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ABSTRACT

Occupational radiation hazard is a very controversial subject. Effects from high radiation doses are
welknown from past experiences. However, hazard from low doses is still a subject that is hotly
debated upon until now. The occupational dosimetry used now is based on a macroscopic scale.
Lately, mi cor dosimetry is fast gaining recognition as a more superior way of measuring hazard.
More importantly, scientists are researching the basic damage mechanism that leads to biological
effects by ionising radiation. In this report, a simulation study of the basic damage mechanism is
discussed. This simulation is based upon Monte Carlo calculations and using polyuridylic acid
(Poly-U) as the DNA model. This simulation tries to relate the physics and chemistry of interactions
of ionising radiation with biomolecules. The computer codes used in this simulation, OREC and
RADLYS were created by Hamm et al. (1983) in Oak Ridge National Laboratory. The biological
endpoints in this simulation are the strand break and base release of the DNA, which is the precursor
of all biological effects. These results are compared with model studies that had been done
experimentally to check the validity of this simulation. The G-values of strand break and base
release from this simulation were -2.35 and 2.75 and compared well with results from irradiation
experiments by von Sonntag (1987) from Max Plank's Institute, Germany.

INTRODUCTION

Ionizing radiation has become an integral part of our life, both in industry and in medical
applications. Ever since the hazards of radiation were recognized by the pioneers in this field,
great effort had been made to better quantify its biological effects. In its Publication Number
26, the International Commission on Radiological Protection (ICRP) has recommended limits
of exposure to ionizing radiation that are based upon the risk of stochastic and nonstochastic
effects (ICRP 1977). These limits were revised in ICRP's latest publication, ICRP Publication
60 (ICRP 1991). However, the basis for the recommended limits remained the same. Central
to this system of radiation protection are risk estimates for human cancer induction and germ
cell mutation at low doses and at low dose rates. Current risk estimates are primarily obtained
from extrapolation of human and animal data at high doses and dose rate using an assumed
shape of the dose-response function at low dose levels (Dristchilo 1992; Upton 1992). Since
actual risks of stochastic effects are small and these effects also occur naturally, any
epidemiological study seeking to statistically verify risk estimates at low doses would require a
prohibitive number of subjects. Consequently, efforts to quantify the dose-response function
cannot rely solely upon empirical observation, but must include research into the basic
mechanisms and supporting theory behind carcinogenesis and mutagenesis (Boice 1992; Elkind
et. al. 1991; Harris 1991; Upton 1982; Sinclair and Fry 1987).



Learning how ionizing radiation can cause damage to biological systems is one of the most
important and challenging goals of radiation research. It is important to know exactly what
happens in the initial stages of radiation interaction with the biological molecules
(biomolecules) and how the imparted energy leads to the formation of free radicals and other
chemical species. Furthermore, it is also important to understand in detail the subsequent
biochemical reactions, results of which can be observed in the laboratory. By comparing the
simulation data to that obtained by experiments under the same conditions, it is possible to
determine if the simulation is in good agreement with experimental observations. More
importantly, this comparison between calculation and experimental results can confirm and
verify the reaction mechanisms involved.

DNA is now widely accepted as a critical subcellular target for biological endpoints ranging
from cell survival to the initiation of carcinogenesis and mutagenesis. Ionizing radiation
interacts with DNA in ways different from other carcinogenic agents. The radiation produces,
in addition to point mutations, a disproportionate frequency of deletions and other complex
DNA lesions, such as modification to the base and sugar residues (Ward and Kuo 1976).

This indiscriminate action of radiation on molecules has generated great interest in the study of
the energy deposition events by ionizing radiation at cellular and sub-cellular levels, hence the
birth of microdosimetry. With the availability of newer analytical methods and
instrumentation, scientists can now investigate mechanisms of radiation damage to DNA to
greater detail (Dizdaroglu et al. 1988; 1985; 1984; Turner et al. 1991; 1988a; 1988b; Wright
et al. 1985a; 1985b; von Sonntag 1987). Polyuridylic acid (Poly-U) has been extensively
studied in this regard (von Sonntag 1987; Ward and Kuo 1973). Poly-U is a homopolymer of
the nitrogenous base, uracil and the ribose sugar. This single-stranded polymer is ideal for the
fundamental study of the basic mechanisms of interaction with biomolecules. A detailed
discussion of poly-U as a model for DNA is presented in Lau (1994). These investigations
have provided an understanding of the various types of DNA damage produced by radiation.
In many of these studies, radiation biochemists have suggested various mechanisms of free
radical attack which might possibly account for these observed damaged products. However,
because events such as free radical attack occur within a picosecond time scale and a
nanometer spatial scale, experimental testing of these mechanisms is nearly impossible. Hence
there is a need for theoretical modelling.

As mentioned above, ionizing radiation differs from most other physical or chemical agents
in that it acts indiscriminately on all molecule in an irradiated sample. Ionizing radiation
leads to a vast variety of reactions occurring within irradiated cells. By and large, these
reactions can be divided into direct and indirect effects of radiation. Direct effects refer to
energy deposited directly to the target molecule. Indirect effects refers to formation of
reactive species, derived usually from ionized and excited water molecules, which diffuse to
and react with the target molecules.

DNA is a large polymer of monomer units called nucleotide. Each nucleotide consists of
three subunits: a phosphate group (bridge), a deoxyribose sugar (backbone), and one of the
four nitrogenous bases. The four bases are thymine (T), cytosine (C), adenine (A), and
guanine (G). T and C are single-ring bases called pyrimidines, while A and G are double-
ring bases called purines. Three fundamental processes involved when ionizing radiation
interacts with the DNA are: (1) the creation of damage sites in the cellular DNA; (2) the
enzymatic repair of damage sites by the cell; and (3) the propagation of unrepaired damage
and its subsequent effects on cellular growth and function. Studies have revealed many
details of the latter two processes (Harris 1991; Boice 1992 Sinclair and Fry 1987). From
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investigations into the first process, it is known that irradiation of DNA produces strand
breaks, base damage, base deletions, DNA-DNA crosslinks, and DNA-protein crosslinks
(Chatterjee 1989; von Sonntag 1987; Kararn 1988; Karam et al. 1986; 1988). What is poorly
understood, however, are the physical and chemical mechanisms by which radiation produces
these types of damage. All three processes, however, must be understood to some degree of
detail before a theoretical derivation of the risk of stochastic effects can be ascertained.

The radiation chemistry of DNA is not yet fully understood. Nevertheless, new
developments and discoveries are now forthcoming due to extensive genetic research in the
areas of carcinogenesis and AIDS (Acquired Immune Deficiency Syndrome), as well as the
human genome project. New defects and/or alterations in genetic composition are being
discovered that are claimed to cause certain diseases and malignancies. Understanding DNA
is very important in life and also in radiation safety. This understanding of DNA damage
may change the whole system of risk quantification that is used now in nuclear industry, in
order to better assess the risk of ionizing radiation.

Conventional methods of risk estimation are partially based upon the quality of absorbed
dose which is a measure of the amount of radiation energy deposited per unit mass of tissue.
At low doses, the distribution of absorbed radiation energy within the organ is not uniform.
Consequently, macrodosimetric information such as the average absorbed dose over an entire
organ overly simplifies the situation. Microdosimetry is the measurement of dose at the
micrometer or cellular level. Microdosimetry will be an improvement on current means of
dose assessment; nevertheless the technologies needed to measure dose at the micrometer
level are more complex than the already complicated system of dose measurements used
today.

If the energy deposited in an irradiated organ of interest does not cause damage to critical
sites, no observable effect will result. Similarly in microdosimetry, if the energy deposited m

a given cell does not cause damage to its nuclear DNA, no observable effect will result.
However, the greater the amount of energy deposited, the higher the probability that some
critical targets (nuclear DNA) are hit and damaged. DNA damage is the final result of
radiation injury to the biological system, and DNA damage manifests itself in certain diseases
such as tumors. Consequently, it is only necessary to do a DNA analysis of an individual to
assess his risk accurately, if the DNA damage can be measured accurately.

One unit of "damage" is the same for all types of radiation. This new unit will eliminate the
use of complicated formulae to arrive at an accurate risk estimate. A new dosimeter might
consist of oligonucleotides or a simple virus in plastic vials. Colour changes or special
indicators may be incorporated to read the damage to the biomolecules by the exposure to
ionizing radiation. If we reach a high level of understanding DNA damage, we may not need
any external dosimeter. All radiation workers will be required to do a periodic blood DNA
test to determine his or her radiation dose, similar to chromosome aberration measurements
used in accidental exposure assessments performed currently

In this report, previously performed irradiation experiments with DNA model systems will be
simulated in complete detail by a Monte Carlo computer model. This computer model would
incorporate specific reaction mechanisms that lead to the observable quantitative chemical
yields. Comparison of calculated and experimental yields will thus be used to develop a
detailed understanding of the mechanisms and pathways by which radiation produces damage
at the molecular level. In many instances, this modelling effort would be a first attempt at
linking the detailed physics of radiation energy deposition to the detailed biological damage
produced subsequently within DNA model systems.

86



It is amazing that biological systems can ever survive in this harsh world of ours. From a
pessimistic point of view, they are surrounded by the very reactive oxygen atmosphere
(Ballatine 1982). They are also exposed to dangerous solar and cosmic radiation (Giese
1976; Pizzarello 1985). Moreover, each species is trying to consume the other for survival.
Even the food, the basic source of energy for sustaining life contains a variety of natural and
cooking induced carcinogens (Ames 1983). The ability to repair and evolve is remarkable
noting the variety of damaging insults to the biological systems (Friedberg 1985; Nygaard
and Simic 1983). Repair systems have evolved to deal successfully with natural hazard
(Wilson 1985). Hazards, which are man-made, may introduce damage that cannot be
repaired by existing repair systems, or may inflict damage that overburdens existing repair
systems. This explains why some species are extinct from our world.

DNA DAMAGE MECHANISM

Damage to DNA is initiated by four basic mechanisms (Ward 1991): a) direct ionization or
excitation on DNA molecules, b) reactions of DNA with free radicals produced in the
surrounding water medium, c) reaction of DNA with other reactive species, such as,
hydrogen peroxide, and d) interactions of Cerenkov radiation with DNA.

If the ionization or excitation occurs in the target molecule, (i.e. Polyuridylic acid), a direct
effect is considered to have been produced. When the ionization or excitation of the water
molecules occurs, free radicals and hydrated electrons are produced. If the free radicals or the
hydrated electrons react with the target molecule, an indirect effect is considered to have
occurred. Considering that we are dealing with aqueous solutions of biomolecules and low
doses of low-LET radiation, the direct effect is negligible. This condition holds true in
biological systems also. Seventy-five to ninety percent of the total mass of most cells is
attributed to water (Kleinsmith and Kish 1988). Therefore most of the energy deposition
events by ionizing radiation occur with water molecules in human body. Hence, direct
effects are small compare to indirect effects.

For indirect effects, ionizing radiation interacts with water molecules to produce reactive
species, some of which are free radicals. Of the four basic damage mechanisms, interactions
of free radicals with DNA causes the most significant damage due to the highly reactive
unpaired electron of each radical. Hydroxyl radicals and hydrogen atoms react with DNA by
adding to the base as an adduct or by abstracting a hydrogen atom from the deoxyribose
moietyof the DNA. Hydrated electrons can only form an adduct with the base. These will
cause base releases and/or strand breaks in the DNA target

It has been shown that Cerenkov radiation can be a source of UV-light induced damage to
DNA by ionizing radiation (Redpath et al. 1981). The intensity of this light is dependent on
the energy of the ionizing radiation and the energy of the charge particles produced. Ward
(1991), however, found that Cerenkov radiation does not play a significant role in
mammalian cell killing.

The effect of the damage caused by ionizing radiation depends upon the irradiated cell's stage
within the cell cycle. The stage of development of the cell determines the form of packaging
of the DNA macromolecules, with particular attention to its access by water molecules,
proximity and distribution of free radical scavengers, and structures which may hinder the
migration of energy or the electrons. Also, some variations in structures may cause
sensitization or protection of specific regions of the genome.
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There are about five billion base pairs in mammalian cellular DNA. The DNA is packaged
within nucleosomes which consists of a chromatosome and a linker region. The
chromatosome is a 165-base pair unit wrapped twice around somewhat spherical histone
proteins. The chromatosome and the linker DNA, the length of which is species dependent
and ranges from 0 to 80 base pairs, is called the nucleosome (Widom 1989). It is highly
probable that the linker DNA, about 15% of DNA, is more accessible to diffusing free
radicals and hence may be more sensitive to radiation damage (Ward 1991).

During most of the cell cycle, the majority of the DNA is packaged into nucleosomes, which
are in turn wrapped into the 30-nm long chromatin fibre. When the DNA is ready to be
replicated, these structure are modified. They tend to be more diffused and well-distributed
in the nucleus. There are ten thousand replication origins in a mammalian cell and
replication occurs at a speed of 50 base pairs per second. After replication, the original
histones are shared between the new strands. Full replacement of new histones occurs after
about 10 to 20 minutes. It was hypothesized that newly replicated DNA, transiently having
freater intemucleosomal distance, may be more open and therefore more susceptible to attack
by free radicals (Ward 1991).

DETAILED SIMULATION PROCEDURE

Computer simulations have been performed previously on a simple dipeptide molecule,
glycylglycine (Bolch et al. 1990a; 1990b; 1988). The agreement between the experimental
and simulation data on the ammonia output was wihtin experimental error. This study
involved three major tasks. First, a Monte Carlo computer code was developed for
simulating the radiolysis of glycylglycine in both oxygenated and deoxygenated aqueous
solution. Second, this model was used to calculated the yields of various products in solution
irradiated either by 250-kVp X-rays or by Co-60 gamma-rays. Thirds, calculated products
yields were compared to measured yields where available.

Similarly, for this research, the Monte Carlo computer codes used in this study were the
modified and extended versions of two existing simulation codes, namely OREC and
RADLYS, written by scientists at the Oak Ridge National Laboratory (ORNL), to simulate
irradiation of pure liquid water (Hamm et al. 1976; Turner et al. 1983; 1981). The ORNL
codes calculate the formation, diffusion, and reaction of free radicals and other species along
charged-particle tracks in liquid water.

RESULTS AND DISCUSSION

Two important parameters are calculated from this simulation, namely the differential G
value, g(E), for strand breakage and base release. G value is defined as the number of the
species formed per 100 eV of the energy of the radiation absorbed. The g(E) can be
integrated to determine the G value of the species of interest so that comparison can be made
between the simulation method and the experimental data available in literature.

The G value obtained from this simulation are compared with the corresponding data given
by experimentally obtained data from scientists in Max Plank Institute (von Sonntag 1987).
The Co-60 gamma ray G value for strand break from this simulation was found to be 2.35 for
strand break as compared to the experimental data of 2.3. The CO-60 gamma ray G value for



base release from this simulation was found to be 2.74 as compared to the experimental data
of 2.9.

CONCLUSION

The most important point about this research is that there is no adjustment made to fit the
measured yields in the reports summarised in von Sonntag (1987). Therefore, the agreement
shown results from an unique and independent attempt at simulating the events occurring
within an irradiated aqueous solution of polyuridylic acid. This also implies that the best
available understanding of interactions in liquid water occurring at times less than 10~15

second, which is not possible to be confirmed experimentally, is probably correct. This has
definitely contributed to the better understanding of the mechanism of radiation interactions
with biomolecules.

Many genes have been identified as causing certain diseases, and many more are being discovered.
The active research in this field has contributed greatly to our understanding of DNA. This is also
very important in the field of radiation research, especially in radiation therapy and radiation
protection. It is possible to improve the use of radiation for medical applications if the exact
mechanisms of cell killing are well understood. Risk factors for radiation workers can be better
quantified if exact damage mechanisms can be elucidated. Future radiation safety personnel may need
only to measure and determine quantitatively the damage to the DNA in order to be certain if the
affected person is going to express any specific effect or disease following exposure to ionizing
radiation.
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