit tens to hundreds of eV excitation
energy in this molecule, leading to its superexcited state. This energy exceeds by
much the chemical bond energy or even the dissociation energy of most radicals and
the molecule should be expected to collapse. After this transmutation, the atom
125Te is stable.

The biological effects after '?°T decays have been extensively investigated ex-
perimentally and theoretically at the molecular and cellular level [Ade92], [Sas92],
[Hof00]. Table 1.1 gives relevant literature about positions and forms of the '2°I
atom in different targets commonly used in experiments and simulations. In the
following we describe in detail experimental studies from the cellular level to the ge-

netic level and the current situation of the Monte Carlo simulation using radiation
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track structure and an atomic DNA model; indeed, this was the motivation of the
present work.

Studies on ?°T in Mammalian Cellular DN A

In earlier years, Carlson and White [CW64] showed that the decay of 125 in methyl
or ethyl iodide leads to molecular fragmentation. A few years later, Feinendegen et
al. [FEBT71], Ertl et al. [EFH70] and Hofer et al. [HPHG69], [HHT71] reported that
1257 incorporated into DNA in the form of 12°IdU was obviously toxic to mammalian
cells. Walicka et al. [WAK98b] showed that chromatin structure fosters some DSBs
(double strand breaks) formation by an indirect mechanism when 25T is incorpo-
rated into DNA in cells and indicated that radiotoxicity of 12°T decay in the Chinese
hamster V79 cells is caused by the indirect mechanism [WAK98a], [WDAKO00]. In a
recent publication, Kassis et al. [KWAOQO0] concluded that DSB production depends
on the conformation and/or environment of DNA. Yasui et al. [YHD96], [YHDO1]
found an 8-10 fold increase in the induction of DSBs by accumulation of 2 TVME2
decays compared to accumulation of the thymine analog '?IdU in CHOER cells.
They also indicated that a biophysical model of the DNA damage based on the
synthetic oligodeoxynucleotide and naked DNA (plasmid) is inadequate for explain-
ing radiobiological effects at the cellular level, especially for the multiple DSBs in
mammalian cellular DNA which arise as a result of biological damage magnification
[KWAO00]. Hofer et al. [HLS00] developed a new model which represents differen-
tial spatial arrangements for parent and daughter DNA in the genome, with DNA
strands organized such that a single '?°I decay originating in daughter DNA dam-
ages two targets during the first Gy phase, but identical decays occurring during the
second Go phase damage only one of the targets.

Studies on !?°T in Plasmid DNA

Kassis et al. [KHA99a] pointed out that the yield of SSBs induced by '25TH in-
corporated into the minor groove and at a distance from pUC19 plasmid DNA by
125TAP was equal per decay, but that the DSB yield was 6.7 fold different. They
[KHA99b], [WDR99] found also that DMSO is efficient in protecting super plasmid
DNA from the decay of '?°I free in solution, and less efficient when the '2°I decays
close to DNA.

Panyutin and Neumann [PN94], [PN96], [PN97] measured DNA DSBs induced
by triplex-forming oligodeoxynucleotides. The 25T atom was incorporated into a
cytosine on an oligonucleotide that formed a triplex helix with a DNA double helix.
They found that 90% of all the breaks in the target double helix were located within
10 bp (base pairs) around the decay site. Panyutin et al. [PLPNO1] have recently
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measured the DNA strand breaks produced by the decay of 1?°I positioned against a
specific site in pUC19MDRI via an '>I-TFO. They found that the localized breaks
are distributed within 10 bp in each direction from the decay site. The distributions
of breaks in the two DNA strands are almost symmetrical. About 25% of the DSBs
were located outside the 90-bp fragment containing the TFO binding sequence. They
demonstrated that, in addition to DNA breaks confined to a helical turn around the
1251 atom, the decay can produce breaks hundreds of base pairs away in the plasmid
DNA. The results agreed with the data of Linz and Stocklin [LS85] and of Kassis et
al. [KHA99a). However, Linz and Stocklin explained that these DNA strand breaks
may be induced by the charge transfer along the DNA chain via m-electrons which
are delocalized in the stacking bases. Panyutin et al. believe that these breaks result
from the high-energy Auger electrons released in '2°1 decay.

Studies on '?°T in Synthetic Oligodeoxynucleotide

Krisch et al. [KL74|, [KKS76] and Painter et al. [PYB74] first demonstrated that
1251 decays in DNA induced double strand breaks. Martin and Haseltine [MHS1]
showed that DNA strand breaks mostly occurred within four to five nucleotides
from an '?°T decay site. Labochevsky and Martin [LM00a], [LMO0Ob] concluded that
for synthetic oligopDNA there should be three components contributing to the DNA
strand breaks, and that the non-radiation component constitutes 50 percent.

Monte Carlo Simulation of 12°T Induced DNA Strand Breaks

Those impressive experimental studies stimulate modelers to simulate the biological
endpoint to test working-hypotheses on the mechanisms of radiation action. This
task needs not only theoretical calculations on the '?°T decay in physical aspects
but also appropriate models of DNA used in the measurements. Charlton and Booz
[CJ81] first developed a Monte Carlo method for simulating individual radionuclide
decays and for calculating the electron spectrum following the decay of an '?°T atom.
Their results showed that the number of electrons emitted per decay depends on the
environment of the atom; different numbers of electrons are emitted depending on
whether the atom is in isolated or in condensed phase.

With these physical data, Charlton [Cha86] calculated the consequences of 12°I
decays using an electron track structure code [Par80]. Pomplun et al. [PBC87]
developed a new theoretical method based on a relativistic Dirac-Fock program and
using rigorous bookkeeping [Des75] and estimated a total ionization energy of 1.1
keV released from the charged '2*™Te atom by neutralization effect. Recently, the
same author has calculated the bond length between the decaying iodine and the Cs
atom of thymine molecule as a function of charge when an '?°I atom was incorporated
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into the thymine residue in a DNA chain, using a semiempirical quantum-mechanical
program [Pom00]. He also pointed out that the second cascade induced by internal
conversion after the decay of the metastable state would occur when the atom is
perhaps no longer a part of the molecule and may have moved away from the original
incorporated position. Charlton et al. [CPB87] and Booz et al. [BPPO87] calculated
the potential energy produced by the Auger cascade due to the charging of atoms.

After these physical studies, Charlton and Humm [CH88] developed a simple
DNA model, in which the molecule was divided into three volumes representing a
base and two individual sugar-phosphate chains separately, and successfully simu-
lated the DNA SSBs measured by Martin and Haseltine [MHS81]. Later Pomplun
[Pom91] developed a new DNA target model for track structure calculations and
applied it to '2°T decay studies. Terrissol [Ter94] built up a more complex model of
nucleosome and tested working-hypotheses on the action of '?°T decay on the DNA
in mammalian cells. Pomplun and Terrissol [PT94] investigated also the behavior
of chemical radicals produced by '?°T atom in a DNA unit and attempted to eluci-
date the radiation action mechanism. Charlton et al. [CHvLS94] applied a simple
volume DNA model and the track structure code [Par80] to simulate DSBs of the
DNA associated with a nucleosome induced by 2°I incorporated into the DNA and
compared with the experimental data [HvLSC92].

Nikjoo et al. [NMC*96] modeled the fragment length distributions induced by
incorporated '?°I in a synthetic oligodeoxynucleotide using a volume model of B-
DNA. Recently, Nikjoo et al. [NLTT00], [NPT*00] have calculated the fragment
size distributions for triplex DNA induced by TFO-!?°I. In their simulations for
DNA and TFO, they did not show the total DNA strand break distributions in both
strands.

The radionuclide '?°T is widely used in cancer therapy. Because of the tumor
heterogeneity and the incorporation of '?°T atoms into normal body tissues, data
on both subcellular 25T carriers distribution and on the heterogeneity in cellular
activity within tumors are required. The inhomogeneity in the dose distribution for
low-energy Auger electrons emitted by '2°I decays is a serious problem. Dosimetry
calculations [HRS89], [LFP*01] show that '?°T atoms should be more effective in
treating mircometastases than high-energy S-emitters, e.g. '3'I atoms. For further
information, see e.g. ref. [Hof96], [Hof00].

1.2 Motivation and Concept of the Present Work

In spite of all those efforts in experiments and theoretical calculations, the actual
mechanism of DNA damage by the Auger emitter 25T atom is not yet fully under-
stood [Hof00]. Some questions are still open:
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1. Different '?°I compounds, e.g. '*?IVME2 and ?°IdU induce strikingly different
yields of DSBs in CHOER cells [YHDO1], Are these differences due to different
radiosensitivity to 2°I atoms or to the structure of DNA conformation in
mammalian cells or to both?

2. DNA strand breaks occur 100 base pairs away from the decay site [LS85],
[PLPNO1]. Is this due to charge transfer, or to physical direct interactions or
to chemical radicals?

3. Theoretical simulations [CH88], [NMC*96], [NLT*00], [NPT*00] so far com-
pared only the fragment size distribution of DNA strand breaks with experi-
mental data. The neutralization effect was always neglected, which might be
of the same importance as the radiation effect [Hal90], [LMO00a], [LMOOb].

4. Experiments [LMO00a], [LMO0Ob] suggest that DNA strand breaks may be due
to radiation action as well as to non-radiation action. The non-radiation action
may be due to the highly charged daughter ion '?*™Te. Is it possible to apply
a charge transfer theory [MS85], [BJ99] to the highly dynamic neutralization
effect of 125 Te?

5. A highly charged daughter ion 2™ Te represents a high ionization potential
energy, and may transfer a part of the energy to neighboring bases. What
is the mechanism or the pathway in which these energy induces DNA strand
breaks?

The present work is originally designed to investigate and to test working-
hypotheses on the causes of the DNA strand breaks induced by '?°I incorporated
into a CAP-DNA complex. This is done by using the refined track structure calcu-
lation code PARTRAC (cf. Appendix A) with the crystallized spatial model of this
complex. Preliminary calculated results [LFJ00] agreed well in shape of the curve
with the experimental data [KZG199] on the strand in which an 2°T atom is incor-
porated. However, there is an unexplained shift on the opposite strand. We realized
that this kind of shift might arise from the neutralization effect or from the elec-
tron/charge/energy transfer, which is emphasized by Halpern [Hal90] and Fuciarelli
[FSMZ94]. At the same time, Labochevsky and Martin [LMO00a], [LMO00b] published
their new experimental data of DNA strand breaks induced by an 25T atom incor-
porated into a cytosine located in the middle of a 41-mer synthetic oligodeoxynu-
cleotide and derived the contribution of neutralization component, which may be
as high as 50% according to an estimate based on a simple model. Thus, we were
stimulated to calculate the number of DNA strand breaks contributed from the ra-
diation component, and to compare our simulation results with the experimentally
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derived total DNA strand breaks. Our new simulation results are much lower than
the experiment derived data around the '?°T atom located site, whereas the strand
breaks on the distant bases agree quite well. This implies that the mere comparison,
e.g. between simulations and experiments [CH88], [NMC*96], [NLT+00], [NPT*00]
of the fragment size distribution, (i.e. the only quantity that can be measured in
experiments) is inadequate, in part because the fragment size distribution has been
normalized to be unity. During the course of this normalization, the neutralization
effect will always be overlooked.

The first task of the present work is to assess the DNA strand break contribution
from the neutralization effect by combining simulation results based on the refined
biophysical model — the PARTRAC code (cf. Appendix A) and experimental data
[LMO00a], [LMOOb]. The second task is to try to understand the underlying mecha-
nism of the neutralization effect of the multiply positive charged daughter ion 12>™Te
from the point of view of the charge transfer theory.

In plasmid DNA, the experimental data agree well among themselves, but dif-
ferent authors [LS85], [PLPNO1] gave different explanations for the DSBs which
occurred up to 100 bp away from the decay site. Linz and Stocklin [LS85] explained
this phenomenon by energy transfer mechanism along the DNA, which is supported
by investigators using other irradiation sources [vLWdHH86], [CMS90]. However,
Panyutin et al. [PLPNO1] believe that these DSBs could be contributed from the
action of high-energy electrons produced by '?°I decay. They could not distinguish
between a molecule in which the decay actually occurred and nearby molecules that
were hit by the high-energy Auger electrons, since they applied the Monte Carlo
track structure simulations to a larger volumes encompassing the whole plasmid
DNA. Thus, another task of the present work is to calculate the DNA strand breaks
induced by an %°I atom incorporated in a plasmid DNA. We expect that compar-
ison between simulation results and experimental data will give some clues for the
electron transfer along the DNA chain.

In mammalian cellular DNA, the situation becomes even more complicated be-
cause of higher-order organization of DNA and of effects of protein. We simulated
two cases of 12°I: (1) incorporated into DNA thymine bases and (2) distributed
homogeneously in cellular nuclei. Comparison with experimental data [WAK98b],
[WAK98a], [WDAKO00], [WAKO01], [KWA00], [HLS00], [BRB*94], [YHDO1] should
give some insights into radiation action mechanisms of 25T decay in mammalian cell
nuclei.



Chapter 2

Simulation of I-125 Induced
DNA Strand Breaks

2.1 Simulation of I-125 Decay

The decay of 12°T occurs by electron capture (EC), which results in vacancies in the
atomic subshells of the metastable daughter nucleus 2™ Te. The metastable level of
the 12" Te nucleus has an excitation energy of 35.4 keV. It will lose its excess energy
by transition of 7% 7 emission and 93% internal conversion, and thus transmutes
to the stable atom '25Te; this process is called isomeric transition (IT). The decay
scheme of 1251 is shown in Figure 2.1, which is based on data given by [ICR83]. The
@rc in the Figure 2.1 is the energy difference in the electron capture (EC) decay
between the ground states of the parent nuclide, '231, and the daughter nuclide,
125mTe, in the metastable state.

The spectra of Auger electrons and photons for individual 25T decays have been
calculated by a Monte Carlo technique [CJ81], [PBC87|, [BPPO87]. The primary
hole leading to an excited state of the nucleus is created by electron capture mainly
from the K-shell, at a relative frequency higher than 80% [LZ64], whereas other
shells are affected only to a minor degree. For the de-excitation both radiative as
well as Auger and Coster-Kronig transitions, and moreover, shake-off and double
Auger processes have been considered. (The meanings of an Auger and a Coster-
Kronig transitions, and other special terms are given in ref. [ICR83] and [PBC87].)
Other processes were neglected here either due to very low intensities or in view of
lacking data.

Starting from the primary vacancy, the first transition has been selected accord-
ing to its probability by using random numbers for creating one X-ray photon or
two new vacancies (Auger transition). By checking the energy conditions the code
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EC-decay 100% g—i— 1227 (59.4 d) 0.0 MeV

Qrc = 0.1781 MeV
Electron Capture

5t 1250 Te (1.6x10%s)  0.0354 MeV
93% Internal Conversion
§4!
7% ~-Emission
3t '2Te (stable) | 0.0 MeV

Figure 2.1: Decay scheme of 1251

allows or refuses the transition. If a selected transition is energetically not possible,
it is canceled from the list of transitions and another one is chosen. An energetically
allowed transition is definitely accepted and the deepest lying vacancy is the new
starting point for the next transition. In this way, a whole cascade of transitions
is followed until all positive charges are located in the outer shells which cannot be
filled any longer by electrons from the same atom.

According to the decay mode of ?°T (Figure 2.1), the metastable state of 12°™Te
with a half life of 1.6x107% s (it takes about 107'® to 107!° s for the complete
cascade) is assumed to live sufficiently long to allow a complete neutralization of
the charge by electrons from surroundings. This state decays in about 93% of all
cases by internal conversion, which again creates a hole in an inner shell resulting
in a second Auger cascade. Because probabilities for transitions in multiply ionized
atoms are not available, the probabilities for singly ionized atoms have been used
and modified by a factor accounting the number of electrons available for a certain
transition. To determine the energies of the emitted Auger electrons or X-rays, the
total energies of the atom before and after the transition are calculated and the
difference between the two is equal to the energy released. For references of the used
probabilities for electron capture, internal conversion, radiative and radiationless
transitions see Pomplun et al. [PBC87]. Another way of simulation of 1251 decays
can be found in [CJ81], [BPPOS8T].

Results on spectra of Auger electrons and photons for individual 251 decays,
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Radiation y(4) (Ba-s)~ '  E(i) (MeV)  y(i)x E(i)

Y1 6.860E-02 3.548E-02 2.434E-03
ce-K, 71 8.000E-01 3.643E-03 2.914E-03
ce-Li, 7 9.440E-02 3.052E-02 2.881E-03
ce-La, 71 9.500E-03 3.084E-02 2.930E-04
ce-L3, 71 1.900E-03 3.112E-02 5.913E-05

ce-M1, 1 1.700E-02 3.445E-02 5.857E-04
ce-Msz, 11 2.800E-03 3.459E-02 9.685E-05
ce-Ms, 11 1.000E-03 3.464E-02 3.464E-05
ce-Ni, 711 4.000E-03 3.529E-02 1.412E-04
ce-Na, 71 8.000E-04 3.534E-02 2.827E-05
K,, X-ray 7.587TE-01 2.746E-02 2.083E-02
K,, X-ray 4.060E-01 2.722E-02 1.105E-02
Kg, X-ray 1.345E-01 3.099E-02 4.168E-03
Kg, X-ray 3.710E-02 3.169E-02 1.176E-03
Kg, X-ray 6.900E-02 3.093E-02 2.135E-03
Kg, X-ray 1.300E-03 3.124E-02 4.061E-05
L X-ray 1.396E-01 3.938E-03 5.497E-04
Auger-KLL  1.327E-01 2.248E-02 2.983E-03
Auger-KLX  5.700E-02 2.639E-02 1.504E-03
Auger-KXY  6.300E-03 3.022E-02 1.904E-04
C-K LLX 2.626E-01 2.805E-04 7.365E-05
Auger-LMM  1.252E 00 3.018E-03 3.779E-03
Auger-LMX  3.372E-01 3.656E-03 1.233E-03
Auger-LXY  2.140E-02 4.292E-03 9.186E-05
C-K MMX 1.449E 00 9.071E-05 1.315E-04
Auger-MXY 3.315E 00 3.768E-04 1.249E-03
Auger-NXY  3.439E 00 3.263E-05 1.122E-04

Average electron energy (MeV) 1.839E-02
Average photon energy (MeV) 4.239E-02
Average potential energy (MeV) 1.083E-03
Average number of electrons 13.36
Average number of shake-off electrons 2.15
Average number of photons 1.61
Average charge per decay 14.36
Average energy per decay (MeV) 6.186E-02

Table 2.1: Yields and energies of emissions in the 25T decay. For the meanings of
the designations, see text
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simulated by Monte Carlo technique described above, have been used in the present
study. Yields and energies of emissions in the '?°T decay are listed in Table 2.1, which
has been taken from Pomplun et al. [PBC87]. Designations in the Table 2.1 are
explained as follows: (i) is the yield of the emission of kind i, the unit, (Bg-s)™, is
equivalent to that of per transformation; E(7) is the energy of the emission of kind 4
y(4) x E(1) is the average energy of the emission of kind 4; 1 is the isomeric transition
of 12°MmTe; ce-K, =, is the internal conversion electron from the K-shell associated
with the vyi-ray; K,, X-ray is the characteristic X-ray emitted when an electron
makes a transition from the subshell L3 of the major L-shell to the K-shell; Kg, and
Kg, X-rays are the characteristic X-rays emitted when electrons make transitions
from the subshells M5 and M4 of the major M-shell to the K-shell respectively; L X-
ray is characteristic X-ray emitted when an electron makes a transition from any
shells beyond the L-shell to the L-shell; Auger-KLL is an Auger electron emission
from the L-shell when a vacancy occurs in the K-shell and an orbital electron from
L-shell fills the vacancy and transfers the energy directly to the emitted Auger
electron; the designations of X and Y in Auger-KLX and Auger-KXY mean any
shells higher than the L-shell for K series Auger transitions; Auger-LXY is L series
Auger transitions; C-K LLX is a Coster-Kronig transition, a special type of the
Auger transition involving transitions between subshells of the same major shell.

Some characteristics of the individual electron spectra used in the present study
are shown in Figure 2.2, based on data given by Pomplun et al. [PBC87]. From
Figure 2.2a one can get an idea of the number of electrons with various energies
released per decay; Figure 2.2b gives the probabilities of the total electron energies
released per decay.

2.2 Geometric Structures of DNA Models

According to the goals and concepts of the present work, five structures of DNA
models in different scale of base pairs, i.e. a 12-mer free B-DNA, a 30-base pair DNA-
protein complex, a 41-mer synthetic oligodeoxynucleotide, a pUC19 plasmid DNA
in length of 2700 base pairs and a higher-oder organization of DNA in mammalian
cells were developed and used in the PARTRAC code.

2.2.1 CAP-DNA Complex and Free B-DNA

The catabolite gene activator protein (CAP) or cAMP receptor protein (CRP) of
the CAP-DNA complex is a dimer of two identical subunits, each of which is 209
amino acids in length and contains a helix-turn-helix DNA binding motif (Figure 2.3)
[VV95]. CAP complexed with a specific 30-base pair DNA sequence shows that the
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Figure 2.2: Average electron spectra (a) and the frequency of total electron energy
released (b) in the simulated '2°T decays



2.2. GEOMETRIC STRUCTURES OF DNA MODELS 13

DNA is bent by 90° [PWG96], [SSS91], [SSS90]. The structure data set of the
CAP-DNA complex was obtained from the Protein Data Bank (PDB) [BWF*100];
its PDB ID entry number is 1GCP. In the PDB CAP-DNA data set, all the H-atoms
in sugars of the nucleoside and some H-atoms in the 4 bases are missing and there are
two single-phosphate gaps [PWG196] between bases T(2)G(3) in the “top” strand
and between bases G(-3)T(-2) in the “bottom” strand (Figure 2.3). Before the PDB
CAP-DNA data were used in our simulation, all the H-atoms were added and the
two phosphate gaps were also filled using an algorithm described in Appendix B.

The naked free B-DNA model is a 12-base pair piece of DNA with so called
intrinsic or preexisting twisting and bent in the DNA duplex [GZ095]. Figure 2.4
shows this kind of the free B-DNA with the '?°T atom incorporation into the position
of atom Cy, i.e. the ?°I atom substitutes the methyl group CH3 and bonds to Cs
atom in one thymine, which was used as a control example for the bent CAP-DNA
in the experiment [KZG799]. This was designed to test whether the Auger emitter
1257 atom could play the role of a radioprobe for the bent CAP-DNA like other
chemical and biological assays.

2.2.2 Synthetic Oligodeoxynucleotide

The 41-mer synthetic oligodeoxynucleotide, containing the 2°T atom which replaced
the C5 atom of the middle cytosine base, was used as a conventional system for
investigation of 2°I decays induced DNA strand breakage in previous experiments
[KLDM96], [LM96] and in simulation calculations [NMC*96]. Recently, experiments
[LMO00a] were performed by labeling 2P at the 3’ and 5’-ends on both stands of this
model and incubating in 20 mM sodium phosphate buffer (PB) and PB plus DMSO
(Dimethyl sulphoxide) (Figure 2.4). After 18 ~ 20 decays incubation, samples were
analyzed on a denaturing DNA sequencing gel, 8 measured data sets, i.e. fragments
size distribution from the 32P-labeled end were obtained for the “top” strand: (1)
5'-end 32P-labeled in PB, (2) 5-end in PB4+DMSO, (3) 3'-end in PB, (4) 5'-end in
PB+DMSO and the “bottom” strand: (5) 5'-end 32P-labeled in PB, (6) 5-end in
PB+DMSO, (7) 3'-end in PB, (8) 5'-end in PB+DMSO (Figure 2.4). From these 8
systematic data sets, total DNA strand breaks and the non-radiation induced DNA
strand breaks on both strands were derived with the assumption that the induction
probability for DNA strand breaks induced by radiation declines as an inverse square
of the distance from the decay point to a sensitive target [LMOODb].

2.2.3 Plasmid DNA

DNA strand breakage was detectable up to 70 A, which is equivalent to about 20
base pairs, from the 251 decay site by using a 59 and an 121 bp DNA double
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Numbering -15-14-13-12-11-10-9-8-7-6-5-4-3-2-11 23 4 56 7 8 910111213141516
Bottom 3'32P- G C T T T TCACACTGTATACAGTGTGAAAAGCGYH
Top 532p.GC G A A AAGITIGTGACATATGTCAC*ACTTTTCG 3

Figure 2.3: CAP-DNA complex. The numbering of base pairs is according to Schultz
et al. [SSS91]. The bases are shown in colors ( GCT). The iodine atom 2°T is shown
in black (at the Hs position of cytosine 7, i.e. C*). The 2°T atom in the bent DNA is
hidden by other atoms. The protein is presented in cyan and the cAMP is shown in
orange red. The white and the blue atoms are the sugar-phosphate backbone of the
DNA duplex. The strand, in which the 25T atom is located, is called the “top” strand
and the opposite the “bottom” strand. The underlined nucleotides are connected
with the protein (all the color pictures of the DNA models in this dissertation are
visualized by using Persistence of Vision™ Raytracer (POV-Ray'™) freeware.)
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4l -rmer OligoDNA

Top 5-CCTCTTCAAGAATTCTCACTCIGGCTCCGGTAAGCATCTAGCY
Bottom3-GGAGAAGTTCTTAAGAGTGAGCCGAGGCCATTCGTAGATCGY

5’ . 3’ 5’ . 3’ 5’ . 3’ 5’ . 3

3 5’ 3’ 5’ 3’ 5 3 5’

Incubation in (1) PB and (2) PB+DMSO

Symbols used: * — 32P, i — 1251, C! — 125] incorporated cytosine

Figure 2.4: A free B-DNA and a 41-mer synthetic oligopDNA (upper part). The black
ball denotes the '?°T atom. The colors of the atoms are the same as in Figure 2.3.
The sequence of the 41-mer synthetic oligopDNA is listed in the middle, its spatial
atomic co-ordinates are generated by the Biosym modules Insight and Biopolymer.
The free B-DNA is comprised by only adenine (A) and thymine (T). The outline
of experimental procedures used to synthesize four possible combinations of the 3?P
and labeling of the '2°I-dC containing oligopDNA (lower part)
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Figure 2.5: A pUC19 plasmid DNA model. The black ball denotes the location of
the 25T atom

strand fragments with 121-dC containing at known position [MH81]. Experiments
with long bp plasmid DNA pBR322 [LS85] and pUC19 [PLPN01] demonstrated
that DSBs may also occur as far as hundreds of base pairs apart from the 251
site which were explained to be due to transport of excitation energy via the -
electrons systems by the former investigator and by radiation action by the latter
one. From the physical tracks of 25T decays presented in Figure 3.1, one can see
that the ionization and excitation events densely occurred up to 200 A apart from
the '2°T atom and even extend up to 2000 A away. These events and the chemical
radicals produced by those events can also interact with and attack DNA molecules,
giving rise to many strand breaks. In the present work a simple geometrical model
of plasmid pUC19 DNA was set up using parameters suggested by Vologodskii et
al. [VLK'92] and Saenger [Sae84] to test, from the point of view of the radiation
track structure theory, whether the portion of DNA strand breaks produced by those
tracks are comparable to that measured in experiments and, further on, to give some
hints for the understanding of the long distance damage to DNA by 25 decays. In
the simulation the sequence of the plasmid pUC19 [YPVMS85] was used instead of
a random sequence to text the finding of predominant damage in the thymine-rich
areas [LS85]. The geometry of the model is shown in Figure 2.5.
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Figure 2.6: The chromosome geometry used to model the DNA organization in
human cellular nuclei

2.2.4 Mammalian Cellular DNA

The higher toxicity of DNA-incorporated 251 atoms in mammalian cellular nuclei
was reported by many experimental investigators [LL84], [LHBL96], [WDAKO0],
[WAKO1], [WAK98b], [WAK98a], [YHDO1], [KWAO00], [HLS00], [BRB194]. With
the higher-oder organization model of DNA in mammalian cellular nuclei [FJPS98]
the DNA strand breaks and the fragment distribution were modeled in a larger scale.
The model [FJP199] used in our simulation is plotted in Figure 2.6 for reference,
the ?°T atoms are asummed to be located at cytosines.

2.3 Modeling of I-125 Radiation Action on DNA

Regardless of the special chemical toxicity of the DNA-incorporated ?°T atom, it is
without exception primarily a radioactive isotope. After EC decay, it releases about
21 Auger electrons with lower energy, mostly <1 keV and photons with a main
energy of 27.4 keV. Photons transfer a large fraction of their energy to many other
electrons via inelastic and elastic interactions. These energetic electrons ionize and
excite DNA and water molecules and deposit their energy. The residual electrons
with energies lower than, say 10 eV, will lose their energy mostly by excitation
of rotational, translational and vibrational modes of molecules. In addition, the
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chemical new products, e.g. *OH and H*® radicals, produced by radiation interaction
with water molecules, will also contribute to DNA damage via subsequent chemical
reactions.

In the present study, the PARTRAC code (cf. Appendix A) was used to model
the %5 atom interaction with DNA molecules in solution. The PARTRAC code
is a self-consistent biophysical simulation code which models not only radiation
interactions in liquid water of the earlier physical and later chemical processes but
also provides a complete DNA geometric model from an atomic to a cellular nuclear
level. It provides also a module which analyzes the initial interactions leading to a
biological endpoint.

In the two following subsections, physical and chemical initial interaction mecha-
nisms between radiation and DNA molecule and environments, e.g. water molecules
will be introduced in detail; for the modeling and computational techniques, one can
reference Appendix A. The mechanism and modeling of the neutralization effect will
be discussed in Section 2.4.

2.3.1 Physical Action Mechanisms

According to the radiation interaction time scale listed in Table A.1, the physi-
cal processes of radiation interaction with matter complete at 107'5 s. Radiation
interacts with matter in different processes due to its intrinsic quality, and the prob-
abilities of interaction processes are expressed as cross sections (for introduction see
ref. [Par87], [DHIP98]). For the simulation of physical action on DNA and its envi-
ronment, the physical track structures of radiation, i.e. the spatial distributions of
interaction events, e.g. ionizations and excitations are needed. In biological tissues,
liquid water is the dominant component.

Electrons and photons released in individual decays of 1?°I atom were evaluated
by Pomplun [PBC87]. Such spectra were read in by the PARTRAC code to generate
tracks in the model substance — liquid water. DNA molecules in their geometry,
which are considered as liquid water regarding their cross sections (since non DNA
cross sections are available yet and the differences are expected to be small), was
configured into the space where the tracks were produced by keeping the position
of the DNA-incorporated '?°I atom in the origin. With the superposition of the
radiation track structures and the DNA geometrical structures, the coordinates of
these two structures were analyzed with an assumption that a hit occurred when
an event is found inside the van der Waals radii of atoms of the DNA molecules.
The hit means that an event, e.g. ionization or excitation happens and deposits its
energy inside DNA molecular atoms.

Where the energy deposits in the DNA molecule is important for leading to
damages of DNA. A DNA molecule is a macromolecular chain which is constructed
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by repeated motif — nucleotides. It is composed of a cyclic, furanoside-type sugar
which is phosphorylated in the 5" position and substituted at C;» by one of four
different heterocycles attached by a S-glycosyl C,/-N linkage. The heterocycles are
purine bases adenine (Ade) and guanine (Gua) and the pyrimidine cytosine (Cyt),
thymine (Thy) and uracil (Ura) which is only found in ribonucleic acid (RNA).
The four bases (Ade, Gua, Cyt and Thy) and sugar compose the four nucleosides:
adenosine (dAdo or dA), guanine (dGuo or dG), cytidine (dCyd or dC), thymine
(dThd or dT), and the four nucleotides are denoted as 5-dTMP or pdT, 5-dCMP
or pdC, 5'-dAMP or pdA and 5-dGMP or pdG (for DNA and RNA see text books
by Saenger [Sae84] and by Voet and Voet [VV95]). In literature as a convention,
nucleotide bases and abbreviations, A, G, T and C are used to stand for the het-
erocycles, i.e. bases. The knowledge of the detailed structure of DNA molecule is
essential for modeling its radiation damage especially for the simulation of radiolysis
interaction which will be dealt with in the next section.

Hits or energy depositions inside atoms from different constituents of DNA
molecules introduced above can break valence bonds of atoms and further destroy
the intrinsic structures of the DNA molecules. This action was called direct action
or direct hit of radiation in biological tissues. The direct radiation action is just
a model which was abstracted from physical knowledge of radiation transport in
matter and the experimental observations.

2.3.2 Chemical Action Mechanisms

Experiments concluded that DNA is heavily hydrated. Not only plays the aqueous
solvent a central role in conserving the architecture of DNA molecule, these inho-
mogeneous hydration shells are also involved in the formation of hydration forces
and play a role in folding and recognition events. As radiation penetrating the DNA
molecule and its environment, e.g. the hydration water molecule, the active radicals
produced by radiation in water will react with the radicals and enzymes produced
by normal metabolism and further produce many products in the time scale 1071°
~ 10712 s, which is called the physicochemical stage (cf. Appendix A.3). These
initial radiolytic species will diffuse and react among themselves or attack the atoms
of DNA molecules in the time scale which extends from 1072 to 1076 s; this is
regarded as the chemical stage in modeling.

The hydration is described in terms of two discrete layers representing primary
and secondary hydration shells. Generally, in the primary shell, there are at least
11 to 12 water molecules per nucleotide, hydration of the DNA bases is local. In
the hydration of phosphate 5 to 6 water molecules are concentrated in six hydration
sites per phosphate, and the positions and occupancies of these sites are dependent
on the conformation and type of nucleotide. With 80% relative humidity, the DNA



20 CHAPTER 2. SIMULATION OF DNA STRAND BREAKS

double helix is completed with about 20 water molecules per nucleotide, which are
not all in direct contact with DNA: 8 ~ 9 of them are bonded to 11 ~ 12 other
water molecules in the inner primary hydration shell. The second, outer hydration
shell is indistinguishable from bulk water. New investigations on this subject give
even more detailed information [SPB98], [AWO00].

A precise knowledge of the shape of the primary hydration shell at the nucleotide
and base-pair level is required for the positions of the initially produced radiolysis
produced at 10~1° s around DNA molecules. These radicals have a relative short life
and will re-organize within 10~ !? s. When ionized or electronically excited molecules
undergo a dissociation process, the resulting kinetic energy is shared by the moving
fragments which may also be electronically and/or vibrationally excited. Those frag-
ments thermalize a few angstroms from each other, the distance is a function of the
available energy and of the fragment mass. The channels through which the excited
water molecules decay and the branching ratios associated with each of them, remain
still largely unknown for liquid water. But the yield of directly excited molecules
is relatively small and, in turn, has only limited consequences. The reorganization
of excited electronic states of water molecule, electrons, positive and negative ions
is dealt with in our simulation listed in Table A.2. For a detail description of the
physicochemical stage simulation see Appendix A.3 and ref. [BBM*00], [CFP198].

The species present at the end the physical and physicochemical stages are dis-
tributed in a highly nonhomogenous track structure which is the starting point for
the so-called chemical stage which extends from 107'2 s up to 107 ¢ s. In these
stage, the various species diffuse and react among themselves, or they can attack
constituent parts of DNA molecules. To model the chemical stage, the diffusion
coefficient of each species and the reaction rate constants between each species with
the different DNA molecule constituents introduced in above section are needed.
Two main modeling approaches for chemical reactions, i.e. the independent reac-
tion time (IRT) technique [FGF 98] and the step-by-step technique [TMW *83] are
accepted and were improved as stochastic models of diffusion and interaction of
chemical species.

The IRT model is based on the assumption that the distribution of species can
be modeled as independent reactant pairs. It is important to account for three
phenomena for adoption of the IRT model: (1) the fact that most of the reactions
involved in the chemical stage are partially diffusion-controlled, (2) effects related to
the spin statistics of some of the radicals, and (3) pseudo-first-order reactions that
involve various species that are distributed homogeneously in the medium. This
model makes no provision to account for the systematic spatial correlations that
exist between the radiolytic species left in a track. Following this approach, the
competition between the different possible reactions can be described via a sorting
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of the stochastically sampled reaction times of each pair. Its application is divided
into two principal steps: the sampling of the reaction time of the species and the
realization of selected reactions.

The step-by-step simulation applied in this nonhomogenous chemical stage de-
scribes the Brownian dynamics of each species through a sampling of their random
diffusive steps and accounts for the Coulombic force influencing the trajectory of
charged species. This model follows the diffusion of each individual species within
time steps of the order of picoseconds, the position of all the species are known after
each reaction time step and their encounters can be determined. Compared to the
computionally fast IRT model, this model is very time-consuming. But with this
technique, one can keep control of the spatial distribution of all radicals at all times,
which is needed for modeling the interactions between radiation induced chemical
species and the atomic structure of target DNA molecules in solution during the
chemical stage.

During diffusions and reactions among themselves, radiolysis products can attack
atoms of DNA in different moieties, e.g. base, sugar and phosphodieaster bond and
lead to oxidation of bases and sugars, breakage of the backbone of the DNA chain.
In which position the attack is easier to occur in the whole DNA molecule is still a
complicated open problem. In the double helix DNA molecule, the base is wrapped
inside and the sugar is outside the double helix. This implies that damage to sugar
is the key action for double helix DNA. Experiments showed that the *OH and H®
radicals and solvated electrons, e

aq> are the main chemical species which attack DNA

molecules.

In the following damage to DNA from radical attack will be introduced in the
base, sugar and phosphate [GV91]. For convenient discussion, the four nucleotide
bases are listed in Figure 2.7.

Base damage: The *OH and H*® radicals react with pyrimidine and purine via
additive reaction (90% for *OH) and protonation reaction (10% for *OH, 3% for H*).
Due to electrophilic nature the *OH and H*® radicals preferentially attack the site of
the highest electron density, e.g. first C; and next Cg in thymine; among the four
oxidation products in purine: dA(2-OH)*, dA(4-OH)*, dA(5-OH)*, dA(8-OH)*. The
dA(8-OH)* is more important due to its further oxidation under oxygen condition to
8-hydroxyadenosine, a hidden mutation which is not easy to be repaired. e,,
with bases mainly via additive reaction and produce charged free base radicals.

reacts

Normally electron adducts to C4 in pyrimidine and to Ce and Cg in purine. These
electron adducts can be rearranged in their molecular structure via protonation
reaction and further form different oxides. Due to the difference of the electron
affinity of the four base (T>C>A>G), when one base is adducted by electron, the
electron will transfer to the nearest base if its electron affinity is larger than that of
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Figure 2.7: Nucleotide bases 5'-dApdTpdCpdG-3'
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the nearest one. That is the reason why the base G is more easier damaged by €.

Sugar damage: Sugar is the key moiety in the backbone chain structure of
the DNA molecule. It connects with base and phosphate groups and forms the four
bases via the connection hydroxyl and phosphate of the 5 and 3’ C atoms to the
DNA chain structure. The lesion of the sugar group is the precursor of deletion of
undamaged base from the nucleic acid and strand breakage. Other than *OH, H®
and e,, do not react directly with sugar group. Attacks to the sugar moiety come
more from the transfer of the base radicals (formed by *OH and H* addition to the
base moiety) to the 4’ or 2’ site in the sugar group. In another words, the lesion of
sugar is the result of the base lesion. Sugar radicals is not stable and can release
phosphate in a short time, and further release bases undergoing H-abstraction and
hydrolysis reactions and form different oxidized products.

Phosphate damage: Damage of the phosphate group is mainly from the di-
rect energy deposition. Phosphate absorbs radiation energy and changes to radical
(RO)2P(0)O* and releases e,,. This radical can oxidate the nearby base and proto-
nate reaction on the site of 4 C atom in sugar groups which results in the release of
phosphates and bases. This, in turn, will lead to strand breakage and base damage.

From the discussion above, it is obvious that the *OH radical is the main species
attacking the DNA. In a cellular environment it can be scavenged with certain
probabilities. In solution, scavenging depends on the density of DMSO and on the
temperature. Due to experiments performed at —70°C [KZG199], in the simulation
of CAP-DNA, free B-DNA damage, the effect of the protein on the transport of
radiation induced radicals has been neglected. At this temperature, it is assumed
that the radicals will not migrate which is equivalent to the case when all *OH
radicals are scavenged. In the experiments [LMO00Oa] of 41-mer synthetic oligopDNA
irradiated by 12°I in BP plus DMSO solution, DNA strand breaks were contributed
only from physical tracks and from the neutralization effect. For the case of BP
solution, breaks occur from chemical attacks in addition.

Fifty percent of the DNA strand breaks result from neutralization effect in DNA
incorporated '2°T decays [LMOOb], although this is not so clear understood but many
experimental attempts as well as theoretical. In the next section, an endeavor is
made to evaluate the component of neutralization from combination of experiments
and simulation and a theoretical calculation is performed. We also try to elucidate
the mechanisms of charge transfer in DNA chain induced by decays of this special

radioisotope 12°1.
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2.4 Modeling of Neutralization Effect on DNA

2.4.1 Process Description

The %1 atom is assumed in the following to be incorporated into a cytosine in a
synthetic oligodeoxynucleotide in solution.

I-125 Decay

1251 decay has been already discussed in detail in Section 2.1. Here, only a short
summary is given and the description is focused on points relevant to the neutraliza-
tion effect. '2°I decays via electron capture. It decays in two steps: first, the nucleus
1251 captures an electron from inner shells and decays to 12" Te (excited). This hole
will be filled up by electron from an outer shells, mostly by kicking out another
electron (Auger process). Until 125" Te is relaxed at time scales 10716 ~ 10719 s,
about 10 electrons will be emitted into the environment (DNA + water). This is
called the first Auger cascade. After 1079 s, 2™ Te will release its excited energy
by 7-ray emission (7%) or internal conversion (93%) which again creates the second
Auger cascade and decays to '25Te (stable). In the two Auger cascades, about 21
electrons will be emitted, and 12°™Te will be highly positive charged. It is possible
that the charge transfer is fast enough to neutralize the 12*™Te during its Auger
relaxation, and that the charge will not be accumulated on '25™Te as high as 10 if
it is assumed that each cascade will emit about 10 electrons [Sas92], [Pom02].

Due to the short time of transmutation in the first Auger electron cascade,
compared to the vibration time of a molecule, i.e. 1071* ~ 10713 s, the atoms in the
molecule remain in their relative equilibrium positions. The atom '?°™Te remains
in a multiply ionized state, the ionization energy on the atom is equal to the total
ionization potential 7,,:

n
N = Z-PZ (2'1)
=1

The positive charges, n, on the atom will be neutralized by electrons from intramolec-
ular and intermolecular charge transfer, and the decreased potential energy of ion-
ization is used for the emission of further electrons [PBC87], [BPPO87].

Distance between Te-125m and C; Atom in Cytosine

The distance between 1?*™Te and Cs atom in thymine is the key to understand the
consequence of the charge increase for the bond. By performing Gaussian98 cal-
culations [FTS198] on '?°I-incorporated cytosine in the present study, the distance
increases from 2.056 A (zero charge) to 1.979 A (41 charges) resp. 2.014 A (42
charges). For +3 charges, the program cannot find a stable geometry. Pomplun
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[Pom00] calculated the distances as 2.07 A (zero charge) resp. 4.68 A (+6 charges)
by the program HyperChem. From this ab initio calculations, it implies that during
the first cascade, the bond between 12°™Te and Cs will already be broken, 12°™Te
perhaps can move away from the original located position. It was also found in
experiments [RHS88], [Hal90] that the 2°"Te bond does not survive at ordinary
temperature (77K or 295 K) and time scale (10~° s), however, the 125™Te" T ion
probably remains in the close neighborhood of the original '?°I decay site.

The Fate of the '’I-incorporated Molecule

The charge developed in the first Auger cascade redistributes fast (10715 s) over the
whole molecule. The cytosine ring is initially positively charged. During the sub-
sequent neutralization, by catching electrons from the solvent molecules, one would
expect up to 100 eV of electronic excitation energy [Plab4] being deposited on this
moiety. This energy leads to a superezcited state [Pla62]. A superezcited state is a
neutral electronic state of a molecule lying at higher energies than the first ionization
potential. A number of competing processes such as direct dissociation, autoioniza-
tion, pre-dissociation, or other processes driven by excited-state interactions can
follow this excitation to superexcitated states.

In conjugated molecules, m-electrons can undergo collective excitation and then
the molecule loses its excess energy presumably through emission of a single electron,
i.e. intramolecular energy transfer from a superexcited state to the surrounding -
electron molecules.

Deutzmann and Stocklin [DS81] suggested a mechanism for the decay-induced
fragmentation of uracil according to which the pyrimidine ring should be destroyed
during charge neutralization following the first Auger cascade. Linz and Stocklin
[LS85] extended this mechanisms to cytosine (Figure 2.8).

Reiche et al. [RHS88] proposed another scheme:

" fragmentation

1 el25 : 125,n+
cytosine™“°I —» cytosine- - -~ Te" ™ —» .
N\, cytosine™ 4125m Te(n—m) .

in 10~1? s, a redistribution of charges occurs which are dispersed to the extremities of
the molecule: [cytosine™T + 125mTe("*mH]. During the subsequent neutralization
of cytosine™*, several tens eV (~ 100 eV) of excitation energy is gained (in 10~1°
up to 107! s) by this moiety which becomes superexcited. In condensed phase,
the superexcited state releases energy by several competing pathways: to vibra-
tionally or electronically excited cations or to neutral radicals. Multiply charged
cations rapidly become singly charged in the condensed phase by charge transfer
with neutral molecules because the second ionization potential is much higher than
the first. For cytosine™*, the aromatic moiety can escape fragmentation to a great
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NH, NH,

R = DNA strand R R

Figure 2.8: Charge transfer mechanism proposed by Deutzmann and Stocklin: Due
to better electron donor properties of the basic amino group at Cg4, the charge trans-
fer to Te ion should even be easier. N3 may also accept a proton from the positively
charged imino group. The Te ion will draw an electron from the neighboring cyto-
sine ring rather than from the sugar via o bonding between N;(base)-C';(sugar).
Because of the overlapping of m-electrons of DNA bases, resulting positive charges
could be distributed to several bases. Finally, the spatial distance between I atom
to adjacent base (3.5 A) is smaller than that between T atom to sugar (> 5 A)

extent. The only explanation is the ability of cytosine™" molecule and adjacent
bases surrounding the superexcited 2°™Te("~™)* atom serves as a energy acceptor,
i.e. it takes away excess energy and channels it into collective excitation of their
own m-electrons.

Charge and Energy Transfer from Base to Base in DN A Chain

The number of electrons released per 251 decay can be calculated [PBC87]. The
average charge potential, 7,, is also available [BPPO87]. In addition we need the
charge transfer rate within the molecule, i.e. from 2>™Te"t to base cytosine ring,
and also between molecules, i.e. from one base m-stack to the other base m-stacks.
Due to the unpredictable position of 12°™Te™t atom, it is assumed that the charge
accumulated on this atom is equivalent to the case that the charge is located on
aromatic ring of the cytosine base in which also the '2°I is located. Charge transfer
theory has been long introduced in one photon-induced reaction in chemistry and
biology [Mar56], [MS85], [BJ99] and in the DNA chain [DB74]. Whether and/or
which of these theories could be used for the ca. 10 charges neutralization process
of 125mTem* atom will be discussed below in Section 2.4.3.
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Energy Deposited in Base Leads to Sugar-phosphate Backbone Breaks —
DNA Strand Breaks

After having obtained the transfer rates from base to base (e.g. charge transfer
rates calculated by Dee and Baur [DB74]) the energy transferred to the neighboring
and distant bases in the strand can be evaluated. This can be done, e.g. using the
program Master Equation [MKO00] or the technique of “birth and death” process
[DB74]. Then assumptions have to be made on the mechanism of how the energy
deposited in a base leads to DNA breakage. It should be possible that the ionization
potential energy deposited inside aromatic ring can ionize the water molecule and
sugar moiety of the DNA molecules nearby. Symons et al. [Sym95] and Box et al.
[BBD*01] gave indications to this mechanism from the point of view of experiments
how a base radical and an *OH radical lead to a strand break by S-elimination and
electron transfer.

2.4.2 Evaluation from Experiment and Simulation

Before one can start to model the strand breaks induced by neutralization effect using
charge transfer theory, it would be better to evaluate this component by combin-
ing simulated radiation component with experimental data available which include
the neutralization component. Here the experiment of Lobachevsky and Martin
[LMO00a], [LMOOb], and simulation data from the PARTRAC code can be used.

Some notations used in the following should be explained first: DNA strand
break probability on the ith nucleotide site, p;, is also expressed in literature as to-
tal DNA breaks frequency on the ith nucleotide site; DNA fragment size distribution
from 32P-labeled end to the ith nucleotide site, f;, i.e. first DNA breaks frequency
for the ¢th nucleotide site. f; and p; denote the breaks on the ith nucleotide site
contributed from radiation and nonradiaition components. exp or sim on the super-
script of the f; and p; denote experimental and simulation data, respectively; nr or
r on the subscript mean contribution from non-radiation and radiation components,
respectively.

It is assumed that three components, i.e. radiation scavengeable, radiation non-
scavengeable and non-radiation are independently contributed to the DNA strand
breakage. In experiments, only the number of 3?P dpm in fragments with the length
of ¢ nucleotides, i.e. N; were measured using a Packard counter model 1900CA.
The f{™ can be calculated by f*? = N;/ > N; with assumption that 3 fF = 1.
This means that in the “top” strand after an '2°I decay event there is at least one
breakage somewhere between the 3P and '2°I. In other words, the '?°I-labeled site
is always broken, i.e. pi2s; = 1. This assumption does not mean that there is no
possibility that the 12°I-labeled site is not broken. A lower limit for pi2s; can be
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calculated. It was found that the general conclusions are relatively insensitive to
the value of pi2s; in the range from 0.85 to 1. From Section 2.2.2, it is known that
there are 8 data sets for N;, and 8 data sets for f*” will be obtained: 4 sets for the
DNA strand in which the '?°I is bound (called “top” strand), among them 2 sets
for 5'-ends in PB+DMSO solution, 2 sets for 3’-ends in PB solution; 4 sets for the

opposite strand (called “bottom” strand). The p;*” can be calculated by Equation
2.2
I
pi? = — i>1, (2.2)
exp
1->J;
j=1
with assumption pi™ = f*" due to pi™ = fi"/(1 — pg™") with pg™" <« 1 (~

1072-103 in experiment). There are 4 data sets for p;'?, 2 for the “top” strand
in PB4+DMSO solution and 2 for the “bottom” strand in PB solution. Data of
p;"? in PB4+DMSO solution show the component (only physical tracks contribution
without radicals attack) plus non-radiation component; data in PB solution show
the contribution from direct physical interactions, from radicals attack as well as
from non-radiation component. For evaluating the neutralization component, only
data sets in PB+DMSO solution were used.

In the simulation calculation, the total breaks frequency without the non-radiation
component, pffj”, i.e. the DNA strand breaks probability, was first obtained. The
first break frequency, Z”Tm, i.e. fragment size distribution, can be calculated by using
Equation 2.3:

v =P (L =pi% ) (1 =pif5,) --- (1= pi") (1 — pg")- (2.3)
This means that a fragment with a length of ¢ nucleotides is observed only, if there
is a single strand break at site i+1 without a break at any of other sites between
site i and the 3?P-labeled end.

Eight data sets on fragment size distribution, f;*?, fonm and 4 data sets on
strand breaks probability, p; 7, pffﬁ“ can be compared between this simulation and
the experiments mentioned (cf. Sections 3.1.3 and 3.2.1).

In the experiments, p; 7 refers to the experimentally found probability of elim-
ination of the (i+1)th nucleotide. In the simulation, pffrm refers to the calculated
probability of elimination of the ith nucleotide. The component contributed from the
neutralization effect p; - can be obtained by Equation 2.4 subtracting the calculated

sim exrp

direct and indirect radiation action component, pj{'7 ., from the p;

Pigr = P = pi (2:4)

These DNA strand breaks contributed only from the neutralization component, p; p.,
can be applied to the analysis of the CAP-DNA and free B-DNA data.



2.3. MODELING OF NEUTRALIZATION EFFECT ON DNA 29

Following Equations 2.4, the total strand breaks including the non-radiation
component, p; can be calculated for CAP-DNA and free B-DNA, and, further, the
first strand breaks taking into account also the neutralization effect, f;, can also
be obtained. It should be pointed out that in the “top” strand for the ?5I-labeled
site, pi2s7 was assumed to be 1 when using Equation 2.3 to calculate the first breaks
frequency, f;, for CAP-DNA and free B-DNA. Only the f; values of those nucleotides,
which are inside the range from the 32P-labeled end to the '?°I-labeled site, can be
calculated. For the nucleotides beyond the '?°I-located site, f; will always be equal
to 0.

2.4.3 Charge Transfer in DNA

A theoretical introduction on charge and energy transfer dynamics in molecular
system was recently given by May and Kithn [MKO00]. The electron transfer theory
in protein developed by Marcus [MS85] was extended by Jortner [JBLMB98] to the
DNA chain. Recently, experiments [MMBGY98] and theoretical calculations [GBS00]
confirmed that the nucleotide base guanine (G) is the main target for oxidative
damage in DNA. Radiation-induced electron migration in nucleic acids was reviewed,
e.g. by Fuciarelli et al. [FSMZ94].

Modeling of DNA strand breaks due to the neutralization effect of the positive
charged daughter ion 2™ Te"™t needs the time dependent hole occupation probabil-
ity Py, (t) to the neighboring and distant bases m. This quantity can be calculated
by the Master Equation derived by Pauli [MKO00]:

0

el - _ — 2.
atpm Z(kmnpm EnmPr), (2.5)

n

where k,,, is the transition rate from base m to base n. The decrease of P, with
time ¢ is the probability of transfer from all other bases n into the base m minus the
probability of transfer from base m to all other bases n.

In the decay studies with 12°1, 125 Te™* is assumed to be located at the cytosine
base, and the multiply charged ion 12*™Te will first extract electrons from this base.
In the following calculation, this cytosine base with the ion 2™ Te will be assumed
to be at location m. The charge will be transferred to other bases, i.e. m, and
causes those bases again to become ionize. The charge from those bases can also be
transfered to other bases and induces further ionized states, etc. To solve the Master
FEquation mathematically, it can be rewritten to a family of equations of “birth and
death” processes [DB74], one special form of Markov processes [Fel65].

Pro(t) = Am—1Pm-1(t) — (A + i) P () + pom1 Pt 1 () (2.6)
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125mTe
, forward >\m71 )\m ,
3-end --- O — O = O T O O --- b'-end
m—1 m m+1

Figure 2.9: Charge transfer procedure in a DNA chain

where )\, is the “forward” transfer probability for an excitation or charge to move
from base m to the neighboring base m+1, i.e. ki1, and py, is the “backward”
transfer probability, for reverse movement from base m to base m-1, i.e. Ky m—1-
Here the direction 3'-5' is defined as the “forward” direction, and 5-3' as the “back-
ward” direction. This charge transfer nomenclature is graphically represented in
Figure 2.9

According to the work of Dee and Baur [DB74], applying the perturbation ap-
proach, the solution of the Equation 2.6 reads

Pu(t) = Pa(t)+ Pp(?)
_ 67(A+u)t(u//\)fm/2

X {Im(at) + 3 At [V Y2G (k +1,m3t) — Gk, m; )]
k
() G0 1)~ Gk mst) (27)

where P2 (t) is the solution for a uniform DNA chain and P!, (t) is the first-order
correction term for a nonuniform chain, o = 24/Au with X and p being the transfer
rates for “forward” and “backward” transfer, I,,(z) is the modified Bessel function
[AS68], A is the perturbation matrix incorporating the “deviations” from uniformity
due to the specific base sequence of the DNA chain, and

G(k,m;t) = (2/a) D Tk k—m|+2nt1(ct), (2.8)
n=0

Gk +1,m;t) = (2/2) Y Ijpsjktr-mi+2n+1(0t)- (2.9)
n=0

The solution of the Equation 2.7 for P,,(¢t) needs the knowledge of the hole
transfer rates kop (o, = T, C, A, G) which were calculated by Dee and Baur
[DB74] based on the “strong scattering” approximation developed by Glaeser and
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Berry [GB66]. These transfer rates were in the order of several 10'* s=! which
implied that the lifetime of the hole staying in one base is about 1071° s.

Another way to calculate the transfer rates follows the classical electron transfer
theory originally derived by Marcus for protein [Mar56] using the Golden Rule which
was first discussed by Dirac and Fermi [MKO00]. Later this theory is extended by
Jortner and Bixon [BJ99] and the rate expression [MS85] reads

2
k= %VQF, (2.10)

where V' = (D|H|A) is the electronic coupling between a charge donor D and an

acceptor A, where H is the Hamiltonian, F is the thermally averaged Franck-Condon
density, incorporating both medium and intramolecular vibrational modes [BJ99]

1 > gn (Ex + nhw + AG?)?
7 5y _ 2.11
ArErkgT exp(—5) 2 P ArErkgT ’ (2.11)

where h=h/2x, h is the Max-Planck constant, kp is the Boltzmann constant, 7' is the
temperature, S = Ey/hw)y is the electron vibration coupling constant or the Huang-
Phys factor, with medium frequency, wys, E is the reorganization energy, AGY is
the driving force, the free energy gap, w 221500 ¢m ™!, is the mean intramolecular
vibrational frequency.

The base pair electronic coupling matrix element V for electron and hole in-
teraction were calculated by Dee and Baur [DB74]. Extended Hickel calculations
were introduced by Beratan’s group [PRB96]. Recently, Voityuk et al. [VRBJO0O]
[VBJRO1] reported V for hole transfer for all pairs of nucleotide bases using a two-
state model. With these newly evaluated electronic coupling for hole transition (Ta-
ble 2.2), transfer rate can be calculated using the reorganization energy calculated
by the computer program Gaussian98 [FTST98] with the Hartree-Fock and Density
Functional Method (B3LYP) using the 6-31G* basis set (Table 2.2). The driving
force between the bases (Table 2.2) is obtained from the difference between the oxida-
tion potential energy of each base measured by Seidel et al. [SSS96]: Ep,(T) =2.11,
Eo.(C) =2.14, Eo,(A) =1.96, Eo,(G) =1.49 eV (V vs NHE).

Experimental results obtained recently are usually interpreted in terms of ex-
tended charge transfer theories: superexchange process [MMBG98], [WFS199], hole
hopping model [MKS*98], [GWS'99], [LLL"00], [Gie00], [GAK'01] and phonon as-
sisted polaron hopping [CR00], [HJH'99], [LSS99]. Experiments [WFS199], [KB99],
[MCO™"98] focused on the “hole” or electron transfer or transport by either mea-
suring the quenching of the fluorescence of the donor or by analysis of the relative
yields of strand breaks at different positions along the DNA strands.
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Base pair Ej (eV) V (eV) AG® Basepair E) (eV) V (eV) AG°

TT 0.486 0.158 0. AT 0.436 0.105 0.15
TC 0.423 0.076 0.03 AC 0.373 0.061 0.18
TA 0.476 0.086 —0.15 AA 0.452 0.030 0.
TG 0.621 0.085 —0.62 AG 0.571 0.049 —-0.47
CT 0.367 0.100 -0.03 GT 0.509 0.137 0.62
CC 0.304 0.041 0. GC 0.446 0.110 0.65
CA 0.383 0.029 —0.18 GA 0.499 0.089 0.47
CG 0.502 0.042 —-0.65 GG 0.644 0.084 0.

Table 2.2: Reorganization energy, Ey, electronic coupling, V and driving force, AG®
between bases

In order to determine the transfer rate experimentally, the rate expression 2.10
can be rewritten for superexchange processes as:

kCT(R) = koexp(—ﬂR), (2.12)

where kg is a preexponential factor, 8 is the so-called falloff parameter and is often
used to distinguish between the different charge migration mechanisms, R is the
distance from donor to acceptor. For multistep hopping mechanism the transfer
rate can be calculated by

Inkct x —nlnN, (2.13)

where the power parameter 7 is here equal to 2, N is the number of hopping steps.
Experiments are often performed by measuring steady-state quantum yields and
quenching efficiencies [KB99], or excitation spectra [XN0O] from fluorescent analogs
of adenine (1,N%-ethenoadenine (A.), 2-aminopurine (A3) to other bases. Other
groups measured strand breaks [MKS™98] by analyzing the hole transfer from the
G™* to a GGG unit through one, two, three and four AT base pairs. These experi-
ments were designed to examine the parameters 8 and 7.

Regarding the ?°T decay, the charge transfer problem becomes even more com-
plicated because the 2*™Te is heavily charged. As a first try the transfer rates
calculated by Dee and Baur [DB74] for one hole charge were used to calculate the
distribution of the multiple charges. The ionization energy transferred to the bases
exceeds much the chemical bond energy or even the dissociation energy of most
radicals. Hence, it is assumed in the present study that the nucleobase is expected
to collapse which will be recorded as a strand break as is pointed out in the ex-
periment [LM0OOb]: “the experimental end point that is the basis of the data is the
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nucleoside gap rather than a DNA strand break. In other words, any one (or more)
of a number of chemically different DNA cleavage events, occurring within the one
nucleoside unit are scored in the experiment as the same strand ‘break’.”



Chapter 3

Results and Discussions

3.1 Calculated Results

3.1.1 Track Structures of I-125 Decay

Figure 3.1 presents the track structures of 100 25T decays in different scales with the
CAP-DNA structure. In the scale of 20x20 cm, only the interactions of photons in
the energy range of 27 ~ 35 keV can be resolved as “black dots”. In the smaller scale
of 40x40 pm, the tracks of electrons with energies of about 35 keV and a range of
20 pum are spatially resolved. When zooming in to the ?°T atom, tracks of electrons
with energies about 3 ~ 4 keV range of about 300 ~ 500 nm can be seen (1000x 1000
nm resolution). In the frame with a size comparable to the CAP-DNA (10x10 nm),
events from electrons with energy lower than, say 500 eV (corresponding to about
10 ~ 20 nm range in water [Par87]), deposit most of their energy near this bent
DNA and interact with its atoms frequently.

3.1.2 Frequency of DNA Hits

The frequency of DNA hits will be presented in terms of direct hits, i.e. contributed
from physical track interactions and indirect hits, i.e. from chemical radical attacks.
The former part is distance-dependent; the distribution of the nucleotide base dis-
tances to the '2°T decay site is shown first. With the distinction between the direct
and indirect hits, the portion to DNA damage from primary physical and chemical
processes can be estimated and understood.

In the present study the “direct” and “quasi-direct” hits (cf. Appendix A.2) are
pooled together and called “direct” hits. They correspond to the radiation nonscav-
engeable part of experimental results. All other electronic excitations and ionizations
are assumed to occur in the bulk water and to undergo radiation chemistry as pro-
cessed in the chemistry module. After interaction of these chemical species among

34
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Figure 3.1: Track structures of 100 '?°T decays in different scales with CAP-DNA
structure. The black dots denote locations of excitations and ionizations
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themselves and with DNA molecule, the *OH events which occurred inside the re-
action radii of the DNA constituents are scored as “indirect” hits (cf. Appendix
A.3). PARTRAC code was first applied to CAP-DNA and free B-DNA without
changing the *OH scavengeable condition, i.e. the physiological scavengeable capac-
ity in cellular environment [WMF97]. Having reviewed the experiment which was
performed in —70° for CAP-DNA and free B-DNA [KZG199], we assumed in the
present study that chemical radicals will not move and interact with DNA, and the
simulations for CAP-DNA and free B-DNA should be performed under the full scav-
engeable condition. For the 41-mer synthetic oligopDNA, full and none scavengeable
conditions were simulated according to the experiment [LM00a]. The scavengeable
parameter for plasmid DNA was adopted from ref. [KBR74]. For cellular DNA the
physiological scavengeable condition [WMF97] was unchanged. For reference the
indirect hit frequency for CAP-DNA and Free B-DNA in physiological scavenging
capacity (o =4 x 10% s™1) are plotted in Section 3.1.2.

Nucleotide distances to the I-125 decay site

As has been pointed out in experiments [LMO00Ob], DNA strand breaks contributed
from the radiation component depend on the geometric distance of the nucleotide
to the 12°T decay site rather than the genomic distance. The nucleotide distance to
the 12°T decay site is defined conventionally as the average distance of the five atoms
(four C atoms and one O atom) in the sugar ring to the 1251 decay site.

CAP-DNA and Free B-DNA

The geometric distance distributions of the CAP-DNA and B-DNA models are plot-
ted in Figure 3.2. In the “top” strand, distance distributions of these two forms of
DNA are very similar in the direct environment of the '2°T atom. In the “bottom”
strand, sugar molecules of the CAP-DNA in the 3'-end direction tend to be farther
from the '?°I atom than in the free B-DNA molecules. It should be pointed out
that in the “top” strand, the nearest nucleotide sugar molecule to the '?°I atom, is
the next one in the 5'-end direction other than the one in which the '?°T atom is
incorporated. In the “bottom” strand, in the CAP-DNA model, the distances of the
nucleotide sugar molecules in the 5'-end direction are less than those in the 3'-end
direction, for free B-DNA, and it is difficult to predict the trend due to its short
length of base pair.

41-mer Synthetic OligoDNA

It is assumed that the deoxyribosyl moieties are the crucial radiation-sensitive target
for DNA strand breakage and that bases are potential radiation targets, as discussed
in Section 2.3. The calculated '?°I-deoxyribosyl distances for the 41-mer synthetic
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oligopDNA are plotted in Figure 3.3, the “top” strand is numbered with positive
integers from number 1 to 41 in the direction from 5’ to 3’-end and the “bottom”
strand with negative integers from —1 to —41 in the direction from 5 to 3'-end.

Notice that the 1251 atom is located at the nucleotide number 21 cytosine. In
general, the '?5I-deoxyribosyl distances for the nucleotide bases in the “top” strand
are less than that in the “bottom” strand especially within 4 bases, say about 6 A
less in both directions. In the “top” strand the nearest base is the base number 20
thymine instead of the base number 21 cytosine and the distribution represents an
asymmetrical pattern like that in the “top” strand of bent CAP-DNA model. It
may imply that the distortion in CAP-DNA model affects not so much in the “top”
strand than in the “bottom” strand. In the “bottom” strand the bases within 5
bases in the 3'-end direction are less than those in the 5’-end and they are stacked
from 1.1 to 1.3 A around the decay site, and the nearest base to '2°I atom is the
base number —23 cytosine in the 3’-end direction.

Direct Hits

The direct hit frequency from the physical tracks per decay is plotted in Figure
3.4 for the CAP-DNA and free B-DNA models. All the distributions are plotted
for both DNA strands: the “top” strand (Figure 3.4a) with the 251 source in the
attached base and the opposite “bottom” strand (Figure 3.4b).

The maximal direct hit frequency close to the 25T atom is in the “top” strand, it
is about 10 times greater than that in the “bottom” strand. In the “top” strand for
these two DNA models, the hit frequency has a peak value about 5 hits per decay
at the nucleotide in which 25T atom is located, it decreases quickly to 1 ~ 1.5 in the
neighboring nucleotides and tends to be smaller than 0.1 hits per decay beyond 7 ~
8 nucleotides from the decay site. The prominent peak is due to a large number of
hits in the base to which the '?°I atom is attached. Even the Cs atom in the cytosine
has on average more than 3 hits per decay. In the model calculations, these hits in
the base do not contribute to the strand breakage. In the “bottom” strand, the peak
shifts by one nucleotide from the decay site in the 5-end direction, as expected from
the distance distribution (Figures 3.2 and 3.3), and at this nucleotide the CAP-DNA
obtains more hits than the other DNA models. The hit frequency in the “bottom”
strand distributes more smoothly than in the “top” strand along the strand. Again,
this is in accordance with the distance distribution.

In the “top” strands of these two DNA models, the most frequently hit nu-
cleotides are those in which the '?°I atom is located; however, in the “bottom”
strands the peaks of the frequency distribution occurs in the neighboring nucleotides.

The direct hit frequency per decay for 41-mer synthetic oligopDNA is plotted in
Figure 3.5. In the “top” strand, there is no difference in the hit frequency between
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Figure 3.3: Distribution of the nucleotide distance to '?°T atom for 41-mer synthetic
oligoDNA. Note the numbering of the bases in both strands (cf. text)

this molecular software generated DNA and the CAP-DNA and free B-DNA. In
the “bottom” strand, the peak of hit frequency happened on the base which is the
complementary pair to that one '?°I located in the “top” strand. This difference
from the free B-DNA (cf. Figure 3.4b) implied that the location of the '2°T atom
inside or outside the groove (cf. Figure 2.4 for free B-DNA and 41-mer synthetic
oligopDNA) of these double helix models is the key for the direct hit frequency;
also the definition of the sugar distance as the index for distance of the nucleobase
to the 25T atom is an influence factor on the direct hit frequency because in the
simulation the physical tracks interactions scored the hits on base and phosphate
moieties as well (cf. Appendix A.2), and the hits on base moiety have not been
taken into account to contribute to the DNA strand breaks yet. The sugar distance
as an distance index from each nucleobase to the ?°T atom is just a reference for
the direct hit frequency and the strand breaks probability and cannot be regarded
as an absolute parameter.

Indirect Hits

The indirect hit frequencies contributed from the chemical radical species per decay
for the CAP-DNA and free B-DNA models in the physiological scavengeable con-
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dition are presented in Figure 3.6a for the “top” strand and in Figure 3.6b for the
“bottom” strand. Indirect hits do not show one sharp peak as the direct hits and
are more distributed over the strand. This is to be expected because of the diffusion
of the radicals. In the “top” strand, the number “3” nucleotide G in the 5'-end
direction from the decay site receives most hits (Figure 3.6a), and in the “bottom”
strand the neighboring nucleotides G (“5” and “9”) receive more hits than the decay
site nucleotide (Figure 3.6b). The structures in the curves are due to the differences
in the base sequence. (Guanine receive more radical hits whereas for naked free
B-DNA there are no structures since the bases are only A and T.) The peak at
the end nucleotide of the “top” strand reflects the higher accessibility to chemical
radicals of this nucleotide than of the other inner nucleotides. The magnitude of the
distribution of indirect hit frequencies of both strands is more similar to each other
than it is the case for direct hits.

The indirect hit frequencies for CAP-DNA and free B-DNA models in the non-
scavengeable condition was not analyzed, in view of no comparable experimental
data [KZG199]. However, this component can be estimated from the 41-mer syn-
thetic oligopDNA in Figure 3.7. The radical hit frequency on DNA chain is dependent
on guanine according to the experiment-based assumption in PARTRAC chemistry
module (cf. Appendix A.3) that the base G receives radical attacks with more prob-
ability. Generally the indirect hit frequency of 41-mer oligopDNA is about 2 times
larger than that of CAP-DNA, free B-DNA (cf. Figures 3.6 and 3.7) due to *OH
radical scavenging. In other words, under the physiological scavengeable condition,
50% °*OH radicals will be scavenged. Again it is shown that the indirect hit fre-
quency is independent of the geometric distance because of radicals diffusions in
water solution, as seen in Figure 3.8. The diffusion time is cut off at 1077 s.

3.1.3 Total DNA Strand Breaks from Radiation Components

In this section, the total DNA strand breaks probability from radiation components
for CAP-DNA, free B-DNA, 41-mer synthetic oligopDNA, pUC19 plasmid DNA and
cellular DN A will be presented. Here radiation components includes physical tracks
and chemical radicals attacks contributions excluding neutralization effect, which
will be shown in Section 3.1.4.

CAP-DNA and Free B-DNA

The total strand breakage under the physiological scavengeable condition is again
plotted for CAP-DNA and free B-DNA models in the “top” (cf. Figure 3.9) and
in the “bottom” (cf. Figure 3.10) strands to give an idea of how many fractions
contributed from physical tracks and chemical radicals in the simulation. In this
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context, the total DNA break distribution records all the breakages per decay pro-
duced by radioiodine in each strand, whereas the first break distribution includes
only the breakage nearest to the 32P-labeled end. From Figure 3.9, the free B-DNA
model shows a larger probability on the total and first breakage in the “top” strand
than the CAP-DNA model. The CAP-DNA gives a lower probability at the de-
cay site nucleotide and also at the neighboring nucleotide in the 5’-end direction;
this lower probability on CAP-DNA model is perhaps due to reduction of the DNA
model volume when CAP-DNA is bent in simulation. Figure 3.10 presents the total
and first breakage of simulation results for the “bottom” strand. For the two DNA
models in the nucleotides in the 5’-end direction from the decay site, the frequencies
are similar, but in the other direction, i.e. 3'-end direction, some difference can be
seen due to the larger geometric distance to the decay site of the CAP-DNA than
that of the free B-DNA model.

For the two DNA models in the “top” strands, indirect hits do not contribute
much to the breakage. There is no appreciable difference between total and first
breakage resulting from indirect hits (Figure 3.9). In the “bottom” strand, the fre-
quency of direct hits is smaller and the higher resolution of Figure 3.10 exhibits the
small difference between first and total breakages. Indirect hits have a relatively
more effect in the “bottom” strand. One should bear in mind that till now the
discussion on strand breakage is limited to the physiological scavengeable condi-
tion. For the nonscavengeable condition, one can refer to that of 41-mer synthetic
oligoDNA in the subsection entitled “41-mer Synthetic OligopDNA”. Actually
only for the fragment size distribution, i.e. first breakage was measured in experi-
ment [KZG199], the comparison between the simulation and the experimental data
will be discussed in Section 3.2.1.

41-mer Synthetic OligoDNA

For 41-mer synthetic oligopDNA, DNA total strand breaks in PB solution with full
DMSO are plotted in Figure 3.11. Because only the fragment size distribution from
the labeled 3?P can be measured, the experimental data of total strand breaks are
derived under the assumption that the amount of damage from radiation component
declines as an inverse square of distance from a decay point to a sensitive target
[LMOOb].

In view of the purpose of the present study, i.e. the evaluation of neutralization
effect, the total strand break distribution without DMSO will not be discussed here.
Results will be not much different from the data with DMSO only, except for the
bases which are 5 ~ 6 bases away from the decay site, and it is clear from experiment
that 90% of breakage occur within 5 ~ 6 nucleotides of the '2I-dC [LMO00a).
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DSBs SSBs SSBs:DSBs

Simulation full scavengeable 0.3 0.8 2.7
nonscavengeable 0.5 2.32 4.67
sodium polyphosphate 0.49 2.29 4.5

Kassis et al. +DMSO 0.9 0.42 0.5
-DMSO 0.9 3.11 3.5
sodium phosphate buffer 1.08  3.11 2.9

Panyutin et al. -70°C 0.46 5.1 11

Table 3.1: Average number of DSBs and SSBs for pUC19 plasmid DNA per decay

of 1251 in experiments and in simulations

Plasmid DNA

The distribution of double strand breaks (DSBs) around the '2°I decay site (base
number #1339 in reference [YPVMS85]) is plotted in Figure 3.12. The number of
SSBs and DSBs per '?°T decay in simulation under different scavenging conditions
are listed in Table 3.1 for comparison with experimental data available by Kassis
et al. [KHA99a], [KHA99b] and by Panyutin et al. [PLPNO1]. The simulation
data of DSBs 0.3 ~ 0.5 are reasonable when one bears in mind that neutralization
effect must be taken into account (cf. Section 3.2.2). The percentage 26% of DSBs
in the plasmid outside the 90-bp fragment containing the '?°I atom agrees with
25% of Panyutin experimentally derived data. However, and the simulation the
neutralization is not included, in this point simulation data may appear to be too
larger. However, these data and the track structures of 1251 decay (cf. Figure 3.1)
brings us to agree with the explanation to the phenomenon that DSBs occurred 100-
bp away from the decay site, it is those high-energy electrons and chemical radicals
produced by 251 decay that interact with those DNA molecules and produce DSBs
there.

Cellular DNA

For cellular DNA under the physiological scavenging condition, cytosine incorpo-
rated with '?°T produces about 3.4 SSBs and 0.41 DSBs per cell per decay with the
relation SSBs:DSBs = 8.41. Walicka et al. [WAK98b] estimated 1 ~ 2 DSBs per cell
per decay from experimental data. Including the neutralization effect component
(cf. Section 3.2.2), the simulation results will be expected to be 1 DSBs per cell per
decay.



3.1. CALCULATED RESULTS

Probability of strand breaks per decay

Probability of strand breaks per decay
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and from chemical radicals for CAP-DNA and free B-DNA in the “top” strand. First

breakage denotes the fragment size distribution from the 3?P-labeled end
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Figure 3.12: DSBs distribution of pUC19 plasmid DNA per '?°I decay in sodium
polyphosphate solution (scavenging capacity o =5 x 10% s71)

3.1.4 Total DNA Strand Breaks from Neutralization Components

The main intention of the present work is to evaluate the total DNA strand breaks
induced by neutralization effect resulting from the multiple charged daughter ion
125mTent when '?°T atom is incorporated into pyrimidine. From the literature it is
summarized that the actual mechanism of this toxic isotope to DNA damage is still
not fully understood [Hof00] and is in debate [Pom00]. To quantitate the portion of
DNA strand breaks contributed from the neutralization effect, Data from simulation
and experiment were first combined to give a guide and an attempt was made to
calculate this component theoretically.

Combination with Simulation and Experiment

The difference of the total strand breaks between the experimentally derived dis-
tributions and the simulation with PARTRAC code (Figure 3.11) is regarded as
the component from the neutralization effect. The mathematical formulation can
be seen in Section 2.4 and reference [LMOOb]. The neutralization component thus
calculated is plotted in Figure 3.13 together with the experimentally derived com-
ponent. It should be pointed out that the strand break probability on the decay site
in the “top” strand cannot be measured even in the fragment size distribution, this
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probability is assumed to be equal to 1 in experiment and this is subtracted from
experimental data. The result is less than 1 and around 0.85, and the experimen-
tally derived DNA strand breaks by neutralization are relatively insensitive to this
result from 0.85 to 1. In principle, the probability of 1 for this decay site can also
be assumed in simulation because in experiment the fragment size distributions in
the “top” strand were terminated at bases next to or less than the decay site.

Theoretical Calculation

With the data combining simulation and experiment in hand, it is possible to test
calculation on the neutralization effect based on the charge transfer theory. First
the hole transfer rates between bases (Table 3.5) calculated by Dee and Baur [DB74]
were used to calculate the distribution along the DNA chain of the multiple charges
built up on 25" Te.

The probability distribution of hole migration in DNA chain was expressed in
Equation 2.7 after solving the Equation 2.6 for the “birth and death” process using
a perturbation approach. Although it was announced by Dee and Baur [DB74]
that their study was for nonuniformly sequenced DNA, the nonuniform chain DNA
should be understood as an averaged DNA chain of different types, such as E. coli
bacterial DNA, DNA for averaged over 10 animal tissues and Cancer boreali testis
DNA. They used the nearest-neighbor frequencies of bases in different types of DNA
with the above transfer rates in a statistic way to obtain an averaged transfer rate
along the different DNA chains. From their complicated calculations on different-
type DNA chains the assumption that the hole, electron or excitation energy initially
located in different bases, after 20 jump times, several 107! s (each “jump time”
is equal to 1/y/Au of the oder of 1071° s.), the distributions become the same as
in uniform DNA chains, especially for the hole transfer (cf. Figures 1 and 5 in
reference [DB74]). The first Auger cascade in 1251 decay ends at 10716 ~ 10715 g,
The holes are transferred from base to base also at several 1071° s. It is difficult to
distinguish to which molecules the hole will be transferred. The excited ion 125" Te
can extract electrons from its own outer shells and release more Auger electrons or
it may capture electrons from the neighboring or water molecules.

The mean pair-occurrence frequencies, Pag, a, =T, C, A, G, for the fraction
of nearest-neighbor pairs af occurring in the downward direction along the chain,
and goP = Pg, for aff pairs occurring in the upward direction (cf. Section 2.4.3)
are used to describe the so-called average uniform DNA chain with parameters,

A=X37"=3"3 PusRag,
a B

p=pa" =3 aPRsa=>_ Y PsaRga (3.1)
5 a 5 a
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The frequencies 13&5 and Pga for the “top” strand of the 41-mer synthetic oligopDNA
used in simulation were calculated and are listed in Table 3.2 and then the average
transfer rate, A% % and p5.* are calculated to be the same 6.0x 101 s~1.

To calculate the Ay +1 matrix the conditional probabilities Pd,g and Pu,g that
a base f follow a base « in the forward and backward directions respectively are
needed:

Pdaﬂ = PaB/Paa
Puga = Psa/Ps, (3.2)

where P, and Pg are the fractions of base of type o or 8. In simulation the
base cytosine is located by 2> atom and is considered as the excitation origin;
for convenience of discussion, this cytosine base is set at position zero. the prob-
abilities finding a base a =T, C, A, G at position 1 can be expressed by ma-
trix Pdcq = (Pder Pdecc Pdca Pdeg) and a base at position —1 by Pug, =
(Puct Pucc Puca Pucg). The conditional occurrence probabilities for finding a
base 3 at position 2 and —2 when base « at zero will be matrix Pdc,g and Pucqg:

Pdrr Pdre¢ Pdrap Pdrg
Pdcr Pdoc Pdoa Pdog
Pdar Pdac Pdaa Pdag |’
Pdor Pdge Pdaa Pdga

P’U,TT P’U,TC PUTA PUTG
PuCT PUCC PUCA P’U,CG
Puar Puac Puasa Puag
Pugr Pugc Puga Puga

Pdcop = (Pder Pdec Pdca Pdeg)

Pucep = (Puct Pucc Puca Puca) (3.3)

In the same approach the matrix Pdcqagy... and Pucgag,... can be calculated. These
DNA statistical parameters for the 41-mer synthetic oligopDNA are listed in Table
3.2.

The transfer rates from position zero to positions £1 (¢ and pg), and from
positions £1 to postions £2 (A; and p) --- can be calculated as

A0 = PdCa%a

Ho = PuCaka/J’a
A = Pdcagksy,

H-1= PuCaﬂ%a
(3.4)

where the % is the average transfer rate from base 8 to base ; it means that the
transfer rate at position n is the sum over all base types v of the probability that
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Base pair (a8) P, (3'-5') Pd,s Base pair (o) Psa (5'-3") Puag

TT 0.049 0.22 TT 0.049 0.22
TC 0.098 0.45 TC 0.146 0.67
TA 0.049 0.22 TA 0.024 0.11
TG 0.024 0.11 TG 0.0 0.0

CT 0.146 0.43 CT 0.098 0.29
CC 0.049 0.14 CC 0.049 0.14
CA 0.049 0.14 CA 0.122 0.36
CG 0.098 0.29 CG 0.073 0.21
AT 0.024 0.09 AT 0.049 0.18
AC 0.122 0.46 AC 0.049 0.18
AA 0.096 0.36 AA 0.098 0.37
AG 0.024 0.09 AG 0.073 0.27
GT 0.0 0.0 GT 0.024 0.14
GC 0.049 0.29 GC 0.073 0.43
GA 0.073 0.43 GA 0.024 0.14
GG 0.049 0.29 GG 0.049 0.29

Table 3.2: Mean base-pair occurrence frequencies Pag and C(_)nditional probabilities
Pd,p in the “top” strand in forward direction (3'-5') and Pg,, Pugag in backward
directions (5'-3') for 41-mer synthetic oligopDNA
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Site k -5 —4 -3 -2 -1 0
Apr+1 0.0525  0.0545  0.0452 0.08 -0.341  -0.207
Aggr—1 -0.023 -0.023 -0.023 -0.023 -0.026 -0.123
Site k 5 4 3 2 1

Agr+1 -0.0356 -0.0345 -0.0360 -0.0272 -0.0614

Apr-1 0.0522  0.055 0.046  0.0881 -0.524

Table 3.3: The matrix A (x10'*) for hole transfer in 41-mer synthetic oligpDNA

a base of type v is at position n mutilply by the average transfer rate from base y
to all other four bases. The perturbation matrix A ;41 can be obtained and are
shown in Table 3.3.

Apky1 = Ak — Aav,
Ag k-1 = pr — pav. (3.5)

The charge transfer probability distribution after the first jump time at 1.7x10715
and 3.4x1071* s with this average transfer rate parameter after taking into account
the matrix perturbation in the “top” strand of the 41-mer synthetic oligopDNA is
presented in Figure 3.14. It is found that the probability distributions are nearly
symmetric with respect to the zero position, since the average forward and backward
hole transfer rates for cytosine are similar.

As is pointed out before, the first Auger cascade finishes at time ~ 10715 s,
and the second cascade comes at time 1.6x107? s, if the hole transfer rates above is
suitable for the charge transfer phenomenon resulted from 25T decay, the charge built
up on the daughter ion 1?°Te will never be beyond 10 [Pom02], the half of the total
charges 21, corresponding 21 electrons released in 251 decay in condensed phase.
From Equation 2.1, the ionization potential energy 7, = 820 eV corresponding to
10 positive charges [BPPO87] was used in the present study.

Kelley and Barton [KB99] reported that H-bond-mediated interstrand connec-
tion between As and its complementary thymine is an important component in the
overall electron transfer pathway for the interstrand reaction. Xu and Nordlund
[XNO0O] calculated from their measured data and found out that a maximum of 7.7%
of excitation energy transferred from one base in one strand into the complemen-
tary base in the opposite strand. In the present study, 7.7% of ionization potential
energy is distributed from the “top” strand into the “bottom” strand. With more
than 100 eV potential energy, the base moiety will be collapsed, but this energy will
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Base number 3'-end 15 16 17 18 19 20
“Top” Energy (eV) 2.0 10.4 436 141.1 3259 467
SSBs 0.003 0.018 0.07 0.2 0.5 0.8
“Bottom” Energy (eV) 0.2 0.9 3.6 11.8 272 39
SSB <0.001 0.003 0.012 0.04 0.09 0.15

Table 3.4: Ionization potential energy deposited in bases in the “top” and in the
“bottom” strands and estimated induced DNA strand breaks in both strand for
41-mer synthetic oligopDNA

also ionize the the sugar and phosphate groups and lead to strand breaks. Scaling
the charge distribution at 1.7x10715 s to the simulation results in Figure 3.15, one
obtains the energy deposited in each base in both strands and the strand break
probability listed in Table 3.4. The calculation shows that 1 eV energy deposited
inside a nucleotide base will make strand breaks with a probability of 0.2%.

Following the charge transfer theory of Marcus and Jortner (cf. Section 2.4.3),
the hole transfer rates can be calculated using Equations 2.11 and 2.10, and results
are listed together with that calculated by Dee and Baur in Table 3.5. Generally
the newly calculated hole transfer rates are 100-fold less than those of Dee and
Baur [DB74]. According to the Marcus and Jortner theory those rates from base G
to other bases are almost negligible. From the experimentally measured data (cf.
Figure 3.13), one sees no trapping in the G bases (number “18” and “19” to the
3’-end direction). In the same time one should keep in mind that this theory is
derived for one electron or hole transfer in the DNA chain; whether it applies to the
125mTe with 10 charges is still a question. Other methods such as Drift-Diffusion
equation in the current transport theory might be a next try, in view of the multiple
hole transfer through the DNA chain [Ins96].

3.2 Comparison with Experimental Data

Because only the fragment size distribution can be measured in experiments [KZG199],
[LMO00a], the simulated data were plotted from different 3?P-labeled ends for CAP-
DNA, free B-DNA and 41-mer synthetic oligpDNA and compared with experimen-
tally measured results.
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Base pair  kqpt kapl Base pair  kqpt kopl

TT 5.5x10*  3.5x10'2 AT 2.9x10*  7.9x1010
TC 13.0x10'* 85x10' AC 6.1x10'*  2.0x10'0
TA 9.0x10'  1.5x10™ AA 3.0x10*  1.8x10'!
TG 9.8x10*  1.5x10™ AG 1.7x10™  4.0x10'3
CT 3.2x10"  9.0x10? GT 4.1x10™"  6.5%x10°
CcC 10.0x10"* 1.7x10? GC 6.2x10™"  6.9x102
CA 5.8x10"  6.0x10™2 GA 6.3x10™ 1.2x10°
CG 3.9x10*  3.2x10 GG 5.2x10" 1.9x10!!
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Table 3.5: Hole transfer rates, kqog (in s71), between bases calculated by Dee and
Baurt and in the present worki
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3.2.1 Fragment Size Distribution
41-mer Synthetic OligoDNA

Comparison was made first on the fragment size distribution for 41-mer synthetic
oligoDNA in PB solution with full DMSO, which means that only strand breaks
contributed from physical tracks and neutralization effect was considered for reduc-
ing the uncertainty resulting from chemical radicals attacks. From the data of the
“top” strand shown in Figure 3.16, for both 3?P-labeled 5'- and 3'-ends, the simula-
tion results are always less than the experimental data inside ~ 7 base nucleotides
from the decay site, and in the “bottom” strand (Figure 3.17), only inside ~ 4 base
nucleotides from the decay site. Beyond 7 bases in the “top” strand and 4 bases in
the “bottom” strand, the simulation data agree well with the measured data. This
agreement between the simulation and experiment indicates that the physical tracks
module of the PARTRAC code is very refined. To test the chemistry module (cf.
Appendix A.3) of the PARTRAC code, comparison of results in PB solution without
DMSO was plotted in Figure 3.18 for the “top” strand and in Figure 3.19 for the
“bottom” strand. The scavenging capacity of o = 5 x 10* s~! [KBR74] was used.
Except the 6 ~ 7 bases from the 21 located site, simulated fragment size distribu-
tions from both 3?P-labeled ends agree very well with experimental data in the “top”
strand (Figure 3.18); in the “bottom” strand, one sees the agreement between sim-
ulation and experiment beyond the 3 ~ 4 bases from the decay site. Results proved
the methods and parameters used in the modeling of radiation chemicals attacks
to DNA in the PARTRAC code. It is concluded that the simulated radiation non-
scavengeable component results can be used, in combination with the experimental
data, to evaluate DNA strand breaks by the neutralization effect more precisely (cf.
Section 3.1.4).

CAP-DNA and Free B-DNA

The initial concept of the present work is to test and confirm that whether the
measured fragment size distribution of CAP-DNA can be used as a radioprobing for
the DNA distortion such as DNA kicks like other chemical and biological assays.
Thus, the simulation data before and after taking into account the neutralization
effect were compared in Figures 3.20 and 3.22.

The simulated data plotted in Figure 3.20 concern radiation-induced strand
breaks without neutralization effect. The simulated frequency is ~ 30% less in the
“top” and in the “bottom” strands than the measured data which were plotted after
considering 13 days of exposure, a time during which only 14% of the 1251 atom has
decayed. In the “top” strand the shape between simulation and experiment is simi-
lar, however the shape of the curve in the “bottom” strand is quite different. Figure
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Endpoint  Contribution Experiment Simulation
SSBs Neutralization 3.02 (2.37,0.65) -

Radiation nonscavengeable 1.99 (1.24, 0.75) 1.86 (1.08, 0.79)

Radiation scavengeable 1.11 (0.68, 0.43)  0.96 (0.56, 0.40)
DSBs All contributions 0.8 -

Radiation only - 0.55

Table 3.6: Comparison of average number of DNA strand breaks between experi-
ment and simulation for 41-mer synthetic oligpDNA. The first and second numbers
in the parentheses denote the fraction in the “top” and in the “bottom” strands,
respectively

3.21 is presented here to give a comprehension picture of total strand breaks from
different components: radiation with and without scavenger, radiation scavengeable
effect and neutralization effect.

In experiment the fragment size distribution is directly measured and included
already the neutralization effect. In simulation the total DNA strand breaks were
first obtained directly by performing PARTRAC, which does not include neutral-
ization effect, and by adding the total strand breaks by neutralization component
derived in Section 3.1.4. The fragment size distribution with neutralization com-
ponent is recalculated by Equation 2.3 and is showed in Figure 3.22, in this Figure
the experimental data are also scaled according to the measurement efficiency (cf.
the cumulative distribution of fragment size distribution per decay in Figure 3.23).
After including the neutralization component in simulated data the fragment size
distributions agree well with measured data by Karamychev et al. [KZG199].

3.2.2 Yields of Single and Double Strand Breaks

The yields of SSBs and DSBs from different contribution for 41-mer synthetic
oligoDNA are listed in Table 3.6. The DSBs contributed from neutralization ef-
fect per 12°1 decay is estimated to be 0.8 — 0.5 ~ 0.3. The result is valid also for
plasmid and cellular DNA. The values 0.8 ~ 1.0 for DSBs and 4.2 for SSBs per 1251
decay simulated previously [CH88|, [Pom91], [PT94] are a little larger since they do
not include the neutralization effect as measured in experiments [MH81], [LL84].

3.3 Discussions

In the present study, the '?°I atom is always considered to be incorporated into
pyrimidine of DNA molecules, i.e. replacing the Hs atom in cytosine and the methyl
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1251 decay between simulation and measurement for CAP-DNA and free B-DNA
after taking into account the neutralization effect
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group CHjs in thymine and bonding to C5 atom (cf. Figure 2.7), and the environ-
ment of DNA molecules is assumed to be surrounded by water molecules. This
presupposition is emphasized here just to distinguish the case of 1?°T atom decaying
in isolation or in gaseous phase, where the molecules are in collision-free space and
the molecule virtually explodes due to highly charged regions repelling one another
under the coulombic forces; this phenomenon is known in literature as “Coulomb
explosion”.

In the present study the disintegration of an 25T atom is newly considered accord-
ing to the timing of decay scheme and the charge transfer rate as follows: The iodine
is transmuted first to excited-state tellurium when an %I atom decays, about 10
electrons are released in the first Auger cascade process, the multiple charged 12°™Te
could be neutralized at 1075 ~ 107! s depending on the adoption of transfer rates
by extraction of electron from neigboring DNA and/or water molecules before the
second Auger cascade begins at 1.6x107? s; during the latter cascade, another 10
electrons will be emitted and another neutralization procedure will be complete.

The physical mechanisms of the decay are well understood and the transport of
Auger electrons in liquid water can be described by Monte Carlo technique. However,
the mechanisms of the neutralization procedures in the two Auger cascades are not
fully understood. The key question is how fast the holes will move from the 12°™Te
atom to an other molecule. In a short time, i.e. 107 ~ 10712 s, the extraction of
10 electrons from neighboring DNA and water molecules to the 12°™Te atom ionizes
those DN A molecules and may lead to base damage and strand breaks; the ionized or
excited water molecules can also interact with DNA molecule and make damage. For
a long time, simulation of 12°I-induced DNA strand breaks concentrates on radiation
interaction with DNA with some extra ionization potential energy deposits around
the decay site to mimic the neutralization effect.

By simulation and comparison of the fragment size distribution of CAP-DNA
with experimental data, it is found that the simulated fragment size distributions
on both strands are about 30% less than the measured data. At the same time
comparison between the simulated fragment size distribution and the total strand
breaks probability of the 41-mer synthetic oligpDNA with the experimental data has
shown that strand breaks by neutralization effect is of the same oder of magnitude
as that induced by radiation only. The fragment size distribution and total strand
breaks probability calculated by the available track structure model, PARTRAC
code, are smaller than experimental data. From these observations it is substantiated
that the biophysical simulation code-PARTRAC is a refined Monte Carlo radiation
track structure simulation program for modeling the irradiation transport in liquid
water; this code also describes the migration and diffusion of the chemical radicals
produced by radiation in liquid water.
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The agreement of the fragment size distribution between the simulations and the
experiments [CH88], [MHS81], [NMC*96], [KLDM96], [NLT+00], [NPT*00] stimu-
lated us for a time to try to find out the reason why our simulated results with
PARTRAC code were always less than the experimentally measured data. The se-
ries work of the Stocklin group [DS81], [LS85] and their charge transfer explanation
produced by heavily charged daughter ion '?"Te led our attention to the work
of Halpern et al. [RHS88], [Hal90]. Meantime Lobachevsky and Martin reported
the fragment size distributions from 3?P-labeled 3'- and 5'-ends on both strands
with and without DMSO [LM00a], and derived from a simple model based on their
measured data the total strand breaks induced from different components. Thus,
they demonstrated that the total strand breaks by neutralization effect constitute
about 50% in the whole strand breaks by DNA incorporated-'?°I. The agreement
between our simulated physical-tracks-induced fragment size distribution with the
measured data with full DMSO allowed us to evaluated the total strand breaks by
neutralization effects.

Our evaluation of the DNA total strand breaks including neutralization effect of
125mTe for short piece of DNA can be used to estimate the portion of DNA strand
breakage in plasmid und cellular environment when '?°I incorporated into DNA
molecule. However, the underlying mechanism is still not fully understood. The
charge transfer calculations give us some hints that the charge cumulative on 12°™Te
atom will not exceed 10 because the charge may be redistributed to other bases or
water molecules at least 1070 s before the second Auger cascade at 1.6x107° s.

If the agreement of the total strand breaks calculated with the hole transfer rates
of Dee and Baur [DB74] with the simulation-experiment derived data is reasonable
(cf. Figure 3.14), then the charge transfer from '2™Te to other bases and water
molecules are of the oder of 1071° s, faster even than the molecular vibration pe-
riod (107 ~ 10713 5); such a fast transfer phenomenon is difficult to understand
physically.

According the calculated hole transfer rate using the Marcus and Jortner theory,
the hole will be transfer in a period of the oder of 1072 s. However, according
to their theory, it is not allowed for hole from base G to transfer to other bases,
in contradiction to the measured data. Bearing in mind that the charge transfer
rates of Dee and Baur [DB74], and of Marcus and Jortner are based on one charge
calculation, it should be reasonable to modify the charge transfer theory for multiple
charge/electrons process from the point of view of quantum chemistry.
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Summary

By virtue of low-energy Auger electrons emitted in its decays, radioisotope 2°I has
a high potential in applications in nuclear medicine, e.g. diagnostics, therapeutics
and radiopharmaceuticals. Experimental studies show that the radionuclide distri-
butions at cellular and subcellular levels within tumors are needed for cancer therapy.
Radiation microdosimetry shows that the dose distribution of the low-energy Auger
electrons in tumors is highly inhomogeneous. Oligonucleotides targeting agents, e.g.
125TUdR attack specific nucleotide sequences in the genome of cancer cells. Radiobi-
ological studies found an extremely high radiotoxicity of '2°T when it is incorporated
into DNA. The toxic damage to DNA results not only from excitation and ionization
by low-energy Auger electrons but also from the neutralization of the highly positive
charged daughter ion 2°™Te with thermal electrons.

Recently, an attempt has been made by Karamychev et al. [KZG199] to analyze
the DNA kinks in a protein-DNA complex with '?5I-induced DNA strand breakage.
For comparison, a free B-DNA was also studied. Notice that the ?°I can be used
for radio-probing and identifying DNA distortions, provided that the idea has been
tested and confirmed, e.g. in a corresponding theoretical simulation. The present
work contributes to this analysis. The catabolite gene activator protein (CAP)
or cAMP receptor protein (CRP) of the CAP-DNA complex is connected with a
specific sequence of 30 base pairs in DNA, and the same complex indicates that
the DNA is bent by 90°. The ?°I atom is incorporated into the position of the Hy
atom of the cytosine near the center of the DNA. In experiments only the fragment
size distribution from the 32P-labeled end can be measured. Results of the present
work for fragment size distribution calculated with the biophysical simulation code,
PARTRAQC, (i.e. without accounting for neutralization effect) are about 30% less
than the experimental data for both CAP-DNA and the free B-DNA.

Lobachevsky and Martin [LM00a], [LMOOb] measured the number of strand
breaks induced in a 41-mer synthetic oligopDNA by 251 decay, analyzed their results
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using a simple model, and concluded that 50 percent of the DNA strand breaks
were attributable to the neutralization of multiply charged daughter ions of 125 Te.
Detailed track structure simulations of the present work led to a yield of strand
breaks in the oligoDNA also less than experimental results, especially near the 1251
decay site. The difference between the total number of strand breaks, derived from
experiment, and the results of the track structure simulations can be interpreted to
represent contributions from the neutralization effect; it amounts to nearly the same
fraction as Lobachevsky and Martin [LMO0Oa], [LM0OOb] stated. Thus, the present

work confirms their conclusion on a much firmer basis.

A moral of the present study is that, also concerning the fragment size distribu-
tion, mere comparison between track effect simulations and experiments might over-
look a non-radiation effect such as the neutralization effect and is in general insuffi-
cient for fully establishing a biophysical model for the action of DNA incorporated-
1251 decay [CHS88], [MHS1], [NMCT96], [KLDM96], [NLT00], [NPT00]. The total
strand break probability should be the endpoint for comparison. After taking into
account the neutralization component for CAP-DNA and B-DNA, the calculated
fragment size distribution of the present work agrees well with the measured data
[KZG199].

A theoretical calculation, independent of the above analysis, was also attempted
to obtain the neutralization contribution using the charge transfer theory. Calcula-
tions based on the transfer rates given by Dee and Baur [DB74] show that the energy
of 1 eV deposited inside a nucleotide will produce a strand break at the probability
of 0.2%. This result gives a basic support to the importance of the neutralization in
the interpretation of the total number of strand breaks discussed earlier. As known
in the literature, the 2°I nucleus decay occurs in two steps: first, into '>>™Te with
electron capture followed by the emission of about 10 Auger electrons in 10™'° s, and
second, into '?°Te in 1.6x10~? s followed by the emission of also about 10 electrons.
The transfer rates [DB74] are of the order of magnitudes of 10'° s, meaning that
the atomic charge resulting from the nuclear decay stays for about 1071° s, compa-
rable to the first step and much shorter than the second step of the decay process.
Thus, the calculations imply that a charge higher than 10 units will not build up
on a 2" Te atom, because the potential energy deposited on the bases near a decay
site, amounts to 40 ~ 400 eV and will destroy those bases completely according to
the hole transfer rates given by Dee and Baur [DB74].

Furthermore, a cellular DNA model and a simple pUC19 plasmid DNA model,
both based on track structure calculations, were examined to evaluate the single
and double strand breaks when 251 is incorporated into DNA. It is found that the
results of previous simulations [CH88], [Pom91], [PT94], i.e. 0.8 ~ 1.0 for DSBs and
4.2 for SSBs per decay, are too high since they did not include the neutralization
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effect. The present study shows that only 0.5 of DSBs and 3 of SSBs per '?°I decay
can be obtained by direct and indirect radiation action from the simulation of track
structures alone (i.e. without neutralization effect).

In conclusion, the present work has firmly established the crucial importance of
the neutralization effect in the understanding of the total number of DNA strand
breaks and of the fragment size distribution produced by '?°I decays. However, fur-
ther work remains to be carried out for clarifying precise chemo-physical mechanisms
of the neutralization effect.
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Appendix A

PARTRAC — The Biophysical
Radiation Track Structure
Simulation Code

For a review on general radiation track structure theory and details of the calcu-
lation, see ref. [Par87]. The PARTRAC code (PARticle TRACks) is based on the
MOCA series of Monte Carlo simulation codes which were originally developed by
Paretzke [Par74], [Par80] for understanding the radiation transport and energy de-
position in matter and its action on radiation detectors and on biological matter.
Many theoretical calculations were done on the cross sections of electron [Par88]
and photon interaction with gaseous water which are needed for calculating radia-
tion tracks, i.e. the z, y, z-coordinates of activation events at time ¢ in the target
materials. After successfully applying the code to radiation induced chromosome
aberrations in human cells [HP92], efforts were made to model the chromatin struc-
ture of the DNA [FJPS98], [FJP199] which is considered to be the main target of
radiation damage in cells [vS87]. Interaction cross sections for liquid water were re-
cently developed for electrons [DHIP98] and protons [DIP00]; the cross sections for
a-particles, heavy ions and for interactions with DNA are still under development.

To model radiation induced DNA damage, the mechanisms of DNA damage
should be known. Radiation biology and chemistry have accumulated a huge amount
of experimental data on DNA damage from which many yields for direct and indirect
effects can be derived. The former are caused by the absorption of energy in the
DNA molecule itself, the latter by chemical radicals produced by radiation in water
which then diffuse to and act on the DNA. The PARTRAC code models the physical
and chemical processes and allows to evaluate the yields of DNA strand breaks and
fragment size distributions which are normally measured in experiments and indexed
as the observed lesions. However, here certain assumptions on the conversion of
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absorbed energy into new chemical species have to be made. In addition to modeling
radiation damage to DNA in cells, the PARTRAC code has been used for a refined
Monte Carlo approach to understand and to evaluate doses in nuclear medicine
[LFP101]. In the following, a short description of important modules in PARTRAC
is presented according to the time scale [AJ80] given in Table A.1, To be consistent
with the time scale implemented in PARTARC code, the chemistry stage is divided
into physicochemical (i.e. pre-chemical) and chemical stages.

A.1 Track Structure Module

The PARTRAC code can generate tracks of primary photons, electrons [FJP199]
and protons [FBJT02] in liquid water. Essentially all energy from photons, high-
energy electrons, a large fraction of the energy lost by fast ions and by neutrons is
transferred to and transported in irradiated matter by secondary and higher genera-
tion electrons. Thus, electrons are of utmost importance for the production of track
structures. A set of differential electron inelastic scattering cross sections in liquid
water has been evaluated within the first Born approximation using five excitation
levels (two electronic excitations A'B; and B'A1, two Rydberg series Ryd A+B and
Ryd C+D, and diffuse bands) and five ionization shells; electron-exchange effects
and semiempirical corrections to account for non-Born effects at low energies have
also been incorporated [DHIP98]. With these cross sections for the model substance
“liquid water” the electron track structures are calculated also for organic materials
like cells and cell nuclei. The electron energy-loss in solid, dry DNA is very similar
to that in liquid water [LP95]; thus, the track structure simulation in liquid water is
expected to be a reasonable approximation for the energy deposition pattern inside
DNA and its environment.

The interaction of photons by photoelectric effect including Auger electrons and
fluorescence electron emission, by Compton effect and by coherent scattering is sim-
ulated on the basis of a mixture of respective atomic cross sections. Starting points,
energies and directions of secondary electrons are input data of the electron module
of PARTRAC.

Tonizations and electronic excitations, regarded as “activation events”, are fur-
ther analyzed in the geometry module of PARTRAC.

A.2 Geometry Module

The geometry module is permit to superpose a simulated physical track with the
spatial coordinates of the target material, here the DNA in the cell nucleus. The
DNA model describes higher-oder chromatin and chromosome structure [FJPS98].
Tonization and excitation events falling inside one van der Waals radius of the DNA
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Time (s)

Process occurring

Physical stage
10718
10716 - 10717

Physicochemical stage

10715
10—14
10—13

10712

Chemical stage
<102

10—10

<1077
1077
10—3

1
10°

Biological stage
Hours
Days

Weeks
Several months
Years

Fast particle traverses small atom
Tonization: HoO — HoO1 + e~

Electronic excitation: HoO — H,O*
Ton-molecule reactions, e.g. HoOT + HoO — *OH + H30™"
Molecular vibration — dissociation of excited state:
H,O* — H*® + *OH
Rotation relation, thermalization of hot electrons,
hydration of electrons: e~ — e,

Reactions of e~ before hydration with reactive solute
at high concentrations

Reactions of e, and other radicals with reactive solute
(concentration ~ 1 mol-dm~3)

Reactions in spurs

Homogeneous distribution of radicals

Reactions of e, and other radicals with reactive solutes
(concentration ~ 107 mol-dm~3, i.e. ~ 0.01 ppm)

Free-radical reactions largely completed

Biochemical processes

Cell division affected in prokaryotic and eukaryotic cells
Damage to central nervous system and
gastrointestinal tract evident
Haemopoietic effects
Late kidney damage, lung fibrosis
Carcinogenesis and genetic effects

Table A.1: The time scale of physical, chemical and biological stages of radiation

action
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atoms are scored as “direct” hits and are further analyzed in the effect module of the
PARTRAC code. The water shell of the DNA is modeled as a 0.22 nm shell around
the van der Waals radii of the DNA atoms [MB94]. Events occurring inside this shell
are classified into three categories: (1) for the volume attached to phosphate group
atoms, 60% of the events are taken as “quasi-direct” hits and further processed as
“direct” hits, and 40% are further processed in the chemistry module, (2) for the
volume attached to sugar group atoms, all events are transferred to the chemistry
module and (3) for the volume attached to bases, the events are supposed to result
in base damage. All other electronic excitations and ionizations are assumed to
occur in the bulk water and to lead to radiation chemistry as is then processed in
the chemistry module.

A.3 Chemistry Module

The indirect radiation effect caused by chemical radicals produced by radiation in
water is considered to be of the same or of even higher importance in radiation
damage to DNA. After completion of the physical stage, different new chemical
species are obtained, e.g. the sub-excitation electrons, egyp; ionized water molecules,
HyO™; excitations: A'B; and B'A;; Rydberg states; diffuse bands and dissocia-
tive excitations are obtained [BBM™00]. Ionized water molecules are assumed to
react immediately following the scheme: HoOT+HyO—H3OT+*OH. Excited water
molecules are assumed either to relax, autoionize or to dissociate in many possible
ways following the schemes listed in Table A.2. This scheme proposed by Cubut et
al. [CFP198] was adapted in order to obtain — starting from the output of the phys-
ical tracks of the PARTRAC code — the reported initial yields of water radiolysis
products [LP91] at 1012 s.

The PARTRAC models the production, diffusion and interaction of reactive
species during the physicochemical and chemical stages. The physicochemical from
10715 to 10~ '2 s after irradiation considers the production of chemical species (e;q,
H30™, *OH, H®, H,), starting from ionized and excited water molecules. For the
initial positioning of the chemical species produced, the scheme proposed by Turner
[THW*88] was adopted. A randomly selected positioning according to a theoret-
ical frequency distribution for the potential positions of the chemical species at
1072 s after the interaction event is used. During the physicochemical stage, elec-
trons with energies too low to excite electronic states of a water molecule are as-
sumed to thermalize further and to become solvated. The thermalization distances
of these subexcitation electrons have been investigated using theoretical stochastic
and experimental approaches [MS87], [KRT88], [RHTBY94], [GPJG88], [GJGF196].
Since the calculated time dependent yields do not depend much on the “actual” ini-
tial distribution, the PARTRAC code simplified the mean thermalization distance,
(Ttherm), @s on a function of subexcitation electron energy F by a straight line, i.e.
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(Ttherm) = CthermE for all cases, where the value of cgherm was adopted from Ritchie
et al. [RHTBY4].

Concerning the chemical stage, i.e. the diffusion and reaction of chemical species
from 10712 to 107° s after irradiation, a step-by-step approach [TMW*83] is adopted
following the general scheme proposed by Stabin et al. [SHTB94]. A series of
time steps was simulated, during each time step of length 7, which varies from
0.1 ps at short times up to 30 ps at longer times, each species was allowed to
randomly diffuse with a diffusion coefficient D, assuming pure diffusion within the
time step itself. The square root mean distance traveled, A\, was calculated according
to A = v/6D7. The actual distance was extracted from a gaussian distribution. After
each diffusion step, distances between each pair of radicals are checked: if radicals
are closer than their reaction radius they are considered to react and are replaced
by appropriate products. The reactions included, reaction rate constants k for the
principal reactions considered and diffusion coefficient D adopted are listed in Table
A 2. Reaction radii « for each pair of interacting species are derived from the relation
k = 4w Da, where k and D were derived from experimental data. In the PARTRAC
code, the effective reaction radius R is modified, assuming the more accurate Noyes
boundary conditions for all reactions, i.e. partially diffusion-controlled reactions
[Noy63]:

R

R++VnD't

where ks is the experimentally observed reaction rate constant, D' = D + Dg
is the relative diffusion coefficient for reactions between species A and B, and 7 is
the length of the time step. “Jump-through” are considered corrections according
to Hamm et al. [HTS98] in order to avoid underestimation of the yield of reactions
when time steps are larger. This allows one to adopt longer time steps without losing
a significant number of reactions due to the possibilities of unrecognized crossing of
the reaction spheres of the species during a time step.

It is assumed that *OH radicals contribute mainly damage to DNA interacting
with nucleotides and sugar-phosphate moieties, but they can also be scavenged in the
cytoplasm. The probability for an *OH radical to be scavenged within a time step
T is given by P =1 —¢e797, where the scavenging capacity ¢ is assumed to be equal
to 4x108 s71 [WMF97] in a cell nucleus. For the interaction of *OH radicals with
constituents of the DNA, reaction radii derived from Buxton et al. [BGHRS88] (i.e.
0.085, 0.29, 0.29, 0.43 and 0.30 nm for reactions with deoxyribose, adenine, cytosine,
guanine and thymine, respectively) are used. These events are called the “indirect”
hits and are scored for further analysis in the effect module of the PARTRAC code.

The parameters included in PARTRAC were chosen after an extensive evaluation
of the influence of each parameter on the time dependent yields of water radiolysis
products [BBM100]. Good agreement was obtained between calculated time de-
pendent radical yields in pure water and experimental data or values obtained by

kobs = 47D'R (A.1)
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Dissociation schemes

Excitation Decay channel Probability
A'B, HyO+AE 35%
H*+°0OH 65%
Hy+0O -
B'A, HyO+AE 23%
H30T+*OH+ eaq 50%
H*+°OH 20%
2H*+0 3.9%
He+0O
Hy+H509 3.2%
Ryd, dB, dE H,O+AE 50%
H*+°OH -
H30"+*OH+ ezq 50%

Reaction rate constant & (10'° M~! s71)

Reaction type k

1. 6£q+6£q+2H20 — Ho+20H™ 0.5
2. e;q—i-'OH — OH~™ 3.0
3. €£q+H.+H20 — Ho+OH™ 2.5
4. €£q+H30+ — H*+H,0 2.3
5. eaq‘}‘HQOQ — OH™+°*0OH 1.1
6. *OH+°*OH — Hy09 0.44
7. *OH+H®* — H,0O 1.44
8. H*+H* — Hy 1.0
9. H30"+OH~ — 2H,0 14.3

Diffusion coefficient D (10 % m? s 1)

Chemical species D
L. eaq 4.5
2. *OH 2.8
3. H* 7.0
4. H30* 9.0
5. Ho 4.8
6. OH 5.0
7. HoOq 2.3

Table A.2: Chemistry parameters used in the PARTRAC code
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Pimblott and LaVerne [PL92], [LP91] through the inverse Laplace transform tech-
nique, which provides a reliable estimate for most of the species involved.

A.4 Effect Module

In the effect module of PARTRAC, the direct hits (including the quasi-direct hits
occurring at atoms in the DNA) as well as interactions of *OH radicals with sugar
atoms are processed to calculate DNA strand breaks and fragments. A single strand
break (SSB) is assumed to occur in the DNA if (1) an ionization or an excitation
involving a local energy deposition greater than the ionization threshold of liquid
water, i.e. 10.79 eV [DHIP98], has been found inside an atom, i.e. within one van
der Waals radius of the sugar-phosphate backbone, or (2) if an ionization/excitation
event has been scored as a quasi-direct hit in the water shell attached to phosphate,
or (3) if an *OH radical has interacted with the sugar moiety. This “threshold
energy” was chosen since the deposition events are quantified according to the shells
of liquid water. Strand breaks at adjacent nucleotides on the same strand are scored
as one SSB. Two SSBs on opposite strands within a genomic distance of no more
than 10 bp are scored as one double strand breaks (DSBs).



Appendix B

The Geometric Algorithm to
Calculate the “Missing DNA

Atoms” in a CAP-DNA
Complex

B.1 Introduction

This section describes a geometric algorithm used in our simulation to calculate
the missing DNA atoms in the CAP-DNA complex. In the CAP-DNA data set of
the Protein Data Bank [BWF*00] (PDB ID entry number 1CGP on the web site
http://www.rcsb.org/pdb) the following atoms are missing: (1) All the H-atoms in
the sugar group, i.e. Hy, Hoy, Hoo, H3, Hy, Hs; and Hs,. (2) Some H-atoms in bases,
H2 and Hg in base A, HS in base G, H5 and H6 in base C, HG, Hgl, H92 and H93 in
base T. (3) Two single phosphate groups (one phosphorus and two oxygen atoms) in
the nucleotide number 33 (base T) of chain C and in the nucleotide number 33 (base
T) of chain D. According to the numbering used in the present work (cf. Figure 2.3)
these nucleotides have the numbers 2 in the “top” strand and -2 in the “bottom”
strand.

B.2 Method

B.2.1 Two DNA Data Sets

To reconstruct the positions of the missing atoms, two data sets were used, one is
the B-DNA coordinates [CA89], denoted as set 1 and the other one is the PDB
CAP-DNA coordinates [SSS91], denoted as set 2 (Figure B.1).
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H H
Transformation
P2 PIZ
P, P3 P’y P/
Set 1 Set 2

Figure B.1: Two data sets of DNA coordinates. H' in set 2 is missing

B.2.2 The Principle of the Algorithm

The basic idea of this calculation is based on the assumption that when the B-DNA
duplex is bent, the relative position of the atoms inside the basic constituent units
sugar, base and phosphate groups are not distorted. To calculate the position of
each missing atom, the positions of three neighboring atoms were used. In set 1 no
atom is missing, the relative position of these four atoms are known. The relative
position of these four atoms is assumed to be unchanged in the bent DNA in set 2
(Figure B.1). From the solid geometry and vector calculations, the position of H’
corresponding to the missing atom in set 2 was evaluated. Table B.1 lists the atoms
which were used to reconstruct the positions of the missing atoms.

B.3 Results

Figure B.2 shows the PDB CAP-DNA, all missing DNA atoms and the CAP-DNA
with the reconstructed atoms. The colors of the atoms are the same as in Figure
2.3.
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Missing | Neighboring | Neighboring | Neighboring
atom atom 1 atom 2 atom 3
Sugar H; Cy ) O4
Ho Cq Cy Cs
Hoo Cq Cy Cs
Hs Co Cs Cq
Hy Cs Cy Cs
Hs; Cs Cs Oy
Hso Cs Cs Oy
Base A Hsy N; Cy N3
Hg N7 Cs Ny
Base G Hg N~ Cs Ny
Base C Hs Cy Cs Ce
Hg N; Ce Cs
Base T Hg N; Cs Cs
Hy; Co Cs Cs
Hgo Cy Cs Ce
Hys Co Cs Cs
Phosphate | P O3 Oy Cs
01 Os Oq4 Cs
02 O3 Oy Cs

Table B.1: List of the atoms which were used to reconstruct the missing atoms in
CAP-DNA
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CAP-DNA with reconstructed atoms

Figure B.2: CAP-DNA of PDB, missing atoms and completed CAP-DNA
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Abbreviations

125TAP

1251dCTP

1251dU

125IH

125IVME2

1251_TFO
CAP-DNA complex
CHOER

CRP-DNA complex
DMSO

DNA

DSBs

IRT

PB

SSBs

125]_Todoantipyrine
5-['?%T]iodine-2’-deoxycytidine 5’-triphosphate
5-['?°TJiodine-2"-deoxyuridine
[12°T}iodoHoechst 33342
E-17a['*])iodovinyl-11Bmethoxyestradiol
125]_triplex forming oligonucleotide
Catabolite gene activator protein DNA complex
ER-expressing Chinese hamster ovary

cAMP receptor protein DNA complex
Dimethyl sulphoxide

Deoxyribonucleic acid

Double strand breaks

Independent reaction time

Sodium phosphate buffer

Single strand breaks
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