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Abstract

A large number of exogenous and endogenous agents can result in DNA damage leading to
mutagenesis and cell death. A thorough knowledge and understanding about the effects of these
agents on different sequences of DNA is important for elucidating the fundamental chemical
mechanisms of DNA damage. Therefore, developing a rapid and inexpensive technique for the
detection of damage in multiple samples is of great importance. Numerous DNA detection
techniques, involving polymerase chain reaction and gel electrophoresis, have been developed.
However, most of these techniques are cumbersome and/or expensive. In this thesis, we develop a
simple, sensitive, inexpensive, mix-and-read assay to detect DNA damage with higher throughput
and better ease-of-use. The goal of this work is to design simple hybridization assays for DNA
damage detection of multiple sequences in single and double stranded DNA on a 96-well

microplate platform.

We first replaced the conventional cuvette method with the well plate method in order to study
UVC-induced ssDNA damage on four sequences simultaneously. In this study, we measured the
change in fluorescence intensity of a series of sequence-specific smart probes (SPs) for quantifying
the extent of damage. The results show that this method has similar reproducibility as the cuvette
method, but designing SPs complementary to each sequence makes the method tedious and

expensive.

In the second approach we developed a microplate assay coupled with EvaGreen (EG), an
intercalating dye to quantify both ssDNA and dsDNA damage in an inexpensive way. This gives
maximum sensitivity for detecting damage since the dye gives zero/minimum fluorescence with
ssDNA and a maximum fluorescence with dsDNA. This dye gave good sensitivity and selectivity

for quantification of dsDNA damaged by both UVC and a Ru cis-platin analog. The calibration
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curve for the EG probe shows good linearity (R? = 0.99) with a limit of detection of 2.3 nM for
dsDNA. Confirmation that EG can detect damage was done by melting curve and matrix-assisted
laser desorption/ ionization time-of-fight mass spectroscopy (MALDI-TOF-MS). We also used
our method to study the effect of the number and position of mismatches on the stability of dsDNA
with another intercalating dye, Hoechst 33258 (H258). Results show that the sensitivity of the
dsDNA detection is determined more by the position of mismatches than by the number of
mismatches. We also compared the UVC-induced DNA damage kinetics of ssDNA and dsDNA.
Our results are in agreement with in vitro and in vivo studies, which show ssDNA to be more
vulnerable to damage than dsDNA. The H258 dye was much cheaper than the EG dye, but its use

is limited because of its high selectivity for A-T rich regions of dsDNA.

Finally, we explored the ability of our method to detect DNA damage in multiple samples of
K-Ras and N-Ras proto-oncogenes. Results show that the K-Ras sequences are more mutagenic
than the N-Ras sequences. This result is in excellent agreement with past biological studies
performed on K-Ras and N-Ras genes. Thus, our method proves as a simple, inexpensive, mix-
and-read assay for the reproducible quantification of DNA damaged induced by different

etiological agents.
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1
General Introduction

1.1 The structure and function of nucleic acids
Nucleic acids are large organic polymers found in all living organisms [1]. They are divided

into two types: deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). Both of these nucleic
acids consist of nucleotides which serves as their monomer units. Each nucleotide is composed of
a pentose sugar, an organic base and an inorganic phosphate group (Figure 1.1). Sugar linked via
phosphate bond forms a constant backbone but differ in the bases from one monomer unit to other.
The primary nucleobases are adenine (A) guanine (G), cytosine (C) thymine (T) and uracil (U).
Their structures are shown in Figure 1.2. DNA differs from RNA by the presence of thymine
instead of a uracil nucleobase. They also differ in the structure of the sugar in their nucleotides.

DNA contains deoxyribose sugar while RNA contains a ribose sugar [1,2].

DNA is formed of two chains that winds together into double-helix structure due to base-pairing
interactions. The double helical structure of DNA is formed when guanine pairs with cytosine and
adenine pairs with thymine nucleobase among the two strands. These base pairs are held together
by intermolecular hydrogen bonding. Thus, separation of the double helix into two single-strands
would act as a template for the synthesis of new double-stranded DNA (dsDNA) [3,4].

1.2 DNA damage

Maintaining the stability of the human genome is crucial for cell growth and development. The
stability of the genome is constantly undermined by DNA damage which generates potentially
harmful mutations that can alter the genetic information’s stored in the DNA. As a result, damage
can hinder replication of DNA, leading to mutation and/or cell death [4]. DNA damage can occur

through different mechanisms leading to the formation of various types of lesions. First, the DNA
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molecule can break down through hydrolysis of the nucleosides creating abasic sites and
deamination products under physiological conditions. Secondly, metabolic processes can produce
highly reactive species which creates different types of DNA damage such as strand breaks and
base modifications [5]. Thirdly, replication error may cause transversion, insertion or deletion of
DNA bases [6]. Lastly, exogenous agents such as ultraviolet (UV) radiation, ionizing radiation,
industrial chemicals, drugs and food contaminates may damage DNA [5,7-10].

The amount of damage that occurs naturally due to various cellular and metabolic functions
introduces 10° lesions per cell per day. But these are less harmful, since the repair mechanism
inside our body identify and repair most of these damages. However, exposure to external sources
such as UV radiation is one of the main causes for genomic instability. The amount of UV radiation
that we are exposed can itself cause 10° lesions per day. In addition to UV, ionizing radiation
causes a majority of single and double strand breaks which can ultimately end up in cell arrest,
chromosomal rearrangement and other deleterious mutations in the DNA [11].

1.2.1 UV-induced DNA damage and DNA photoproducts

UV light is one of the most harmful components of solar radiation that can induce mutations in
human genome. UV radiation constitutes just a minor portion of the total solar radiation but its
biological impact is immense. UV radiation is divided into three regions which extend from 200-
400 nm [12]. UVA radiation (315-400 nm) has a poor efficiency in inducing DNA damage because
it is weakly absorbed by DNA and proteins. However, UVA radiation can damage the DNA via
indirect photosensitizing reactions by producing singlet oxygen ('02). These reactive oxygen
species (ROS) are similar to those produced by ionizing radiation and induces the formation of 8-
ox0-7,8-dihydro-2’-deoxyguanosine (8-oxoGua), oxidized pyrimidines, strand breaks and DNA-

protein crosslinks [5,13]. UVB radiation (280-315 nm) makes up less than 1% of the total solar



radiation. Under normal condition of solar exposure, it is the most energetic component of solar
radiation that reaches the Earth’s surface. DNA bases can directly absorb incident UVB radiation
leading to DNA damage. This damage is mainly responsible for sunburn, cataract and skin cancer

[12].

UVC radiation (200-280 nm) is absorbed by ozone layer in the atmosphere and normally does
not reach the Earth surface. However, continuous use of certain chemicals such as
chlorofluorocarbons destroys the ozone layer leading to its depletion. As a consequence, high level
of UVC radiation can reach the Earth’s surface [14]. Exposure to high amounts of UVC radiation
can have a serious effect on the DNA because DNA has a strong absorption maximum in the UVC
range. Thus, the shorter-wavelength and higher-energy associated with UVC radiation makes it

the most dangerous radiation [15].

When DNA is exposed to UVB or UVC radiation, the pyrimidine nucleobases thymine and
cytosine undergo photochemical reactions, forming different photoproducts (Figure 1.3 and 1.4).
The best known photoproducts are cyclobutane pyrimidine dimers (CPDs), 6-4 pyrimidine-
pyrimidinone dimers (6-4 PPs) and photohydrate lesions [16,17]. These photoproducts can
introduce bends or kinks in DNA strands which can interfere with the mechanism of DNA
polymerase. This leads to DNA transcription and replication errors, causing mutation, genomic

instability and carcinogenesis.

1.2.2 CPDs
The mechanism by which CPD photoproducts are formed from UV light is [2n + 2n]
cycloaddition reaction between carbon 5 and 6 of the two adjacent pyrimidine bases on the same

strand. The most commonly formed CPD photoproduct is the thymine-thymine dimer. Four
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diastereomers may be generated for thymine dimer according to the position of the two thymine
moieties with respect to the cyclobutane ring (cis/trans) and on the relative orientation of the C5-
C6 bonds (syn/anti) [16]. Due to steric constraints between the two thymine molecules only syn
isomers can be generated within DNA. The cis-syn isomer predominates in the dsSDNA whereas

formation of minor amounts of tran-syn isomer has been seen in ssDNA [17].

Other dipyrimidines forming CPD photoproducts include thymine-cytosine, cytosine-thymine
and cytosine-cytosine [18]. An investigation on the major hot spots of CPD formation revealed
that these photoproducts are influenced by sequence context [17].The presence of 5’
methylcytosine was found to be an ideal hot spot for CPD formation upon irradiation with natural
sunlight [17]. The rate of CPD formation was also found to be wavelength dependent. With longer
wavelength UVB light, an increase in mainly cytosine-cytosine dimer formation was observed. In
contrast thymine-thymine dimer was formed at shorter wavelength UVC light [19]. Here it is worth
mentioning that the study of action spectrum of lethality for CPD photoproducts reveals that UVB
radiation is more lethal than the UVC radiation. UVC radiation was found to be more mutagenic
but not cell killing [20]. This is because some mutations cause changes in the DNA conformation
that can be easily detected and fixed by the repair enzymes [21]. On the contrary, when the
mutations are not detected by the enzymes they remain unrepaired, causing errors in the DNA.
Misreading of these genetic codes could have serious implication such as ageing and cell death
[22].

1.2.3 6-4 PPs

Like CPDs, 6-4 PPs are also formed by the [2n + 2x] cycloaddition reaction between the C5=C6

double bond of the 5’ pyrimidine base and the C4=0 carbonyl group of the 3’ pyrimidine base via

an oxetane or azetidine intermediate [23]. These intermediates are unstable and spontaneously



rearrange to a pyrimidine pyrimidinone adduct with a stable covalent bond formed between C4
and C6 of the two adjacent pyrimidines. The 6-4 PPs further undergo photo-isomerization on
irradiation with UVB radiation and form their corresponding Dewar valence structures [24,25].
Studies [26] have shown that a greater unwinding of the DNA helix occurs for (6-4) PPs and Dewar
PPs when compared to CPDs. However, greater helical distortion has been seen in (6-4) PPs than
Dewar PPs [26]. Thus, (6-4) PPs lesions can be easily identified by the repair enzymes and replaced
or corrected rapidly. The (6-4) PP can be formed at all the four dipyrimidine sites but its highest
quantum yield is at 5" TC and 5’ CC sites. Negligible amount of (6-4) PP formation occurs at 5’

TT, 5' CT and the 5’ methylcytosine sites [24].

1.2.4 Purine photoproducts

Purine photoproducts have not been studied as extensively as pyrimidine lesions [24]. It is
supposed that one of the purine base adenine is photochemically inert since no photoproducts
derived from adenine have been isolated from UV irradiated DNA. However, P6rschke in 1973
found that the poly(dA) sequences undergo photodimerization between adjacent adenine bases
upon irradiation at 254 nm with high quantum yield of 2.5 x 10 [27]. Later, he also found that
8,8-adenine dehydrodimers were formed upon irradiation at 313 nm [28]. The kinetics of
formation for these photoproducts were found to depend on the composition and conformation of
the DNA strands with poly (dA) residues. Investigation of the photodimers of adenine shows two
distinct photoproducts. One of these corresponds to A=A and the other photoproduct is AA*
(Figure 1.5) [29]. These photoproducts are estimated to comprise of only 1% of the total UV
photoproducts formed after irradiation [24]. The biological effect of these photoproducts is not

well explored.
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Another purine photoproduct is the 8-oxoGua (Figure 1.6). This ubiquitous oxidative product
is formed in DNA of UVA and UVB irradiated cells by hole migration from initially photo-ionized
pyrimidine and adenine bases or singlet oxygen oxidation [30,31]. Guanine, that has the lowest
ionization potential among the DNA bases, is the preferential target for most of the one- electron
oxidation induced by chemical and physical agents. Oxidation of guanine leads to the formation

of 8-oxoGuo, that is used as a biomarker for exposure to oxidative agents [32].

1.2.5 Chemically-induced DNA damage

Exposures to certain chemicals are known to be associated with the induction of human cancer
These include insecticides, food additives, preservatives, antibiotics and anticancer drugs [15].
Chemical carcinogens mainly induces DNA damage by the formation of DNA adducts, oxidative
damage, DNA-strand crosslinks, DNA strand breaks, chromosomal rearrangement and deletion
[33-35]. The type of DNA damage determines the fate of the cell by either causing cell death or
by introducing mutations that could be identified and repaired. Mutation in proto-oncogenes,
tumour suppression genes or the genes that control the cell cycle can lead to the uncontrolled
growth of the cells resulting in increased rate of cell proliferation. Generally, cytotoxic agents
which can induce high levels of DNA damage are used as antitumor drugs to kill cancerous cells,
but the damage to healthy cells is unavoidable.

The classification of these cytotoxic agents is based on their mechanism of action and the type
of DNA damage induced by them. The first chemotherapeutic drug used as a DNA damage agent
was nitrogen mustard and nitrosourea [33]. These are alkylating agents that covalently transfer

alkyl group onto the DNA bases and form interstrand crosslinks between guanine-guanine and
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guanine-adenine. Other effectively used chemotherapeutic drugs are antimetabolite drugs. They
are low molecular weight compounds having structures similar to various metabolites used in
nucleic acid synthesis. However, the structures differ enough to interfere with normal cell activities
inducing cell death.

Cis-platin (cis-diamminedichloroplatinum(Il)), and related Pt(Il) compounds are antitumor
drugs and have been in use for the past three decades. Their mechanism of action is similar to that
of the alkylating agents (Figure 1.7). These compounds covalently bind to N7 position of guanine
and adenine bases making either monofunctional adducts or inter- and intra- strand crosslinks. The
continuous use of these Pt drugs are hindered by their acquired cellular resistance and toxicity
towards the healthy cells. Efforts to mitigate these pitfalls lead to the discovery of a variety of
analogues of cisplatin which could selectively target the cancerous cells. Metal complexes used
for targeted therapy includes complexes of ruthenium [36-38], rhodium [39], cadmium [40], cobalt
[41] and nickel [42].

1.3 DNA damage detection

Detection and quantification of the damage caused by different damaging agents such as UV
and chemical agents are very important in order to study the overall cytotoxic and mutagenic
effects. Thus, several methods have been used for the sensitive and precise measurements of DNA

damage.

1.3.1 High-Performance Liquid Chromatography-Electrospray lonization-Mass
Spectrometry (HPLC-ESI-MS)

HPLC coupled to ESI-MS, is a powerful tool for the determination of DNA damage [43]. It has
become one of the viable methods for the quantification of DNA adducts formed after exposure to
endogenous and exogenous damage agents [44]. In this method, DNA is first enzymatically

digested followed by its separation into individual monomer units by running through a HPLC
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column. Further, the samples were analyzed by direct coupling of the HPLC with MS through ESI
source. The process of ESI occurs at atmospheric pressure where the HPLC eluent is converted to
a gas phase ion through soft ionization techniques, with negligible dissociation of the molecular
ion into fragment ions. The analysis of these molecular ion peaks of the DNA adduct is generally
done by a triple quadrupole analyzer. This system comprises of three quadrupoles, where first and
third quadrupole serves as a mass analyzer and the second quadrupole serve as a collision cell. The
molecular ion of interest is selected by the first quadrupole, followed by collision in the second
quadrupole to form specific product ions. Finally the product mass is determined by the third
quadrupole. Thus, HPLC-ESI-MS/MS can be used for sensitive and quantitative analysis of DNA
adducts. It has been successfully used for measuring all the twelve photoproducts of TT, CT, TC
and CC dimers located within isolated and cellular DNA exposed to low level of UVB and UVC
radiations [45]. Further, the use of internal standards can provide highly accurate and reproducible
results. The detection limit for adducted bases was 0.2-2.0 adduct per 10® unmodified DNA bases
[44]. Currently, technological advancements are on-going and these efforts have led to the
development of chip/LC-MS [46].
1.3.2 Gel Electrophoresis

Gel electrophoresis is an essential tool in molecular biology and is very often used for analysis
of DNA damage. This technique separates the DNA exploiting the difference in mobility with size.
Thus, it is very sensitive to strand breaks, particularly for single-stranded DNA (ssDNA). Strand
breaks could be directly introduced in DNA by the UV and ionizing radiation. Ahmed and Setlow
[47] quantified the CPD sites in DNA by investigating the single strand breaks produced at the
photoproduct sites by the use of targeted enzymes such as CPD-specific T4 phage endonuclease

V. This enzyme cleaves the DNA at 5’ position of CPD photoproducts and subsequently breaks
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the phosphodiester backbone via abasic cleavage [48]. The migration profile of the DNA relative
to molecular weight standards, were used to estimate the number of strand breaks or the number
of CPDs/kb. However, the use of this method was limited due to the need of calibration for each
run. Overcoming this limitation advanced methods such as phosphorimage analysis has been
developed [47]. The sensitivity of gel electrophoresis is influenced by DNA purification and
enzyme treatment, since they can introduce additional lesions.

1.3.3 Polymerase Chain reaction (PCR)

PCR is one of the most accurate techniques for detecting DNA damage since the amplification
stops at the site of damage. Ligation-mediated PCR (LMPCR) has been widely used for mapping
dimeric pyrimidine photoproducts particularly CPD photoproducts in mammalian cells and basal
layer of skin [32]. Quantification of CPDs is achieved by the nicking activity of T4 endonuclease
V followed by photoreactivation with CPD photolyase to convert the breaks into ligatable 5’
termini. This method achieves high selectivity for CPD amplification. However, its use is limited
for mapping (6-4) PPs due to the high background introduced by lesions produced during chemical
treatment. Terminal transferase-dependent PCR (TDPCR) is other technique used for mapping of
(6-4) PPs [49]. PCR also shows a drastic decrease in amplification rate in the presence of other
DNA damage sites such as 8-oxogaunine, 8-oxoadenine and abasic sites [50]

PCR has also been effectively used for the study of DNA damage resulting from drug-DNA
interactions. It is assumed that the polymerase progression in PCR is blocked by the presence of
even a single lesion, thus making it a great method to quantitate and measure the fraction of
undamaged DNA. This method is highly reproducible and used for the detection of damage in both
ss and dsDNA [51].

1.3.4 Immunoassa
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Immunoassays, which involve the binding of antibodies to DNA molecule is considered to be
the most sensitive method in biochemistry [52]. This assay involves the detection of various DNA
adducts by their specifically designed antibodies. Several monoclonal and polyclonal antibodies
have been synthesized against common DNA damage adducts such as pyrimidine photoproducts
[45], oxidative products and DNA carcinogen adducts. The major advantages of immunoassays
are their high specificity and sensitivity. But a limitation associated with this method is the lack of
calibration curve which prevents the accurate quantification of the DNA adducts. In addition,
problems with cross-reactivity do not allow differentiation between the four possible bipyrimidine
lesions, providing only semi-quantitative results [45]. Different immunoassays used for DNA
adduct quantification are discussed below.

ELISA is one of the method, which has been commonly used for the quantification of CPDs.
In this assay, the antigen, antibody and a secondary antibody conjugated to an enzyme are
immobilized on an ELISA plate. Upon addition of the substrate for the enzyme, chromogenic
reaction products with intense absorption are formed that enables the quantification of the bound
antigens [53].

Anti-carcinogen adducts and carcinogen-modified DNA antibodies coupled to radioactive
isotopes have been used in radioimmunoassays (RIA). This method is also effectively used for the
detection of very low quantity of CPDs and (6-4) PPs formed by low dose of UVB radiation [54].

Immuno-slot-blot (ISB) assay is a highly sensitive assay used for the detection and
quantification of DNA adducts produced by carcinogens, mutagens or chemotherapeutic agents
[55]. The standard protocol of this assay involves the fragmentation of DNA containing the
modified bases by sonication or denaturation at alkaline pH. These fragments are then immobilized

on nitrocellulose membrane along with the primary antibody against the DNA adduct under
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investigation. Eventually, the detection and quantification of the DNA adduct is accomplished
after the secondary antibody binds to the alkaline phosphatase enzyme which produces
chemiluminescence signals. The ISB assay is used to detect very low level of adducts in small
amounts of DNA [32,56,57]. The method is highly sensitive, reproducible and not limited by the
issue of cross reactivity. Thus, ISB assays have been effectively used for the detection and
quantification of pyrimidine dimers formed by UVC radiation and carcinogen DNA adducts
[57,58].
1.3.5 Comet assay

Comet assay (single-cell gel electrophoresis) is a very sensitive, rapid and reliable method to
measure DNA damage such as strand breaks, alkali-liable sites and cross-links. The comet assays
are generally performed on two protocols. First, the protocol was given by Singh et al. (1988) who
performed the assay at highly alkaline pH. This method was used to measure the low level strand
breaks with great sensitivity [59]. Secondly, Olive et al. (1989) used less alkaline pH to study the
sensitivity of cells towards drugs and radiation [60]. The simple protocol of the comet assay
involves the following steps [61,62]. The cells are embedded in agarose on a glass slide followed
by the treatment with cell lysis solution to unwind the DNA. The DNA is then subjected to alkaline
electrophoresis and the cellular DNA is visualized using fluorescence microscopy after staining
with dyes such as cyber green, ethidium bromide or propidium bromide. The tail has an appearance
of a comet which increases in length and size with increasingdamage [63,64]. Comet assays have
been successfully used to detect DNA damage in occupational exposure situations or after
anticancer drug treatments.

Lesion-specific enzyme treatment extends the usefulness of this method to investigate different

kinds of damages. Instant recognition of 8oxoGua is done by formamidopyrimidine-DNA
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glycosylase (FPG) enzyme, cytosine hydrate by endonuclease III and CPD by T4 endonuclease V
[62]. Modified comet assays have been also used to measure DNA repair activity by treating cells
with repair enzymes and monitoring the breaks induced at the damage sites [65]. When comet
assay is coupled with fluorescence in situ hybridization (FISH), the assay could be then used for
detection of DNA damage and repair at the single gene level [66].

Comet assay is found to be a sensitive method for the detection of low level DNA damage. It
requires only small number of cells per sample and the assay is performed in short time. In addition
the assay can also be used for the measurement of DNA repair rates in wide range of tumor cells
by making certain modification in the experimental protocols [67].

1.3.6 Fluorescent probes

Fluorescence methods have become an essential tool to detect biological molecules with
exquisite sensitivity and selectivity. A number of fluorescent probes have been proposed to study
DNA damage. These probes are discussed below.
1.3.6.1 Molecular Beacons (MBs)

MBs are hairpin probes that fluoresce upon hybridization with its target [68,69]. They have a
stem-loop structure containing fluorescent dye on one end and the quencher on the other end
(Figure 1.8): The loop portion of the probe is designed complementary to the target molecule and
the stem portion is constructed of annealed complementary arm sequence with 5 to 7 nucleotides
The 5’ end of the stem comprises of the fluorescent reporter group and the 3’ end has the quenching
group In the absence of the target DNA the stem keeps the fluorophore and quencher in close
proximity to each other, causing the fluorescence of the fluorophore to be quenched by Forster
resonance energy transfer (FRET). However, in the presence of the complementary target

sequence, the MB hybridizes with the target, resulting in an increase in fluorescence. Therefore,
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the MBs servers as a molecular photo-switch, which turns ‘off” in the absence of target due to the
closed hairpin form whereas on recognizing its complementary target will immediately switch the
fluorescence ‘on’ [70-72]. When a target sequence is damaged or consists of mismatches, the
hybrid formed between the MB and damaged DNA is less stable. This condition results in lower
fluorescence from damaged target-hybrid and, consequently, a maximum discrimination of
damaged versus undamaged target. These inherent properties make MBs a highly sensitive and
selective probe for DNA damage studies. Thus, MBs have been used for wide variety of
application including qPCR, mutation detection, assaying for nucleic acid cleavage and cancer cell
detection [73-75] .

Despite the exquisite sensitivity and wide application of MBs, they suffer from a few limitations
[76]. First of all, they require labelling on both 5" and 3’ end of the hairpin with a fluorophore and
a quencher. This patented method of synthesis involves complicated steps that makes the MB
probe synthesis tedious and expensive [74]. Secondly, these hairpin probes could not be used for
any further modification such as attaching them to a solid support, since both the hairpin terminal
are already occupied by a donor and an acceptor. Thirdly, if the MB is not purified properly, there
is possibility of MBs with only fluorophore or quencher to be present, which would result in a high
background noise or low signal. To overcome these problems some modified hairpin probes were
developed, which lack these pitfalls of MBs.
1.3.6.2 Modified Hairpin probes

Development in hybridization assay with fluorescent hairpin probes lead to the extension of
MB probes without the quencher moiety. These are called “quencher-free molecular beacons (QF-

MBs) [77,78]. Based on the design the QF-MBs can be classified into two categories (a) QF-MBs
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with fluorophore at the end of the sequence and (b) QF-MBs with fluorophore in the middle of the
sequence.

The QF-MB containing fluorophore at the strand end is known as the “smart probes” (SPs),
designed by Sauer and coworkers [79]. In SPs the fluorophore such as 6-carboxyfluorescein
(FAM) or rhodamine (R6G) is attached at the 5'-end and the fluorescence is quenched by the
neighboring guanine residue chain linked at 3'-end. The quenching occurs due to the effective
photoelectron transfer (PET) between the guanine nucleobases and the fluorophore.

SPs (Figure 1.9 (A)), similar to MBs, exists in a stem-loop structure in the absence of
complementary target sequences and exhibit a minimum fluorescence intensity due to the
quenching of the fluorophore by the guanine residues. However, in the presence of complementary
target sequences, the stem unwinds forcing the fluorophore and the guanosine residues far apart,
thereby giving a maximum fluorescence intensity. Thus, these probes detect DNA damage and
single base mismatches in a similar way as the MB probe [76]. In contrast to MBs, SPs are less
expensive and easy to synthesize. The use of SPs, is limited due to the high fluorescence
background which results in an increase in analytical parameters such as limit of detection (LOD)
and limit of quantification (LOQ).

The QF-MBs containing fluorophore in the center of the sequence is quenched by the adjacent
guanines. In hairpin form the guanine effectively quenches the fluorescence of the fluorophore and
upon hybridization with the complementary fully matched target sequence a rapid fluorescence
enhancement is observed. These probes have also been used for detecting single base mismatches.
However, the attachment of a fluorophore in the center of the sequences makes these probes
expensive. A much cost effective alternative is the introduction of 2-aminopurine (2AP) group at

the center of the hairpin probe (Figure 1.9 (B)). 2AP is a fluorescent base analog of adenine and
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has two useful features. Unlike natural nucleobases, 2AP is fluorescent and its fluorescence
intensity depends on the local environment. The 2AP is highly fluorescent when free in solution,
but its fluorescence is somewhat quenched in ssDNA and highly quenched in ds DNA due to base
stacking interactions [80]. Another advantage of this probe is the ease of its synthesis since being
an adenine base analogue they can be easily incorporated into DNA sequences. Moreover they can
pair with thymine, similar to adenine and cause minimal disruption of DNA structure.

Although, all above mentioned hairpin probes can be effectively used for DNA damage and
single base mismatch studies, these probes need to be designed complementary to the target
sequence under study. Thus, for multiple sample analysis different probe sequences has to be
designed which makes the method a cumbersome process.

1.4 Multiplex technologies

Multiplex techniques provide a powerful platform to develop valuable tools for high-
throughput quantification assays. These types of assays can simultaneously measure multiple
samples in one single run. These techniques have the potential to produce considerable saving in
time, cost and effort involved within the laboratory without compromising on the accuracy and
precision of the experiments.

Microarray multiplex techniques have potential applications in disease diagnostics and drug
discovery [81-83]. DNA microarray are slides made of glass, plastic or silicon supports with 10-
100 um reaction zones [84]. They provide an unprecedented opportunity for comprehensive
concurrent analysis of thousands of gene expressions in one single run. In this method the DNA
target are attached on the slide surface, exposed to DNA damage agent and then damage is
quantified by hybridization of the DNA target sequences with their complementary probes

(discussed in section 1.5.6.1). Depending on the application, various DNA targets or DNA probes
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such as MBs, hairpin probes and peptide nucleic acids (PNA) can be immobilized on the surface
of microarray slides [84-86]. The reproducibility of the microarray technique is governed by the
efficacy of the immobilization method.

Microarray technology is being extensively used for the study of gene expression and the
changes in gene expression profiles in different cell states for a large population of genes
simultaneously. Thus, the method is being exploited in pharmaceutical and drug industries to
study the effect of drugs, its target and its mechanism. Moreover, it has been used as a diagnostic
tool in identification of diseases such as cancer at an early stage [87].

Along with different advantages, various pitfalls are associated with every emerging technology.
The major pitfalls of microarray techniques are the issues of reproducibility, repeatability and
compatibility across platforms and laboratories [84]. This is because of different parameters
involved in the reproducibility of microarray experiments [82]. These include balance between the
internal controls and the samples, reproducibility with the microarray scanning parameters and
limitations associated with each immobilization technique.

1.5 Aim of the thesis.

The brief discussion presented in the preceding sections illustrates that significant efforts have
been focused on detecting DNA damage caused by different mutagenic agents. However, most of
the proposed methods mainly focus on the analysis of single sample in a single run. Moreover,
developing assays for multiple samples with the above mentioned methods turns out to be a
challenging task. Microarray technique (section 1.4.) provided advancement in multiple sample
analysis on solid support. Studies have already reported that the conformational dynamics of DNA
in solution and solid support are entirely different [88]. Therefore, to understand the damage

mechanism of DNA and relate it to human genome, we need to perform our experiments at

25



physiological conditions. Hence, the major motivation of my work outlined in this thesis is to
develop methods for DNA damage detection in multiple samples simultaneously, at physiological
conditions.

Chapter 2 describes the use of a 96-well plate coupled with a novel automated sample mover
for quantifying UVC-induced DNA damage in multiple samples. To validate our method we
compared the damage constant obtained for four different sequences by well-plate method to the
cuvette method. Even though well plate method could study the damage kinetics of multiple
samples in one single run however, the use of SPs to quantitate the DNA damage makes the method
cumbersome. To overcome this limitation we extended our work by using an intercalating dye
EvaGreen (EG), to quantify chemically induced-DNA damage. Chapter 3 of this thesis describes
in detail the standardization of the experimental parameters done to develop a simple, sensitive,
mix-and-read assay to detect DNA damage in multiple samples using EG dye. This dye shows
maximum fluorescence for undamaged DNA and a minimum fluorescence for damaged DNA.
This change in fluorescence upon damage is used to quantitate Ru-induced DNA damage in
multiple ssDNA. Efforts have been made to establish a relation between the damage observed and
the Ru-DNA adduct formed. Results show monoadduct formation with Gs and diaaduct formation
with GG and GA sites.

Chapter 2 and 3 focus on the development of an analytical technique that could study both the
kinetics of DNA damage and determine the harmful dose level of DNA damaging agents. The
experimental outline to perform these experiments is shown in Figure 1.10 and 1.11. In chapters 4
and 5, the multiplex method is used to investigate the damage of multiple sequences of dsDNA
and ssDNA. In Chapter 4, a comparative study of UVC-induced ssDNA and dsDNA is presented.

This study supports the fact that ssDNA are damaged at a much faster rate than dsDNA.
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Furthermore, we studied mismatches in dsDNA at varying positions and numbers. We found
that the positions of mismatch greatly influences the conformation of the B-DNA helix. Results
demonstrate that mismatches at certain positions greatly affects the conformation of the dsDNA
rather than the hydrogen bonding as predicted by the melting temperature studies. In Chapter 5,
we applied our multiplex method to understand the fundamental chemical mechanism of DNA
damage induced by various etiological agents on different sequences of Ras genes. With our earlier
understanding about the effect of UVC and Ru-induced DNA damage, we set forward the
following hypothesis: (1) an increase in UVC-induced DNA damage should be observed with
increasing number of Ts and (2) an increase in Ru-induced DNA damage should be observed with
increasing number of Gs in the Ras sequences. To check this hypothesis we selected few sequences
of K-Ras and N-Ras proto-oncogenes based on either higher number of Gs or Ts in the sequences.
Further, we studied the effect of UVC and cis Ru-platin analogue on these selected sequences.
Surprisingly, we found a good correlation of UVC damage with the number of TT and Ru damage
with the number of Gs in the sequences. To understand the damage in detail, we also tried to study
the effect of neighboring groups of TT and G sites to the extent of UVC and Ru damage,
respectively. In conclusion, the investigations conducted in this thesis open up a new route for a

fast, inexpensive mix-and-read assay for multiple sample detection.
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Chapter 2

Multiplexed, UVC-Induced, Sequence-Dependent DNA Damage Detection
(A version of this chapter has been published: S.G. Nair and G.R. Loppnow, Photochem. Photobiol. 89 (2013) 884-

890.)

2.1 Introduction

DNA damage leads to cancer, aging and other inheritable diseases [1]. The major sources
of DNA damage are ionizing radiation, UV radiation and chemicals. High levels of DNA damage
[1] occur from exposure to UV radiation which extends from the UVA band (315-400 nm) through
the UVB band (280-315 nm) and to the UVC band (190-280 nm). The primary products of DNA
damage due to UV radiation are the pyrimidine dimers such as cyclobutane pyrimidine dimers
(CPDs) and [6-4] pyrimidine pyrimidinone photoproducts ([6-4] PPs), as well as uracil and
thymine photohydrates[2-4]. In addition, oxidative damage may lead to the formation of 8-oxo-7,
8-dihydro-2'-deoxyguanosine (8-oxodGuo) [5] and other products, such as oxidized pyrimidine
bases and DNA-protein crosslinks.

Studies show that tumor genes contain multiple hotspots of damage that are sequence specific
[6-8]. Various computational [7] and statistical approaches [9] have been introduced to study the
hot spots of mutation in human genome. Recently, a permutation-based study of the melanoma
exome to look at mutations caused by UV light exposure led to the discovery of six novel
melanoma genes [10]. Also mapping of the hot spots of DNA damage in human P53 gene [11-12]
has been studied extensively, but the method involved is long and tedious. Thus there is a need
for simple methods that can detect the hot spots of DNA damage in human genome.

A number of techniques have been used to detect DNA damage, including the polymerasechain

reaction (PCR) [13,14], HPLC/MS-MS [15-17], GC-MS [18], gel electrophoresis [19], ?P-
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postlabeling-HPLC assays [20] and various immunoassays [21]. Though all the methods
mentioned above have their advantages, they all involve the isolation and pre-purification of the
damaged DNA. This separation is time consuming, expensive and may introduce additional
lesions.

The development of fluorescence-based methods, such as molecular beacons [22], has
introduced a new class of nucleic acid probes for DNA and DNA damage. Molecular beacons
(MBs) are dual-labelled DNA hairpins with a fluorescent dye at one end and a fluorescence
quencher at the opposite end. The MB is designed such that in the absence of target, the 3’ and 5’
ends self-hybridize, forcing the beacon to adopt a stem-loop structure and bringing the fluorophore
and quencher into close proximity. This arrangement quenches the fluorescence and no signal is
observed. Upon hybridization of the MB loop to the complementary DNA target, however, the
stem unwinds, forcing the fluorophore and quencher far apart and restoring the fluorescence [23-
30]. MBs have rapidly found applications in single-base pair mismatch measurements because of
their high sensitivity and selectivity.

Increased knowledge about DNA damage and its direct link to cancer drives an urgent need for
an analytical technique which is not only selective and sensitive but can detect damage in a large
number of sequences simultaneously. But to study UV irradiation of ssDNA in vitro followed by
its detection using MB, a typical experiment involves the irradiation of each sample under study
in a cuvette [22, 31-33]. Major limitations of this latter assay are that only a few samples can be
simultaneously tested and it is an elaborate assay.

In this study, DNA damage susceptibility in four sequences is measured simultaneously with
the high throughput of a 96-well plate. To assay the DNA damage quantitatively, analogues of

MBs called smart probes are used. These smart probes (SPs) use multiple guanines as the
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fluorescence quencher [33-36]. Also, an automated remote well-plate mover is used to control the
damage dose received by each sample. Thus our method can be used to construct a library of hot
spots of DNA damage in different genomic sequence. The results obtained showed that this
platform for inducing and detecting ssDNA damage compares favourably and quantitatively with
cuvette based methods.

2.2 Experimental

2.2.1 Materials. The SPs, MB and single-stranded oligonucleotide targets were obtained from
Integrated DNA Technologies Inc. (Coralville, IA, USA). The sequences of the SPs, MB and target
oligonucleotides used for this study are listed in Table 2.1. The target oligonucleotides were
purified by standard desalting whereas the SPs and MB were purified by HPLC. Tris was obtained
from ICN biomedicals (Aurora, OH, USA) and ethylenediaminetetraacetic acid (EDTA) was
obtained from BDH Inc. (Toronto, ON, Canada). All chemicals were used as received. Nanopure
water (Barnsted Nanopure, Boston, MA, USA) was used to prepare all solutions.

2.2.2 UV Irradiation. Oligonucleotides were dissolved in nanopure water and the SPs and MB
were dissolved in Tris buffer (10 mM Tris, 1 mM EDTA, pH ~7.4). All samples were kept frozen
at -20°C until needed. Upon thawing, the oligonucleotides are diluted to the required
concentration in nanopure water. The MB and SPs were diluted in Tris buffer and annealed each
time they are diluted. 100 pL of 1.6 uM nitrogen-purged samples of all four target sequences were
placed in a 96-well plate (Corning Special Optics, NY, USA). UV light from UVC lamps emitting
at 254 nm was chosen for the irradiation. The UVC light was turned on for 20 min prior to the
experiment to ensure a stabilized light source. The photoreactor was purged continuously with
nitrogen to remove oxygen and minimize ozone generation from the lamps. Finally, the 96- well

plate was placed inside the remote plate mover (RPM) and positioned inside the Luzchem (Ottawa,

39



Table 2.1 Oligonucleotides and probes used in this study.

Name Sequences

TarC 5'-AAA AAA CCA AAA AAA AAA-3

TarG 5-AAA AAA AAG GAA AAA AAA-3'

TarT 5-AAA AAA AAT TAA AAA AAA-3'

dTyy S“TTT TTT TTT TTT TTT TT-3'

SPrac 5'-(6-FAM)-CCC CTT TTT TTT TTG GTT TTT TAA GGG G-3'

SPrarG 5'-(6-FAM)-CCC CTA ATT TTT TTT CCT TTT TTT TAG GGG-3'
SPrart 5'-(6-FAM)-CCA CAA TTT TTT TTA ATT TTT TTT GTG G-3'

SP qt17 5'-(6-FAM)-CCC AAA AAA AAA AAA AAA AAT TGG G-3'

MByr17 5'-(6-FAM)-CAC TTT AAA AAA AAA AAA AAA AAG TG-(3DAB)-3’

Oligonucleotide target sequences and probe sequences used in this study. 5’-Fluorescein (6-FAM)
is the fluorophore attached at the 5'-end for both MB and SPs, and 3'dabcyl (3DAB) is the dark
fluorescence quencher attached to the 3’-end of the MB only. The underlined bases in the sequence
of MB and SPs are the bases that form the stem, and the underlined bases in the targets are the

nominal site of damage.
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ON, Canada) DEV photoreactor. Each well was exposed to UVC light for a specified time. Control
samples were handled under identical condition, but were not exposed to UVC light.

The RPM is a device designed specifically for multiplexed irradiation experiments and can hold
a maximum of two 96-well plates. The electronic control panel has 10 different time regulators,
each of which can regulate time between 0.5 - 256 min. After the sample plates were positioned in
the RPM, each row of the 96-well plate was set to a different exposure time. After irradiation, the
96-well plates were taken out of the RPM and the respective SPs were added to each well. The
final concentration of the targets and SPs were made to 0.53 uM and 0.18 uM, respectively, by
adding buffer (10 mM Tris, | mM EDTA, 5 mM MgCl,, and 20 mM NaCl, pH ~7.4). The well
plates were then incubated for 20 h in the dark at room temperature. For sensitivity measurements,
13.3 pL aliquots of dTi7 sample were taken from 8 uM of irradiated solution in a cuvette at
different time intervals and mixed with the appropriate amount of the probe and buffer to give a
final concentration of 0.53 puM target and 0.18 uM complementary SP. These solutions were
incubated in the dark for 20 h at room temperature and fluorescence spectra were recorded as
described below.

2.2.3 Chemical Actinometer. Potassium iodide-iodate actinometer was used for measuring the
amount of photon absorbed by the triiodide sample in case of cuvette and well plate method. The
standard solution, consisting of 0.1 M KIO3, 0.6 M KI and 0.01 M borate buffer at pH 9.25 was
prepared as described by Rahn [37].The samples were placed in the photoreactor and irradiated
with UVC light in both well plate and cuvette, simultaneously. For cuvette experiment 3 mL of
the iodide-iodate solution was irradiated in sealed, 1cm path length UV-transparent cuvette and
for well plate experiment 100 pL of the solution was taken in the 96-well plate. The samples were

exposed to radiation from four UVC lamp held at vertical position. The absorbance measurements
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before and after irradiation were made using Hewlett-Packard (Sunnyvale, California) 8452A
diode array spectrophotometer. All measurements were made against water as blank.

2.2.4 Fluorescence and absorbance measurements. Room-temperature fluorescence
intensities were measured using the Safire fluorescence plate reader (Tecan, Mannendorf,
Switzerland) for 300 pL of the hybridization mixture in the 96-well plate, containing 0.53 pM
target and either 0.18 uM SP or MB in buffer. Fluorescence emission spectra were recorded using
an excitation wavelength of 480 nm and an emission wavelength of 520 nm. The bandwidth for
excitation and emission were 10 and 12 nm, respectively.

The SPs were characterized by their melting curve, in which temperature-dependent
fluorescence measurements were carried out on buffered solutions of SPs incubated in the presence
and absence of their complementary targets. These melting curves were also measured on solutions
of SPs with irradiated target. The temperature was varied from 20 °C to 80 °C in increments of 4
°C, a heating rate of 1 °C/min and a 5 min settling time. Fluorescence spectra were measured using
a Photon Technologies International (Birmingham, New Jersey) fluorescence system. The
excitation wavelength was fixed at 480 nm and the emission was recorded from 490 to 700 nm
(Figure A 1). The bandwidth for both excitation and emission were set at 4 nm. A 10 mm path
length Suprasil quartz fluorescence cuvette was used for these measurements. Both melting and
cooling curves were measured for all four SPs and their complementary targets, with SP
concentrations of 0.18 uM and target concentration of 0.53 uM. Absorbance measurements were
performed on a Hewlett-Packard (Sunnyvale, California) 8452 A diode array spectrophotometer.
2.3 Results and Discussion

In this chapter, a method for simultaneously assaying the damage to a large number of single-

stranded oligonucleotide samples was devised using a 96-well plate. All four oligonucleotide
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targets were irradiated in a 96-well plate and the resulting damage was measured by fluorescence.
The damage constants obtained were compared with those obtained by the cuvette method.

2.3.1 Characterization of the Smart Probes. All the SPs used in this study were designed
carefully to get the maximum performance as sensitive probes for DNA damage. A maximum
discrimination between the SP and the SP-target hybrid for all the different sequences is obtained
for a buffer with 10 mM Tris, | mM EDTA, 5 mM MgCl> and 20 mM NaCl, pH~7.4 (Figure A 4)
and for an optimum working ratio between the SP and the target of 1:3 (Figure A 3). All the SPs
used in this study were carefully designed to optimize their performance in selectively
discriminating damage in the target oligonucleotides. The melting curves for all the SPs, in the
absence and presence of complementary target oligonucleotide, are shown in Figure 2.1. It can be
seen from the figure that the SPs exist in the hairpin form at low temperature and exhibit minimal
fluorescence intensity. At these temperatures, the guanine residues at the 3’ end are in close
proximity to the dye, quenching its fluorescence. As the temperature increases, the stem begins to
melt, forcing the quenching guanosine residues farther from the fluorophore and resulting in higher
fluorescence intensity (33). Finally at temperature higher than 60 °C, we see a decrease in
fluorescence with increasing temperature since the intensity of the dye FAM, decreases at higher
temperature (Figure A 5).

In the presence of the perfectly complementary oligonucleotide target, a different pattern is
seen for the melting curve. The hybrid melting curve started with high fluorescence intensity due

to the open form of the SPs, and gradually the fluorescence decreased until the target completely
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Figure 2.1 Melting curve of 0.18 uM SP alone (filled squares), 0.18 uM SP in the presence of a
3-fold excess of perfectly complementary undamaged oligonucleotide target (filled triangles) and
0.18 uM SP in the presence of a 3-fold excess of complementary damaged oligonucleotide target
(open circles). The different panels represent the melting curves for (A) SPtarc, (B) SPrarG, and (C)

SPrart. Fluorescence curves have each been scaled to the SP alone.
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melted away from the hairpin probe. The hairpin probe reformed its stem-loop structure exhibiting
low fluorescence intensity and, with the further increase in the temperature, gave the intermediate,
high temperature fluorescence intensity of the SP-alone melting curve.

Similar patterns to the hybrid melting curves are obtained when the melting curves are plotted
for the damaged oligonucleotide target-SP hybrids (Figure 2.1). As expected, the binding for the
hybrid should be destabilized upon damaging the target sequence. For all the melting curves
between the SPs and the damaged oligonucleotide targets in Figure 2.1, the hybrid had a lower
fluorescence signal at low temperatures than the hybrid with the undamaged oligonucleotide. Also,
the apparent melting temperature (Tm) of the damaged oligonucleotide target-SP hybrid is lower
than that of the undamaged oligonucleotide target-SP hybrid. From Figure 2.1(B) if we compare
the melting temperatures between TarG-SPtac damaged and undamaged hybrids, we found that
the melting temperature decreased from 40 °C to 32 °C upon 88 min damage.

This hybrid stability in the presence and absence of damage can be correlated to the amount of
damage. Figure 2.2 shows the melting curve for the SPqr17 alone and in the presence of irradiated
dTi7 at different time intervals. With the increase in the exposure time, the fluorescence melting
curve is lower, indicating increasing damage. In addition, the T of the damaged target-SP hybrid
also decreased with increasing irradiation time. This result showed that the SP is able to
discriminate between different amounts of damage caused by UVC radiation. Similar results were
obtained for the other targets.

2.3.2 DNA damage. The selectivity of SP to detect UVC-induced damage in oligonucleotide
target dT17 was compared with that of the MB by the well plate method. The sequence of the MB
used in this study is listed in Table 2.1. Similar to the SP, the MB has a fluorescein (FAM)

fluorophore at the 5’ end but the guanine quencher is replaced by a dabcyl (DAB) quencher at its
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3’ end. The decrease in the MB and SP fluorescence intensity for dT17 target with increasing
irradiation is shown in Figure 2.3. The damage constant obtained for the SP was 1.6 fold higher
than the MB probe. The higher value of the damage constant the lower the selectivity of the probe
to detect damage. Thus, we can conclude that the selectivity of SP toward detecting UV damage
is slightly less than that of the MB. This may be due to inefficient quenching of fluorescence by
the guanosine residues [32] as depicted by its higher residual fluorescence.

To study the sensitivity of the SP for UVC-induced photoproducts, a dT7 target was chosen
because of its well-known photochemistry. The primary photoproducts of this target are thymine
CPDs along with lower yields of [6-4] PPs and the Dewar isomer, in the ratio of 77:20:0.8 [2]. To
quantify the amount of photoproduct formed in this experiment, the absorbance of dT17at 260 nm
was measured as a function of irradiation time by the cuvette method (Figure A 2). This absorbance
band gradually bleaches with increasing irradiation time due to the loss of Cs=Cs bond during the
formation of thymine photoproducts. To confirm that the bleaching is only due to thymine
photoproduct formation, the absorbance at 260 nm of the unirradiated control was also taken. Thus,
the absorbance peak measured at 260 nm at different irradiation times is the weighted average of
all three photoproducts formed [38]. Figure 2.4 shows the calibration curve obtained by plotting
the SP fluorescence as a function of calculated total concentration of photoproducts obtained from
the absorbance measurements. At a zero concentration of photoproduct, the target is a perfect
complement to the SP and gives maximum fluorescence intensity. As the amount of photoproduct
increases up to 10 x 10”7 M, there is no considerable change in the fluorescence intensity, indicating
that the SP has a threshold for the detection of DNA damage. Since the target concentration is 5.4
x 107 M and the threshold is 10 x 107" M, taking the ratio of the threshold concentration of DNA

photoproduct to the target concentration yields a value of ~ 2. Thus the presence of 2-3 lesion sites
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Figure 2.3 Fluorescence decay curves for (A) MB and (B) SP detection of damage in dTi7. The
curve were obtained by exciting the hybridization mixture of 0.53 uM target and 0.18 uM
complementary SPqr17 or MB 4117 in buffer (5 mM MgCl,, 20 mM NaCl, 10 mM Tris and 1 mM
EDTA, pH 7.4) at 480 nm and emission recorded at 520 nm. The solid lines through the points are

_ —tlt
single exponential Ip=1,+4e

fits. The fluorescence parameters obtained from the fit for dT17
with MB probe are I, = 0.84 + 0.02 x 103 cps, A =5.32+0.37 x 10 cps and 1 = 6.90 £ 0.70 min.
The fluorescence parameters obtained from the fit for dT17 with SP probe are I, = 3.46 + 0.07 x

10° cps, A =2.31+0.21 x 10° cps and 71 = 10.72 £ 1.28 min.
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on each target strand are necessary before the SP-target hybrid is destabilized enough to show a
fluorescence decrease. This compares favourably to the 3-4 lesion necessary for the MBs [22].

With a further increase in concentration of photoproduct, the fluorescence intensity decreases
rapidly, showing the sensitivity of the SP toward DNA damage (Figure 2.4). The linear drop of
fluorescence with increasing amount of photoproduct formation is shown more clearly in the inset
of Figure 2.4. The calibration curve in this region showed good linearity with a linear regression
coefficient of 0.96 and sensitivity (slope of the calibration curve) of 4.0 x 10'! M™!. The resulting
limit of detection (LOD) and limit of quantification (LOQ) values are therefore 55 nM and 183
nM of damaged ssDNA, respectively. The standard deviation of the background used for the above
calculation was obtained by measuring the fluorescence intensity of unhybridized SP samples
(Table A 1).

2.3.3 Detection of UV-induced DNA photodamage in 96-well plate. Oligonucleotide
solutions of all four sequences from Table 2.1 were irradiated in a 96-well plate at constant
temperature and the damage constants for each sequence were obtained (Figure 2.5). The maximum
irradiation time was set to 248 min, when all the four target oligonucleotide were completely
damaged and gave the fluorescence similar to their SP alone values. The damage constants along
with their standard deviations are listed in Table 2.2. The damage constants obtained in this study
for TarC and TarT are 1304 40 min and 90.1 £ 10 min, respectively. Previous studies had shown
that exposure of DNA containing adjacent pyrimidines, to UVC irradiation gives the CPD as the
main photoproduct, with [6-4] PP and the Dewar isomers as the minor products [2]. But the
quantum yield for formation of photoproducts between adjacent thymines is larger than that for
adjacent cytosines [39]. The results obtained in this study clearly supported the fact that thymine

nucleobases are a preferential target for UVC-induced damage compared to cytosine.
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Figure 2.5 Fluorescence damage curve for (A) TarC, (B) TarG, (C) TarT and (D) dT17. Graphs
were obtained by exciting the hybridization mixture of 0.53 pM target and 0.18 uM SPrac in Tris

buffer at 480 nm and recording the emission at 520 nm. The solid lines through the points are

I, =1 +4e""

single exponential ~ * fits. The fluorescence parameters obtained from the fit for TarC

are I, = 2.08 + 0.39 x 10° cps, A = 4.2 £ 0.31 x 10° cps and 11 = 125.75 + 28.23 min. The
fluorescence parameter obtained for sequences TarG are I,= 2707.35 + 120.13 x 10° cps, A =
3362.59 £ 140.09 x 10° cps and t1 = 63.67 + 8.90 min. The fluorescence parameter obtained for
sequences TarT are I,=2661.31+65.59 x 10° cps, A =3061.42 + 64.84 x 10° cps and t1 = 84.93

+ 5.87 min. The fluorescence parameters obtained for sequences dTi7are [,=4693.78 £ 10.38 x

10° cps, A =1704.22 £ 31.12 x 10% cps and t1 = 12.90 £+ 0.58 min.

51



The damage constants obtained for dTi7 and TarT are 12 = 0.7 min and 90 £ 10 min
respectively. As discussed above CPD is one of the major photoproduct formed between adjacent
thymine, therefore the ratio of formation of photoproduct between dT17 and Tar T is 8: 1. Thus we
expect the damage constant for Tar T would be 8 times higher than dTi7. The results obtained for
these sequences were found to be consistent with the theoretical explanation.

The damage constant obtained for TarG in this study is 60 £ 10 min, which is surprisingly lower
than that of TarT. The major photoproduct of guanine in DNA is the formation of §8-oxodGuo,
which has a very low photoproduct formation rate [40]. In both TarG and TarT sequences, the
‘GG’ and ‘TT’ nucleobases had adenine as their neighbouring groups. Thus, there is a possibility
of forming various photoproducts. Previous studies [41,42] have shown that UVC irradiation of
DNA strand containing ‘AATTAA’ would produce the AA and TA photoproducts, along with the
CPD and [6-4] PP. The yield of formation of the [6-4] PP was found to have a sequence-dependent
photochemistry. However, in the case of guanine, UVC excitation may produce guanine radical
cations followed by 8-oxodGuo formation [43]. Thus, the selectivity of SP to detect damage will
depend on the change in the conformation of nucleobases upon photoproduct formation, and the
8-0x0-dG photoproduct may be more disruptive to SP hybridization.

This discrepancy in the decay rates of TarT and TarG may also be attributed to the difference
in damage kinetics of the sequences due to the neighbouring nucleobases. In a previous experiment
[44] designed to study the reactivity of a TT dinucleotide embedded in different sequences, it was
shown that the rate of formation of thymine photoproduct is surprisingly reduced when the
neighbouring groups are changed from cytosines to adenines. It was assumed that the thymine
nucleobases could be locked between the neighbouring adenine residues, hindering the CPD

photoproduct formation [44]. Not much work has been done to study the neighbouring group effect
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Table 2.2 UVC damage constants obtained for the 4 different DNA target sequences.

Name 96 well plate experiment Average Cuvette
Experiment
T (min) T (min)
T (min)
1 2
TarC 130 +20 130+ 30 130 +40 30+2.0
TarG 60+ 10 60+9.0 60+ 10 8+1
TarT 10010 85+6 90+ 10 15+£3.0
dTy; 11+04 13+0.6 12+0.7 3.8+£0.1

Damage constants obtained for the four oligonucleotide sequences used in this work. The values
were obtained from the fluorescence damage curves which were fit to a single exponential

function.
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adenine nucleobases due to its large size, and thus become more UVC-vulnerable.

of the adenine nucleobases on the stability of guanine radical cation. We assume that in such
sequence the oxidation of C-8 carbon atom of guanine nucleobases are not hindered by the adjacent
However, despite of the advantages of SP of being a general and inexpensive probe to detect DNA
damage. SPs have the disadvantage of not being a very selective probe for different type of
photoproduct formed during the DNA damage. Thus it may respond differently to different
damage product. Moreover due to the inefficient quenching by the guanosine residues constant
background fluorescence is observed. Thus probes with better sensitivity and selectivity are to be
studied [38].

Also a comparative study of the damage constant obtained by the 96-well plate experiment was
done with that of the cuvette experiments. Both methods gave the highest damage constant value
for TarC and the lowest value for dT17. Thus supporting the fact that oligonucleotide dT17has much
faster rate of photoproduct formation when compared to the other three targets. However, the
actual damage constants obtained in the cuvette experiments are lower than the 96-well plate
experiments as shown in Table 2.2. This change is due to the difference in the experimental
conditions. When the experiments are performed in the cuvette, the samples are constantly stirred
and subjected to a power of 223.6 mW from the UVC lamp. But for the 96-well plate experiments
the power received by the unstirred samples in the wells drop down to 2.64 mW. Similar results
were obtained when iodide- 1odate chemical actinometry was performed using both cuvette and
well plate method. The formation of triiodide was calculated by studying the change in absorbance
at 352 nm with increasing irradiation time. A calibration curve is obtained by plotting the moles
of trilodide formed at six different exposure times as a function of exposure time (Figure A 6).

The rate of formation of triiodide is given by the slope of the calibration curve [45]. On comparing
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the rate of triiodide formation by cuvette method to that of well plate method, we found that the
cuvette method is 33 times faster than the well plate method. This supports our results that the
sample irradiated in the cuvette receives more photons than the samples in the well plate, thus
giving faster decay kinetics. Since the rate of irradiation in the cuvette experiment was much faster
than the well plate, the concentration of iodide-iodate sample for cuvette experiment was chosen
to be half the concentration for well plate. No formation of triiodide was observed for unirradiated
sample in both cases.

However, on comparing the statistical ratio between the damage constants obtained for the four
oligonucleotide targets by these two methods, they are found to be different. TarC and dT17 showed
a 4-fold increase in the damage constants whereas TarG and TarT showed a 7-fold increase in the
value of their damage constants on switching from the cuvette experiment to the well plate
experiment. This difference in the ratio of damage constants can be explained by lower UVC
intensity in the well plate experiment and that the 96-well plate samples are unstirred. Thus, there
is the possibility of secondary photoproduct formation which affects the quantum yield and
absorption cross-sections, changing the kinetics of photochemical decay. However, the results
show that both methods are consistent, and gave a similar pattern of damage constants for all the
oligonucleotides.

2.4 Conclusion.

We have designed a novel analytical technique to detect DNA damage in a 96-well plate
coupled with an automated sample mover. This method has the advantage of irradiating multiple
samples in a 96-well plate followed by a fluorescence measurement in a simple mix-and-read assay
using smart probes. Thus, we have developed a methodology to examine different damage

susceptibilities across multiple oligonucleotide sequences rapidly and efficiently. It is possible to
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apply this method to construct a library of hot spots which can help in the study of mutagenic
mechanism. Although used here for UVC-induced damage, this platform can be used for any
environmental or chemical damage agent. The application of this method can be further extended
by the use of different probes and well plate of higher density. Thus, this method can be widely

used to determine hot spots for DNA damage.
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Chapter 3
Sequence-specific DNA Damage Induced by a Ruthenium Anti-cancer Drug
Detected in a Multi-sample Platform

(A version of this chapter is ready for submission)

3.1 Introduction
DNA damage may lead to cancer [1]. Such damage can be caused by physical or chemical

factors such as high temperature, ultraviolet (UV) radiation, ionizing radiation, reactive oxygen
species (ROS), heavy metal ions, drugs and pesticides and their metabolites [1]. Cis-platin (cis-
diamminedichloroplatinum(II)), and related Pt(II) compounds are used as antitumor drugs for the
treatment of testicular and ovarian cancer [2]. A major drawback of these complexes is their
nonspecific action on both healthy and cancerous cells due to thermal activation, leading to a large
number of adverse side-effects [3,4]. These drawbacks have catalyzed a search for other metal-
based anti-tumor agents which could be used for the treatment of various cancers in a safer and
more effective way. Thus, a new family of Ru complexes were introduced that offers lower toxicity

than the Pt (II) complexes [5].

The main property that makes Ru compounds better candidate than Pt compounds is their ability
to mimic iron in binding to certain biological molecules, exploiting mechanisms the body has
developed for the non-toxic transport of iron [6,7]. They also have a range of accessible oxidation
states. In addition to these properties, Ru compounds are non-toxic until activated upon irradiation
with near-UV light. These properties broaden the possible uses of Ru compounds in cancer, such
as the treatment of Pt-resistant tumour cells [8] and in photodynamic theory [3]. Therefore, the
anticancer activity of a series of Ru complexes with ligands such as amine, imine,

polyaminopolycarboxylate, and many more have been studied extensively [9,10].

The sensitive and accurate determination of DNA damage induced by Ru compounds are
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essential for understanding the strength and specificity of binding, and the efficiency of DNA
cleavage. Several techniques have been used to detect DNA damage including mass spectrometry
[11], gel electrophoresis [8,12], capillary electrophoresis [13] and immunological assays [14].
While these techniques are able to measure damage, they are destructive, time-consuming and may
introduce additional lesions. To overcome these limitations, hybridization assays have been

developed [15-18].

Many hybridization assays for DNA and DNA damage detection use fluorescently-labelled
hairpin probes. These probes include molecular beacons (MBs)[18,19], modified MBs [15,17] and
smart probes (SPs) [20,21]. These hairpin probes are labelled with a fluorophore at one end and a
quencher at the opposite end. In closed form, they exhibit minimum fluorescence intensity due to
the proximity of the quencher and fluorophore. However, in the presence of the complementary
target sequence, the hairpin opens and hybridizes to the target. In this form, maximum fluorescence
is observed, since the fluorophore and quencher are separated. Thus, in the presence of a mixture
of damaged and undamaged DNA sequences, the thermodynamic balance between the closed form
and the hybridized forms is what gives these probes their high selectivity. 2-Aminopurine [15] and
locked nucleic acids (LNA) [17] are modified MBs that have been explored for greater selectivity
and/or sensitivity in detecting DNA damage. However, despite the wide application of these
hairpin probes, their use is limited due to the complexity associated with their synthesis and high

cost.

The use of intercalating dyes as a fluorescent probe is also based on a hybridization approach.
Unlike hairpin probes, intercalating dyes are small molecules that insert between the stacked bases
of dsDNA [22]. Possessing very low intrinsic fluorescence in aqueous solution, the intercalating

dyes fluoresce significantly more upon binding to dsDNA. Some of the most commonly used DNA

62



intercalating dyes are ethidium bromide [23], PicoGreen [24], Thiazole Orange [25] and SYBR
Green [26]. Some of these dyes are mutagenic or their general use is limited by their preferential
selectivity to certain nucleobases. A novel DNA intercalating dye named EvaGreen (EG) (Figure
3.1) [27,28] has been recently introduced to overcome these limitations. This dye is stable,
noncytotoxic, non-mutagenic and is completely impermeable to the cell membrane, which makes
it an environmentally safe dye. EG binding to dsDNA is found to be much more sensitive than
other intercalating dyes. Thus, the dye has also been extensively used for dsSDNA quantification

assays [29].

In this work, we report a novel multiplexed solution-phase hybridization assay for the selective
determination of DNA damage induced by cis-[Ru(bpy)2(CH3CN)2]Cl,. The assay is performed in
a 96-well microplate, which offers several advantages over the conventional single sample
fluorescence assay [17]. To study the preferential DNA binding sites of cis-
[Ru(bpy)2(CH3CN)2]Cl2, we have designed sequences with all possible sites of DNA damage
induced by this Ru compound. The results obtained correlate the amount of DNA damage with the
number and position of guanines in a sequence, supporting the hypothesis that guanines are the
most vulnerable site of DNA damage induced by this Ru compound. These results were further
confirmed using MALDI-TOF-MS and melting curve measurements.

3.2 Experimental.

3.2.1 Materials. The single-stranded oligonucleotide targets were obtained from Integrated
DNA Technologies Inc. (Coralville, IA, USA). The sequences of the target oligonucleotides used
for this study are listed in Table 3.1. Oligonucleotides were dissolved in nanopure water. All
samples were kept frozen at -20 °C until needed. Upon thawing, the oligonucleotides are diluted

to the required concentration in Tris buffer (10 mM Tris, | mM EDTA, 10 mM NaCl, pH ~7.4).
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Table 3.1 Oligonucleotides used in this study.

Name Sequence Type of Monoadduct Diadduct

sites sites
damage site

Ty 5 TTT TTT TTT TTT TTT TT 3’ None 0 0
Tag (Teg) 5'TTT TTT TGG TTT TTT TT 3’ G 2 1
Tse 5 TTT TTT TGG GTT TTT TT 3’ G 3 2
Tae 5'TTT TTT GGG GTT TTT TT 3’ G 4 3
Tea 5'TTT TTT TGA TTT TTT TT 3’ GA 1 1
Tee 5 TTT TTT TGC TTT TTT TT 3' GC 1 0
Ta 5'TTT TTT TGT TTT TTT TT 3’ GT 1 0
Tae 5'TTT TTT GAG ATT TTT TT 3’ GA 2 2
Tage 5 TTT TTT GCG CTT TTT TT 3’ GC 2 0
Taa 5'TTT TTT GTGTTT TTT TT 3’ GT 2 0
Tee 5" TTT TTT TIC TTT TTT TT 3’ TC 0 0
Ta 5" TTT TTT TTA TTT TTT TT 3’ TA 0 0
Tea 5'TTT TTT TCA TTT TTT TT 3 CA 0 0
Tee 5 TTT TTT TCC TTT TTT TT 3’ cC 0 0
Taa 5'TTT TTT TAA TTT TTT TT 3’ AA 0 0
Taee 5'TTT GGT TTT TTT GGT TT 3’ GG 4 2
Tage s 5" TTT GGT TTT TGG TTT 3’ GG 4 2

Oligonucleotide sequences were designed to have different cis-[Ru(bpy)2(CH3CN):]** binding
sites (underlined bases). The subscripts in the name of the sequences represent the expected

binding site and the number of such sites in the sequences
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The sodium hydroxide and magnesium chloride were obtained from EMD Chemical Inc.
(Gibbstown, NJ, USA), hydrochloric acid was obtained from Anachemia (Montreal, QC, Canada),
sodium chloride was obtained from ACP Chemical Inc. (Montreal, Quebec), Tris was obtained
from ICN biomedicals (Aurora, OH, USA) and ethylenediaminetetraacetic acid (EDTA) was
obtained from BDH Inc. (Toronto, ON, Canada). All chemicals were used as received. Nanopure

water (Barnsted Nanopure, Boston, MA,USA) was used to prepare all solutions.

3.2.2. Fluorescence measurement of DNA damage induced by cis-
[Ru(bpy)2(CH3CN)2|]Cl2. The photolysis of cis-[Ru(bpy)2(CH3CN)2]Cl> was carried out by
irradiating 25 uM aqueous Ru complex in a UV-transparent 1 cm path length cuvette for 10 min
in a Luzchem (Ottawa, Ontario) DEV photoreactor chamber with UVA from lamps emitting in the
wavelength range of 320-400 nm. Absorbance spectra were taken on Hewlett-Packard 8452 A
diode array spectrophotometer (Sunnyvale, CA) before and after irradiation. The formation of the
peak at 490 nm confirms the photolysis of the Ru complex into the cis-[Ru(bpy)2(H20)].Cl, active
form (Figure 3.2) [30].

For fluorescence measurements, a solution of 10 uM ssDNA and 10 or 20 uM activated Ru
complex was prepared in Tris buffer (10 mM Tris, 1 mM EDTA, 10 mM NaCl, pH ~7.4). Solutions
of all the ssDNA (Table 3.1) target and the Ru complex were placed on the magnetic stirrer under
constant stirring throughout the DNA damage experiment. Aliquots from each solution were
pipetted out after reaction times of 0, 5, 48 and 96 hr. These samples were then hybridized with
their complementary target and were further diluted with Tris buffer to give a final concentration
of 1 uM double-stranded DNA (dsDNA) in each well of the 96-well microplate. The sample

mixtures were then incubated in the dark for 1 hr. Room-temperature fluorescence intensities were
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Figure 3.2 The absorption spectrum of cis-[Ru(bpy)2(CH3CN)2]Cl» (dashed line) as it converts to
cis-[Ru(bpy)2(H20)2]Cl: (solid line) during photolysis (Xirr> 320 nm for 10 min) in water. The

absorption band at 490 nm in cis-[Ru(bpy)2(H20)2]Cl> was diagnostic for the active form of the

Ru complex.
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measured using the Safire fluorescence plate reader (Tecan, Mannendorf, Switzerland) after the
addition of EG dye followed by incubation at 37 °C for 20 min in the dark. The dsDNA: EG
concentration ratios were fixed at 1:1.33. Fluorescence emission spectra were recorded using an
excitation wavelength of 490 nm and an emission wavelength of 530 nm. Here it is worth
mentioning that fluorescence spectra of the Ru complex and/or dsDNA gave a minimum or zero
background at 530 nm emission wavelength. (Figure A 7)

3.2.3. MALDI-TOF mass spectrometry. Solution of 10 uM cis-[Ru(bpy)2(H20)]>Cl> and 10
pM ssDNA targets, Tgg Tea, T2gg,15 and T17 (Table 3.1), were measured by negative ion MALDI-
TOF-Mass spec-Elite Voyager (Lancashire, United Kingdom) equipped with a nitrogen laser for
ionization and desorption. The nitrogen laser operated at 337 nm with 3 ns pulses delivered to the
sample at 20 Hz. Each sample was repeatedly washed with 1M triethanolammonium acetate
(TEAA) and 50 % acetonitrile/50 % water, and loaded onto the sample plate of the mass
spectrometer along with the matrix (2,4,6 trihydroxyacetopheno -ne:diammonium citrate). Control

samples of pure oligonucleotide targets were also prepared and analyzed as discussed above.

3.3 Results and Discussion
As shown in Reaction 1, irradiation of cis-[Ru(bpy)2(CH3CN),]** in water with Air> 320 nm
ho

cis-[Ru(bpy)z(CHgCN)z]2+ — cis-[Ru(bpy)z(Hzo)z]zJr — cis-[Ru(bpy)z(HzO)(ssDNA)]2+ (1)
Activated form

results in the substitution of two CH3CN groups to form the activated bis-aqua cis-
[Ru(bpy)2(H20)2]*". The quantum yield of CH;CN photoaquation is related to energy difference

between the low energy metal-ligand charge transfer (MLCT) and d-d orbital transitions [30]. This
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adduct, on continuous treatment with ssDNA, covalently binds to adjacent purines in ssDNA and

replaces one of the H,O groups to form the cis-[Ru(bpy)2(H20)(ssDNA)]** adduct [30].

3.3.1 DNA quantification using EG dye. Figure 3.3 shows a plot of EG fluorescence as a
function of the concentration of ssDNA and dsDNA. Upon addition of dsDNA, the fluorescence
of EG increases significantly and continues to increase linearly with increasing concentration. A
strong linear relationship is observed when the concentration of dsDNA is less than 1 uM at an
[EG] = 1.33 uM. Saturation in the intensity of fluorescence is observed at dsSDNA concentration
higher than ~7 uM. The calibration curve in this region shows a regression coefficient of 0.99 and
sensitivity (slope of the calibration curve) of 3.4 x 10'° cps M"!. The resulting limit of detection
(LOD) and limit of quantification (LOQ) values for quantifying dsDNA are 2.3 nM and 7.7 nM,
respectively, with a noise level standard deviation of 0.26 x 10? cps. The noise was obtained from
the fluorescence signal of a solution of EG alone in water.

For ssDNA a much slower increase in fluorescence signal is seen with increasing concent ration
for both single-stranded poly-dA7 and poly-dT17. Both of the control ssDNA solution shows very
low fluorescence and do not have any remarkable enhancement with increasing concentration. It
is noteworthy that the fluorescence intensity of the EG-dsDNA and EG-ssDNA solution remained
constant up to 48 hr; no significant change in EG fluorescence was observed over this time period

3.3.2. Effect of ionic strength of the medium. In order to optimize the ability of the EG dye
to discriminate between damaged and undamaged DNA, we investigated the effect of Mg** and
Na" ions on EG fluorescence intensity of ds Ti7°A 7 target. Figure 3.4A shows the fluorescence of
EG-dsDNA as a function of increasing Na" concentration alone. The results show that the
fluorescence intensity of EG attains a maximum at a Na* concentration of 10 mM and decreases

with any increase in [Na']. Similarly, the EG fluorescence intensity decreases with any increase
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Figure 3.3 Fluorescence of 1.33 uM EG as a function of the concentration of oligonucleotide poly-
dT17. Filled squares represent dSDNA and open circles and triangle represents single stranded poly-
dT17 and poly-dA17, respectively. The linear region of Figure 3.3 is expanded in the inset of Figure
3.3. Inset shows the linear portion of the calibration curve with R? = 0.99 the sensitivity (slope of
the calibration curve) is 3.4 x 10'° cps M™!, the limit of detection (LOD) is 2.3 nM and the limit of

quantification (LOQ) is 7.7 nM. The noise level standard deviation for EG dye is 0.26 x 10 cps.
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in either [Mg?*] alone or both [Mg?'] and [Na'] simultaneously (Figure 3.4B). The results clearly
show that the optimum condition for dsDNA detection is low [Na']. Also, the results show that
the fluorescence intensity of EG is lower in the absence of both ions. Thus 10 mM NaCl was used
for all experiments to yield the maximum EG fluorescence intensity with dsSDNA. No remarkable
change in the fluorescence intensity of EG was observed upon binding to ssDNA at different
concentrations of Mg?" and Na* (data not shown).

3.3.3 MALDI-TOF-MS analysis of DNA adducts formed by Ru complex. Products of the
binding of active cis-[Ru(bpy)2(H20)2]*" to single-stranded oligonucleotides for the Tgg, Tea, T2ge 15,
and Ty7 sequences listed in Table 3.1 were detected by MALDI-TOF-MS to identify possible
conjugates. Figure 3.5 shows the mass spectrum of these oligonucleotides in the absence and
presence of cis-[Ru(bpy)2(H20)2]*>". The results show that in the absence of cis
[Ru(bpy)2(H20)2]*", only the ssDNA parent peak is seen at m/z values of 4601, 5159, 5144 and
5108 respectively, for Tagg 15, Tee, Tea and T17. The binding of one molecule of cis-[Ru(bpy)2] is
observed at the peak labeled ‘B’ for Tagg 15, Tge, and Tga 1n the 96 hr mass spectra. The binding of
two molecule of cis-[Ru(bpy)2] is observed at the peak labeled 'C’ for Tzge in the 96 hr mass
spectrum. This latter result is expected, because Tagg 15 1s the only sequence that contains two
guanine-guanine binding sites. Note that the spectrum of T17 shows only the presence of the parent
molecular ion, confirming that the cis-[Ru(bpy):] fragment does not bind to T17, making it a good
control for our experiment. Smaller peaks in all the spectra are due to one or more noncovalently
complexed sodium ions.

3.3.4. Melting curves of EG-dsDNA. To examine the selectivity of this method for the
detection of DNA damage induced by Ru complex, we measured the melting curve profile for

sequences T2gg 15, Tge, Tea and T17. Here it is worth mentioning that the sequence Tagg 15, was
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Figure 3.5 MALDI mass spectrometry of oligonucleotides in the absence (top row) and presence
(bottom row) of Ru complex for sequences Tagg 15 (column 1), Tgg (column 2), Tga (column 3) and
Ti17 (column 4). In each panel, the peak labelled ‘A’ represents the parent ion peak, peak 'B’
represents the binding of one Ru(bpy). moiety to the sequence and peak 'C’ represents the binding
of two Ru(bpy)2 moieties to the sequence. The control spectra were obtained in the absence of Ru
complex and the 96 hr spectra were obtained after 96 hr of reaction with cis-[Ru(bpy)2(CH3CN)2]**

(10 mM Tris, 10 mM NaCl, ImM EDTA, pH ~7.4) for all sequences.
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designed with only 15 nucleobases instead of 17 nucleobases to attain similar melting temperature
as other sequences and Tog; was designed with 17 nucleobases so that it has same sequence length
as others. Thus we could overlook any discrepancy, which may occur due to difference in melting
temperature as well as length of sequence. The melting curves were plotted by measuring the
fluorescence of EG at 530 nm as a function of temperature after hybridization with their respective
complementary strand. We also measured the resulting melting curves after the respective ssDNA
hybrids were exposed to the active cis-[Ru(bpy)2(H20)2]*" complex for 11 and 96 hr followed by
hybridization with their complementary strands. Figure 3.6 shows the melting curves of these
sequences incubated with EG post hybridization via the “release on demand” mechanism [31]. The
EG dye is constructed of two monomeric units joined through a flexible linker. This dimeric dye
is inactive in the absence of dsSDNA and assumes a closed looped conformation with the two
chromophores in close proximity to one another. In this conformation, the fluorescence is
quenched. When dsDNA is present, the looped conformation of EG opens upon binding,
separating the two chromophores, and EG exhibits a maximum fluorescence. In the melting curves,
at low temperature, the dsDNA is perfectly hybridized and the EG dye binds in its open
conformation to emit maximum fluorescence. As the temperature increases, the hybrid begins to
melt, forcing the EG dye to detach from the DNA groove, form the closed conformation and exhibit
minimal fluorescence emission. Thus we see a decrease in the fluorescence intensity with
increasing temperature. This pattern is observed in Figure 3.6 for all the sequences. Upon exposure
to activated Ru complex, a decrease in the fluorescence signal at low temperature and a decrease
in the melting point is observed for the Tagg 15, T and Tga sequences. No such change is observed
for the T17 control. This result is expected, because T17 lacks any damage sites, as observed in the

MALDI-TOF-MS. Further, the binding for damaged dsDNA is destabilized. From Figure 3.6B
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Figure 3.6 Melting curves for 1 uM dsDNA exposed to active cis-[Ru(bpy)2(H20)2]*" and 1.33
uM of EG in Tris buffer after O hr (filled squares), 11 hr (open circles) and 96 hr (open triangles).
The different panels represent the melting curves for (A) Tagg 15, (B) Tgg, (C) Tegaand (D) T17. The
fluorescence intensity has been normalized to the fluorescence intensity at 0 hr, 20 °C for each

sequence.
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(Tge), if we compare the melting temperatures between the damaged and undamaged hybrids, we
find that the melting temperature decreases from 40 °C to 37 °C upon 11 hr damage and further to
34 °C upon 96 hr damage. Similar, but smaller, decreases in melting temperature upon damage are
observed for the Tagg 15 and Tga sequences. This decrease in melting temperature can be correlated
to adduct formation. A drop in melting temperature indicates an increase in the number of adducts
formed.

As shown in Figure 3.6, there is good discrimination in the fluorescence intensity between the
undamaged and damaged target. This difference in hybrid stability can be correlated to the amount
of damage and the number of damage sites. With the increase in damage time, a lower fluorescence
intensity is observed at 20 °C. A comparison of the fluorescence intensities between damaged and
undamaged target for the sequences Tagg 15, Teg, Tea and T17 shows that there was no decrease in
fluorescence intensity for target T17 with increasing damage time with Ru complex. Tggz and Tg, are
expected to show a similar response to one another, because they both have one site of diadduct
formation. But on comparing their melting curves, we see a large decrease in fluorescence intensity
for Tge upon 11 hr of damage and gradually the drop in fluorescence for both the sequences
becomes almost similar on increasing the damage time from 11 to 96 hr. This could be due to more
affinity of cis-[Ru(bpy)2(H20):]** towards GG sites than GA sites. Tagg 15 exhibits a rapid drop in
fluorescence intensity with increasing damage time, indicating that it has been subjected to the
maximum amount of damage when incubated with cis-[Ru(bpy)2(H20)2]*>". This result is also
expected because Tagg 15 has two possible sites of diadduct formation. Furthermore, if we compare
the melting curve for Tagg 15 and Tgg for the first 11 hr of damage time, we see a similar drop in the
fluorescence intensity, which may be due to the addition of one cis-[Ru(bpy)2(H20)2]*" to the

target sequences, but on further increasing the damage time, the drop in florescence intensity for
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Toge15 occurs at a faster rate than for Tge . This is attributed to the addition of a second cis-
[Ru(bpy)2(H20)2]**. From these results, we can conclude that the EG dye is efficient enough to
detect chemically-induced DNA damage.

3.3.5 DNA damage from active cis-[Ru(bpy)2(H20)2]** complex. Figure 3.7 shows the
comparison of damage for the sequences Tgg, T2gg15, Tea and Ty7 as a function of time at two
different Ru complex concentration. No decrease in fluorescence signal was observed when
dsDNA was immediately mixed with EG and cis-[Ru(bpy)2(H20):]*", or when no cis-
[Ru(bpy)2(H20)2]*" was added (Figure A 8), indicating that the Ru complex must damage DNA
over time, consistent with the mass spectra as a function of exposure time. This result was obtained
at both concentrations of the Ru complex.

To get an insight into the preferred DNA binding sites for cis-[Ru(bpy)2(CH3CN)2]*" complex,
the rate of damage was studied by incubating oligonucleotides with the Ru complex for 0, 5, 48
and 96 hr. Of the four sequences measured, the Ti7 sequence showed a very small change in
fluorescence with increasing incubation time with Ru complex. This sequence also showed no
correlation between amount of damage and Ru complex concentration. This result is expected,
because Ti7 lacks a putative Ru complex binding site. For all the other sequences, we observe a
two-fold increase in the damage rate with a two-fold increase in concentration of the Ru complex.
On comparing Tge and Tg, which possess only one site of diadduct formation, the results show a
higher damage rate for Tgg than Tg, at all exposure times. Thus, similar to cis-platin [18], cis-
[Ru(bpy)2(CH3CN),]** complex also prefers to bind to GG sites than to GA sites. Indeed, the
highest rate of damage of all the sequences was observed in the Tzgg 15 sequence containing
multiple guanines. As discussed before, T2gg,15 has two possible sites for divalent binding. These

results are in accordance with the mass spectroscopy and melting curve results mentioned above.
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Figure 3.7 Comparison between damage of 10 uM ssDNA hybridized to its complementary target
after incubation with 10 uM Ru (filled bar) and with 20 uM Ru (open bar) as a function of exposure
time to activated Ru complex. The values on the y-axis are 1-F, where F = Fi min/Fo,min, Fi,min 1s the
fluorescence intensity of EG-dsDNA-Ru complex at ‘i’ min of exposure time and Fomin is the

fluorescence intensity at 0 min exposure time.
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To further investigate the preferential binding sites of cis-[Ru(bpy)2(CH3CN):]", this EG assay
was performed on all sequences in Table 3.1. The sequences were designed to study both the
number and type of possible damage sites. Figure 3.8 shows the results of damage induced by cis-
[Ru(bpy)2(H20)2]*" on all the sequences in Table 3.1. The results show that CC, TC, TA, CA and
AA sites are only minimally damaged by cis-[Ru(bpy)2(CH3;CN)2]*>" complex, if at all. However,
a considerable amount of damage was found for sequences with GC, GT, GA and GG sites. Figure
3.8 shows that Tg, Tea, Tet and Tee sequences incubated with cis-[Ru(bpy)2(H20)2]*" exhibit
differential sensitivity to binding, with greater damage seen in Tge and Tg,, while Tge showed lower
damage. This result is expected, since cis-[Ru(bpy)2(CH3CN),]*" is considered to be a
photochemical analog of cis-platin [30], and thus is expected to have a similar diadduct formation
chemistry. Thus the N7 position of guanine and the N7 position of adenine are both preferable
binding site for Ru complexes [32]. This result suggests there is a possibility of diadduct formation
for Tga and Tgz whereas only monoadduct formation can occur for Tge and Ty (Figure 3.9). Also
similar to cis-platin, Ty shows faster rate of damage when compared with Tg... We also see an
increase in damage rate with increasing number of guanines in a sequence (Figure 3.8). For
example, T4; with four sequential guanines is damaged more than T3¢ with three sequential
guanines which in turn is more damaged than Ty with two sequential guanines. This is attributed
to the increase in the number of possible sites for crosslinking. Similarly the extent of damage

increases with the increasing number of GC, GA and GT sites from single to double in a given

sequence. But, surprisingly we found that a minimal increase was observed for two GA sites
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formed for Ty and Ty, but a different adduct may form for Tga, or that the kinetics of adduct

formation may be very different in Tg, compared to Tgc or Tyt Also, earlier studies with cis-platin
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Figure 3.8 Comparison of the fluorescence intensities obtained of all sequences (10 uM) in Table
3.1 after exposure to activated 20 puM Ru complex for 96 hr. The values on the y-axis are 1-F,
where F = Fi min/Fo,min, Fimin 1s the fluorescence intensity of EG-dsDNA-Ru complex at ‘i’ min of

exposure time and Fomin is the fluorescence intensity at 0 min exposure time.
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compared to one, whereas a ~60 % increase in damage rate was observed on going to two GC or
GT sites for Tgc and Ty, respectively. This result indicates that similar types of adducts would have
have shown that a GG diadduct formation can occur in single-stranded oligonucleotides containing
the sequence d(GXG) (X being adenine, cytosine and thymine residue) and the conformational
dynamics of GG adduct depend on the sequence context [33,34]. This leads to a change in the
dsDNA groove conformation, which in turn could affects the strength of intercalation. The results
show a possible formation of GG diadduct for T and Tg sequences whereas a GA diadduct
formation for T sequence. Thus, further investigation is required to confirm if the discrepancy
in the result is due to faster damage kinetics or the strength of intercalation of EG to the dsDNA
or some other factor.

Surprisingly, on comparing the sequences Tags and Tsg, we saw a higher damage rate for Ty
than Toge even though both sequence have four guanines. This result can be explained by the
position of the guanine in the given sequence. In Tag, the Gs are located continuously at the center
of the sequence, giving a possibility of forming three GG diadducts. In T2gg the guanine pairs are
separated by a stretch of nucleobases, giving a possibility of forming just two GG diadducts. This
is similar to T3z, which has the possibility of forming two GG diadducts. Thus, we saw a similar
damage rate for both of T2ggand T3,

3.4 Conclusion

To summarize, we have designed an assay to detect DNA damage induced by cis-
Ru(bpy)2(CH3CN),]" in a 96-well microplate. This method has the advantage of assaying multiple
samples in a well plate in a simple mix-and-read assay using EvaGreen dye to detect undamaged

dsDNA. The decrease in fluorescence intensity with increasing damage sites and low LOD and
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LOQ shows that the EG dye has superior selectively and sensitivity to DNA damage induced by
Ru complex. Our results indicate that the observed decrease in fluorescence signal is indeed due
to the DNA damage induced by cis-[Ru(bpy)(CH3;CN),]**, and the decrease in EG fluorescence
intensity correlates to both exposure of the drug and the number of Ru damage sites in the target
strand. We have also conclusively shown that GG is the major and GA the minor diadduct

formation sites for cis-[Ru(bpy)(CH3;CN),]*" complex.
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Chapter 4
Sequence-specific Recognition of Mismatches and Damage in Double-stranded
DNA.

4.1 Introduction
The genetic information of the human genome consists of about 6 billion base pairs. Defects in

these genomes may lead to genomic instability causing cancer [1]. Mutations can be introduced
from either endogenous or exogenous sources. One of the exogenous sources is exposure to
ultraviolet (UV) radiation, which is considered the primary etiological agent in human skin cancer
[2]. Short wavelength UVC light is strongly absorbed by DNA, producing direct damage products
such as cyclobutane pyrimidine dimers (CPD), (6-4) pyrimidine-pyrimidinone (6-4 PP)
photoproducts and Dewar pyrimidinones [2,3]. These photoproducts are repaired by nucleotide
excision repair (NER) [4]; failure to do so can lead to interference in the DNA replication process
by these lesions. Potentially crucial genes for cancer are the proto-oncogenes and tumour

suppression genes, which play an important role in carcinogenesis, aging and cell death [5].

Human chromosomes consist of dsDNA. However, regions of single-stranded DNA
(ssDNA) are formed during processes such as replication, transcription and recombination [6].
Thus, the cells, when subjected to DNA damaging agents, can undergo both ss- and double-
stranded DNA (dsDNA) damage, depending on the rate of these process. It has long been reported
that dsDNA is less prone to damage due to its double helical structure, which can protect it from
chemical attack. On the contrary, ssDNA is more susceptible to DNA damage and undergoes
chemical modifications such as depurination, depyrimidination, deamination and alkylation at a

much faster rate than dsDNA [7]. Moreover, certain repair mechanism such as base-excision repair
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(BER) and NER are specific to dsSDNA damage, subjecting the ssDNA to a greater risk of DNA
damage [8]. However, the effect of other damage agents differentially on dsDNA and ssDNA still

needs to be investigated to further understand their overall genomic stability [9].

The effect of DNA damage on the molecular origin of mutagenesis and carcinogenesis has been
studied by many techniques. These include the most commonly used chromatographic technique
such as high performance liquid chromatography (HPLC) coupled with mass spectrometry (MS)
[10] to attain high sensitivity and selectivity. Gel electrophoresis [11] is another commonly used
method, which is selective to the size and length of damaged and mismatched DNA. While these
techniques are able to assess damage effectively, they require complex and time-consuming
procedures such as DNA digestion, pre-filtration and enzymatic cleavage, which introduce
additional lesions and increase experimental error. To reduce these limitations, hybridization

methods have been developed.

Hybridization assays rely on the simple concept that target oligonucleotide sequences hybridize
with their perfect complementary DNA strand, while non-complementary strands do not. These
complementary probes are usually combined with fluorescent probes to enhance sensitivity. These
probes include molecular beacons (MBs) [12] and modified MBs such as locked nucleic acids
(LNAs) [13], smart probes (SPs) [14] and 2-aminopurine MBs (2-AP MBs) [15]. Despite the wide
application of these probes, their use is limited to quantification of ssDNA damage only. Also,

they need to be designed to be complementary to every sequence studied.

Peptide nucleic acids (PNAs) for dsDNA damage detection has been popularly used due to
strong binding of PNA in the major grooves of the DNA double helix via Hoogsteen bonds [16].

The binding efficiency of PNA to dsDNA to form a DNA-PNA-DNA triplex is extremely stable
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and irreversible. Likewise, the binding of PNA to a dsDNA target is sequence specific, and is
destabilized with a single base mismatch in the sequence [17,18]. Thus, PNA probes have several
attractive advantages, such as higher binding affinity for dsDNA and increased specificity for
single base mismatch. However, there are some disadvantages associated with the neutral
backbone of PNA, which can cause self-aggregation. Also, the use of these probes are limited to
the study of few sequences since they need to be designed to be complementary to each dsDNA
target under study. Thus, the probe design and synthesis for multiple samples is an elaborate and

expensive process.

The use of intercalating dyes as fluorescent probes overcomes the limitations of MB and PNA
probes. These dyes are small molecules that can insert between the stacked bases of dsDNA
producing a large increase in fluorescence intensity. The most commonly used intercalating dyes
are Thiazole orange [19], PicoGreen [20], EvaGreen (EG) [21], the SYTO dyes and the SYBR
dyes [22]. Although, these dyes display a ca. 1000-fold increase in fluorescence upon binding to
dsDNA, they are devoid of DNA selectivity towards dsDNA and bind equally to both dsDNA and
ssDNA. Another potential disadvantage of these dyes is that they unwind and extend the DNA
helix upon binding to DNA [23]. However, certain structural modifications to these dyes, such as
extending the known intercalating dyes with benzothiazole or benzoxazole moieties will shift the
binding mode from intercalation to minor groove binding [23,24]. An attractive feature of these
minor groove binders are their high selectivity towards dsSDNA when compared to ssDNA. These
dyes become fluorescent upon interaction with dsSDNA but exhibit zero or reduced fluorescence in
absence of dsDNA or in the presence of ssDNA. Thus these dyes can be used in vivo to
quantitatively assay DNA even in the presence of RNA. Moreover, the minor groove binders do

not unwind the DNA and thus have no effect on the DNA conformation. The most commonly
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studied minor groove binders are Hoechst dye [23,25,26] and DAPI[23], which bind preferentially

to AT-rich regions of B-DNA.

In this paper, we examine the relative rates of damage in ssDNA and dsDNA, in both synthetic
and naturally occurring DNA. Previous studies have shown that the hotspots of DNA damage
might be related to DNA double strand breaks (DSB) with the possibility of forming clusters of
multiple simultaneous mutations in regions of ssDNA formed at DSBs, replication fork and
uncapped telomeres [8,27]. Here, we explore the detection of mismatches in varying quantities
and locations of dsDNA. A Hoechst minor groove binding dye has been used extensively for
dsDNA quantification in this study. Figure 4.1 shows the binding of the Hoechst dye into the minor
groove of dsDNA. We demonstrate the superior selectivity and sensitivity of this Hoechst dye in
the detection of UVC-induced dsDNA damage and DNA base mismatches. Our results identify
UVC radiation to be more mutagenic towards ssDNA than dsDNA. This result was further
confirmed by melting curve studies using the EG intercalating dye [21], which is more specific in
determining the change in the strength of hydrogen bonding upon increasing damage.

4.2 Experimental Section

The oligonucleotide targets and calf thymus DNA were obtained from Integrated DNA
Technologies Inc. (Coralville, IA, USA) and Sigma Aldrich (Oakville, ON, Canada), respectively.
The Hoechst 33258 dye (H258) (Figure 4.2) was also obtained from Sigma Aldrich (Oakville, ON,
Canada). The sequences of the target oligonucleotides used for the mismatch experiment were
designed by introducing mismatches at different position of the ssDNA. A clear outline of the
different positions where mismatches could be introduced is given in Chart 1 and the ssDNA used
for this study are listed in Table 4.1. Oligonucleotides were dissolved in nanopure water from a

Barnsted Nanopure (Boston, MA, USA) water system. All samples were kept frozen at - 20°C until
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Figure 4.1 Hoechst dye binding into the minor groove of dsDNA. Obtained from
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Chart 1: Schematic diagram representing different positions where the mismatch nucleotide

could be introduced.
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Table 4.1 Oligonucleotides used in this study.

Sequence Position of Location of Number of
Mismatches Mismatches
Mismatches
5'-AAA AAA AAA AAA AAA AA-3' 0 None 0
5'-CAA AAA AAA AAA AAA AA-3' 1 T 1
5'-AAA ACA AAA AAA AAA AA-3' 5 ST 1
5'-AAA AAA AAC AAA AAA AA-3' 9 C 1
5'-CAA AAA AAA AAA AAA AC-3' 1,17 TT 2
5'-CAA ACA AAA AAA AAA AA-3' 1,5 T&ST 2
5'-CAA AAA AAC AAA AAA AA-3' 1,9 T&C 2
5'-AAA ACA AAA AAA AAA AC-3' 5,17 ST&T 2
5-AAA ACA AAA AAA ACA AA-3' 5,14 ST&ST 2
5'-AAA AAA AAC ACA AAA AA-3' 8,10 CcC 2
5'-CCA AAA AAA AAA AAA AA-3' 1,2 TT 2
5'-CCC AAA AAA AAA AAA AA-3 1,2,3 TTT 3
5'-CCC CAA AAA AAA AAA AA-3' 1,2,3,4 TTTT 4
5'-AAA ACC AAA AAA AAA AA-3' 5,6 ST&ST 2
5'-AAA ACC CAA AAA AAA AA-3' 5,6,7 ST&ST&ST 3
5'-AAA ACC CCA AAA AAA AA-3 5,6,7,8 ST&ST&ST&C 4
5-AAA AAA AAC C AA AAA AA-3 9,10 CccC 2
5'-AAA AAA ACC CAA AAA AA-3' 8,9,10 CCcC 3
5-AAA AAA ACC CC A AAA AA-3 8,9,10,11 cccc 4
5'-CCA AAA AAA AAA AAA CC-3' 1,2,16,17 TTTT 4
5-AAA ACC AAA AAC CAA AA-3 5,6,12,13 ST&ST&ST&ST 4
5'-CCA ACC AAA AAA AAA AA-3' 1,2,5,6 TT&ST&ST 4

Oligonucleotide sequences were designed to have different positions and/or numbers of mismatches
(underlined bases). Columns 2 and 3 represent the position (from the 5’ end) and location of mismatches
in the sequences. ‘T, ‘ST’ and ‘C’ in column 3 denote terminal, semi-terminal and central position,
respectively. Column 4 represents the total number of mismatches in the sequences. All the sequences

listed above are hybridized with complementary sequence T17to form dsDNA.
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needed. Upon thawing, the oligonucleotides are diluted to the required concentration in Tris buffer
(10 mM Tris, 1| mM EDTA, 200 mM NaCl, pH ~7.4) for H258 dye and Tris buffer (10 mM Tris, 1
mM EDTA, 10 mM NaCl, pH ~7.4) for EG dye (discussed in Chapter 3.1). For mismatch
experiments, all the ssDNA target sequences listed in Table 4.1 were annealed with oligonucleotide
sequence T17 before use.

UV light from UVC lamps emitting at 254 nm was chosen for the irradiation. The UVC
light was turned on for 20 min prior to the experiment to ensure a stabilized light source.
The photoreactor was purged continuously with nitrogen to remove oxygen and minimize
ozone generation from the lamps. Both ssDNA and dsDNA were subjected to UVC light
from lamps with a power density of 75 W m™ at the sample. Similarly, calf thymus DNA
was also subjected to UVC light with a power density of 50 W m™ at the sample. Control
samples were handled under identical condition but were not exposed to UVC light. After
irradiation, aliquots were pipetted into 96-well plates. The fluorescence intensity was studied
at a dsDNA:H258 dye concentration ratio of 1:5 and at a dSSDNA:EG dye concentration ratio
of 1:1.33.

Room-temperature fluorescence intensities were measured using the Safire fluorescence
plate reader (Tecan, Mannendorf, Switzerland). Fluorescence emission spectra for the H258
dye were recorded using an excitation wavelength of 360 nm and an emission wavelength
of 460 nm and for the EG dye, the excitation wavelength was fixed at 490 nm and emission
wavelength at 530 nm.Absorbance measurements were performed on a Hewlett-Packard
(Sunnyvale, California) 8452A diode array spectrophotometer
4.3 Result and Discussion

4.3.1 Binding of ds DNA with H258 dye. When the binding of H258 to dsDNA occurs,
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a sharp increase in its fluorescence intensity arises (Figure 4.3). However, this strong
enhancement of intensity is not observed when H258 binds with ssDNA (data not included).
It means that H258 binds more effectively with dSDNA than with ssDNA. It can also be
noted that no considerable shift in the emission spectrum of H258 upon binding with ssDNA
has been observed, suggesting that the polarity of the environment surrounding the dye is
almost unchanged. Previous work has already reported that the H258 dye stability is affected
by the polarity of the solvent [28]. Furthermore, there was a very small shift to shorter
wavelength of the emission spectrum when H258 binds to dsDNA. This shift could be due
to the dye partly penetrating inside the dSDNA along with binding to the surface of dsDNA
[28].

This property of the H258 dye ensures that the dye can selectively discriminate between
dsDNA and ssDNA. Thus, it could be an effective probe for detecting dSSDNA damage. After
UV damage of dsDNA, the H258 dye will bind the minor grooves of only undamaged DNA
while the damaged DNA breaks up, at least partially, to ssDNA and the fluorescence of H258
dye is quenched as it is released into solution. In this way, the H258 dye produces a
detectable signal proportional to the amount of dSDNA remaining after damage. Similarly,
this method could also be used to study the effect of introducing mismatches into dsDNA
sequences. In order to obtain maximum discrimination between damaged and undamaged
dsDNA, we studied the effect of ionic strength and the [H258]/[DNA bp] ratio on the H258
fluorescence signal.

4.3.2 Factors affecting H258 fluorescence. In order to optimize the performance of
H258 to discriminate between damaged and undamaged DNA, we studied the effect of Mg**

and Na" ion concentration on the H258 fluorescence intensity of ds Ti72A17. Figure 4.4 (A)
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Figure 4.3 The emission spectrum of H258 dye alone (dash line), in the presence of 0.25
puM single-stranded DNA (dotted line) and in the presence of 0.25 uM double-stranded DNA
(solid line) in buffered solution (10 mM Tris, 1 mM EDTA, 200 mM NaCl, pH 7.4). The
concentration of H258 was 0.20 uM. Excitation was at 360 nm and the spectra were recorded

at room temperature. On the y-axis, ‘c.p.s’ denotes counts per second.
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Figure 4.4 The fluorescence intensity of ds Ti7¢A17-H258 as a function of (A) [Na'] alone
and (B) [Na']:[Mg*'] ratios in 10 mM Tris with 1 mM EDTA (pH 7.4). The concentration

of H258 was 5 uM and ds T17°A17 was 1 uM, respectively.



shows the effect of the Na" concentration on the fluorescence of H258-dsDNA. The
fluorescence of H258 attains a maximum at a Na* concentration ([Na']) of 200 mM and
remains constant with further increase in [Na']. However, after [Na‘] of 300 mM we see a
drop in the fluorescence intensity of the H258 dye. Similarly, Figure 4.4 (B) shows the
fluorescence intensity of H258 as a function of [Mg?] alone or both [Mg?**] and [Na']
simultaneously. The results show that the fluorescence intensity of H258 is quenched in the
presence of [Mg?"]. Thus, 200 mM NaCl was found to be the optimum concentration to yield
the maximum fluorescence intensity for dsDNA-H258. No remarkable change in the
fluorescence intensity of H258 was observed upon binding to ssDNA at different [Mg**] and
[Na'] (data not shown).

To study the optimum [H258]/[DNA bp] ratio, the fluorescence of 1 uM ds Ti7°Ai7 as a
function of increasing concentration of H258 dye was studied (Figure 4.5). Upon addition of H258,
the fluorescence of the dye increases significantly and attains a maximum value at a dye
concentration of 5 uM. A 3-4 fold enhancement in H258 fluorescence is observed on increasing
the concentration of dye from 1 uM to 5 uM. This suggests a binding of ~1 dye per 4 A-T base
pair is required to attain the maximum fluorescence intensity of the H258 dye. However, further
increases in H258 concentration leads to a rapid drop in fluorescence intensity and the fluorescence
intensity continues to decrease with increasing concentration. A 20-25 fold deterioration in H258
fluorescence intensity is observed on increasing the concentration of dye from 5 uM to 40 uM,
indicating a different binding mechanism as detailed below. A constant, low fluorescence intensity

is observed at a H258 concentration higher than ~40 uM.

It has been proposed that several complexes with distinct stoichiometries between H258 dye

and dsDNA helix occur [26]. At low [H258]/[DNA bp] ratios, a strong and “minor groove-
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Figure 4.5 H258 dye fluorescence intensity as a function of H258 concentration in the presence
of 1 uM dsT17¢A17 (10 mM Tris, 1 mM EDTA, 200 mM NaCl, pH 7.4). Excitation and emission
wavelengths were 360 and 460 nm, respectively. Each data point is the average of four replicate
measurements and the error bars correspond to the standard deviation of each measurement. The

line is simply drawn to connect the data points. ‘c.p.s’ denotes counts per second.
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specific” binding occurs with an intense increase in fluorescence intensity. This binding requires
a specific sequence and is termed as sequence-mediated or specific binding mode. It often requires
about 4 A-T base pairs [26] (Figure 4.5, region between 1 uM to5S uM [dye]). However, at
[H258]/[DNA bp] ratios = 1:1, a weaker dye-mediated (unspecific) binding mode occurs between
the free dye to another dye molecule or to a group of dye molecules or to a dye molecule already
bound to dsDNA within the minor groove or to the charged phosphate backbone. Such dye-
mediated binding occurs when ~ two dye molecule binds per DNA base pair and results in strong
intermolecular quenching. This quenching increases with increasing concentration of dye and we
see a sharp decrease in the fluorescence intensity of H258 (Figure 4.5, region between 5 uM to 35
uM [dye]). Further, at higher [H258]/[DNA bp] ratios, the unspecific binding mode reaches its
maximum and results in the low, constant fluorescence intensity region (Figure 4.5, region higher

than ~40 uM [dye]).

4.3.3 dsDNA mismatch discrimination. To examine the effect of mismatches on the minor
groove conformation of dsDNA, a series of mismatched 17-mer double-stranded targets were
prepared which varied in the number and position of mismatches. Figure 4.6 shows the decreased
fluorescence intensity of the H258-dsDNA complex with different sites of mismatches. In general,
H258 binds to the minor groove of a perfectly matched duplex and gives a maximum fluorescence.
However, when mismatches are introduced into the dSDNA, we see a drop in fluorescence. This
drop in fluorescence can be further related to the change in the minor groove conformation of the
dsDNA. Our results show that no specific trend has been followed with increasing the number of
mismatches in the given sequences, but that there is a relation between both the position and
number of mismatches with the change in fluorescence intensity. If we consider sequences with

one mismatch introduced at the terminal, semi-terminal or central positions, a maximum decrease
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Figure 4.6 Destabilization (1-F) as a function of the number and position of mismatches in
dsDNA target. The values on the y-axis are 1-F, where F = Fi/F., Fjis the fluorescence intensity of
H258-dsDNA with mismatches and F. is the fluorescence intensity of the perfectly complementary

H258-dsDNA complex. H258 dye fluorescence intensity is taken in the presence of 1 uM

dsTi7¢A17 (10 mM Tris, 1 mM EDTA, 200 mM NaCl, pH 7.4).
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in fluorescence intensity, here called destabilization D= 1-Fi/F., where F; = fluorescence intensity
of H258-dsDNA with mismatches and F. = fluorescence intensity of the perfectly complementary
H258-dsDNA complex, occurs for the semi- terminal and central positions. A trend is observed
for sequences with two mismatches. However, for sequences with three and four mismatches a
slightly higher destabilization is observed for semi- terminal positions. Here, it is worth mentioning
that the destabilization at terminal positions was the minimum for sequences with one, two, three
and four mismatches for all sequences in that category. Thus, it could be interpreted that the
terminal positions of the dSDNA do not play an important role in deciding the conformation of the
minor groove. On the other hand, any mismatch introduced at the semi-terminal positions greatly
affects the stability of the minor groove conformation and thus leads to maximum destabilization.
These results are expected since dsDNA occurs in a helical form with each turn being 10
nucleotides long. Thus, the sequence with 17 nucleobases will form two turns of a double helix.
Mismatches introduced at semi-terminal positions will easily disrupt the helical structure of each
turn formed and thus play a greater role in minor groove recognition when compared to other

positions.

It 1s widely accepted that the helical structure of dsSDNA depends upon a fine balance between
base stacking and base pairing energy. Thus, to further investigate the decreased fluorescence
intensity as a function of mismatches, we compared the destabilization with the melting
temperatures (Tm) for all the sequences listed in Table 4.1 (Figure 4.7). We found that for most
sequences, the destabilization increases with a decrease in the T, value. This result was expected
since the higher the number of mismatches, the greater the destabilization of the double helix and
the lower the T, value. This decrease in Tn, 1s indicative of the weaker hydrogen bonding between

Watson-Crick base pairs (A*T and C+G) and resulting disruption of the dsDNA helix conformation
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Figure 4.7 Destabilization (1-F) as a function of melting temperature for dsDNA target. The
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H258-dsDNA with mismatches and F. is the fluorescence intensity of the perfectly complementary
H258-dsDNA complex. H258 dye fluorescence intensity is taken in the presence of 1 uM
dsTi7°A17 (10 mM Tris, | mM EDTA, 200 mM NaCl, pH 7.4). Melting temperatures were

calculated using IDT tool [29].
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as mismatches are introduced into the sequences. The T, values for sequences with one mismatch
at any position have the highest melting temperatures compared to all other mismatch sequences.
Further we saw that, with increasing numbers of mismatches, the melting temperature decreases
and destabilization increases. Also, increase in mismatches will make the dSDNA become more

destabilized.

In Figure 4.7 (A) we see that the highest destabilization occurs when the terminal mismatches
run in a continuous chain at position 1,2,3,4 rather than the non-continuous positions 1,2,16,17. A
similar pattern is observed for 1,2 and 1,17. On the contrary, Figure 4.7 (B) shows that for semi-
terminal positions, greater destabilization occurs when the mismatches are introduced at two non-
continuous semi-terminal positions 5,6 and 12,13 rather than continuous positions 5,6,7,8. Tm
values for these sequences also give a similar trend. As discussed before, it is obvious that since
dsDNA of 17 nucleobases can form ~2 turns, the mismatches at positions 5,6 and 12,13 will
destabilize both the turns equally thus enforcing the dsSDNA to open up. But, when the mismatch
is at position 5,6,7,8, only one of the turns undergoes hydrogen bond breaks and the other turn

remains intact as dsDNA.

The fluorescence intensity as a function of destabilization and T at different mismatch
positions gave a similar trend. In Figure 4.7 the scale for the Tr, values (x-axis) clearly illustrates
that the highest dynamic range for Tm values occurs for sequences with mismatches at semi-
terminal positions (~30°C) and lowest at terminal positions (~7°C). Similarly, the scale for
destabilization (y-axis) shows that the greatest destabilization occurs for semi-terminal positions
(~0.5) and least for terminal positions (~0.3). Another interesting result we found were for the
sequence with mismatches at positions 5 and 9 which had the same Ty, value and almost the same
destabilization values (Figure 4.7 D). A similar trend is observed for sequence with mismatches at
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position 1,5 and 1,9. These results confirm that both base pairing and base stacking energy
contribute to the disruption of minor groove conformation since the Tm value depends on the
strength of hydrogen bonding and destabilization (which depends on fluorescence of H258)
depends on the base stacking energy. Any change in the base stacking energy will disrupt the minor
groove conformation [30], thus affecting the strength of binding between the H258 minor groove
binder and the dsDNA. However, all four sets of graphs in Figure 4.7 have some outliers, for which
the Tm values do not agree with the respective linear relationship with destabilization. These
contradictory results are difficult to explain with the limited data and are a matter of further

investigation.

4.3.4 UVC-induced DNA damage of calf thymus DNA. In order to assess the mutagenic
effect of UVC radiation on calf thymus DNA, the fluorescence intensity of H258 was measured as
a function of exposure time (Figure 4.8). The maximum UVC exposure time was 420 min. By this
time, the fluorescence intensity of H258 has decreased close to the intensity of the H258 dye alone.
The damage constants obtained for two independent irradiation experiments of calf thymus DNA
with UVC radiation are 77 + 4.0 and 79 £ 5.0 min, respectively. The value of %RSD for interday
precision is 1.8%, which indicates that the damage kinetics of calf thymus DNA detected with
H258 dye fluorescence is repeatable. Figure 4.8 illustrates that there is an exponential drop in the
fluorescence intensity initially for 60-90 min, but later the H258 fluorescence intensity from calf
thymus DNA has completely levelled off at the minimum. The points along the baseline after ~200
min give fluorescence intensity close to the fluorescence intensity of the H258 dye alone, which
indicates that the calf thymus DNA is almost completely damaged. Here it is worth mentioning
that the result discussed above is obtained based on the fluorescence intensity of H258 which is a

minor groove binder. Thus, any damage that disrupts the minor groove conformation would result
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Figure 4.8 Fluorescence intensity at 460 nm as a function of exposure time for calf thymus DNA
in a nitrogen atmosphere. Aliquots of the irradiated calf thymus DNA were mixed with H258 (10
mM Tris,] mM EDTA, 200 mM NaCl, pH 7.4) in a concentration ratio of 1:5 in a 96-well plates.
For both the plots open circles represent the fluorescence intensity of control sample, open
triangles represents fluorescence intensity of H258 dye alone and filled squares represents the
irradiated calf thymus DNA sample. The solid lines through the points are single exponential

_ —t/t
Ir =1, +4e"" £is. The fluorescence parameters obtained from the fit for calf thymus DNA in

(A) are I, =3.34 £ 0.20 a.u, A = 14.89 = 0.37 a.u. and 11 = 77.20 + 3.93 min. The fluorescence
parameters obtained from the fit for calf thymus DNA in (B) are [, =3.44 £ 0.21 au, A=15.16 £
0.44 a.u. and 11 = 79.15 + 5.22 min. The control (high fluorescence) and H258 dye alone (low

fluorescence) points are fit to a straight line (dash line) with zero slope by eye.
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in a drop in fluorescence. With the earlier study discussed in Section 4.3.3, it can be concluded
that the drop in fluorescence we noticed for calf thymus DNA depends upon both number as well
as the position of damage. However, an earlier Raman study done on calf thymus DNA reveals
that DNA was damaged to some extent after 1 h and almost completely damaged after 3 h of a
similar dose of UVC discussed in Section 4.3.3, it can be concluded that the drop in fluorescence
we noticed for calf radiation [31]. Our results also show a similar trend confirming that the drop
in fluorescence intensity of H258 is due to the damage of calf thymus DNA by UVC radiation. No
drop in fluorescence intensity of H258 is observed from the unirradiated controls over the long

period of exposure time (Figure 4.8).

4.3.5 Comparison of UVC-induced ss- and dsDNA damage detected by H258. Many in vivo
studies have already shown that ssDNA is more susceptible to DNA damage than dsDNA. In order
to determine if this is true at the molecular level in isolated DNA, we analyzed the kinetics of
ssDNA and dsDNA with UVC irradiation and H258 fluorescence detection. DNA double helix
stability is determined by both base pairing (hydrogen bonding) and base stacking (conformation)
energy contributions. In order to facilitate the study of hydrogen bonding and minor groove
conformation of ss-and dsDNA during UVC damage we choose to have both EG (hydrogen
bonding) and H258 (minor groove conformation) dye together. As discussed in Chapter 3, EG is
an intercalating dye which inserts between the stacked dsDNA. The strength of intercalation
decreases with breaking up of the hydrogen bonds between the Watson-Crick base pairs leading
to the formation of ssDNA. On the contrary, H258 is a minor groove binder and thus any damage
that will change the minor groove conformation of the dsDNA will only result in a decrease in

fluorescence intensity.

Figure 4.9 shows the UVC-induced damage kinetics of T17 ss- and T17¢A17 dsSDNA by recording
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Figure 4.9 Damage curve of 1 pM H258 in Tris buffer (10 mM Tris, 1 mM EDTA, 200 mM NaCl,
pH 7.4) with (A) ss dT17 hybridized with ss dAi7and (B) ds Ti7°A17. For (A), the hybridization
with ss dA17 occurred after exposure to UVC light. The curves were obtained by exciting the

hybridization mixture at 360 nm and emission recorded at 460 nm. The solid lines through the
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fluorescence parameters obtained from the fit for dsT17°A17. are I, = 0.19 = 0.01 a.u, A =0.75 +

0.02 a.u. and 71 = 29.23 + 3.23 min. Here fits to multiple exponentials decreases the goodness of

fit.
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the fluorescence intensity of H258 as a function of exposure time. Earlier efforts to study the
excited-state dynamics in DNA model systems revealed that the excited-state lifetime for dsSDNA
was a few picoseconds greater than the lifetime of ssDNA [32,33]. This change in lifetime is due
to strong base stacking and base pairing in dSDNA. Since the probability of damage increases with
an increase in the excited-state lifetime, we expect dsDNA to be more prone to UV-induced
damage than ssDNA. However, the damage constant obtained for ssDNA and ds DNA in this study
is 12 £ 1.0 and 29 + 3.0 min, respectively. This result was similar to the results obtained for in vivo
studies. A clear understanding about this discrepancy between the biological and molecular aspect
of DNA damage was put forward by Kohler, et al. [34], who studied the photodimerization kinetics
for both ssDNA and dsDNA using femtosecond time-resolved infrared spectroscopy. They
suggested that DNA nucleobases must be in the conformation of the transition state to form
photoproducts, and that this occurs very infrequently in dsDNA. However, ssDNA is more
conformationally flexible and may reach the transition state more often, making it more susceptible
to damage. Thus, the more rigid DNA structure, the greater would be the resistance towards

photoproduct formation.

Studying the drop in fluorescence intensity of H258 upon increasing UVC exposure time gives
the change in the minor groove conformation of ds- and ssDNA. Any change in the minor groove
conformation due to increasing damage by UVC radiation will be depicted by a drop in
fluorescence since H258 dye binds preferentially to AT-rich region of B-DNA. We also measured
the influence of UVC radiation on hydrogen bonding between Watson-Crick bases in ds- and

ssDNA. Using the EG dye, which is an intercalating dye. The drop in EG fluorescence upon

hydrogen bond breaks can be correlated to the damage of ss- and dsDNA. Thus, for undamaged

ds- and ssDNA, the EG dye would perfectly intercalate between the nucleobases and give a
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Figure 4.10 Melting curves of (A) 1 uM ss Ti7 hybridized with ssA17 (B) 1 uM ds Ti7°A17 after
‘0’ min (filled squares), 10 min (open circles) and 20 min (open triangles) of UVC damage with
1.33 uM of EG in Tris buffer (10 mM Tris, 1 mM EDTA, 10 mM NaCl, pH 7.4). The curves were
obtained by exciting the hybridization mixture at 490 nm and emission recorded at 530 nm. The
fluorescence intensity has been normalized to the fluorescence intensity at 0 min, 20 °C for each

sequence.
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maximum fluorescence intensity. But, for damaged DNA, the hydrogen bonds would break,
resulting in a higher spacing between the DNA base pairs. With increasing amount of damage the

dsDNA will separate into ssDNA which releases the EG dye to solution.

Figure 4.10 shows the melting curves for ss- and dsDNA after exposure to UVC light for 0, 10
and 20 min. For the melting curves of both ss- and dsDNA, we saw an increase in destabilization
upon increase in exposure time. This is clearly illustrated by the drop in fluorescence signal at low
temperature with increasing exposure time. On comparing the fluorescence intensities between
damaged and undamaged ss- and dsDNA, we see a higher decrease in the low-temperature
fluorescence intensity for ssDNA after 10 min exposure to UVC radiation, compared to the same
curve for dsDNA. The drop in fluorescence for both becomes almost similar on increasing the
damage time from 10 to 20 min. Further, if we compare the melting decreases from 35 °C to 26 °C
upon 10 min damage for ss DNA and 35 °C to 30 °C for dsDNA. This decrease in melting
temperature can be correlated to the strength of hydrogen bonding. Thus, the greater drop in
melting temperature for ssDNA indicates that more hydrogen bonds break for ssDNA than for
dsDNA. This result again supports the fact that ssDNA is damaged at a faster rate than dsDNA.

4.4 Conclusion

The fluorescence intensity has been normalized to the fluorescence intensity at 0 min, 20 °C for
each sequence.These results conclusively show that the H258 minor groove binder is a sensitive
and inexpensive probe for the analysis for UVC induced damage of ss-, ds- and calf thymus DNA.
From our results we found that the regions of ssDNA are much more susceptible to UVC damage
than dsDNA, yielding a damage constant that is greater by a factor of two. Thus, it is possible that
damage to regions of ssDNA generated during DNA, replication, could contribute to higher

numbers of point mutations. Further, we found that the calf thymus DNA, which is ~2000 bp, was
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damaged by UVC radiation with a damage constant of 77-79 min. We also studied the effect of
mismatches on the stability of dsDNA. Surprisingly we found that stability of the DNA groove
conformation is more determined by the position of mismatch than by the number of mismatches.
Further studies with different mutagenic agents could reveal their respective hot-spots of damage.
Also, in this study we designed a simple, efficient mix-and-read assay for the detection of
mismatches in dSDNA and damage in both ss- and dsDNA. This assay along with a potential
dsDNA binding probe, H258 could be extended for the in vitro study of damage in real nucleic

acids.
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Chapter 5
Recognition and Comparison of K-Ras and N-Ras Mutagenic Hot Spots for
Ru cis-platin and UV Damage

5.1 Introduction
Mutational activation of the Ras family of genes has been found to be one of the most common

oncogenic events in cancer [1,2]. The Ras family consists of three proto-oncogenes, K-Ras, N-Ras
and H-Ras [1,3,4]. Although there is a high degree of similarity among the different Ras gene
sequences, earlier studies have demonstrated that different tumor types are identified with different
Ras genes [5]. However, no correlation has been established between an activated Ras oncogene
and the tumour type present. Apparently, mutation of Ras proto-oncogenes is not essential for

tumourigeneses but it can still be a contributing factor to human carcinogenesis [6].

Much effort has been made to investigate how mutation leads to activation of the Ras genes.
Past research studies have shown that mutation at codons 12, 13 and 61 of any three Ras genes are
capable of activating their oncogenic functions [3,7,8]. Interestingly, it has been found that
mutation preferentially occurs at codon 12 of K-Ras than at codons 13 or 61 of K-Ras or at any
condons of N-Ras or H-Ras [7,9,10]. Furthermore, on investigating the repair mechanism between
codon 12 and the other condons, it was observed that there was no substantial difference in their
repair rates. These finding raise an important question: what factors determine the oncogenic
properties of Ras genes? One possibility would be to understand the role of different DNA damage

etiological agents and relate them to the mutational hot spots of Ras genes.

It is a well-known fact that UV radiation is one of the major cause of skin cancer [11]. Animal
model studies [12,13] have shown that UV irradiation can introduce point mutations in the Ras

proto-oncogenes. This point mutation leads to the production of Ras protein with diminished or no
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GTPase activity. Loss of GTPase activity shifts the equilibrium between active GTP bound Ras
protein and inactive GDP bound Ras protein to produce more active GTP. This active GTP bound
Ras protein can now stimulate a diverse spectrum of downstream processes causing unregulated
signal transduction and facilitating the development of skin cancer [8,14,15]. The major
photoproducts induced in DNA by UV light are the cyclobutane-pyrimidine photodimers (CPDs)
and (6-4) pyrimidine-pyrimidinone photoproducts [13,16]. In vitro UV irradiation experimental
studies have already shown that UV light formed a point mutation at codons 12 and 61 [8] in N-
Ras. Another site-directed mutagenesis experiment performed by introducing CPDs at
predetermined sites showed that the photodimer could induce a point mutation at the modified
positions [17]. However, it is equally important to study if the Ras genes are activated by the
production of CPD in the gene. Recent in vitro experiments have shown that proto-oncogene
expression in human epidermis increases as a result of UV radiation, leading to a high rate of cell

proliferation and differentiation [14,18].

Much evidence now argues that certain anticancer drugs which are used for the treatment of
cancer could also lead to DNA damage [19,20]. The most popularly used anticancer drug cis-platin
exhibited differential inhibition of the p53 tumour suppression gene [21] and increased the rate of
apoptosis in K-Ras-null murine embryonic stem cells [22]. The mechanism of action by which cis-
platin and its analogue drugs damages the DNA are by forming intrastrand crosslinking between
adjacent guanine bases or adjacent adenine and guanine bases [2,23,24]. It is clear from this
mechanism that these anticancer drugs may also cause damage to normal cells along with
cancerous cells. Because of this limitation, synthetic chemists are now studying other metallic
complexes such as ruthenium (Ru) complexes [25,26]. Ru cis-platin is an analogue of cis-platin

and unlike cis-platin, damages DNA when activated with light [27]. Thus, it is used to selectively
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target cancerous cells.

Current molecular cancer research has been focused on determining the key steps by which
cellular genes become oncogenes, not on the underlying and fundamental chemical damage
mechanisms and susceptibility. In this chapter, we investigate the mutational hot spots of chemical
damage present in Ras genes upon exposure to Ru cis-platin and UV damage agents. Detection of
damage is accomplished by a simple, sensitive, mix-and-read assay using an EvaGreen (EG) probe
in a 96-well microplate. Earlier studies have already proven that, of all the three Ras genes (K-, N-
and H-Ras), K-Ras is the most susceptible to mutation and H-Ras the least [3,15,28,29]. Thus, in
this chapter, we chose to investigate the effect of two etiological agents, UVC radiation and Ru
cis-platin on the K-Ras and N-Ras genes.

5.2 Experimental Section

The oligonucleotide targets were obtained from Integrated DNA Technologies Inc. (Coralville,
IA, USA) and cis-[Ru(bpy)2(CH3CN)2]Cl> was kindly supplied by Professor Claudia Turro (Ohio
State University, Department of Chemistry). The hydrochloric acid was obtained from Anachemia
(Montreal, QC, Canada), sodium chloride was obtained from ACP Chemical Inc. (Montreal,
Quebec), Tris was obtained from ICN biomedicals (Aurora, OH, USA) and
ethylenediaminetetraacetic acid (EDTA) was obtained from BDH Inc. (Toronto, ON, Canada).
The complete sequence of K-Ras and N-Ras genes are listed in Table 5.1 and 5.2, respectively.
Based on the number of Gs, Ts and % homology, we have selected a few regions of both the K-
Ras and N-Ras genes for this study. These regions are further subdivided into 12 sequences, with
each sequence having a length of 21 nucleobases. The DNA sequences for K-Ras and N- Ras genes
used in this study are listed in Table 5.3. Oligonucleotides were dissolved in nanopure water from

a Barnsted Nanopure (Boston, MA, USA) water system. All samples were kept frozen at -20 °C
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Table 5.1 K-Ras gene sequence®.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
ATG ACT GAA "IFAT AAA CTT G"lI“G GTA GTT GG[IX GCT GGT GGC QTA GGC AAG A(I}T GCCTTG AC(I} ATA CAG CTA

10 20 30 40 50 60

24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46
ATT CAG AAT CAT TTT GTG GAC GAATATGATCCAACAATAGAG GATTCOTACAGGARGICAR (iTA GTA ATT
70 80 90 100 110 120 130

47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69
GAT GGA GAA ACC TGT CTC TTG GAT ATT CTC GAC ACA GCA GG'IF CAA GAG GAG 'II‘AC AGT GCA A'IFG AGG GAC
140 150 160 170 180 190 200

70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 8 8 8 8 88 90 91 92 93
CA(I} TAC ATG AGG {&CT GGG GAG GGC TTT CTT TG;F GTATTT GCC I?XTA AAT AAT A(ITT AAA TCA TT]I“ GAA GAT ATT
210 220 230 240 250 260 270

94 95 9 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116
(ITAC CAT TAT AQA GAA CAAATT AAA'AGA GTT AAG GAC TCT GAA GAT GTA CCT ATG GTC CTA QTA GGA AAT
280 290 300 310 320 330 340

117 118 119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139
AAA TGT GAT TTG CCT TCT AGA ACA GTA GAC ACA AAA CAG GCT CAG GAC TTA GCA AGA AGT TAT GGA ATT
350 360 370 380 390 400 410

140 141 142 143 144 145 146 147 148 149 150 151 152 153 154 155 156 157 158 159 160 161 162
CC"IF TTT ATT GAA ﬁCA TCA GCA AAG ACA AGA CAG GGT GTT GAT GAT GCC TTC TAT ACA TTA GTT CGA GAA
- 420 430 440 450 460 470 480

163 164 165 166 167 168 169 170 171 172 173 174 175 176 177 178 179 180 181 182 183 184 185

ATT CIGA AAA CAT AAA GAA AAG ATG AGC AAA GAT GGT AAA AAG AAG AAA AAG AAG TCA AAG ACA AAG TGT

490 500 sho 590 530 540 550

186 187 188 189
GTA ATT ATG TAA
560 567

¥The shaded regions are the portion of the gene used in this chapter. The codon number and nucleobase number are represented above

and below the sequence line, respectively.
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Table 5.2 N-Ras gene sequence®.

1 2 3 4 5 6 7 & 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23
ATG ACT GAG TAC AAA CTG G"IFG GTG GTT GGzi& GCA GGT GGT (I}TT GGG AAA A(I}C GCA CTG AC@ ATC CAG CTA

10 20 30 40 50 60

24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47
ATC CAG AAC CAC TTT GTA GAT GAATATGAT CCCACCATAGAG GATTCTTAC AGAAAACAA GTG GTT ATA GAT
70 80 90 100 110 120 130 140

48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
GGT GAA ACCTGT TTG TTG GAC ATA CTG GAT ACA GCT GGA CAA GAA GAG TAC AGT GCC ATG AGA GAC CAA TAC
150 160 170 180 190 200 210

72 73 74 75 76 77 78 79 80 81 82 8 8 & 86 87 8 89 90 91 92 93 94 95
ATG AGG AICA GGC GAA GQC TTC CTC TG"]F GTA TTT GCC ATC AAT AAT AQC AAGTCA TT”lI" GCG GAT ATT AACCTC
220 230 240 250 260 270 280

9% 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119
TAC AIGG GAG CAG AT"ll" AAG CGA GTA zf‘xAA GACTCG Gz?‘T GAT GTA CC"IF ATG GTG CTA CI}TG GGA AAC AAG TGT GAT
290 300 310 320 330 340 350

120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143
TTQ CCA ACA AGG ACA GTT GAT ACA AAA CAA GCC CAC GAA CTG GCC AAG AGT TAC GGG ATT CCATIC ATT GAA
360 370 380 390 400 410 420

144 145 146 147 148 149 150 151 152 153 154 155 156 157 158 159 160 161 162 163 164 165 166 167
JIXCC TCA GCC A/IXG ACC AGA CAIG GGT GTT GAA (I}AT GCT TTT "II"AC ACA CTG GTIIA; AGA GAA ATA ?GC CAGTAC C(I}A
430 440 450 460 470 480 490 500

168 160 170 171 172 173 174 175 176 177 178 179 180 181 182 183 184 185 186 187 188 189 190
ATG AAA AAACTC AAC AGC AGT GAT GAT GGG ACT CAG GGT TGT ATG GGA TTG CCA TGT GTG GTG ATG TAA
510 520 530 540 550 560 570

*The shaded regions are the portion of the gene used in this chapter. The codon number and nucleobase number are represented above
and below the sequence line, respectively
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Table 5.3 K-Ras and N-Ras sequences used in this study.

Sequence K-Ras sequence N-Ras sequence %
Name Homology

S7.13 5'-GTG GTA GTT GGA GCT GGT GGC-3' 5'-GTG GTG GTT GGA GCA GGT GGT-3' 86
19 39 19 39

S3137 5'-GAA TAT GAT CCA ACA ATA GAG-3' 5'-GAA TAT GAT CCC ACC ATA GAG-3' 90
91 111 91 111

S37.43 5'-GAG GAT TCC TAC AGG AAG CAA-3' 5'-GAG GAT TCT TAC AGA AAA CAA-3 90
109 129 109 129

Sss-61 5'-ATT CTC GAC ACA GCA GGT CAA-3' 5'-ATA CTG GAT ACA GCT GGA CAA-3' 76
163 183 163 183

Se1-67 5'-CAA GAG GAG TAC AGT GCA ATG-3 5'-CAA GAA GAG TAC AGT GCC ATG-3' 90
181 201 181 201

Se7.73 5'-ATG AGG GAC CAG TAC ATG AGG-3 5'-ATG AGA GAC CAA TAC ATG AGG-3 90
199 219 199 219

S73.79 5'-AGG ACT GGG GAG GGC TTT CTT-3 5'-AGG ACA GGC GAA GGC TTC CTC-3' 76
217 237 217 237

Sss-01 5'-AAT AAT ACT AAA TCA TTT GAA-3' 5'-AAT AAT AGC AAG TCA TTT GCG-3 76
253 273 253 273

So7.103 5'-AGA GAA CAA ATT AAA AGA GTT-3' 5'-AGG GAG CAG ATT AAG CGA GTA-3' 71
289 309 289 309

Si09-115 5'-GTA CCT ATG GTC CTA GTA GGA-3' 5'-GTA CCT ATG GTG CTA GTG GGA-3' 90
325 345 325 345

S139-145 S'-ATT CCT TTT ATT GAA ACA TCA-3' 5'-ATT CCA TTC ATT GAA ACC TCA-3' 86
415 435 415 435

Si4s.151 5'-TCA GCA AAG ACA AGA CAG GGT-3 5'-TCA GCC AAG ACC AGA CAG GGT-3' 90

433 453

433 453

Oligonucleotide sequences were designed from the selected regions of K-Ras and N-Ras genes. The numbers
in the subscript of column 1 denote the start and end codon numbers. The subscript numbers in column 2 and 3
denote the start and end nucloebase numbers. All the sequences listed above were annealed with their

complementary sequences to form their respective dsDNA sequence.
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until needed. Upon thawing, the oligonucleotides are diluted to the required concentration in Tris
buffer (10 mM Tris, 1 mM EDTA, 10 mM NacCl, pH ~7.4).

5.2.1 DNA damage induced by cis-[Ru(bpy)2(CH3CN)2]Cl. 25 puM aqueous cis-
[Ru(bpy)2(CH3CN)2]Cl> was irradiated in a UV-transparent 1 cm path length cuvette for 10 min
in a Luzchem (Ottawa, Ontario) DEV photoreactor chamber with UVA lamps emitting in the
wavelength range of 320-400 nm. Absorbance spectra were taken on a Hewlett-Packard 8452A
diode array spectrophotometer (Sunnyvale, CA) before and after irradiation. The formation of the
peak at 490 nm confirms the photolysis of the Ru complex into the cis-[Ru(bpy)2(H20)]2Cl: active
form (Figure 3.2).

For DNA damage experiments, dsSDNA solutions of all the target (Table 5.3) oligonucleotides
and the activated Ru complex in a fixed concentration ratio of 1:6 were constantly stirred on a
magnetic stirrer. Aliquots from each solution were pipetted out after reaction times of 0 and 72 hr.
These samples were further diluted with Tris buffer to give a final concentration of 1 uM dsDNA
in each well of the 96-well microplate (Corning Special Optics, NY, USA) along with 1.33 uM
EG dye.

5.2.2 DNA damage induced by UV radiation. For DNA damage experiments, 147 uL of 1.36
pM nitrogen-purged dsDNA samples of all target sequences mentioned in Table 5.3 were placed
in a 96-well plate. UV light from UVC lamps emitting at 254 nm was chosen for the irradiation.
The UVC light was turned on for 20 min prior to the experiment to ensure a stabilized light source.
The photoreactor was purged continuously with nitrogen to remove oxygen and minimize ozone
generation from the lamp. Finally, the 96-well microplate was placed inside the Luzchem (Ottawa,
ON, Canada) DEV photoreactor. Each well of the 96-well microplate was exposed to UVC light

continuously for 2 hr. Control samples were handled under identical condition, but were not
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exposed to UVC light and kept in the dark. After irradiation, the 96-well microplates were
removed from the photoreactor and EG dye was added to each well. The final concentrations
of the dsDNA and EG dye were made to a fixed ratio of 1:1.33.

5.2.3 Fluorescence measurements. Room-temperature fluorescence intensities for dsDNA
solutions from both the activated Ru complex and UVC-induced damage were measured using a
Safire fluorescence plate reader (Tecan, Mannendorf, Switzerland) after the addition of EG dye
followed by incubation at 37 °C for 20 min in the dark. Fluorescence emission spectra were
recorded using an excitation wavelength of 490 nm and an emission wavelength of 530 nm. Here,
it is worth mentioning that the fluorescence spectra of the Ru complex alone or the dsSDNA alone
gave a minimum or zero background at the 530 nm emission wavelength (Figure A6).

5.3 Results and Discussion

5.3.1 K-Ras and N-Ras damage by activated cis-[Ru(bpy)2(CH3CN)2|Cl2. To examine
whether the Ru complex induces damage in the K-Ras and N-Ras genes, we treated the different
sequences of Ras gene with the activated form of the Ru complex (cis-[Ru(bpy)2(H20)2]Cl2) and
detected the resulting damage. Tables 5.4 and 5.5 show the damage for the twelve different dsSDNA
sequences of the K-Ras and N-Ras proto-oncogenes. All the sequences show damage from the Ru
complex confirming that the activated form of this anticancer drug is efficient in damaging both
Ras genes.

To understand the relationship between damage and the number and type of different
nucleobase pairs present, we first plotted correlation diagrams for all possible nucleobases
and nucleobase pairs. Figure 5.1 and 5.2 shows the most significant correlation diagrams
with a positive and negative slopes for the different nucleobases for both K-Ras and N-Ras

genes. All other correlation diagrams with a lower R? value for both K-Ras and N-Ras
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Table 5.4 Damage susceptibility of K-Ras sequences damaged by activated Ru complex.

Seq. K-Ras Damage G GG GA
No. Susceptibility

S7.13 GTG GTA GTT GGA GCT GGT GGC 0.61+0.02 13 4 3
CAC CAT CAA CCT CGA CCA CCG

S73-70 AGG ACT GGG GAG GGC TTT CTT 0.57+0.02 126 6
TCC TGA CCC CTC CCG AAA GAA

Se7.73 ATG AGG GAC CAG TAC ATG AGG 0.59+0.02 1 4 4
TAC TCC CTG GTC ATG TAC TCC

Stas-1s1 TCA GCA AAG ACA AGA CAG GGT 0.85+0.00 10 2 5
AGT CGT TTC TGT TCT GTC CCA

S100-115 GTA CCT ATG GTC CTA GTA GGA 0.73+0.01 10 4 6
CAT GGA TAC CAG GAT CAT CCT

Se1-67 CAA GAG GAG TAC AGT GCA ATG 0.73+0.01 101 4
GTT CTC CTC ATG TCA CGT TAC

S37.43 GAG GAT TCC TAC AGG AAG CAA 0.49+0.02 103 7
CTC CTA AGG ATG TCC TTC GTT

Sss-61 ATT CTC GAC ACA GCA GGT CAA 0.45+0.02 101 2
TAA GAG CTG TGT CGT CCA GTT

S31.37 GAA TAT GAT CCA ACA ATA GAG 0.35+0.02 7 1 5
CTT ATA CTA GGT TGT TAT CTC

S139-145 ATT CCT TTT ATT GAA ACA TCA 0.48+0.02 5 1 4
TAA GGA AAA TAA CTT TGT AGT

So7-103 AGA GAA CAA ATT AAA AGA GTT 0.20+0.02 5 0 4
TCT CTT GTT TAA TTT TCT CAA

Sss.1 AAT AAT ACT AAA TCA TTT GAA 0.03+0.02 3.0 3

TTATTA TGA TTT AGT AAA CTT
This table is ordered by the number of Gs in the K-Ras sequences. Column 2 represents the dsDNA

sequence for each of the K-Ras gene used in this study. Column 3 denotes the damage susceptibility (1-
F), where F = Fi/F., F; is the fluorescence intensity of EG-dsDNA upon damage and F. is the fluorescence
intensity of the control sample. Columns 4, 5 and 6 denotes the number of Gs, (-GG-) and (-GA-)

nucleobases or nucleobase pairs, respectively.
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Table 5.5 Damage susceptibility of N-Ras sequences damaged by activated Ru complex.

Seq. N-Ras Damage G GG GA
No. Susceptibility
S7379 AGG ACA GGC GAA GGC TTC CTC 0.50+0.02 13 4 8
TCC TGT CCG CTT CCG AAG GAG
S7.13 GTG GTG GTT GGA GCA GGT GGT 0.47+0.03 13 5 2
CAC CAC CAA CCT CGT CCA CCA
Stas-1s1 TCA GCC AAG ACC AGA CAG GGT 0.74+0.02 12 4 5
AGT CGG TTC TGG TCT GTC CCA
S100-115 GTA CCT ATG GTG CTA GTG GGA 0.54+0.02 11 4 4
CAT GGA TAC CAC GAT CAC CCT
Se1-67 CAA GAA GAG TAC AGT GCC ATG 0.78+0.01 10 1 4
GTT CTT CTC ATG TCA CGG TAC
S97-103 AGG GAG CAG ATT AAG CGA GTA 0.31+0.01 10 2 5
TCC CTC GTC TAA TTC GCT CAT
S67.73 ATG AGA GAC CAA TAC ATG AGG 0.59£0.03 9 2 4
TAC TCT CTG GTT ATG TAC TCC
Sss-61 ATA CTG GAT ACA GCT GGA CAA 0.49+£0.02 9 2 5
TAT GAC CTA TGT CGA CCT GTT
S31.37 GAA TAT GAT CCC ACC ATA GAG 0.28+£0.01 9 3 5
CTT ATA CTA GGG TGG TAT CTC
S37.43 GAG GAT TCT TAC AGA AAA CAA 0.43+0.01 7 1 4
CTC CTA AGA ATG TCT TTT GTT
Si139-145 ATT CCA TTC ATT GAA ACC TCA 0.42+£0.01 7 2 4
TAA GGT AAG TAA CTT TGG AGT
Sgs-91 AAT AAT AGC AAG TCA TTT GCG 0.15+£0.03 7 0 3

TTATTA TCG TTC AGT AAA CGC

This table is ordered by the number of Gs in the N-Ras sequences. Column 2 represents the dSDNA

sequence for each of the N-Ras gene used in this study. Column 3 denotes the damage susceptibility (1-

F), where F = Fy/F, Fi is the fluorescence intensity of EG-dsDNA and F. is the fluorescence intensity of

the control sample. Columns 4, 5 and 6 denotes the number of Gs, (-GG-) and (-GA-) nucleobases or

nucleobase pairs, respectively.
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Figure 5.1 Ru complex damage susceptibility (1-F) as a function of number of G and GG
sites. The damage susceptibility on the y-axis is 1-F, where F = Fi/F¢, F; is the fluorescence
intensity of EG-dsDNA upon Ru damage and F. is the fluorescence intensity of the control
sample. EG dye fluorescence intensities at 530 nm are measured in the presence of 1 uM
dsDNA (10 mM Tris, 1 mM EDTA, 10 mM NaCl, pH 7.4) For all the plots, the filled squares
represent the damage of K-Ras sequences and the open circles represent the damage of N-
Ras sequences. The solid lines through the filled square points are linear fits for the K-Ras
sequences with their respective R? values indicated in the upper portion of each plot. The
dashed lines through the open circle points are linear fits for the N-Ras sequences with their
R? value indicated in the lower portion of each plot. Here R?is the linear regression

coefficient and R?=1 represents a perfect line.
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Figure 5.2 Ru complex damage susceptibility (1-F) as a function of number of TT and TA sites.
The damage susceptibility on the y-axis is 1-F, where F = Fi/F,, Fi is the fluorescence intensity of
EG-dsDNA upon Ru damage and F. is the fluorescence intensity of the control sample. EG dye
fluorescence intensities at 530 nm are measured in the presence of 1 uM dsDNA (10 mM Tris, 1
mM EDTA, 10 mM NaCl, pH 7.4) For all the plots, the filled squares represent the damage of K-
Ras sequences and the open circles represent the damage of N-Ras sequences. The solid lines
through the filled square points are linear fits for the K-Ras sequences with their respective R?
values indicated in the upper portion of each plot. The dashed lines through the empty circle points
are linear fits for the N-Ras sequences with their R? value indicated in the lower portion of each

plot.
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sequences are given in Figure A 9. The R? values in Figure 5.1 illustrates a moderately good
correlation of Ru damage with increasing number of Gs for both K-Ras and N-Ras sequences.
However, the correlation is better for the K-Ras sequences than the N-Ras sequences. It is worth
mentioning that we also obtained moderately significant R? values for TT and TA nucleobase
pairs, but with negative slopes (Figure 5.2). This clearly states that the Ru complex damage
susceptibility decreases with increasing number of TT and TA sites for both K-Ras and N-Ras
sequences.

Examining the K-Ras sequences in more detail, the sequences S7.13, S73-79, S67-73, S145-151, S109-
115 and Se1-67 with 10-13 Gs give a high damage susceptibility greater than or equal to 60 % whereas
sequences S31-37, S139-145, So7-103 and Sgs.o1 with 3-7 Gs give a low damage susceptibility less than
or equal to 50 %. Surprising results were obtained for sequences S37.43 and Sss.¢1 with 10 Gs, which
show a damage less than or equal to 50 %. These results indicate that the number of Gs present in
the sequence plays a major role in determining Ru complex damage susceptibility, but other factors
may be at play. We actually thought that the Ru damage occurs due to the mono- and diadduct
formation (Chapter 3). Thus, GC, GT and GA sites with a smaller correlation coefficient (Figure
AR), also have a minor effect on the damage susceptibility of the activated Ru complex. However,
Figure 5.2 describes that TT and TA sites show some protection and this effect tends to be
dominant in the above mentioned sequences. Thus the damage we see is the net effect of all the
different nucleobases and nucleobase pairs present. As a result we see a weak correlation of
different nucleobases and nucleobase pairs with their damage susceptibility.

In our previous work, described in Chapter 3.3, we investigated the preferential binding
sites of the cis-[Ru(bpy)2(CH3CN).]** complex with synthetic ssDNA. Our results show that

there is a strong correlation between diadduct formation and the number of GG and GA sites,
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although we observed that the activated Ru complex prefers to bind to GG sites more than
GA sites. Also, there is a possibility of monoadduct formation to Gs, the rate of which is
affected by the identity of neighbouring nucleobases. Previous results described in Chapter
3 showed that neighbouring thymine greatly increases the monoadduct formation of G when
compared to neighbouring cytosine and adenine. Results in this study also show a similar
trend. Sequences Si4s-151, and Se1-67 With 10 Gs and the highest damage susceptibility had
neighbouring thymines at most of the G sites. However, sequence S37.43 with 10 Gs shows a
lower value of damage susceptibility. Here most of the Gs have neighbouring cytosines or
adenines.

Activated Ru complex-induced dsDNA damage experiments were also performed on the N-
Ras sequences. Our data (Figure 5.1) suggest that for N-Ras sequences, there is not a simple
relationship between damage susceptibility and the number of Gs. Rather, the correlation plot
(Figure 5.1) shows that the presence of Gs is not the primary factor determining the rate of
activated Ru complex-induced dsDNA damage. Other factors include position, number and the
type of damage site present. Therefore, isolating one factor and correlating the damage to it leads
to lower R? values.

On analyzing the results obtained for both K-Ras and N-Ras sequences, we found that another
factor determining the damage susceptibility of activated Ru complex-induced dsDNA damage is
the identity of the nucleobases neighbouring to the GG sites. Our results show a higher rate of GG-
Ru diadduct formation in the presence of adenines next to the GG sites, but a lower GG-Ru
diadduct formation in the presence of neighbouring thymines. Sequences Se1-67, S139-145 of K-Ras
and S37.43 of N-Ras have adenines next to GG sites. These sequences with only one GG sites give

a higher damage susceptibility than other sequences with same number of Gs but higher number
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of GG sites. Similarly S7.13 for K-Ras and S 109-115 and S7.13 for N-Ras with 4-5 GG sites shows a
lower damage susceptibility than other sequences with a low number of GG sites. All these latter
sequences were found to have thymines adjacent to the GG sites. Thus, thymines which seemed
to increase G-Ru monoadduct formation (as described in Chapter 3), surprisingly found to
decreases GG-Ru diadduct formation. It is important to note here that, to best of our knowledge,
no such sequence dependent study of activated Ru complex-induced dsDNA damage has been
done previously. Thus, a further, more detailed study to understand the neighbouring nucleobase
effect on the rate of GG-Ru diadduct formation is required to explain these results.

5.3.2 K-Ras and N-Ras damage by UVC radiation. Both K-Ras and N-Ras genes were
examined to study the effect of UVC radiation. Similar to activated Ru complex-induced dsDNA
damage, all sequences for both Ras genes exhibit damage in response to UVC radiation. The results
of UVC-induced damage are listed in Table 5.6 for K-Ras and Table 5.7 for N-Ras, respectively.

Similar to the activated Ru complex-induced dsDNA damage study, we plotted the correlation
diagram for all possible dinucleotide sites to understand the relationship between UVC damage
and the number of different nucleobases and nucleobases pairs. Only the most significant
correlation diagrams for the different nucleobases and nucleobases pairs for both K-Ras and N-
Ras sequences are shown in Figure 5.3 while all other correlation diagrams are given in Figure A
10.

From the correlation diagrams it can be clearly seen that the damage shows a linear correlation
with increasing numbers of TT sites. Again, similar to the activated Ru complex-induced dsDNA
damage study, UVC-induced dsDNA damage also gave a better R? value for the K-Ras sequences
than the N-Ras sequences. The results in Tables 5.6 and Figure 5.3 show a decrease in damage

susceptibilities with decreasing number of TT sites in K-Ras sequences. Sequences S73.79, S37.43,
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Table 5.6 UVC-induced DNA damage susceptibility of K-Ras sequences.

Seq. K-Ras Damage TT CC CT
No. Susceptibility
S97.103 AGA GAA CAA ATT AAA AGA GTT 0.88+0.02 8 0 4
TCT CTT GTT TAA TTT TCT CAA
S139-145 ATT CCT TTT ATT GAA ACA TCA 0.81£0.01 7 1 7
TAA GGA AAA TAA CTT TGT AGT
Sss91 AAT AAT ACT AAA TCA TTT GAA 0.78+0.02 7 0 12
TTA TTA TGA TTT AGT AAA CTT
S73-79 AGG ACT GGG GAG GGC TTT CTT 0.53+0.01 3 6 0
TCC TGA CCC CTC CCG AAA GAA
S3743 GAG GAT TCC TAC AGG AAG CAA 0.41£0.01 3 3 4
CTC CTA AGG ATG TCC TTC GTT
Stas-151 TCA GCA AAG ACA AGA CAG GGT 0.29+0.04 3 2 0
AGT CGT TTC TGT TCT GTC CCA
S31.37 GAA TAT GAT CCA ACA ATA GAG 0.26+0.01 3 1 11
CTT ATA CTA GGT TGT TAT CTC
Se1-67 CAA GAG GAG TAC AGT GCA ATG 0.22+0.01 2 1 4
GTT CTC CTC ATG TCA CGT TAC
Sss-61 ATT CTC GAC ACA GCA GGT CAA 0.20+0.01 2 1 2
TAA GAG CTG TGT CGT CCA GTT
S7.13 GTG GTA GTT GGA GCT GGT GGC 0.21x0.03 1 4 2
CAC CAT CAA CCT CGA CCA CCG
S67-73 ATG AGG GAC CAG TAC ATG AGG 0.25x0.01 0 4 6
TAC TCC CTG GTC ATG TAC TCC
S109-115 GTA CCT ATG GTC CTA GTA GGA 0.12+0.03 0 4 8

CAT GGA TAC CAG GAT CAT CCT

This table is ordered by the number of TT’s in the K-Ras sequences. Column 2 represent the dsSDNA

sequence for each of the K-Ras gene used in this study. Column 3 denote the damage susceptibility (1-

F), where F = Fi/F., Fi is the fluorescence intensity of EG-dsDNA upon damage and F. is the fluorescence

intensity of the control sample. Columns 4, 5 and 6 denotes the number of (-TT-), (-CC-) and (-CT-)

nucleobase pairs, respectively.
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Table 5.7 UVC-induced DNA damage susceptibility of N-Ras sequences.

Seq. N-Ras Damage TT CC CT
No. Susceptibility
S37.43 GAG GAT TCT TAC AGA AAA CAA 0.66+0.02 6 1 7
CTC CTA AGA ATG TCT TTT GTT
Si39-145 ATT CCA TTC ATT GAA ACC TCA 0.75+0.01 5 2 5
TAA GGT AAG TAA CTT TGG AGT
Ssso1 AAT AAT AGC AAG TCA TTT GCG 0.44+0.06 5 0 3
TTA TTA TCG TTC AGT AAA CGC
So7-103 AGG GAG CAG ATT AAG CGA GTA 0.44+0.01 2 4 8
TCC CTC GTC TAA TTC GCT CAT
S73-79 AGG ACA GGC GAA GGC TTC CTC 0.36+0.02 2 2 6
TCC TGT CCG CTT CCG AAG GAG
Se1-67 CAA GAA GAG TAC AGT GCC ATG 0.16+£0.03 2 1 6
GTT CTT CTC ATG TCA CGG TAC
S31.37 GAA TAT GAT CCC ACC ATA GAG 0.27£0.02 1 3 6
CTT ATA CTA GGG TGG TAT CTC
Sss-61 ATA CTG GAT ACA GCT GGA CAA 0.26+£0.02 1 2 7
TAT GAC CTA TGT CGA CCT GTT
S7.13 GTG GTG GTT GGA GCA GGT GGT 0.26£0.00 1 5 3
CAC CAC CAA CCT CGT CCA CCA
Se7.73 ATG AGA GAC CAA TAC ATG AGG 0.49+0.02 1 2 7
TAC TCT CTG GTT ATG TAC TCC
Si45-151 TCA GCC AAG ACC AGA CAG GGT 0.11+0.02 1 4 0
AGT CGG TTC TGG TCT GTC CCA
S100-115 GTA CCT ATG GTG CTA GTG GGA 0.11+£0.02 0 4 4

CAT GGA TAC CAC GAT CAC CCT

This table above is ordered by the number of TT’s in the N-Ras sequences. Column 2 represent the

dsDNA sequence for each of the N-Ras gene used in this study. Column 3 denote the damage

susceptibility (1-F), where F = Fi/F., Fj is the fluorescence intensity of EG-dsDNA upon damage and

F. is the fluorescence intensity of the control sample. Columns 4, 5 and 6 denotes the number of (-TT-

), (|CC-) and (-CT-) nucleobase pairs, respectively.
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Figure 5.3 UVC damage susceptibility (1-F) as a function of number of TT and T sites. The
damage susceptibility on the y-axis is 1-F, where F = Fi/F., F;j is the fluorescence intensity of EG-
dsDNA upon UVC damage and F. is the fluorescence intensity of the control sample. EG dye
fluorescence intensities at 530 nm are measured in the presence of 1 uM dsDNA (10 mM Tris, 1
mM EDTA, 10 mM NaCl, pH 7.4) For all the plots, the filled squares represent the damage of K-
Ras sequences and the open circles represent the damage of N-Ras sequences. The solid lines
through the filled square points are linear fits for the K-Ras sequences with their respective R?
values indicated in the upper portion of each plot. The dashed lines through the open circle points
are linear fits for the N-Ras sequences with their R? value indicated in the lower portion of each

plot.
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Si4s.151 and S3137 with 3 TT sites, have damage susceptibilities ranging between 20-50 %. On
analyzing these sequences we found that the presence of a neighbouring guanine to the TT sites
lowers the damage susceptibility of UVC- induced dsDNA damage. Our next approach was to
investigate the effect of neighbouring nucleobases on T<>T photodimer formation. Several
previous studies have shown that for UVC-induced dsDNA damage, the T<>T photodimer yield
is the highest compared to any other bipyrimidine lesion [30,30-32]. Sarasin, et al. [32] and Kohler,
et al. [34], in sequence-dependent studies on T<>T photodimer rates, have established that in
tetrads of the type XTTY, the rate of dimer formation is higher for TTTG, TTTC, TTTA, TTTT,
ATTC and ATTA, and lower for GTTA, ATTT, GTTC, GTTT and CTTC. This result shows that
all the tetrads with neighbouring Gs to the TT site lower the rate of T<>T photodimer formation.
Having established that the damage of K-Ras sequences by UVC irradiation is probably related
to TT sites, we now similarly analyze the N-Ras gene sequences (Table 5.7). Here, we also see a
decrease in damage susceptibility with decreasing number of TT sites. However, we see a few

more noteworthy exceptions than in K-Ras. These will be discussed in detail.

Sequences Si3o-145 and Sgs.o1, both with 5 TT sites, gives a lower damage susceptibility for
sequences Sgs.o1 than for sequence Si39-145. Similarly for sequences So7-103, S73-79 and Se1-67, which
each have 2 TT sites, sequence Se1-67 gives a lower damage susceptibility than the other two
sequences. Using the discussion above, we observe a larger drop in the damage susceptibility with
the presence of G next to TT site for both the Sgs.91 and Sei-67 sequences. This result is also
consistent if we compare Sgs.o1 of both K-Ras and N-Ras sequences. These sequences differ only
in the neighboring nucleobase at 1 TT site out of the 3 TT sites present, excluding terminal TT
sites with the least effect on damage susceptibility (see Chapter 4) The neighbouring adenine in

K-Ras sequence Sgs.91 is replaced by a neighbouring guanine in the analogous N-Ras sequence.
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This change drops the damage susceptibility by a value of 1.8. Thus, it is reasonable to say that
the quenching effect of a neighbouring nucleobase plays a vital role in the T<>T photodimer

formation rate [33].

These results for UVC-induced DNA damage in K-Ras and N-Ras sequences establishes an
excellent agreement between damage and the effect of neighbouring guanine nucleobase on T<>T
photodimer formation rate, as seen in previous studies [32, 34]. A potential discrepancy in this
model of damage susceptibility is observed for sequences S¢7-73 for K-Ras and S109-115 for both the
K-Ras and N-Ras sequences. All these sequences have no TT sites yet show damage between 10
-25 %. This could be due to the fact that UVC radiation damages other bipyrimidine sites, such as
TC, CT and CC. Photodimer formation with all possible bipyrimidine sites in the presence of UVC
radiation is reported to occur in the order TT>TC>CT>CC [32] Thus in the absence of the
possibility of forming a T<>T photodimer, there is a probability of forming other bipyrimidine
photoproducts which may be reflected in the damage susceptibility reported here. However, it is

the number of TT sites that dominates the damage susceptibility when they are present.

5.3.3 Comparative study of activated Ru complex- and UVC-induced DNA damage for K-
Ras and N-Ras genes. Several biological studies performed on different tumour types have
confirmed K-Ras to be more prone to mutation then N-Ras genes [28]. The COSMIC (Catalog of
Somatic Mutations in Cancer) dataset confirms that 22% of K-Ras genes are mutated in
comparison to 8 % of N-Ras genes in all the tumours analyzed [3]. Most of the correlation plots
discussed in this chapter also show K-Ras sequences to be more correlated to damage susceptibility
than N-Ras sequences. To get a better insight into these results and relate them to the biological
tumour results we compared the activated Ru complex and UVC-induced dsDNA damage

susceptibility for both K-Ras and N-Ras sequences (Figure 5.4). Consistent with the biological
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tumour results, our data, gives larger damage susceptibility (~85-88%) for K-Ras sequences than

N-Ras (~75-78%) for both types of damages.

We analyzed the sequences S7.13, Sss-61 and Se1-67, which consists of biologically active 12, 13
and 61 codons, respectively. These codons are composed of 1-2 guanine nucleobases, which makes
them a good candidate to undergo oxidative DNA damage [34]. Our experiments which were done
in anaerobic conditions, show that these sequences are more prone to activated Ru complex-
induced dsDNA damage than UVC-induced damage. This is expected, since both codons 12 and
13 of K-Ras and N-Ras sequences have one GG site. On the contrary, codon 61 contains a TT site
that is expected to be more susceptible to UVC-induced DNA than activated Ru complex-induced
damage. However, it may be less susceptible to this type of damage, due to the presence of a
neighbouring guanine (see above). In contrast, neighbouring thymines to G sites increase the
possibility of monoadduct formation for activated Ru complex-induced dsDNA damage (see above
and chapter 3). In order to understand the role of this mutagen on the biologically active codons
of Ras genes in detail, further studies are required by designing sequences with and without these

codons.

Another interesting result is that sequences Se167 and Sioo-115 with a higher activated Ru
complex-induced dsDNA damage susceptibility for K-Ras and N-Ras genes shows minimum
damage susceptibility for UVC radiation. This result is obvious since GC and AT content is
mutually exclusive in DNA. Our results show that the activated Ru complex forms adduct with Gs
and UVC radiation forms a photoproduct with TTs in all the sequences. Thus considering the

mutual exclusivity of GC and AT base pairs for DNA, these results are expected.

Further, we also studied the damage susceptibility for Ru and UVC-induced DNA damage as a
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Figure 5.4 Comparison of the damage susceptibility to (A) activated Ru complex and (B) UVC
radiation obtained for all the K-Ras and N-Ras sequences in Table 5.2 and 5.3, respectively. The
values on the y-axis are (1-F), where F = Fi/F, Fi is the fluorescence intensity of the EG-dsDNA
complex upon damage and F. is the fluorescence intensity of the control sample. Aliquots of (A)
activated Ru complex-induced dsDNA damage and (B) UVC irradiated samples were mixed with
EG (10 mM Tris, 1 mM EDTA, 10 mM NaCl, pH 7.4) in a concentration ratio of 1:1.33 in 96-well
plates. For both the plots, the white bars represent the damage susceptibility of the K-Ras

sequences and the grey bars represents the damage susceptibility of the N-Ras sequences.
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function of % homology between K-Ras and N-Ras sequences (Figure A11 and A12). From the

plots, it can be seen that no strong correlation could be established between the observed damage

susceptibility for both Ru and UVC damage and % homology. This result could be expected due

to the seeming importance of neighbouring nucleobases at damage sites, as discussed above.

5.4 Conclusions.

The damage susceptibility of different K-Ras and N-Ras sequences upon activated Ru
complex-induced and UVC-induced dsDNA damage were studied and compared. Results
shows a higher extent of damage for K-Ras sequences than N-Ras sequences. This result is
in excellent agreement with past studies which has shown that K-Ras genes are more mutated
in tumours than other Ras genes. The results discussed in this chapter are also in agreement
with previous sequence-dependence studies of UV-induced DNA damage. We’ve expanded
on the work in those studies to measure the sequence-dependence of activated Ru complex-
induced damage. It should be noted that to study the damage, we have designed a rapid mix-
and-read assay using EvaGreen dye as a fluorescent probe. Although in the current study we
mainly focus on a few sequences of the K-Ras and N-Ras genes, one promising future
direction will be development of the method described in this work for measurement of
damage in various other oncogenes with different mutagenic agents. This will help us to

increase our understanding of the mutagenic character of chemical damage mechanisms.
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Chapter 6
Conclusion and Future Work

6.1 Overall Summary
The work presented in this thesis involves the development of a multiplex method for DNA

damage studies coupled with various probes. The method was used to investigate damage induced
by UV and chemical damaging agents on multiple sequences of single-stranded DNA (ssDNA)
and double-stranded DNA (dsDNA) simultaneously. The importance of the study is that it provides

significant insight into the chemical damage mechanism of both ss and dsDNA.

Hybridization assays with fluorescence probes serve as a simple and sensitive method for DNA
damage studies. Previous work from our group [1,2] indicates that the amount of DNA damage
present in solution can be measured by this hybridization technique using various fluorescent
probes. However, a major limitation of this work was the use of the cuvette method to measure
damage [3-5] in a single sample. Detection of DNA damaged by cuvette method typically requires
large quantities of samples and multiple iterations of screening, which makes the assay laborious
for multiple sample assay. To transcend this shortcoming we took advantage of a 96-well
microplate platform to study DNA damage. This platform is ideal for performing studies on
multiple DNA samples or multiple repetitions on the same sample simultaneously while using very
small amounts. However, achievement of high sensitivity with precision and accuracy was one of
the major challenges in extending the hybridization assay on multiple samples. In Chapter 2, we
mainly focused on reproducing DNA damage experiments done by cuvette method, replacing
cuvettes with 96-well microplates followed by the quantification of damage using Smart Probes
(SPs). Here we designed an assay for UVC-induced DNA damage of four ssDNA target

simultaneously for different exposure time on a 96-well microplate coupled with a novel
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automated sample mover. Our results show that the oligonucleotide damage constants obtained
with this method are reproducible and similar to those obtained in the cuvettes. The results also
show that the damage kinetics upon irradiation with UVC light is sensitive to different types of
photoproducts formed in the four sequences used. Thus detecting DNA damage in a 96-well
microplate and quantifying the damage with SPs is a simple fast mix-and-read technique for

multiplexed sequence-specific DNA damage detection.

Another pitfall of the work done in our group was the use of expensive fluorescent probes to
quantitate DNA damage. These probes include MBs [3,4], SPs [5], 2APs [6] and chMBs [7],
which have superior selectivity and sensitivity to detect damage, but they are limited because of
their high cost and complexity in designing them for multiple samples. The work discussed in
Chapter 2 couldn’t overcome this limitation since it was done using SPs that were designed
complementary for each sequence under study. Therefore, our next challenge was to design

multiplex assays for DNA damage detection with inexpensive probes.

In Chapter 3, we focus on studying the damage of multiple samples with intercalating dyes such
as EvaGreen (EG). Here we developed an assay for detecting DNA damage in multiple sequences
in a 96-well microplate platform using fluorescence of EG dye. In this work, we studied the factors
affecting the selectivity of EG-dsDNA to detect Ru-induced DNA damage. Results show that a
low 1onic strength and low target concentration improves the performance of the EG intercalating
dye in detecting Ru-induced DNA damage. Our results also show that the EG probe could quantify
ssDNA damage induced by the Ru complex. This result was confirmed by melting curves and
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS).
These advantages allow 96-well microplate method coupled with fluorescence intensity of EG our

method of choice for detection and quantification of DNA damage in multiple samples. Thus, in
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this chapter we developed a simple, sensitive, cost-effective, mix-and-read assay for detecting
ssDNA damage. Detecting damage on multiple sequences of dSDNA was important to get a better

insight of their damage kinetics and relate them to the hot spots of DNA damage.

In Chapter 4, we examine UVC-induced damage in both ss- and dsDNA. Here we studied the
damage with another intercalating dye, Hoechst 33258 (H258). This dye is a minor groove binder
and has high selectivity towards dsDNA when compared to ssDNA. The dye gives maximum
fluorescence with undamaged dsDNA and minimum fluorescence with damaged dsDNA. Thus,
the higher the damage rate, the lower the fluorescence intensity will be. We used our previous
experience in working with multiple samples to study the effect of mismatches on 22 different
sequences simultaneously. Our results show that both the number and position of mismatches
determine the stability of dsDNA. To have a better understanding of the kinetics of dsDNA
damage, we further studied UVC-induced DNA damage of dsDNA and compared it to that of
ssDNA. The kinetics show ssDNA to be more mutagenic towards UVC irradiation than dsDNA.
This breakthrough result supports the biological studies [8,9] that show ssDNA to be more
vulnerable to damage than dsDNA in the cell. Thus, our results provide a chemical basis for the
difference in damage susceptibility for ss and dsSDNA. We further extended our work by studying
UVC-induced DNA damage of calf thymus DNA. This was to test the selectivity of our dye in
detecting damage in naturally occurring sequences with ~ 2000 bp. A high precision between the
damage constant obtained for two independent irradiation experiments indicate the reproducibility
of the method. The results obtained provided valuable input in understanding the damage kinetics

of UVC-induced damage.

To get a better insight into DNA damage and mutagenesis, it is important to study the effect of

different mutagenic agents on human genomic sequences. In Chapter 5, we investigated the effect
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of a Ru complex and UVC irradiation on few of the Ras proto-oncogene sequences. It has been
well established [10] that mutations in K-Ras and N-Ras proto-oncogenes can convert them into
active oncogenes. The current molecular cancer research [11,12] has been focused on determining
the key steps by which cellular genes become oncogenes. Here in this work, we focus on the
underlying and fundamental chemical damage mechanism and mutational hot spots of damage of
K-Ras and N-Ras genes upon exposure to a Ru cis-platin analog and UV damaging agent.
Detection of damage is accomplished by a simple, sensitive, inexpensive, mix-and-read assay
using an EG probe in a 96-well microplate. Our results show that although there is a high degree
of similarity among K-Ras and N-Ras genes, they show different responses to particular damaging
agent. We discuss the effect of the Ru complex and UVC radiation on various codons of K-Ras
and N-Ras genes, and potential reasons that may lead to a differential pattern of damage. Our
results show that the rate of Ru complex damage is determined by the number of Gs and the rate
of UVC damage is determined by the number of Ts present in the sequences. Further, our results
found K-Ras sequences to be more mutagenic than N-Ras sequences. Thus, this chapter illustrates
the application of our multiplex method and elaborates the initial steps required to develop the

library of hot spots of damage.

Early detection and measurement of the amount of DNA damage helps in understanding the
distribution of mutational hot spots in the human genome and may inform future treatments for
cancer. This led to the focus of current research in the development of high throughput screening
assays (HTS) for testing the effect of different mutagens on ss and dsDNA. Simple, rapid and
highly reproducible microplate-based methods have been extensively used for drug discovery and
genotoxicity testing [13]. These methods emphasize the advantage of high-throughput screening

of various chemicals and drugs for their potential toxicology effects. Many in vivo [14] and in vitro

147



[15] HTS have been developed during recent years for screening chemical libraries against
potential cancer genes in parallel. Single cell gel electrophoresis (the comet assay) is one of the
current HTS method used for detecting DNA damage in multiple cells simultaneously [16]. Due
to its simplicity and ease of use, this method is gaining popularity. Various simplifications and
modifications has been done in past years to increase the sensitivity, versatility and high-
throughput of the method [17] including the use of platform coupled with 96-well microplates to
accomplish effective cell loading, increased reproducibility and ability to perform analysis on 96
samples simultaneously [18]. However, the wider acceptance of comet assay is limited due to the
use of laborious, time-consuming and potentially biased image processing softwares [19] for
sample analysis. The use of different software’s affects the reproducibility of comet assay method

from lab to lab.

The 96-well microplate method combined with fluorescence detection of DNA damage by
hybridization method discussed in this thesis serves as a simple, fast, inexpensive and sensitive
method for damage studies. Unlike the multiplex comet assay, this method uses neither laborious
software for data analysis nor any chemical such as sodium hydroxide for DNA unwinding and
denaturation processes which can induce additional DNA damage. Our method incorporates most
of the elements required for HTS assays. The sample preparation is done in a 96-well microplate
without any centrifugation, separation or washing steps. The fluorescence dye used in our work,
proved to be quit reproducible well-to-well, pate-to-plate and day-to-day. Other major highlights
of this assay are its simplicity, low volume of sample, shorter analysis time and homogenous mix-
and-read mode of detection. Although, the reagent dilution for our work was manually done, the
current progress in HTS assays has developed robots to specifically handle microplates. The use

of robot for sampling and dilution will reduce the time and increase the reproducibility of our
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assay. However, one downside of this method is that the assays are performed on isolated DNA
samples. Therefore, to make our method a suitable screening assay for genotoxicity testing it is
important to extend this method from isolated DNA to cellular DNA.

6.2 Future Work

As discussed in the preceding section the work presented in this thesis develops a multiplex
method to detect DNA damage in synthetic ss and dsDNA samples. However, to expand our
contribution to cancer research, it is important to perform these experiments at a cellular level.
The success of any new technique is determined by its cost, simplicity and sensitivity. Thus, to
extend our method as a diagnostic tool it is also important to develop an assay or platform that is
less expensive, easily available and eco-friendly
6.2.1 In vitro assay for detecting DNA damage in individual cell.

Detection of DNA damage at the cellular level warrants high significance in the field of
genotoxicity/environmental testing and diagnostic of genetic disorder [20]. There are many in vitro
and in vivo assays for the intracellular detection of DNA damage. The commonly used assays are
the bacterial Ames test [21-24], mammalian chromosome aberration test [24,25] and comet assay
[20,26,27]. The Ames test and mammalian chromosome aberration test are the most commonly
used method to test if a chemical is a mutagen. They are simple in vitro assays. However, the Ames
test 1s limited in use since it is done on a bacterial cell which obviously differs from mammalian
cells. Thus, a chemical recognized as a carcinogen by the Ames test may or may not be a potential
carcinogen in higher organisms. The mammalian chromosome aberration test can give a negative

result if the cells are not analyzed at an appropriate time after exposure. In order to overcome these

limitations, the comet assay has been used as a powerful tool for the assessment of mutagenicity

gel electrophoresis, and its advantages and disadvantages were described above.
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Thus, extending our method of DNA damage detection in single cell will open ways for fast
screening assays. Single cell electrophoresis assay (comet assay) has been successfully used for
studying damage in individual cells [28]. Similarly, we plan to perform damage studies inside the
cell by extracting the DNA and quantitating the damage by fluorescence measurements of
intercalating dyes. Further estimating the amount of DNA damage after regular interval of time
will help us in understanding the role of repair enzymes in determining the damage rate of DNA

and the general difference between in vitro and in situ rates of DNA damage.

Also, all these methods use harsh chemicals such as sodium hydroxide and sodium dodecyl
sulfate for isolation of DNA from cells [28]. This isolation step introduces many experimental
artifacts which may lead to additional DNA damage and affect the sensitivity of the assay. To
overcome this limitation we plan to damage the DNA inside the cell and quantitate the damage by
staining the cell with cell-permeable intercalating dyes such as H258 and PicoGreen. These in situ
studies will help to move a step further into cancer research.

6.2.2 Different diagnostic platform for DNA damage studies.

The need for simple, rapid and high-throughput screening assays has driven the development
of solid-phase assays for the analysis of DNA, RNA and protein targets [29,30]. The use of a
paper-based assay [31] is one such method. This method is growing interest as a low-cost and
portable diagnostic tool with simple readout instrumentation for screening assays. Paper-based
platforms have now been successfully used for biological assays, including cell assays. This
technique overcomes the high cost of microplates and is easy to use. Recently, paper-based
platforms immobilized with quantum dots (QDs) [32] were used for single nucleotide
polymorphism (SNP) detection using a hybridization assay. In this study, the quantum dots were

attached to the surface of paper modified with an imidazole group. Disulfide modified
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oligonucleotide sequences would bind to the QDs. The SNP was detected by adding the
complementary oligonucleotide sequence with Cy3 dye at one of the oligonucleotide termini. In
the absence of DNA, the QDs gave a green color. However, with increasing amount of DNA, the
Cy3 increasingly quenches the QDs fluorescence yielding a yellow fluorescence. This change in

green to yellow fluorescence was used to detect the SNP.

This same idea could be used in the future to replace the well plate by the paper based
microplates for DNA damage detection. The paper surface could be chemically modified with an
epoxide group. Covalent coupling of amino-modified DNA strands to the modified paper would
take place in a single step. These strands can then be subjected to UV light or other damage agents.
Quantification of damage can be done by adding the complementary strands with a fluorescent
probe at one end. In the absence of damage, hybridization will occur resulting in maximum
fluorescence. However, in the presence of damage, the complementary strands will be washed
away, giving minimum fluorescence. This method could be further made inexpensive by the use
of complementary strands without any fluorescent dye attached but designed with two regions
(Figure 6.1), region 1 with exact complementary bases to the target strand (variable region) and
region 2 with a small chain of non-complementary nucleobases (constant region). Here the
fluorescent probe is attached to the oligonucleotide chain designed complementary to the constant
region. Thus, by designing different sequences with same constant regions, we can use a single

fluorescent probe for studying damage in multiple sequences.

Further advancement of paper-based techniques have resulted in a novel Teflon-impregnated
paper [33] that introduces specific zones of patterned arrays allowing assays to be performed
similar to the microplates. This technique has already been used successfully to study cell

responses to different peptides. Performing our DNA hybridization experiments coupled with
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Figure 6.1 Schematic representation of a paper-based assay with a single probe for DNA damage
detection. The complementary DNA has two regions, region 1 designed complementary to the
target DNA and region 2 designed complementary to the single probe sequence. Region 1 varies
with different targets but region 2 is constant for multiple sequences. This design allows for the
use of a single fluorescently-labelled probe, typically the most expensive elements in a fluorescent

hybridization assay.
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Another approach is the use of DNA microarrays in which DNA is immobilized on a solid
support in a very small area [29]. The solid support could be glass, plastic or silicon. However, the
microarray experiments are limited by issues of reproducibility, due to non-uniform spots and lack
of information about the number of binding sites on the slides. To overcome this limitation we can
bind the DNA to the well plates by modifying the DNA and the well plate surface. One example
is the reaction of modified DNA containing a primary amine group at one end to the well plate that
has been modified with a covalently-linked N-oxysuccinimide (NOS) group [34,35]. Use of plates
with such modification has an added advantage that it do not requires activation with UV light or
other coupling agents. Thus, binding the DNA to the 96-well microplates would be a better way
to obtain accurate and precise results since each well of the well plate represents an individual
spot. The shapes of the spots is uniform and have a fixed number of binding sites, as reported by
the plate providers. The use of an internal standard would also help us to evaluate the binding sites.
Hence, this method will provide reproducible spots with same number of binding sites and will
increase the precision of the method. Unlike microarray, the data analysis of the well plate
experiments does not require any complicated software. Previous work with this type of modified
well plates gave reproducible results for DNA-protein interaction studies via a kinase assay [36].
Our goal is to design a multiplex mix-and-read assay on these modified microplates by linking the
amine-modified DNA to the well plate and then subjecting them to different damage agents. The
quantification of damage can further be done by our hybridization technique coupled with
measuring the fluorescence intensity of the intercalating dyes. This assay will serve as an

intermediate step between solid-phase and solution-phase DNA studies.

The development of in-vitro assays in the 96-well microplates and further extending them to

high-density 384 and 1584 multi-well microplates would extend the application of our mix-and
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read-assays in measuring hot spots of DNA damage. As discussed in Chapter 5 of this thesis, we
have successfully used our method to study the effect of different damaging agents on a few
sequences of Ras genes. We anticipate that similar research along with in vitro assays performed
on various other oncogenes and with high-density multi-well microplates, will help us to construct

a library of hot spots of DNA damage.
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Table Al. Fluorescence intensity of blank sample.

Fluorescence Intensity (x 103 cps)
4.7

4.6
4.8
4.8
4.6
4.7
4.6
4.6
4.7
4.7
4.6
4.8
4.8
4.6
4.7
4.5
4.7
4.6

Avg+SD 4.7 £0.07

Fluorescence intensity for 0.18 uM SPgr17 in buffer. ‘Avg’ is average and ‘SD’ is standard

deviation. These values were used for calculating the LOD and LOQ.
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Figure A1l. Melting (filled squares) and cooling curve (open circles) of 0.18 uM SPtac alone. The
melting curve was generated at a heating rate of 1 °C/min, in 4 °C increments and with a 5 min
holding time after each increment. The cooling curve was performed with all the above conditions,

except -4 °C increments were used.
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Figure A2. Absorbance at 260 nm as a function of UVC exposure time for a 10 uM dT7 irradiated

sample (filled squares) and 10 uM unirradiated dT17 control (open circles). The solid line through
the filled squares is fit to a double exponential function, A=A, +C,e"™ + C,e™"™ The absorbance

parameter obtained from the fit are C; = 0.81 OD, C, = 0.53 OD, Ao=0.29 OD, 11 =2.79 £ 0.04
min, T2 = 288.46 + 41.43 min. The solid line through the open circles is fit to a straight line of zero

slope by eye.
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target.
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Figure A4. Melting curves of 0.18 uM SP alone (open circles) and 0.18 uM SP in the presence of
a 3-fold excess of perfectly complementary oligonucleotide target sequence (filled squares) in
10mM Tris and ImM EDTA with varying Na* and Mg?" concentrations. The melting curves use
(A) 1 mM MgCl, (B) 3 mM MgCl, (C) 3 mM MgClz and 20 mM NaCl and (D) 5 mM MgCl; and

20 mM NaCl. Fluorescence curves have each been scaled to SP alone.
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Figure A7. The emission spectra of EG-ds T17 DNA complex (closed triangles), ds T17alone (open
circles) and activated Ru complex irradiated for 10 min (open squares). The emission scan was

recorded at excitation wavelength of 490 nm at room temperature.
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Figure A8 Emission scans for 1.33 uM EG excited at 490 nm in the presence of dsSDNA alone
(open circles), ssDNA-Ru complex damaged for 0 min and then hybridized with the
complementary target (open triangles) and dsDNA in presence of activated Ru complex kept in
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Figure A9. Activated Ru complex-induced damage susceptibility (1-F) as a function of number
of GC, GT and GA sites. The damage susceptibility on the y-axis are 1-F, where F = Fi/F¢, Fi is
the fluorescence intensity of EG-dsDNA upon Ru damage and F. is the fluorescence intensity of
the control sample. EG dye fluorescence intensity at 530 nm is measured in the presence of 1 uM
dsDNA (10 mM Tris, 1 mM EDTA, 10 mM NaCl, pH 7.4) For all the plots, the filled squares
represent the damage of K-Ras sequences and the open circles represent the damage of N-Ras
sequences. The solid lines through the filled square points are linear fits for the K-Ras sequences
with their respective R? values indicated in the upper portion of each plot. The dash line through
the empty circle points are linear fits for the N-Ras sequences with their R? value indicated in the

lower portion of each plot.
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Figure A10. UVC-induced damage susceptibility (1-F) as a function of number of GA, GT, GG and GC
sites. The damage susceptibility on the y-axis are 1-F, where F = Fi/F, F; is the fluorescence intensity of
EG-dsDNA upon UVC damage and F. is the fluorescence intensity of the control sample. EG dye
fluorescence intensity at 530 nm is measured in the presence of 1 uM dsDNA (10 mM Tris, | mM
EDTA, 10 mM NaCl, pH 7.4) For all the plots, the filled squares represent the damage of K-Ras
sequences and the open circles represent the damage of N-Ras sequences. The solid lines through the
filled square points are linear fits for the K-Ras sequences with their respective R? values indicated in
the upper portion of each plot. The dash line through the empty circle points are linear fits for the N-Ras

sequences with their R? value indicated in the lower portion of each plot.
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Figure A11. A Damage between damage susceptibility of K-Ras and N-Ras sequences (A) and
ratio between damage susceptibility of K-Ras and N-Ras sequences (B) as a function of %
homology between K-Ras and N-Ras sequences for Ru-induced DNA damage. The damage
susceptibility is 1-F, where F = Fi/F, F; is the fluorescence intensity of EG-dsDNA upon damage
and F. is the fluorescence intensity of the control sample. EG dye fluorescence intensity is
measure at 530 nm in the presence of 1 uM dsDNA (10 mM Tris, ImM EDTA, 10 mM NaCl,

pH 7.4). The solid lines through the filled square points are linear fit with their R? values

indicated for each plot.
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Figure A12. A Damage between damage susceptibility of K-Ras and N-Ras sequences (A) and
ratio between damage susceptibility of K-Ras and N-Ras sequences (B) as a function of %
homology between K-Ras and N-Ras sequences for UVC-induced DNA damage. The damage
susceptibility is 1-F, where F = Fi/F, F; is the fluorescence intensity of EG-dsDNA upon damage
and F. is the fluorescence intensity of the control sample. EG dye fluorescence intensity is
measure at 530 nm in the presence of 1 uM dsDNA (10 mM Tris, ImM EDTA, 10 mM NaCl,
pH 7.4). The solid lines through the filled square points are linear fit with their R? values

indicated for each plot.
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