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Abstract

Despite advances in technology and understanding of biological systems in the past two
decades, modern drug discovery is still a lengthy, expensive, difficult and inefficient
process with low rate of new therapeutic discovery. The search for new effective drugs
remains a somewhat empirical process. There is compelling need for a more fundamental,
mechanistic understanding of human cancers and anticancer drugs to design more

appropriate drugs.

Radiotherapy is still the major therapy of cancer. It uses high-energy ionizing
radiation such as x-rays and charged particle beams to destroy cancer cells. DNA is well
known to be the principal biological target of radiotherapy, but the molecular mechanism
of ionizing radiation induced DNA damage was elusive. The conventional thought of the
‘OH radical as the major origin for ionizing radiation induced DNA damage is
questionable. Although various strategies and types of compounds have been designed
and developed as potential radiosensitizers to enhance the radiosensitizing efficiency of
radiotherapy, none of them have been approved for clinical use. The general outcomes of

clinical trials have been disappointing.

This thesis presents an innovative molecular-mechanism-based drug discovery

project to develop novel drugs for effective radiotherapy of cancer through the emerging



femtomedicine approach. Its ultimate goal is to develop more effective radiosensitizers,
based on our unique molecular understandings of ionizing radiation induced DNA

damage and halopyrimidines as a family of potential radiosensitizers.

Direct, real-time observation of molecular reactions is of significant importance in
diverse fields from chemistry and biology, environmental sciences to medicine.
Femtosecond time-resolved laser spectroscopy (fs-TRLS) is a very powerful, direct
technique for real-time observation of molecular reactions. Its key strength lies in short
duration laser flashes of a time scale at which reactions actually happen - femtoseconds
(fs) (1fs = 10" second). Since the late 1980s, its application to study chemical and
biological systems led to the births of new subfields of science, called femtochemistry
and femtobiology. Recently, femtomedicine has been proposed as a new transdisciplinary
frontier to integrate ultrafast laser techniques with biomedical methods for advances in
fundamental understandings and treatments of major human diseases. This the
remarkable opportunity afforded through real-time observation of biochemical reactions
at the molecular level. Femtomedicine holds the promise of advances in the radiotherapy

of cancer.

Several important findings were made in this thesis. First, our results of careful
and high-quality fs-TRLS measurements have resolved the long existing controversies
about the physical nature and lifetimes of a novel ultrashort-lived electron species (epre )

generated in radiolysis of water. These results have not only resolved the large
Vi



discrepancies existing in the literature but provided new insights into electron hydration
dynamics in bulk water. Such information is important for quantitative understanding
and modeling of the role of non-equilibrium ey in electron-driven reactions in diverse
environmental and biological systems, from radiation chemistry and radiation biology to

atmospheric ozone depletion.

Second, our fs-TRLS results have unraveled how ey plays a crucial role in
ionizing radiation induced DNA damage. We found that among DNA bases, only T and
especially G are vulnerable to a dissociative electron transfer (DET) reaction with €pre
leading to bond breaks, while the electron can be stably trapped at C and especially A to
form stable anions. The results not only challenge the conventional notion that damage
to the genome by ionizing radiation is mainly induced by the oxidizing OH radical, but
provide a deeper fundamental understanding of the molecular mechanism of the DNA
damage caused by a reductive agent (epe ). Our findings have led to a new molecular

mechanism of reductive DNA damage.

Third, halopyrimidines, especially BrdU and IdU, have passed Phase | to Il
clinical trials as potential hypoxic radiosensitizers, but the outcome of Phase Il clinical
trials was disappointing. Our results of fs-TRLS studies have provided a new molecular
mechanism of action of halopyrimidines (XdUs, X=F, CI, Br and 1) in liquid water under
ionizing radiation. We found that it is the ultrashort-lived ey, rather than the long-lived

enyd , that is responsible for DET reactions of XdUs. This reaction leads to the formation
vii



of the reactive dU -radical, which then causes DNA strand breaks and cancer cell death.
Our results have challenged a long accepted mechanism that long-lived enyq~ would be
responsible for the radical formation from halogenated molecules. Furthermore, we found
that the DET reaction efficacy leading to the formation of the reactive dU -radical is in
the order of FdU << CIldU < BrdU < IdU. Thus, only BrdU and 1dU could be explored as
potential radiosensitizers, in agreement with the results of bioactivity tests and clinical

trials.

Fourth, our fs-TRLS studies have provided a molecular mechanism for the DNA
sequence selectivity of BrdU and IdU in radiosensitization. We found the DET reactions
of BrdU/ 1dU with dAMP*~ and dGMP*~ formed by attachment of ey generated by
radiolysis of water in aqueous BrdU-dAMP/dGMP and 1dU-dAMP/dGMP complexes
under ionizing radiation. This new mechanistic insight into the interaction of BrdU and
IdU with DNA provides clues to improve the halogen familty as potential radiosensitizers

and to develop more effective radiosensitizers for clinical applications.

Fifth, based on our molecular mechanistic understandings of DNA damage
induced by ionizing radiation and halopyrimidines as potential radiosensitizers, we
develop more effective new radisensitizing drug candidates through the femtomedicine
approach. We have performed a fs-TRLS study of the DET reaction of a candidate
compound (RS-1) with ey, and found that the DET reaction of ey with RS-1 is much

stronger than that of 1dU (and certainly BrdU and CldU). Moreover, we have tested the
viii



radiosensitizing effect of RS-1 against human cervical cancer (HelLa) cells exposed to
various doses of x-ray irradiation through DNA damage measurements by gel
electrophoresis and cell viability/death assays by MTT. Our results have confirmed that
RS-1 can largely enhance the radiosensitivity of treated human cervical cancer (HelLa)
cells to x-ray (ionizing) radiation. It is clearly demonstrated that RS-1 has a much better
radiosensitizing effect than IdU. Although these are just preliminary results, our results

have shown promise of developing more effective radiosensitizers.

In summary, our studies have demonstrated the potential of femtomedicine as an
exciting new frontier to bring breakthroughs in understanding fundamental biological
processes and to provide an efficient and economical strategy for development of new

anticancer drugs.
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Chapter 1

Chapter 1

Introduction to Cancer Therapies

This thesis is part of our project aiming to obtain new-molecular-level understanding of ionizing
radiation induced DNA damage and of mechanisms of the action of existing anticancer drugs
such as potential radiosensitizers bromodeoxyuridine (BrdU) and iododeoxyuridine (IdU) and so
as to develop new anticancer drugs. In this chapter, | shall introduce some background

information about this thesis.

1.1. Cancer

1.1.1. What is cancer?

Among the most challenging diseases, cancer is very difficult to cure. Cancer might be thought
to be a single disease, but as a matter of fact, it is a kind of diseases in which abnormal cells
divide too quickly and out of control [1]. They result from the uncontrolled cell growth of
abnormal cells in the body [1-4]. If the DNA in a cell is mutated and the mutations affect

normal cell growth and division, cells may not die when they are supposed to. It is possible for
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the extra cells to form a tumour, as shown in Fig. 1.1 [1]. But not all the cancers are tumours,

such as leukemia.

Loss of Normal Growth Control

Normal I
cell division ‘II'
SN —
Cell Suicide or Apoptosis

Cell damage—
no repair

Cancer
cell division

S

First Second Third Fourth or
mutation mutation mutation later mutation

Uncontrolied growth

Figure 1.1. Cancer arises from a loss of normal growth control [1].

There are many different kinds of cancers. They can be divided into mainly six categories,
including carcinoma, sarcoma, leukemia, lymphoma, myeloma, and central nervous system

cancers [5-7]:

® carcinoma: they are malignancies of epithelial tissues, such as skin or tissues covering
internal organs. Approximately 80~90 percent of all cancers fall into this category [5].
® sarcoma: cancers that initiate in connective or supportive tissues, such as bones, fat, and

blood vessels.



Chapter 1

® |eukemia: they arise from blood-forming tissues such as the bone marrow. They are usually
linked to overproduction of white-blood cells, which do not perform as well as they should.
Moreover, the function of red blood cells is also affected by leukemia.

® lymphoma: they originate in the lymphatic system.

® myeloma: they start in the plasma cells of bone marrow.

® central nervous system cancers: they initiate in the tissues of the brain or spinal cord. They

are among the most devastating cancers [8].

Also, cancer can develop in many different organs or tissues, such as the breast, ovary, lung,
brain, kidney, cervix, liver, colon, skin, bones, nerve tissue, etc (almost every organ or tissue).
Cancers can be caused by different origins, including genetic problems, toxic chemicals (e.g.,
benzene), over drinking of alcohol, over exposure of sunlight, exposure to ionizing radiation,
environmental toxins (e.g., posionous mushrooms), viruses, obesity, etc [9].  Moreover, the

causes of many cancers are still unknown [9].

1.1.2. Microenvironment of cancer

The surrounding normal cells, molecules, and blood vessels feed a tumor cell. A tumor can alter its
microenvironment, and the microenvironment can affect how a tumor grows, spreads and
responds to the treatment. There are some characteristic features distinguishing a solid tumour
from its corresponding normal tissue. These include high interstitial fluid pressure (IFP), low
oxygen tension (hypoxia), and low extracellular PH (acidosis) [10-12]. All of them can

contribute to the resistance of cancer therapy and affect the treatment outcomes [12]. Therefore,
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some research efforts in cancer treatments have been focused on the tumor microenvironment as a

therapeutic target. Below, a brief discussion on the microenvironment of tumor is given.

A tumour has unique vasculature, which leads to the tumour specific conditions [10]. Tumor
vasculature is drastically different from normal vascular networks. The latter are well-organized
architecture with dichotomous branching and hierarchic order [13]. They consist of arterioles,
capillaries, and venules [13-14]. Under normal conditions, blood flows from arterioles to
capillaries, and then to venules in a regular manner. Also, there is a network of lymphatics to
drain fluid and cellular by-products from interstitium [15-16]. In contrast, tumor vascular
networks are highly disorder with a complete lack of lymphatics [15-16]; tumour vessels are

dilated, saccular, and tortuous, and are more permeable than those in normal tissues [13-14].

Interstitium refers to the space between the cells and the vascular compartment. It is
important to transport molecules between the cells and blood vessels. Permeable tumor vessels
with leak ends and a complete lack of lymphatics in a tumor cause an abnormal accumulation of
fluid contents in the tumor tissue [12-16]. Because lymphatic fluid and waste products are not
efficiently transported away from the tumor microenvironment, the interstitial fluid pressure (IFP)
in the tumor tissue is higher than for normal tissues. The IFP in normal tissues is about equal to
the atmospheric pressure (76 mmHg), while the IFP in a tumor tissue could be increased to up to
100 mmHg [12]. The increased IFP can hinder transcapillary fluid flow and convective transport

of therapeutic molecules into the tumor [17].

Due to the poor tumor vasculature, the blood flow through tumor is impaired. The oxygen
delivery in tumor is thus reduced. Oxygen cannot be diffused into the tumor areas distant from

the blood vessels [18]. They develop temporary or chronically hypoxic regions. The pO, of
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normal tissues lies in the range between 10 and 80 mmHg, while it could be < 5 mmHg for
certain areas of tumor [12, 19-20]. Moreover, the blood flow is temporally heterogeneous

(unstable), which can lead to acute hypoxia in tumors [12-14].

The metabolic environment of the tumor is also affected by the unique tumor vasculature
and the resultant oxygen depletion. Acidic metabolites in the tumor cannot be adequately carried
away. Hypoxia in the tumor microenvironment results in acidosis, because lactic acid builds up
due to anaerobic glycolysis [21-22]. Therefore the PH value in tumor is lower than those in

normal tissues.

1.1.3. Typical cancer treatments

There are a few typical cancer treatments, including surgery, radiotherapy, and chemotherapy [3].
The choice of treatment depends on the type of cancer and its stage. The latter refers to how
much a cancer has grown and whether the cancer cells have spread from the original tumor
location. If a tumor is still localized and the cancer cells have not spread to other organs or
tissues, the most common treatment to cure the cancer is surgery. If the cancer cells have only
spread to local lymph nodes, it is still possible to remove all of the cancer cells by surgery. In
contrast, if the cancer cells have spread to other organs or tissues, it is difficult or impossible to
remove all of the cancer cells by surgery and the patients may be treated by radiotherapy or
chemotherapy, or the combination of both. In some cases, cancer patients may need a

combination treatment of the three approaches (surgery, radiation, and chemotherapy).
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Surgery removes a solid tumour with some surrounding healthy tissue while keeping the
surrounding normal tissues to a minimal injury [23]. Radiotherapy uses high-energy ionizing
radiation, such as x-rays, y-rays, or charged particles to cause irreparable DNA damage and Kill
the cancer cells [23]. It is used to target small areas and usually not used to treat cancers that
have spread. Chemotherapy uses anti-tumour compounds to kill malignant tumour cells. It is
used as the primary therapy for cancers in an advanced stage and often used in combination with
other localized treatments such as surgery and radiotherapy [23]. In the case of solid tumours, the
first treatment is usually the surgery to remove a tumour with a margin of normal tissues. Then
radiotherapy is used to destroy any possible residuals of the tumour. In many cases, an
anti-cancer drug is also used to kill residual cancer cells and any possible cancer cells spread to

other areas in the body.

Moreover, there are emerging, unconventional cancer treatments such as photodynamic
therapy, photothermal therapy, gene therapy, hormone therapy, bone marrow transplantation and
virus therapy [3, 23]. For example, photodynamic therapy (PDT) is a novel clinical method [24].
It uses the combination of photosensitizers and specific lasers to treat a number of tumours, such
as skin cancer and non-small cell lung cancer. It is comparatively non-invasive, can be targeted

accurately and has fewer side effects [24].

1.1.4. Effects of tumour microenvironment on conventional cancer therapies

The microenvironment of tumor can have significant impacts on the outcomes of cancer

treatments [12]. First, the poor vasculature in tumor places a physical constraint on the
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microenvironment and can cause an ineffective drug delivery [25-26]. In the tumor, the acidosis
(low pH values) of the microenvironment and the high interstitial pressure also make drug delivery
difficult [25-26]. It has been shown that patients with lymphoma and melanoma had better
response to chemotherapy if their IFP dropped during treatment [27]. An additional contributor to
this hostile environment is the heterogeneous nature of the tumor and its local environment.
Different areas of the tumor are unevenly hypoxic or acidic, since blood flow within the tumor is
not constantly stable because of the abnormal vasculature. Also, the extracellular matrix is
different from normal environmental conditions. Low extracellular PH also decreases the uptake
of many chemotherapeutic drugs [28]. Many drugs, such as doxorubicin, are most efficiently
passing through both plasma membranes and intracellular membranes in a neutral state [28].
However, they tend to become charged states when they exist in the acidic environment of the

tumor [28]. This can cause a significant reduction of drug uptake.

Hypoxic conditions also appear to promote tumor survival and growth in cancer therapies
[29-30]. Hypoxia affects several types of chemotherapy drugs. Oxygen is required for some
drugs, such as mephalan, bleomycin, and etoposide, to achieve a maximal efficiency [29].
Moreover, the low oxygen level could cause cell cycle arrest and thus reduce the therapeutic
efficacy of the drugs that are more effective against proliferating cells [30]. For radiotherapy,
hypoxia has been well known to inhibit effective radiation killing of cancer cells [31-34]. Indeed,
oxygen itself is an effective radiosensitizer. It is a well-known fact that well-oxygenated cells
required a radiation dose only about one third of that required for anoxic cells to achieve a given
level of cell killing [35]. For photodynamic therapy (PDT), its therapeutic efficiency depends
on the distribution of photosensitizers, the propagation of the photoactivating light and the

amount of oxygen in the tumour [36]. In particular, the activation of PDT is to generate reactive
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oxygen species that then causes biological effects such as cell apoptosis and necrosis [24].
Therefore, PDT efficiency is certainly dependent on the oxygen level in the tumor. Unfortunately,
the poor tumour vasculature results in reduced photosensitizer and oxygen delivery in tumor

tissues.

However, the tumor microenvironment may be exploited as an advantage to develop
anti-cancer drugs that targets at the tumor preferentially. For example, “reductive” hypoxic
radiosensitizers may kill hypoxic cancer cells effectively while have a less toxicity against oxic

cells in healthy tissues, as will be discussed in Section 2.7 of Chapter 2.

1.2. Drug discovery and development

1.2.1. Drug discovery history

Drug discovery history is a long, slow process. In the ancient times, people used an almost
completely empirical method to treat diseases and recover from their illness. For instance,
healing herbs were discovered by a process of trial and error. To the beginning of the 19th
century, pharmacologically active compounds were extracted from plants by a method called
solvent extraction [37-38].An example was theisolation of morphine from opium by Serturner in
1805 [38]. This allowed people to study morphine without the interference of other constituents

of the opium mixture. It was the infancy of pharmacology. Soon after, additional alkaloids were
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isolated from opium. Their comparative biological evaluations marked the beginning of modern

medicinal chemistry [38].

Then, urea was synthesized by Wohler in 1828 [38]. The progress established the science
of synthetic organic chemistry. William Perkin discovered mauveine in 1856 [37]. It represented
that for the first time in history, the development of new drugs did not necessarily come from
natural products. The subsequent successful synthesis of chloral hydrate in 1868 and sodium

salicylate in 1875 represented the start of the industrial production of synthetic drugs [37-38].

At about the turn of the 20th century, Nobel laureate Paul Ehrlich used the term
chemotherapy to describe the application of chemicals with known composition to the treatment
of parasites [38]. Till the 1960s, the discovery of new drugs depended mostly on the discovery of
natural product analogs. By then, the activity of a compound was tested in the whole animal
system [38]. Since the late 1960s, molecular biology started to develop rapidly. DNA helix
structure was discovered and genes were found to express as proteins. It was also found that
some proteins, when they were overexpressed or incorrectly expressed, cause many human
diseases. Therefore, some drugs were designed to target these proteins for the treatment of

related diseases [38].

In the second half of the 20th century, medicinal chemists manipulated the chemical
structures to control the transportations of drugs to their targets and to obtain optimal uptakes
[37-38]. With the advances in biochemistry in the 1970s and breakthroughs in molecular biology
in the 1980s, it became possible to identify leads by screening a large number of compounds for
many new targets in human genome. A new age of drug discovery emerged in the early 1990s:

high throughput screening (HTS) and combinatorial chemistry were born [37-38]. Since then,
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people have learned how to control the production of proteins that were responsible for some
diseases and have tested the efficacy of potential drugs. Screening a huge number of compounds

through HTS has been one of the major methods in modern drug discovery [38].

1.2.2. Limitations of modern drug discovery and development

There has been a great progress in the drug discovery and development in the past two decades.
The technology and understanding of biological systems have been increasingly advanced.
However, modern drug discovery is still a lengthy, expensive, difficult and inefficient process
with low rate of new therapeutic discovery [39]. On the average, it takes about 20 years to
develop a single new medicine [40], and the research and development cost of a new drug is

about US $1.8 billion [41].

Here is an example given to show that modern drug discovery is an inefficient process.
Cisplatin is an effective cancer chemotherapy drug. It is now the cornerstone agent in treating a
variety of cancer, including ovarian cancer, testicular cancer, cervical cancer, bladder cancer,
lung cancer, head and neck cancer, lymphomas cancer, brain tumors, malignant pleural
mesothlioma and neuroblastoma [42-44]. However, its application is often limited by severe
toxic side effects and resistance possessed by various cancers. Over three thousands of platinum
analogues have been synthesized and screened for anticancer activity in an attempt to overcome
the drawbacks of cisplatin and to broaden the range of treatable tumors in the past 40 years
[42-44]. Among the compounds, only two have been approved by the FDA: oxilaplatin and

carboplatin for the treatment of some cancers. This might imply the lack of a precise

10



Chapter 1

understanding of the molecular mechanism of the cytotoxicity of cisplatin [45-46]. This example
indicates that there is a pressing need for mechanistic understanding of action of existing
anticancer drugs at the molecular level, which can, in turn, lead to mechanism-based design of

new anticancer drugs.

In this thesis, we present an innovative molecular-mechanism-based drug discovery
project to develop novel drugs for effective radiotherapy of cancer through the emerging
femtomedicine approach. This approach aims to integrate ultrafast laser techniques with
biomedical methods aims for advances in fundamental understanding and treatment of major

human diseases, notably cancer [47].
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Chapter 2

lonizing-Radiation-Induced DNA damage
and Radiotherapy

Radiotherapy is currently the major modality of cancer therapy. It uses high energy x-rays, or
charged particles to destroy cancer cells. DNA is the major target of radiotherapy. In some
applications, compounds (the so-called radiosensitizers) are used as drugs to make cancer cells
more sensitive to radiotherapy. In this chapter, the physical and chemical basis of radiotherapy
will be briefly introduced. The current status of the study of DNA damage induced ionzing
radiation will then be reviewed, and finally the main types of potential radiosensitizers will be

reviewed and discussed.

The ultimate goal of this project is to develop more effective radiosensitizers, based on
our unique molecular understanding of ionizing radiation induced DNA damage and
halopyrimidines as a family of potential radiosensitizers. To achieve this ultimate goal, we need
to understand how ionizing radiation causes DNA damage and how radiosensitizers enhance the

therapeutic efficacy of radiotherapy.

12
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2.1. Radiation energy deposition

lonizing radiation used in radiotherapy includes high energy photons and charged particles such
as x-rays, y-rays, electrons and ions. The energy deposition into the matter by ionizing radiation
is a random process [48]. Generally, an ionizing particle will have a high energy that is far
sufficient to remove an orbital electron from any atom with which it interacts. Therefore any

atom may randomly lose an electron and is ionized.

If a complex system (one consisting of more than one kind of molecules) is irradiated with
ionizing radiation, the ionization probability is proportional to the number (concentration/density)
of molecules present in the system. When cells or tissues are irradiated, most of the radiation
energy is absorbed by water, because cells are made up of more than 70% in mass of water [12].

lonizing radiation results in not only ionization, but also excitation of water molecules.

2.2. Target of radiotherapy

DNA is the principal target of radiotherapy. It is critical for cell survival [49]. Other bioactive
molecules, such as RNA, amino acids, peptides, proteins, lipids, and inorganic ions can also be
damaged by ionizing radiation, because the way ionizing radiation deposits its energy is
non-selective. But cells can still be alive even when these bioactive molecules lose most of their
biological activity. For example, if most of the RNA is damaged, good RNA can still be

transcribed from good DNA. In contrast, if DNA is damaged and not repaired, the transcribed

13
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RNA and translated proteins will have problems. The cells will be mutated or killed finally.
DNA as the principal target of ionizing radiation has been confirmed by some experimental
results [50-53]. It was shown that if radiation was absorbed by the outer membrane and the
cytoplasm of eukaryotic cells, little lethal damage to cells was observed [53]. But when the

radiation reached the nucleus, lethal damage dramatically increased [50-53].

In the living systems, ionizing radiation causes DNA damage through direct and indirect
interactions [12, 49]. In the direct effect, ionizing radiation energy is directly deposited into
DNA. DNA molecules will be directly ionized or excited, initiating a chain reaction that leads to
biological effects. The direct effect is thought to be dominant under high LET (linear energy
transfer) radiation, such as neutrons, a-particles, and high energy argon ion beam [12]. In the
indirect action, ionizing radiation firstly reacts with cellular environment, mostly water,
generating different types of reactive radicals. These radicals then react with the DNA, causing
damage to the DNA. The indirect effect plays a major role in DNA damage caused by low LET

radiation - such as B particles, x-rays, and y-rays.
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2.3. Direct effect of DNA damage

2.3.1. Caused by high energy ionizing radiation

The primary effect of direct ionizing radiation damage to duplex DNA is the formation of
cationic and anionic radicals [54-61]. In DNA irradiated at low temperature, researchers have
suggested that the hole (positive charge) migrates to and stabilizes on guanine [59, 61]. In 1991,
Sevilla et al. [61] reported an ESR (electron spin resonance) study of the relative distribution of
ion radicals formed in DNA equilibrated with D,O and irradiated by y—rays at 77 K. Their result

gave DNA ion radicals’ relative abundances as about 77% C -, 23% T - for anions and >90%

G - for the cations; about equal amounts of anions and cations were present. In the next year, the
same group reported the free-radical distribution in y—irradiated frozen samples of single
stranded DNA (ssDNA) and double stranded DNA (dsDNA) [62]. They suggested a more
uniform distribution of the radical ions on the DNA bases for the ssDNA than that for the
dsDNA: thymine anion T - (30-35%), cytosine anion C - (20-28%), guanine cation G = (26-28%),
and adenine cation A = (8-17%), with small amounts of purine anions or pyrimidine cations. ESR
studies of irradiated DNA at low temperatures indicated that the major radical species stabilized

at 77K are localized predominantly on the DNA bases [54-62].

There have been several studies of DNA constituents irradiated with ion beams [63-67].
A significant decrease in radical yields and new radical species were observed with increasing
LET [63-66]. In 1994, Wang et al. [68] suggested the possible existence of sugar radicals in

y-irradiated hydrated DNA at elevated radiation doses. Free radicals located on the deoxyribose
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moiety were the likely precursors to strand breaks. The C1’ -might result in an abasic site [69],
and the C1’ 5 C3” ; C4’ -and C5’ -radicals might result in strand breaks [70]. Razskazovskii et al.
[71] reported the first clear ESR spectrum of the C1° -radical in a DNA double helix in 1998. In
2004, Sevilla and coworkers [72] reported that photoexcitation of previously stabilized guanine
cation radicals, G* -resulted in the formation of C1’ -radicals in double-stranded DNA at 77K. In
1996, Becker et al. [67] firstly identified the C3” -(or C4’ ) radicals at 77K *0®" ion-irradiated
hydrated DNA. Subsequently, the C3” -radicals were also reported by Weiland et al. [73], Debije

et al. [74], and Becker et al. [75].

ESR studies also identified sugar-phosphate radicals [67, 75, 76]. Beck et. al identified a
phosphate radical of the type ROPO, ™ -in hydrated DNA irradiated by 0% ion [67], argon—ion
[75], and y-ray [75]. They suggested that this result from P-O bond cleavage [75, 76]. The same
group also identified a sugar moiety radical resulting from rupture of the C3’-O bond in hydrated
DNA irradiated by argon—ion [75], and y-ray [75]. These radicals are the direct products of

strand breaks.

2.3.2. Caused by low energy free (kinetic) electrons (LEFES)

An isolated molecule may dissociate and/or form a negative ion by interaction with a low energy

free (kinetic) electron (LEFE). There are basically two mechanisms [77]: dipolar dissociation

and dissociative attachment. For a diatomic molecule AB, these processes could be represented

by following equations, respectively:
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e+AB D AB*+e D AT +B +e. i, 2.1

e+AB D> AB* D A+B 2.2

The first reaction (Eq. 2.1) proceeds via an excited state AB* and is called dipolar dissociation
(DD); the second reaction (Eg. 2.2) proceeds via a transient vibrationally-excited anion AB*

and is a resonance process called dissociative electron attachment (DEA). Depending on electron
energy, electron can cause DNA damage through ionization, dipolar dissociation (DD), and
dissociative electron attachment (DEA) processes. DEA occurs for free electrons at low kinetic

energies of 0-20 eV [78-79].

Low energy secondary free (kinetic) electrons are produced in abundance in nearly all types
of radiation tracks [12]. In the 1980s and 1990s, theoretical calculations suggested that energy
deposition of > ~100 eV correlated with double strand break (DSB) yields [80-81] and such
energy depositions in low LET irradiation arises mostly from low energy secondary electrons
[81-83]. In 1997, by computational modelling and calculations, Nikjoo et. al [84] concluded that
90% of total energy depositions were due to events less than 60 eV, but the largest DSB yield
was due to energy depositions in the range 60-150 eV for all three electron energies (300 eV, 1.5
keV, and 4.5 keV). They suggested that the DNA damage is due to the low energy secondary
electrons. The same year, Botchway et. al. [85] used characteristic aluminum K (Alk) (energy of
1.5 keV) and copper (Cu,) (energy of ~0.96 keV) x-ray to study the effect of the numerous low
energy secondary electrons produced by low LET ionizing radiation on DNA. They suggested
that clustered damage such as DSBs was produced predominantly by low energy electron “track
ends”. It should be noted that in these theoretical and experimental studies, the electron solvation

dynamics were not taken into account.
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In 2000, Boudaiffa et al. [78] showed DNA strand breaks by low energy (3-20 eV) free
(kinetic) electrons. They irradiated plasmid DNA under dry, ultrahigh vacuum (UHV) conditions
with a low energy free (kinetic) electron (LEFE) gun, and found that dissociative electron
attachment (DEA) of low energy (3-20 eV) free (kinetic) electrons can cause SSBs and DSBs of
the dry DNA. It was found that under 15 eV, kinetic electrons with energies around 10 eV had
the resonance in causing SSBs and DSBs. LEFEs with energies 3-5 eV, caused some SSBs, but
no DSBs. In 2004, the same group studied DNA strand breaks induced by 0-4 eV free electrons
[86]. They showed a higher yield of DNA SSBs at ~1 eV but no yields of DSBs induced by (0-4
eV) free electrons. In 2005-2006, Illenberger et al [87-88] reported experimental results for
DEAs of near 0 eV electrons to gaseous DNA bases and the phosphate group. It was found that
the compound undergoes DEA reaction within a low energy resonance feature at 1 eV and a
further resonance peaking at 8 eV. They suggested that the direct effect of SSBs caused by

LEFEs is due to DEA directly to the phosphate group.

On the theoretical point of view, Simons and co-workers [89] in 2002 reported the first
theoretical studies of the effect of the DNA solvation in an aqueous environment on
DEA-induced SSBs, proposing that SSBs can effectively occur via forming a (n*) shape anion
resonance at the DNA base after attachment of an access electron of ~1 eV if the DNA is
solvated in water. In 2004-2006, the same group [90-91] suggested that it is highly unlikely that
electrons having kinetic energies near 0 eV can attach directly to DNA’s phosphate group’s P=0
n* orbital, while electron kinetic energies in the 2-3 eV range attach directly to phosphate
group’s P=0 7* orbital. In 2006-2008, a number of groups [92-96] reported theoretical studies of
DEAs of near 0 eV electrons to nucleotides in both the gas phase and aqueous solution.

Generally, these theoretical studies were focused on the energetic stability of nucleotide anions
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and gave rather controversial results [91-96]. For example, Simons and co-workers [91]
suggested that DNA bases can attach electrons having kinetic energies even below 1 eV range
and subsequently undergo phosphate-sugar O-C bond cleavage. They also suggested that
electrons with kinetic energies in the 2-3 eV attach directly to the phosphate group, while
electrons with energies near 0 eV are highly unlikely to attach to the phosphate group’s P=0 n*
orbital. Bao et. al [92] investigated LEFE attachment induced Cs-Os: ¢ bond breaking of
pyrimidine nucleotides (5’-dCMPH and 5’-dTMPH). Their calculated results indicated that the
pyrimidine nucleotides are able to capture electrons around ~0 eV to form electronically stable
anions in both the gas phase and aqueous solution. Sevilla and co-workers [95] calculated that
the barrier height for adiabatic Cs-Os- bond dissociation of 5’-dTMP anion radical in aqueous
environment is substantially higher than in the gas phase such that it would not contribute to

DNA strand cleavage in the aqueous system.

However, none of the above-mentioned experimental studies with (0-20 eV) free (kinetic)
electrons were performed in aqueous solutions. These gas phase experimental results could not
be applied to real biological systems, in which water constitutes a major component. The water
environment is unlikely to enhance DEAs of molecules at free electron energies >1.0 eV. Indeed ,

Lu and Sanche [97-99] have observed that DEAs of molecules to free electrons with energies =

1.0 eV, effective in the gas phase, are completely quenched when they are adsorbed on H,O ice,
while the DEA cross section at ~0 eV electrons are significantly enhanced by H,0O ice. The latter
is due to a dissociative electron transfer (DET) mechanism, which will be discussed in later

Chapters.
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2.4. Indirect effect of DNA damage

As mentioned in Section .2.1, most of the ionizing radiation energy is absorbed by water. In the

indirect effect, DNA is damaged by the radicals generated from the radiolysis of water.

2.4.1. Radiolysis of water

In radiation chemistry, G-values are defined as the number of molecules formed or lost per 100

electron volts of energy absorbed [49, 100].

G= (number of altered molecules) /100 eV.

G may also be expressed as ‘molar concentration of altered entities per unit dose’:

C
G=9.64 x 10—
Dp

where C is the molar concentration in M, D is the dose in Gy (J / kg), and p is the density of the

medium in g/cm?®,

H,0O molecules can either be ionized or excited by ionizing radiation (Eqgs. 2.3 and 2.4).

In the ionization process, a water radical cation (H,O") and an electron are generated (Eq. 2.3).

H,O 2> H20+ F o 2.3

HoO 2 HoO* oo 24
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The water radical cation (H,O") is a strong acid. It reacts with another water molecule,
forming an H;O" and a OH- radical (Eq. 2.5). The electron reacts with surrounding water

molecules, and becomes the solvated electron (Eqg. 2.6)

HO" + H,O > HgO  +OH- ..., 2.5

ei +Nn HZO 9 eso|\/7 .................................... 2.6

The excited water molecule can dissociate into either an H-atom and a -OH radical or a

water radical cation (H,O") and an electron (Eq. 2.7):

H,O* > H-+OH-orH,0 " +e  ......cooviiiiiii. 2.7

The free radicals(OH 5 es,y and H 9 either react with one another or diffuse into the

bulk of the solution, reacting with anything that they encounter, producing H,O, H,O,, molecular

hydrogen and some other free radicals such as HO; (hydrogen peroxide) [12, 49, 100-101].

Since ionizing radiation deposits its energy non-selectively, essentially all the radiation
energy is absorbed by water in << 0.1 M aqueous solution [101]. In the conventional context of
radiobiology, the free radicals of radiolysis of water are long known to be ey , ‘OH, H-, H,0,
and H; [100-102]. Their quantum yields (G values) per 100 eV energy deposited were measured

to be 2.8, 2.4, 0.6, 0.8, and 0.4 at 10 ° s after irradiation, respectively [100-102].

21



Chapter 2

2.4.2. Reactions of free radicals with DNA

Free radicals (‘OH, esxn , H9 can react with biological molecules and change them. The OH
radical is a strongly oxidizing species [102-106], while es,;, and H -radicals are reducing agents

[61].

The highly reactive OH radical often abstracts carbon-bound hydrogen atoms more or
less non-selectively [102, 106]. ‘OH radicals can directly abstract H atoms from biomolecules,
especially DNA. Moreover, OH radicals add to the unsaturated bonds of biomolecules
[108-110], or further react with other radicals to form new reactive active radicals such as: O,

0O, , HO; -etc [106]. These reactions then result in molecular degradation or initiate damaging

chain reaction processes.

esolv  reacts with DNA bases to form electron adducts [110-113]. The formed electron

adducts undergo protonation reactions [110-113]. H -radicals react with DNA to form H -adduct

radicals [110 and references therein].

2.5. Types of DNA damage induced by ionizing radiation

lonizing radiation induces several types of DNA damage, including base damage, abasic sites,
single-strand breaks (SSBs), double-strand breaks (DSBs), DNA-protein cross-links, DNA intra-/

inter- cross links, and multiply damage sites (MDS).
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For base damage, at least thirteen modified bases were detected in calf thymus DNA
irradiated by y-rays [110]. Thymine glycol, cytosine glycol, 5-hydroxy-5-methyl-hydantoin, and
5,6-dihydrothymine are the major products for pyrimidines [114-116]. 8-oxo-guanine
(8-0x0-Gua) and 8-oxo0-adenine, and ring-ruptured species such as
2,6-diamino-4-hydroxyl-5-formamidopyrimidne (FAPyGua) and 4,6-diamino
-5-formamidopyrimidine (FAPyAde) are the major products for purines [116-120]. Thymine
glycol blocks DNA replication [110 and references therein]. 8-o0xo-Gua directs misincorporation

of adenine by DNA polymerase [121], and ring-ruptured DNA base blocks DNA synthesis [122].

When deoxyribose is damaged, abasic sites (as shown in Fig. 2.1) and deoxyribose
fragments are formed [110]. The oxidized AP (apurinic / apyrimidinic site) lesions
2-deoxyribolactone (deoxyribonic acid) and 2-deoxypentose-4-ulose are produced in DNA by

x-rays [102].

. O, . . 0
. 0 - -p-0-CHe Base  -p-0-CHZ ~
-p-0-CH2 O Base FU-CHS >,E>'-1‘-‘-”- >” v
>/ 02+ = 0 —= N
" . .00 _p_ _p_
P P
-p- ::Ha\g’i
_p_ :

Figure 2.1 Reaction mechanism of base loss [110].
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Damage to the deoxyribose-phosphate backbones may cause scission of the backbone
and result in the breakage of DNA strands. Breakage of the bond between C3°-C4’ or between
C4’-C5’ can produce a single strand break [110]. Single strand breaks can be easily and quickly
repaired by intracellular enzymes [12, 49]. If the strand breaks occurred in two opposite DNA
strands and are separated by only a few base pairs, this may lead to a DSB [123]. DSBs are
believed to be the most important lesions produced in chromosomes by radiation [12, 49, 123].

The interaction of two DSBs may result in cell death, carcinogenesis, or mutation [12, 49, 123].

The DNA, protein free radicals generated by ionizing radiation can also react with each
other to form DNA-protein cross links, DNA intra- / inter- cross links, as shown in Fig 2.2 [110].
DNA-protein cross-link can also be formed by adding a DNA radical to an aromatic amino acid

of a protein, or by adding a protein radical to a DNA base [110].

HN-CH-CO- DINA _ J .

tvrosine radical — allvl radical of thvmine thyvmine-tvrosine cross-link

Figure 2.2. Formation of DNA-protein crosslink [65]
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Numbers of early physical and biochemical changes for mammalian cells irradiated with

1Gy of low LET radiation are shown in Table 2.1 [12].

Table 2.1. DNA damage produced in one cell by 1Gy x-ray [12].

Damage No. per cell
Damaged bases 1000-2000
Damaged sugars 1200

SSBs 1000

DSBs 40
Abasic sites 250
Cross-links 200-400

2.6. -OH radical — mainly responsible for ionizing radiation induced DNA

damage?

Cellular endpoints and strand breakage in cellular DNA can be manipulated by compounds that
are known to be OH scavengers, such as isopropanol [124], t-butanol [125-126], and DMSO
[127-128].Thus it was believed that OH radicals are predominantly responsible for the indirect

effect of ionizing radiation induced DNA damage.

In 1967, Block et al. [129] firstly attributed inactivation of single-strand DNA of the

bacteriophage $X174 to ‘OH radicals. They observed the large increase of the 37% survival dose,
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when OH radical scavenger --- iodide ions were added. From then on, different experiments
were conducted and the results suggested that ‘OH radicals were the major culprit for indirect
effect of DNA damage. N,O converts ey, into OH radicals. It was found that DNA sample
bubbled with N,O increased the yield of DNA damage by a factor of 2 [129].The addition of
alcohols (methanol, ethanol, t-butanol) protected DNA molecules of mammalian cells from

radiation-induced single-strand breaks [125].

Since the above mentioned experiments showed that OH radical scavengers significantly
decreased the amount of DNA damage [124-129], OH radicals were long thought to be mainly
responsible for the indirect effect of DNA damage induced by ionizing radiation. However, it has
also been observed that even very high concentrations of OH scavengers cannot completely
quench the DNA damage, especially DSBs [124-131]. That ‘nonscavengable’ DNA damage
(~30% SSB, and ~30-65% DSB) was therefore attributed to direct action of radiation in the DNA
[124-131]. This assignment, however, conflicts with another important observation made by Ito
et al. [132]. The experiments conducted by Ito et al. [132] were to gain knowledge of the
dependence of the yield of DNA strand breaks induced by y-rays on water content. Ito et al. [132]
compared DNA damage induced by ®°Co y-rays under three irradiation conditions, the DNA in a
dry, humid and aqueous states. They found that water content plays a very critical role in the
yields of DNA strand breaks induced by y rays. The presence of water molecules enhances the
yields of SSBs and DSBs by more than 10 fold in the humid state, and by over 1000 fold in the
aqueous state. That is: DNA stand breaks in aqueous state = 100 fold DNA damage in humid
state = 1000 fold DNA damage in dry state. In this experiment, only ~1% of DNA strand breaks
were caused by the direct effect (DNA with hydrated water as an integral). Indirect effect

contributes to ~99% of DNA strand breaks. If OH radicals play a dominant role in the indirect
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effect, then, high concentration of OH