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Abstract
The exposure of DNA to UV radiation can lead to deletions, strand breaks or base modifications
such as the formation of cyclobutane pyrimidine dimers (CPDs), [6-4] pyrimidine-
pyrimidinones, and photohydrates, which may then lead to skin cancer. Different methods have
been developed for the detection of UV-induced DNA damage, including molecular beacons,
smart probes, mass spectrometry, high-performance liquid chromatography, comet assays, and
electrophoresis. However, these methods have disadvantages, such as rigorous or cumbersome
sample preparation procedures which may further damage the DNA, are sequence dependent,
and/or are expensive. Recent studies have shown that EvaGreen” (EG"), a DNA intercalating
dye, can be used to detect UV-induced DNA damage in short oligonucleotide sequences. In this
study, we show a simple mix-and-read method of detecting UV-induced DNA damage using calf
thymus DNA (ct-DNA), salmon sperm DNA (ss-DNA) and E. coli DNA samples. The ss-DNA
and ct-DNA were approximately 2000 base pairs long. Samples were irradiated anoxically
individually and later simultaneously with UVC lamps emitting at 254 nm with a power density
of 75 W m™. Irradiated DNA samples were then hybridized with EG® after various irradiation
times and the fluorescence measured using a plate reader at room temperature. The results
obtained show that the fluorescence intensities decrease with increasing irradiation time,
consistent with EG® being released in its lower fluorescent-intensity form from the damaged
DNA. Therefore, EG” is a potential tool for the detection of UV-induced DNA damage in long
oligonucleotide sequences, and further shows good prospects of potentially up to and including
genomic DNA. Under these conditions for the individual irradiation experiments of ct-DNA and ss-
DNA, ct-DNA with an Adenine-Thymine base pair percentage composition (AT %) of 58.1 % is
damaged at a faster rate than the ss-DNA of AT % composition of 56.9 %, with average damage

time constants of 82 + 13 min and 143 £ 43 min, respectively.



In the simultaneous irradiation experiments of ss-DNA and ct-DNA under the same
conditions, ss-DNA although with a lower AT% composition showed similar average damage
time constant of 112 + 25 min with ct-DNA of an average damage time constant of 101 £ 24 min
within experimental errors. The simultaneous UVC irradiation of extracted cellular E. coli DNA,
ss-DNA and ct-DNA showed that E. coli DNA with an AT% composition of 49.2 which is lower
than that of both ss-DNA and ct-DNA showed a higher average time constant. Results from the
simultaneous irradiation of E. coli DNA and ss-DNA showed that £ coli DNA had a damage
time constant of 69 + 11 min while 63 + 6 min was obtained for ss-DNA which are similar
within statistical analysis, although E. coli DNA showed an observed higher average damage
time constant of 105 £ 29 min when irradiated simultaneously with ct-DNA of average damage
time constant 66 £ 12 min, which is consistent with results obtained from previous studies.
Finally, the systematic and human error analysis associated with this method was evaluated in

this study.



Preface

This thesis is an original work by Ebuka Penticost Ikegwuonu, under the supervision of Dr.

Loppnow. No part of this thesis has been previously published.



Dedicated to

God almighty, humanity and everyone working in the field of skin cancer research.



Vi

Acknowledgement

I would firstly like to thank God almighty whom without His grace I would not have gotten this

far.

My sincere appreciation and gratitude go to my graduate supervisor in the person of Dr.
Glen Loppnow whose support and guidance were both crucial and decisive in making this

research work a success.

I would like to thank the past members of the Loppnow research group in the persons of
Dr. Sindhu Nair and Amira El-Yabzi for their inestimable contributions which in many ways

shaped this research work.

I also want to thank my parents Mr. and Mrs. Leonard lkegwuonu, and my siblings
Ugochukwu, Ebele, Amara, Chukwuma, Chibuzor, Chidindu, and Wealth for their immense
support, prayers and well wishes throughout my studies. I won’t fail to show my gratitude to
Gareth Lambkin of the Biological Sciences facility whose help was instrumental in getting this

work completed.

My love goes to my friends Chisom, Jennifer, Emeka, Kunle, Valentine, Innocent, Jean
Paul, Isaac, Nathaniel, Ebenezer Obiorah and his family, members of the DLCF campus
fellowship, and so many others whose names are not written here for their love and
encouragement which were both very necessary and important to the success of my graduate

studies.

Finally, I would like to thank the members of my supervisory committee James Harynuk

and Jon Veinot for their supervision, Dr. Ratmir Derda and his research group for allowing me to



Vii

use their lab, and the entire faculty of the chemistry department of University of Alberta who

might have instructed and in one way or the other influenced the success of this work.

I will also be quick to admit that this research work wouldn’t have been possible without

the funding of the Department of Chemistry, University of Alberta.



viii

Table of Contents

Chapter 1: General Introduction

1.1 The DNA molecule and its double helical structure...............c.ooooviiiiiiiiiiiiiiiiin . 1
L2 DNA 01 10 COLIS. .ottt e 3
1.3 UV spectrum and UV-induced DNA damage............ccoooiiiiiiiiiiiiii e, 4
1.4 Photochemistry Of DINA . ... e e e, 7
1.5 DNA damage deteCtion. .........ouuiniinii e e 13
1.5.1 Polymerase Chain Reaction (PCR)............cooiiiiiiiiiiii e, 14
1.5.2 Gas Chromatographiy.........o.eiu ittt 15

1.5.3 Liquid Chromatography Electrospray lonization Tandem Mass Spectrometry (LC—

L Y ) P 16
1.5.4 Gel EleCtrophoresiS. . ..o vttt 17
1.5.5 TIMIMUNOASSAY.....eeeeuereeeiiieeeiieeeieeeeiteeestteeieeeetteessaeesseeesnseeessseeensseeensseeanssaesnssesasssesanns 21

1.5.5.1 Enzyme-linked immunosorbent assay (ELISA).......cccocceiiiiiiiiiiiniiieeieceee, 22
1.5.5.2 Immunohistochemical assay (IHC)..........ccccoooiiiiiiiiniiieiieceeceeeee e 22
1.6 Fluorescence based DNA damage detection techniques............coceeveevirvcnieneniicnecnnene 23
1.6.1 Hair PIN PrODES....ceeiuiiiiiiiieieeiieieteet ettt 23
1.6.2 EvaGreen® and Tb*" as methods of DNA damage detection...............c.ooovuevereeeene. 26

1.6.3 Affinity capillary electrophoresis with laser-induced fluorescence detection (CE-



Chapter 2: UV-INDUCED DNA DAMAGE IN CALF THYMUS AND SALMON SPERM

2.1 INEEOAUCTION. ...ttt ettt et sb et e bt e sbe et sate s e e nbe e 45
PR 25 q 0 1<) 91110111 -1 DO USRS 47
2.2.1 MALEIIALS. ...ttt ettt st sttt et et 47
2.2.2 UVC ITAQIAION. ...ttt sttt ettt et et es 47
2.2.3 Absorbance and fluorescence measuremMents.............eecueereeerieerieenieenieeesieeseeeieeeneens 48
2.2.4 Pipette and instrument error aNalYSIS........eccuiereeriiierieeirienieeieereeesreeseeeeseeseeeneenenes 49
2.3 Results and diSCUSSION. .......eeicuiieeiieeeiieeeieeeeiee ettt e ete e et eeeteeestaeesbeeesaseeesssaeesseeenssesennnes 49
2.3.1 EITOT QNALYSIS...eecuiiiiiieiieiieeieeitie et eeite et estteebeesteeebeesteeesseenseeessaessseesseessseensaesssesssseans 50

2.3.2 Detection of UVC-induced DNA damage in calf thymus and salmon sperm DNA.... 58

2.4 Conclusion

Chapter 3: Detection of UV-induced DNA damage in extracted cellular DNA and regular
DNA samples

3.1 INEFOAUCTION. c...eeee ettt ettt e st e esaee e b 72
R I B q 011 01011111 721 EO USRS 74
3.2.1 MALETIALS. ...ttt ettt ettt et e b ettt et ne e e b e nnee 74
3.2.2 E. coli cell culture growth and DNA eXtraction...........ccccceeeeuieeriieencieeeniie e 74
3.2.3 UV irradiation (comparative experiment of ss-DNA and ct-DNA).........cccceeervennene. 76
3.2.4 UV irradiation (comparative experiment of E. coli DNA with ct-DNA and
SS DN A )i e 76
3.2.5 FIuOrescence mMeasUICMENLS. ......cc.er.eerueerueeruertenieeteeitesieeniesieeeuresteestesasesieenaeensesneenees 77



3.3.1 Simultaneous irradiation of E. coli DNA, ct-DNA, and ss-DNA with UVC light.....78
3.3.2 Comparison of UVC-induced DNA damage in E. coli DNA and ss-DNA............... 82
3.3.3 Comparison of UVC-induced DNA damage in E. coli DNA and ct-DNA............... 87
3.4 CONCIUSION. ....etieniieie ettt ettt st e bt et set e b et e saeenes 91

Chapter 4: Thesis conclusion and future work

O I 01011101 1113 (o) 4 < T 94
4.2 FUTURE WORK . ...ttt et e e eee et ee e et eeeeeaesaaeseaaaseaaaeseseseaaseenassanaaees 96
99

BibDlIOZrapRiy...ccueeiiiiiiiiiiiiiiiisnticnnticsnnicsssnecsssncssssnesssseessssssssssssssssssssssesssssesssssesssssssssssssssssssses



Xi

List of Tables

Table 1.1 Different DNA damage detection techniques with their limits of detection, advantages

AN TIMIEATIONS. ...ttt et et e bt e s it e et e st e e s it e enbeessbeeabeesaeeenbeenaeas 18
Table 2.1 Instrumental (SpectraMax 13x plate reader) error analysis.........cccceeverveerieneeniennnene 51
Table 2.2 Combined instrument and pipette error analysisS.........cccveeeeireerciieeeiieeeieeeieeeeveeenns 56
Table 2.3 Damage time constants for Ct-DNA...........cccoeviiriiiiiiieieee e 61
Table 2.4 Damage time constants for SSEDNA........coiiiiii i 64

Table 2.5 Average time constants of ct-DNA and ss-DNA, and their A-T % compositions...... 66
Table 3.1 Damage time constants for ct-DNA and ss-DNA........c.cccceviiiiiiiiiienieeeeie e 81
Table 3.2 Damage time constants for £. coli DNA and ss-DNA.........cccccoeiiiiiiniiiiieneeeeee, 85

Table 3.3 Damage time constants for £. coli DNA and ct-DNA..........cccooviiiieiiiiiiiecieeieee 89



Xii

List of Figures

Figure 1.1 Chemical structures of the five nucleobases which make up both the DNA and

Figure 1.2 DNA structure. Shown are the DNA double helical structure with significant

distances indicated and a schematic of the hydrogen bonding in polynucleotide

Figure 1.3 Chemical structures of photoadducts generated from UV irradiation, for the formation

of 8-0X0(GUA Via T€ACIVE OXYZEN SPECIES. c..eeveiureruriririnteeteeiterieeteeitesteetesatenteenbeestesaeenteeeesbeenseeanes 9

Figure 1.4 Chemical structures of thymine photoproducts via UV irradiation, with percentage

quantum yields indicated in parentheses..........coceeriiiiiiiiiiiieee e 10

Figure 1.5 Chemical structures of uracil photoadducts generated from UV irradiation, with their

percentage quantum yields indicated in parentheses............cccvveveeriieiiienieeiienieee e 11

Figure 1.6 Chemical structures of cytosine photoadducts generated from UV irradiation, with

their percentage quantum yields indicated in  parentheses...........cccccveevvieeriiee e, 12

Figure 1.7 Chemical structures of adenine photoadducts generated from UV irradiation, where

AA* and A=A are the various forms of photoproducts............cccceevviriiiiriiiniiniinincecce 13

Figure 1.8 Schematic diagram of the hair pin structure of the molecular beacon where “F” is the

fluorophore and “Q” is the QUENCRET.........cccoiiiiiiiiiie e 24

Figure 1.9 Schematic diagram of the stem-loop structure of (A) smart probe and (B) 2-

aminopurine. Where “F” denotes fluorophore and “2AP” denotes 2-aminopurine...................... 25

Figure 2.1 Normalized fluorescence mean intensities of various 6-CF fluorophore solutions

(filled squares) as a function of their CONCEeNtration..........cueevueeiiiiiiiiiienieeeee e 57

Figure 2.2 Normalized EG® fluorescence intensity as a function of UVC irradiation time for ct-
g y

DNA in Trial 1 (A), Trial 2 (B) and Trial 3 (C)...oovviiiiiiiiii e 99

Figure 2.3 Normalized EG” Fluorescence intensity as function of UVC-irradiation time for ss-

DNA in Trial 1 (A), Trial 2 (B) and Trial 3 (C)...oonviiniiiii e, 03



Xiii
Figure 3.1 Normalized EG® fluorescence intensity as a function of UVC irradiation time for ct-
DNA and ss-DNA inTrials 1, 2, and 3....oooiiii e eeesinneeenee. 19

Figure 3.2 A plot of the average time constant for ct-DNA and ss-DNA as a function of their

AT% composition obtained over three experimental trials...........cccccoviiiiiniiiiiiniiiecee, 82

Figure 3.3 Normalized EG" fluorescence intensity as a function of UVC irradiation time for E.

coli-DNA and ss-DNA in Trials 1, 2, and 3.ttt 84

Figure 3.4 A plot of the average time constant for E. coli DNA and ss-DNA as a function of

their AT% composition obtained over three experimental trials............cccccooeviniiniinenniennne 86

Figure 3.5 Normalized EG® fluorescence intensity as a function of UVC irradiation time for ct-

DNA and E. coli-DNA 1In Trials 1, 2 @nd 3....ccooiiiiiieeeiiiee et eee e e e 88

Figure 3.6 A plot of the average time constant for E. coli DNA and ct-DNA as a function of

their AT% composition obtained over three experimental trials..............cccocevceriiniieneecennen. 90



List of Abbreviations

2AP

6-4 PPs

6-CF

ct-DNA

CFCs

CPD

DNA

dsDNA

EG

EDTA

ELISA

FISH

FITC

FAM

GC

HPLC

HC

2-aminopurine

6-4 pyrimidine-pyrimidinone dimers
6-carboxyfluorescein dye

adenine

cytosine

calf thymus DNA
chlorofluorocarbons

cyclobutyl pyrimidine dimers
deoxyribonucleic acid

double stranded DNA

EvaGreen®
ethylenediaminetetraacetic acid
enzyme-linked immunosorbent assay
fluorescence in-situ hybridization
fluorescein isothiocyanate
6-carboxyfluorescein

guanine

gas chromatography

high performance liquid chromatography

immunohistochemical assay

Xiv



LC-ESI-MS

LMPCR
LC
LOD
LOQ
MB

MB ch
mtDNA
mRNA
MS
PAGE
PCR
qPCR
RT-PCR
ROS
RNA

SDS-PAGE

ss-DNA
SNP
ssDNA

SP

liquid chromatography electrospray ionization
tandem mass spectrometry
ligation mediated PCR
liquid chromatography
limit of detection
limit of quantification
molecular beacon
chimeric molecular beacon
mitochondrial DNA
messenger RNA
mass spectrometry
polyacrylamide gel electrophoresis
polymerase chain reaction
quantitative polymerase chain reaction
real time polymerase chain reaction
reactive oxygen species
ribonucleic acid
sodium-dodecyl sulfate-polyacrylamide gel
electrophoresis
salmon sperm DNA
single nucleotide polymorphism

single stranded DNA

smart probe

XV



Tb>*

Uuv
UVA
UVB

uvC

thymine

terbium probe

uracil

ultraviolet

ultraviolet A (315-400 nm)
ultraviolet B (280-315 nm)

ultraviolet C (200-280 nm)

XVi



Chapter one
Detection of UV-Induced DNA Damage with EvaGreen®

General Introduction

1.1 The DNA molecule and its double helical structure

In 1953, James Watson and Francis Crick correctly predicted the structural nature of the
deoxyribonucleic acid (DNA) molecule. Each subunit of DNA is known as a nucleotide'. These
nucleotides are composed of a 5-carbon sugar, either 2'-deoxyribose (DNA nucleotide) or ribose
(ribonucleic acid (RNA) nucleotide), a phosphate group on either the 3' or 5' carbon and a
nitrogenous nucleobase'. The DNA molecule is made up of four nucleobases namely thymine
(T), adenine (A), guanine (G) and cytosine (C); uracil (U) is only found in RNA. From here on in
this thesis, only the DNA nucleotides will be considered. These nucleobases can be divided into

two groups, the pyrimidines and the purines.
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Figure 1.1: Chemical structures of the five nucleobases which make up both the DNA and RNA.



Thymine and cytosine are pyrimidine nucleobases, while adenine and guanine are purine
nucleobases. Each base is distinctively complementary to only one of the other three

nucleobases: adenine only base pairs to thymine with two hydrogen bonds, while guanine
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Figure 1.2: DNA structure. Shown are the DNA double helical structure with significant
distances indicated, and a schematic of the hydrogen bonding in polynucleotide DNA.

Note: The schematic representation of double-stranded DNA. Reprinted with permission from
Electrochemistry of DNA In Applications of Kinetic Modelling, pp 91-119 by Oliveira Brett, A.
M.; Serrano, S. H. P.; Piedade, A. J. P., 1999, Compton, R. G., Hancock, G. B. T.-C. C. K., Eds.;

Elsevier.

only base pairs to cytosine with three hydrogen bonds. These nucleotides together with the
complementary binding of the nucleobases form the double helical structure of DNA. The DNA
molecule consists of two strands which are joined to form the double helix. Each strand has a 5°-
phosphate group at one end and a 3'-hydroxyl at the other end® with sugars linked by the

phosphate groups via phosphodiester bonds. The sugar-phosphate chain acts as the structural



backbone'”. This double helix consists of two grooves which are not identical', the major
groove which is wider and the narrower minor groove'. In cellular organisms like E. coli,
information can only be stored correctly in the DNA in the double helix form'. It is important to
note that the missing 2’-hydroxyl group in DNA gives its phosphate esters resistance to

hydrolysis and hence, much more stability to the DNA compared to RNA.

1.2 DNA role in cells

The major roles DNA plays in cells are replication, encoding information,
mutation/recombination, and gene expression'”. These four processes are vital for the overall
well-being of cells, optimal performance of cellular activities and accurate storage and transfer of

hereditary traits in organisms. This section will discuss those roles in detail.

Replication can be simply defined as the process whereby the DNA molecule makes a
copy of itself during cell division®. Each of the DNA single strands serve as templates from
which new DNA strands can be copied”. The newly synthesized strands are known as
complementary strands. An enzyme known as the DNA polymerase is responsible for the
copying of the new strands. The synthesis of the new strands occurs in the 5'— 3’ direction
along a localized Y-shaped region known as the replication fork”. This replication process is the
basis for the accurate transfer of hereditary traits from parents to offspring as each daughter
replicate consists of one strand of the template and a newly synthesized complementary strand”.
The 3’-5’-endonuclease activity of the polymerase ensures proofreading, ensuring that incorrect
base pairs are not incorporated during the transcription process, while the 5’-3’-exonuclease

activity of the polymerase cuts off unwanted fragments from the growing chain.

Encoding of information seems to be the most important role that DNA plays in cells.
Information stored by DNA is used for the synthesis of other essential biomolecules such as
proteins and RNA. This information is stored in a region of the DNA known as the gene and is
dependent on the arrangement of the nucleotides along each strand”. The gene is the basic
functional unit of heredity that is transferred from the parents to the offspring. In eukaryotes
(multicellular organisms), DNA 1is stored in the cell nucleus while in prokaryotes (unicellular

organisms), DNA is stored in the cytoplasm of the cell”. The gene constitutes of units of A-T and



G-C which lie along a DNA strand. Each sequence of these three bases constitutes a "codon". A
codon constitutes of three bases which corresponds to an amino acid through a process known as
gene translation®. This therefore implies that the sequence of bases of the DNA determines the

amino acid content of proteins in a cell which carry out the processes and functions in a cell.

Mutation can be defined as an alteration to the original order of nucleotide arrangement
in any region of the genomic DNA*. These mutations can be in the form of strand breaks during
growth® or rearrangement of base pairs in the form of insertions or deletions®. Mutations can
arise from errors during replication or when DNA is exposed to damage inducing species such as
chemicals or UV radiation’. Recombination refers to the process which involves the transfer of
genetic materials between chromosomal regions and this helps to maintain the fidelity of the
genomic material through repair of damaged DNA sites™®’” This process can either be a
homologous or a non-homologous recombination®’. An example of this process can be observed
during meiosis in which there is an effective shuffling of maternal and paternal DNA to create

new variant daughter cells.

Proteins and functional RNA are synthesized from a gene 3. This unique process proceeds
via four steps. First, a new RNA strand is synthesized from a DNA strand known as the template,
and this process is known as transcription *°. The newly synthesized RNA is known as the
mRNA (messenger RNA) which is the template for protein synthesis’. The mRNA is then
transported to the cytoplasm of the cell where the protein synthesis occurs®. Finally, in the
cytoplasm the mRNA binds to ribosomes and a protein is synthesized with the help of the tRNA

(transfer RNA) which decodes the sequence of the mRNA in a process known as translation”.

1.3 UV spectrum and UV-induced DNA damage

UV radiation is a part of the electromagnetic spectrum which can damage DNA. This spectrum
consists of three regions UVA, UVB, and UVC. Each region possesses different DNA damage
capabilities, and each can lead to a different set of photoadducts. These various photoadducts are

formed through different mechanisms depending on the UV source being used.



Solar energy is transmitted to the earth’s surface in the form of electromagnetic waves.
The ultraviolet spectrum which makes up less than 10% of the incident radiation reaching the
earth’s surface, ranges® from a wavelength of about 100 - 400 nm' This spectrum is further sub-
divided into three categories® namely UVC which ranges between 100 - 280 nm, UVB which
ranges between 280 - 315 nm and UV A which ranges between 315 - 400 nm. These three distinct
regions of the ultraviolet spectrum induce DNA damage via different mechanisms with varying
impact’. While exposure to solar radiation might have its health benefits such as vitamin D
synthesis, prevention of diseases such as diabetes type 1 and osteoporosis®, and aesthetic benefits
such as skin tanning, excessive exposure to solar radiation can however be very harmful and can
lead to all sorts of problems ranging from skin cancer conditions such as melanoma, sunburn,

. . . 10-
eye defects such as cataracts and pterygium, premature aging and non-melanoma skin cancers'
13

While the UVC part of the spectrum is absorbed by the ozone layer and oxygen in the
atmosphere, the use of chemicals such as chlorofluorocarbons (CFCs) which destroy ozone
molecules may increase the amount of UVC radiation (100-280 nm) reaching the earth’s
surface’'. This seemingly anticipated increase in UVC radiation that is possible to reach the
earth’s surface is of worrying concern as this radiation is of the shortest wavelength in the UV
spectrum which makes it the most energetic and dangerous compared to the other parts of the
spectrum. Also, DNA’s maximum absorption (260 nm) is well within the UVC range*’. The
absorption of UVC radiation also leads to the formation of cyclobutane pyrimidine dimers
(CPDs) and 6-4 pyrimidine-pyrimidinone dimers (6-4 PPs). Also, some CPD lesions in aqueous

1724 Dunkern and Kaina have also studied and

solutions can be detected using UVC radiation
observed UVC-induced DNA double strand breaks resulting from replication of damaged
DNA'". UVC is mostly used in laboratory and sterilization procedures and as such remains a

very important component of the UVR spectrum that needs to be studied.

UVB radiation (280-315 nm) is the most biologically effective part of the UV spectrum,
and can be absorbed directly by skin DNA which may lead to skin cancer upon excessive
exposure™~". Although the ozone layer plays a vital role in shielding wavelengths that are

shorter than 290 nm from getting to the earth’s surface, any adverse changes in environmental



conditions might alter this protection, paving the way for these short wavelengths to penetrate to
the terrestrial environment which can have potential harmful effects®. Skin conditions such
erythema, elastosis, actinic keratosis and telangiectasis have all been linked to UVB radiation

3132 The negative impact of UVB on the survival abilities, fertility and the distribution

absorption
of sex ratios of copepods Tigriopus Californicus found in intertidal environments have already
been extensively studied'’. Cellular DNA can potentially absorb UVB radiation and this poses

. . . .. . 30.34 .1
harmful implications to living systems such as bacteria’®*, cyanobacteria'’*’,

phytoplankton'’*®, macroalgae'™*’, plants'’*®, animals and humans®*'. UVB-induced chemical
modifications in DNA lead to dimerization of the nucleobases, thereby altering its molecular

structure.

It is important to also note that the absorption of UVB radiation potentially leads to the
formation of three major photoproducts, namely CPDs, 6-4PPs, and their corresponding Dewar
isomers, with the last formed upon further exposure to UVA or UVB radiation'”*. In cells, DNA
strand breaks have been observed upon exposure to UVB radiation, and UVB-induced ROS
(reactive oxygen species) intermediates together with CPDs and 6-4 PPs can also lead to strand

. - 17,4344
breaks which makes UVB a serious mutagen "

. These photoproducts are potentially
responsible for the strand breaks that occur at sites of collapsed replication forks during
replication or transcription which can lead to mutations along DNA strands, and in severe cases
can lead to skin cancer '***". Frauk et al., have studied the survival strategies in UV-screening
and non-screening Chlorophyta upon exposure to UVB radiation and photosystem II damage in
two intertidal macroalgae48. Also, Roxanne et al., have studied the tolerance and persistence of
the human genome to excessive exposure of UVB radiation*’. UVB wavelengths have shown to

be the most cytotoxic of the three distinct portions of the UV spectrum.

The UVA region of the ultraviolet spectrum occupies a longer wavelength range than
UVC and UVB and will be poorly or unlikely absorbed by DNA. However, it can form reactive
singlet oxygen species ('0,) when O, interacts with light and this species can indirectly damage

14,15

DNA through photoactivated reactions . These reactive oxygen species form products such as

8-0x0-7,8-dihydro-2’-deoxyguanosine (8-oxoGua), oxidized pyrimidines, strand breaks and



DNA-protein crosslinks which are photoproducts also formed from ionizing radiation'®'”. This

poses a lesser threat to DNA damage when compared to the other regions of the spectrum.

Although the UVA region has been mentioned to be less harmful as compared to the
other regions of the UV spectrum, recent studies have shown that it can contribute to actinic
premature aging of the skin, skin dryness, unwanted exfoliation, and can also lead to skin
cancer'®?°, UVA radiation has also been found to lead to the formation of CPDs in bacteria,
eukaryotic cells and skins '"?'"*. Other studies have also shown that CPD photolesions were
formed in a higher magnitude than 8-oxoGua, which happens to be the most easily induced UVA

mediated photoproduct, and strand breaks'’>**

. Malignant mutation fingerprints, which exist in
the form of cytidine-to-thymidine transitions that has long been linked with UVB radiation, have
been found in mice when they were exposed to UVA radiation®**’. Studies have also shown that
this mutation which has also been found in the 7p53 of keratosis and skin tumors in humans, is
also present in the 7p53 gene of hairless mice when they were exposed to UVA radiation®®**,
Daoudi et al., have also confirmed that reactive oxygen species (ROS) which are produced by
UVA radiation in tandem with benz(e)acephenanthrylene were cytotoxic to A375 cells, by using
a comet assay”'. In all, UVA through the formation of radical intermediates in the form of ROS,

CPDs and other possible photolesions is deleterious and can lead to various unwanted outcomes

which can impact the health of both humans and other organisms negatively.

1.4 Photochemistry of DNA

When DNA absorbs UV light, it is excited via nn* transitions to short-lived excited states with

51,52.

low quantum yields for photochemistry Internal conversion and subsequent vibrational

relaxation brings most of the excited population back to its ground state®’. Different
photoproducts, which are precursors of cancer, can be formed upon irradiation of DNA,
depending on exposure conditions such as in the absence or presence of oxygen and depending

51,53,54

on the radiation source . The most characterized photoproducts include CPDs, 6-4 PPs and

photohydrate lesions, all formed in the absence of oxygen>>°. Other photoproducts in the
presence of oxygen include 8-oxoGua (see Figure 1.3), oxidized pyrimidines, strand breaks and

DNA-protein crosslinks'®"".



Much work has been done to understand CPDs and they are the most characterized
photoproducts in DNA>?. CPDs are formed through dimerization between pyrimidine bases
which exist next to each other in a sequence, with the most common dimers formed between
thymine-thymine (T<>T), thymine-cytosine (T<>C), cytosine-thymine (C<>T), and cytosine-
cytosine (C<>C)*%. CPD formation (see Figures 1.4-1.6) upon UV irradiation proceeds via
(2n+2m) cycloaddition of the double bond that occurs between C5-C6 of adjacent pyrimidine
bases™. Previous studies have shown that CPDs formed in dilute solutions are mainly due to
thymine and uracil derivatives in triplet state and that the quantum yield is dependent on the size
and concentration of stacked aggregates>. When a monomer unit of a base is subjected to
photolysis, four isomeric dimers are produced, namely, cis-syn, cis-anti, trans-syn, and trans-
anti, however, in double-stranded DNA (dsDNA) only the cis-syn CPD isomer forms due to the
rigid conformation of the double helix, although the trans-syn isomer can be formed in single-
stranded DNA (ssDNA) as it affords more structural ﬂexibilitysz. The pyrimidine nucleobases
are more susceptible to UV damage and hence have greater quantum yields than the purine

nucleobases which are more photostable.

The [6-4]-photoadducts, just like the CPDs, are also formed from [2n+2m]
photocycloaddition (see Figure 1.4) but this proceeds via the instantaneous rearrangement of
initially formed oxetane and azetidine intermediates from the photocycloaddition of the imino or
carbonyl of the 3'-pyrimidine base onto the 5' carbon of an adjacent pyrimidine base’*.
Photohydrates are formed through the addition of water to C6 of an intermediate derived from
the excited singlet state of a pyrimidine base’”. In DNA and polynucleotides, the quantum yield
of photohydrates is low, as this is not a favorable product due to their stacked structures. Uracil

which is a component of RNA is much more prone to form stable photohydrates.

Finally, adenine, which is one of the purine bases, has been found to undergo
photocycloaddition (see Figure 1.6) reactions with thymine in dinucleotides, polynucleotides and
DNA through the formation of a cyclobutane linkage between the C6-C5 of the thymine and C6-

C5 of the adenine to give a photodimer’>*®

. The dimer formation is highly sequence specific
and is a product of an excited singlet state in adenine®”. Previous studies have indeed shown that

photodimerization of adjacent adenine bases in oligomers and polymers in deoxyadenylic acid



exists with relatively high quantum yield®*®'. The photoadduct in this case is formed through the
rearrangement of the azetidine intermediate that leads to the addition of the N7-C8 double bond
of the 5' adenine across the C5-C6 bond of the 3' adenine®. This adenine photoadduct is,

however, of little importance for UVB radiation as adenine barely absorbs in that region.
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Figure 1.3: Chemical structures of photoadducts generated from UV irradiation, for the

formation of 8-oxoGua via reactive oxygen species.



0 0
HN NH
)\)j/ ﬁ
0 N N 0
H H

2 Thymine molecules

J (g\

HN ’ w NH
o/l\N N 0
H H H H
CPD 77%

+ 0
H

.’,/ H

© N ooH

=N
H,C
\ o +
HN
6-4 PP (20%)

CH,

HN '/,//

H

H
o) N~ “on

Photohydrates (2%)

10
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Figure 1.7: Chemical structures of adenine photoadducts generated from UV irradiation, where

AA* and A=A are the various forms of photoproducts.

1.5 DNA damage detection

The fidelity in the conformation and base pair representation along the DNA double strand
during replication and other life processes such as cell division is not only vital to the overall
well-being of the cell but ensures that information encoded in the form of base pair matches
which are translated to proteins are kept intact. Any mutation incurred or induced by either
endogenous or exogeneous factors must therefore need to be detected in the best possible way.
Since studies have revealed the importance in maintaining the base pair configuration in DNA
and the adverse effects this poses to health, researchers have delved into finding better and more
accurate ways of detecting DNA damage. Recently, several more assays and techniques to detect

DNA damage have been discovered. DNA damage which can occur as strand breaks, insertion
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or deletion of bases, formation of photoadducts which also involves base modifications and

mismatches is a precursor to many diseases such as cancer.

Several methods for DNA damage detection exist, with each method having its
advantages and shortcomings. These methods include but are not limited to polymerase chain
reaction; a technique well documented and established for the amplification of DNA. Other
methods include chromatographic techniques such as gas chromatography and liquid
chromatography electrospray tandem mass spectrometry and gel electrophoresis. Immuno-based
assays such as enzyme-linked immunosorbent assay and immunohistochemical assay techniques
that are dependent on inducing a response from specific antibodies are also one of the methods
that have also been developed for detecting DNA damage. Fluorescence-based detection
methods such as hairpin probes, their analogues (smart probes and molecular beacons) and
intercalators which include major groove binders such as EvaGreen® and terbium have also been
developed to detect UV-induced DNA damage. Other methods such as affinity capillary
electrophoresis with laser-induced fluorescence detection (CE-LIF), and cellular DNA damage
detection assays in the form of comet and halo assays will also be discussed briefly in a bid to
cover a full range of DNA damage detection techniques which have been developed over the

years.

1.5.1 Polymerase Chain Reaction (PCR)

Over the years, PCR can be said to be one of the most established and frequently used method
for

DNA damage detection. PCR is effective due to its specificity. The PCR is a DNA amplification
method that involves the use of a primer to create exact copies of a DNA strand®’. The DNA
strand which is being copied is known as the template and the transcription is made possible by a
polymerase known as the tag polymerase. The fag polymerase which propels the reaction is
blocked from making further copies of the template once it encounters a region of damage on the
strand, thereby limiting the quantity of the PCR product with the damaged sites®*. Hence, it is
both effective and relatively accurate. Quantitative PCR (qPCR), which is high molecular weight
dependent, can be used to detect DNA damage in dsDNA® and has also been used to quantify
both the quantity of damage in mitochondrial DNA (mtDNA) and the kinetics of damage
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removal®®. The qPCR technique has also been used to detect UV-induced photoproducts in
1.2kb fragments of the Lacl gene from Escherichia coli (E. coli)**, damage in mtDNA

6265 and the frequency of

in Schizosaccharomyces pombe cells treated with hydrogen peroxide
cisplatin-induced lesions in fragments of the hamster aprt gene®>®, just to name a few. Strand-
specific qCPR detects DNA damage but is specific on a single strand, which infers more
accuracy in both detecting DNA damage and gene repairs®. The single strand ligation-PCR
offers the option of being able to detect lesions on a single strand in a single copy of a gene
under more physiologically obtainable conditions and this makes it possible to detect antibodies
of interest that are in any way associated with the DNA adduct under study *. Ligation mediated
PCR (LMPCR) is a very sensitive assay which can be used to detect and repair of CPDs"’ and 6
4PPs** and is very useful when dealing with individual DNA photoproducts at low

concentrations. LMPCR has also been used to study in vivo interactions of protein and DNA®®.

Other PCR methods include terminal transferase-dependent PCR, immuno-coupled PCR,
PCR-based short interspersed DNA element. It can therefore be inferred that this method can be
adapted in diverse ways depending on experimental objectives, analyte of interest or resources

available to detect DNA damage in both ssDNAs and dsDNAs.

1.5.2 Gas Chromatography

Cells are the basic units of life and therefore being able to detect, characterize and quantify
several cellular processes such as DNA damage, repair, and its biological significance becomes
highly important. MS in tandem with GC presents a powerful analytical tool that can be used to
proffer structural information involved in a chemical or biological analysis®*®. This technique
can be used to measure a wide range of DNA damage products with the sensitivity as high as
detecting a single DNA lesion in a system with multiple DNA damage products following an

62,70

exogenous or endogenous induced damage’'". This method involves hydrolyzing the DNA

sample, derivatizing the hydrolysate, separation into various individual component using gas

S%%7! GC-MS has been used in vitro to

chromatography, and detection and quantification by M
detect DNA-protein crosslinks which includes Thy-Gly, Thy-Ala and Cyt-Tyr in mammalian
chromatin®"*™, Oxygenated photoadducts formed through the reaction of DNA with reactive

oxygen species can be detected using this method. GC-MS is widely used for the detection of
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oxygen induced photoadducts due to the derivatization of the polar bases to give thermally stable
substrates, although derivatization can sometimes lead to overestimation of oxidative products
due an increase in the level of 8-OH-guanine, 8-OH-adenine and 5-OH-cytosine according to
Jenner et al., 1998. This overestimation arises from the fact that derivatization of hydrolyzed

DNA is done at high temperatures in the presence of air which is comprised of oxygen’".

1.5.3 Liquid Chromatography Electrospray lonization Tandem Mass Spectrometry (LC—
ESI-MS)

LC-ESI-MS/MS method can be used to detect both UV and oxidatively-induced lesions in
DNA®. The various monomer components of the sample are first separated into individual units
by running the sample through a high-performance liquid chromatography (HPLC) column. This
HPLC is then coupled with a MS/MS mass analyzer to detect the analyte of interest. This process
involves the use of a soft ionization method operated in atmospheric pressure to generate gas
phase ions through the application of a high voltage (2-5 kV). It is termed a soft ionization
process since the molecular ions are not broken further down into fragments, thereby allowing
for the detection of the molecular composition of the sample being investigated. A triple
quadrupole mass analyzer is typically used for the detection of DNA adducts. In this triple
quadrupole system, the first quadrupole (Q1) and the third quadrupole (Q3) are the mass filters.

The second quadrupole (Q2) is referred to as the collision cell in which the analyte ions
experience collision-induced dissociation (CID) when they collide with an inert gas mostly argon
and are separated from each other. There are often two types of detection methods used for
detecting DNA adducts which are single ion monitoring (SIM) and multiple reaction monitoring
(MRM) which is also known as selected reaction monitoring (SRM). In the SIM mode, only the
ion of the analyte of interest is selected to pass through (Q1) and is detected. In the SRM mode, a
precursor ion of the analyte of interest is selected to pass through Q1 and then goes into Q2. In
Q2, it undergoes CID, and the ions are separated from each other and they go into Q3. In Q3, the
analyte ions of interest are separated from the other ions and are detected. This method has been
used to detect DNA adducts such as UV-induced pyrimidine dimer photoadducts*' and has been
in fact used to detect all possible 12 bipyrimidine photoproducts within isolated and cellular

DNA arising from TT, TC, CT, and CC bipyrimidine sites’’. Also, oxidative products such as
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5,6-dihydroxy-5,6-dihydrothymidine, 5-hydroxy-2’-deoxyuridine, 5-(hydroxymethyl)-2’-
deoxyuridine, 5-formyl-2’-deoxyuridine, 8-0x0-7,8-dihydro-2’-deoxyadenosine, 8-ox0-7,8-
dihydro-2’-deoxyguanosine, 4,6-diamino-5-formamidopyrimidine, and 2,6-diamino-4-hydroxy-
5-foramidopyrimidine have all been quantified within both isolated and cellular DNA upon
exposure to y-radiation using this method’®. In all, this method has proven to be sensitive in the
measurement of DNA adducts and the coupling of the liquid chromatography (LC) to other
forms of mass analyzers’’ continues to be on the rise for the detection and quantification of DNA

lesions.

1.5.4 Gel electrophoresis

The gel electrophoretic technique is based on the principle that negatively charged anions move
downwards towards a positively charged anode'. This method largely depends on the size of the
molecule moving through the gel, with the shape and size being important factors in the
separation too. In the case of DNA, it means that shorter DNA strands will effectively move

faster in the gel than the longer ones.

There are indeed three types of gel electrophoretic techniques, namely agarose gel
electrophoresis, which is used to separate large pieces of DNA, polyacrylamide gel
electrophoresis (PAGE) which is used for the sequencing of smaller pieces of DNA and sodium-
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) which is used for the
separation of proteins. PAGE has now largely been replaced by the capillary electrophoretic
method'. Ahmed and Setlow® have previously quantified single-strand breaks in pyrimidine
dimers by using specific site-nicking enzymes, namely T4(T4-pdg) synthesized from
bacteriophage and Micrococcusluteu in abasic conditions to create nicks in DNA strands by
specifically cleaving the N-glycosyl bond of the 5' nucleotide which in turn cleaves the
phosphodiester linkage and leaves a single-strand break at CPD sites of the dimer*®. The DNA
strands are then labelled with fluorophores (e.g., ethidium bromide), and then detected by
exciting the fluorophore with ultraviolet light to measure the fluorescence intensity of the
labelled DNA molecules before they leave the compartment. The reproducibility and sensitivity
of this method is however low and makes use of standards that are relative to molecular

weights’®.
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Table 1.1: Different DNA damage detection techniques with their limits of detection, advantages

and limitations.

Technique Sensitivity Advantages Limitations
e [FEasily adaptable to e High cost of PCR kits
PCR . . : i
Increase sensitivity e Primer is always
to other damage required
types
e Versatile
e Lower possibility
of errors as regards
base pair
mismatches
Gas e Selective detection e High instrumentation
Chromatography e Sensitive cost
e Possibility of
incurring further
lesions during sample
preparation
e Sample preparation
can be time
consuming
LC-ESI-MS e Sensitive e Expensive

e Can be used to
detect damage in
both isolated and
cellular DNA

e Selective detection

e Adaptable to other
mass analyzers
thereby increasing
sensitivity

e Soft sample
ionization process

Sample preparation
involves many steps

Possible addition of
lesions during sample
preparation
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Technique Sensitivity Advantages Limitations
Alkaline Gel e Tenths of Can be used to Limited to strand
electrophoresis fmol analyze high ' break detection
molecular weight
samples Requires
fluorescent/radioactive
reporter labelling
ELISA 0.9 fmol Simple Antibody cross-
High selectivity to reactivity issues
specific UV- Expensive
damaged sites p
IHC Can be used to Requires
directly detect fluorescent/radioactive
cellular DNA reporter labelling
damage Possible antibody
Does not require cross-reactivity exists
much sample Cells must be fixed
volumes
Does not require
DNA extraction
Molecular Beacon  DNA MB 4 Simple Nonselective to
pmol Selective to overall damage types
ChMB 038 damaged bases Labelling with
pmol quencher/fluorophore

Smart probes

Simple mix and
read method

Relatively
inexpensive

is required

Expensive synthesis

Problem of inadequate
quenching which
leads to background

fluorescence
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Technique Sensitivity Advantages Limitations
e Labelling with
quencher/fluorophore
2AP probe 1 pmol is required
e Not selective to
damage types
e Expensive synthesis
EvaGreen® e Simple e Detection is limited to
. certain base pair
e Cost effective lengths
e Sensitive e Not selective to
damage types
e Sequence
independent
e Fluorescent
reporter labelling
not needed
Tb>*/hairpin probe 0.4 pmol e Sensitive e Not selective to
e Low cost damage types
e Selective to overall
amount of damage
e Simple
e Fluorescent
reporter labelling
not needed
Immunoassay 3 x10”! moles e Selective to e Fluorescent labelling
ic;;pled with CE- specific type of is required
DNA damage e Cross reactivity of

e Sensitive detection

antibodies

e Expensive Ab
synthesis
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Technique Sensitivity Advantages Limitations
Comet assay e Sensitive to e Limited to oxidative
damage types damage and strand
breaks

e Limited to single cell
analysis
e Fluorescent reporter

labelling is required

Halo assay e Fluorescent e Limited to detecting
reporter labelling chromatin fragility
not required and single strand

e Sensitive to breaks
damage types e Limited to single cell

*In this table, abbreviations are, PCR: Polymerase chain reaction, LC-ESI-MS: Liquid
chromatography electrospray ionization tandem mass spectrometry, ELISA: Enzyme-linked
immunosorbent assay, IHC: Immunohistochemical assay, MB ch: Chimeric molecular beacon,
2AP: 2-Aminopurine probe, Tb*": Terbium probe, and CE-LIF: Capillary electrophoresis with
laser induced fluorescence.

Note: Adapted from Detecting UV-Induced Nucleic-Acid Damage by El-Yabzi, A. F.; Loppnow,
G. R. Trends Anal. Chem. 2014, 61, p.68.

1.5.5 Immunoassay

The term immunoassay generally can be used to refer to methods that use antibodies as tools to
detect antigens. One of the flaws of this method is the cross reactivity of the antibodies with the
DNA bases’”. This method has been developed over the years and we will be looking at two
types namely enzyme-linked immunosorbent assay (ELISA), and immunohistochemical assay.
Immunoassays are based on inducing an immune response from specialized antibodies that
respond to a stimulant which can be in form of chemicals or a biological anomaly. The idea

behind the development of such assays is that in living systems such as humans, antibodies
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which are a part of the immune system are triggered in response to any foreign material or
influence which are not recognized by the cell machinery and are therefore seen as harmful to the
body. These triggered responses lead to a chain or series of events that are geared to remove or in
some cases repair any harm that has or potentially can be caused by such foreign material. In the
case of UVC-induced photoproducts, antibodies which are sensitive to these photolesions can
potentially be raised in a bid to detect these damages as we will be seeing in the discussion of

such assays in the next sections.

1.5.5.1 Enzyme-linked immunosorbent assay (ELISA)

This is one of earliest and most common methods for detecting DNA damage®', including its
sensitivity to detect x-ray induced DNA damage™. In ELISA, a known amount of antigen of
interest is immobilized on a surface (ELISA plate). Primary antibodies are then passed over the
immobilized surface to bind to the antigen. Secondary antibodies linked covalently to enzymes
are used to detect these primary antibodies. The enzyme substrate used in labelling the secondary
antibody, such as a peroxidase or an alkaline phosphatase, absorbs strongly at visible
wavelengths and hence is detected’®. But it is important to mention that the conditions that favor
the production of a photoproduct must be considered when using ELISA to achieve effective
binding of the antibody as previous studies have shown that antibodies bind differently to

768385 " ELISA has also been used to detect both the induction and

bipyrimidine photoproducts
repair of UV-induced damage’®®. Other labelling methods which are also used for ELISA

include radiolabeling and fluorescein isothiocyanate (FITC) labelling.

1.5.5.2 Immunohistochemical assay (IHC)

This assay is usually performed on fixed or stationary cells and helps correct the deficiency of
the cross-reactivity issues often encountered when using the ELISA method. The
immunohistochemical assay makes use of RNase and protease for the effective removal of RNA
and proteins that can interact with DNA". The cells are counterstained with propidium iodide
which facilitates the detection of the adducts through chemiluminescence. This assay can be used
for detecting adducts in small sample volumes and does not require DNA extraction or
hydrolysis’®. THC in combination with break-apart fluorescent in-situ hybridization (FISH) have
been used to detect the ALK gene in non-small lung cancer cells *. THC has also been used to

detect both CPDs and 6-4PPs in irradiated bacteria cells®®. In all, it is important to mention that
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many monoclonal antibodies that bind specifically to several photoadducts have been developed
thereby making this method increasingly interesting and more precise in detecting specific DNA

photo lesions.

1.6 Fluorescence based DNA damage detection techniques

1.6.1 Hairpin probes

The hairpin probe as a detection technique for DNA damage basically involves a change in the
fluorescence activity as a result of DNA damage. For example, for molecular beacons, the probe
used in its native state does not emit fluorescence as the fluorophore and quencher lie near each
other. As it binds to DNA, there is a separation between the fluorophore and the quencher and
hence fluorescence is observed. The exponential increase of decrease in fluorescence can be
attributed to the fact that a probe binds to DNA in a complementary manner in the absence of
damage. As damage is introduced to a DNA strand, a change in the binding character of the
probe is observed leading to an increase or decrease in fluorescence depending on the probe
being used. Other hairpin probes such as the 2-amino purine (2AP) probes and smart probes
suffer background fluorescence due to inadequate quenching. This pattern is, however, different
when antibodies are used as the probes. An advantage to this method is the fact that some of
these probes such as EvaGreen have little or no residual background fluorescence and hence

offers better sensitivity for detection. Some of these techniques are discussed next.

Molecular beacons (MBs) are a fluorescence-based detection method for UV-induced
DNA damage detection. The MB exist in the stem-loop structure in the absence of target DNA,
in which one end of the loop contains a fluorophore and the other end a quencher® . The
closeness in the proximity of the quencher and fluorophore mean that the MB shows little or no
fluorescence activity’. When the MB hybridizes with complementary DNA target, a separation
between the fluorophore and the quencher occurs and fluorescence is observed’®**. MB probes
have been used to detect photoproducts in poly-dT and poly-rU strands with differences in their
damage kinetics™. Yarasi et al., also demonstrated the use of MBs to detect photoadducts in
thymine and uracil oligonucleotides. The inherent specificity of the MB makes it a very sensitive

tool for DNA damage detection’.
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Although the MBs serve as both a sensitive and specific tool for DNA damage detection,
its shortcomings have been well documented, with one being that designing the quencher and
fluorophores can be very expensive and time consuming’®”>*®. Another problem with this
method is the residual background fluorescence due to inadequate quenching of the
fluorophore’®**. Chimeric DNA-RNA molecular beacons have also been used to quantify nucleic

acids, single nucleotide polymorphisms, and nucleic acid damage””.
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Figure 1.8: Schematic diagram of the hair pin structure of the molecular beacon where “F” is the

fluorophore and “Q” is the quencher.
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Figure 1.9: Schematic diagram of the stem-loop structure of (A) smart probe and (B) 2-

aminopurine. Where “F” denotes fluorophore and ‘“2AP” denotes 2-aminopurine.

Smart probes (SPs) are homologous to MBs in that they exist naturally in the same form.
The difference is that the quencher in SPs is replaced with 2'-deoxyguanosine nucleotides and
the quenching mechanism is photoinduced intramolecular electron transfer’®*"*1% 1% Nair et
al., used a multiplexed method with SPs to detect photoinduced DNA damage in poly-dA
oligonucleotide species and observed differences in damage kinetics which was dependent on the
nature of nucleobases’. SPs have also been used to detect single base mismatches in DNA and
DNA damage'®. Although the use of SPs in DNA damage detection has shown to be both

promising and interesting, it has similar flaws as 2AP, in that inadequate quenching persists.

Probes which consist of a hairpin containing a 2-aminopurine (2AP), an analog of
adenine has also been used to detect DNA damage'®”. This probe fluoresces more in the presence
of damaged DNA and its fluorescence is quenched when hybridized with the undamaged
target’®'?®. This method can be said to give a positive signal as it fluoresces only when it binds to

damaged DNA strands. This positive detection serves as an advantage for the use of 2AP probes
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for DNA damage detection as it enhances specificity, although as mentioned earlier it suffers

from background fluorescence and its synthesis can be quite expensive.

1.6.2 EvaGreen® and Th** as methods of DNA damage detection

Some fluorescence techniques in the detection of DNA damage have been discussed extensively
above, with each having its own merits and demerits. The ever-expanding field of DNA damage
detection has led to the discovery of more probes for this same purpose, each of which possess
its own uniqueness and advantages over the others. New fluorescent methods for detecting DNA
damage will provide easier and cheaper ways of performing DNA damage detection with good
reproducibility and convenience. Two such new methods are EvaGreen (EG®) and terbium
(Tb*"). EvaGreen dye (EG™) has been a well-known dye used for PCR and various other
analysis. EG® has been shown to be compatible for gPCR analysis'®, direct quantification of
DNA in microplates'®, in studying of Alu insertion polymorphisms'® and RT-PCR
analysis'®"'%. It has also been found to be stable to heat and hydrolysis'®. The EG® dye is an

104 In the absence of

intercalating dye, which binds to DNA in a non-sequence specific manner
dsDNA target, EG® consists of two chromophores in a stacked conformation and shows a weak
fluorescence activity'” due to intramolecular quenching. On hybridizing with dsDNA, the
fluorophores separate from each other and hence fluorescence is observed. EG® binds
complementarily to undamaged DNA, and hence there is an observed increase in fluorescence
intensity; however, when damage is incorporated into the DNA helix, such as with increased UV
irradiation (i.e., in the case of UV-induced DNA damage), a decrease in fluorescence intensity is

observed as the EG®-dsDNA hybrid becomes unstable due to the induced lesions.

In the EG®-DNA hybridization assay for the detection of DNA damage, DNA samples of
requisite concentrations are prepared and their absorbances are obtained using a UV
spectrometer. The concentrations of the DNA samples are always prepared to be as close as
possible and the resulting concentrations are calculated using the Beer-Lambert law: A= ebc.
Since the absorbed intensity I, is related to the transmitted intensity, [5= Iy-I;, and is also related
to the rate constant (k) through the quantum yield, ¢, (which depicts the number of molecules
that are damaged per photon absorbed from the UV light) and molar absorptivity, €, k= ¢ 1s ¢

(where o is the absorption cross section and is related to the molar absorptivity by a conversion
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factor i.e. change in units), it is therefore important to ensure the absorbances of the sample
solutions prepared are as close as possible during the sample preparation. Our group has
demonstrated using this method that EG® can be used in detecting antiviral induced DNA

11
damage'"’

and recently for the detection of mutagenic hotspots in K-Ras and N-Ras proto-
oncogenes for UVC-induced DNA damage'''. Several other works are ongoing in the group
using EG® as a tool to detect UV-induced DNA damage in longer nucleotide and extracted

cellular DNA samples, as will be discussed in the later Chapters of this thesis.

Terbium chloride (TbCls) is a crystalline, water-soluble source of terbium. Terbium is a

12 Until a few decades

rare earth metal that has progressively been used in recent technologies
ago, little was known of the biological effect of this compound''?. It has mostly been used for
metal and electrochemical analysis. Several studies have shown that Tb>" can be used in
detecting both DNA mismatches and UV-induced DNA damage''>''"*. El-Yabzi et al., went
further to show that Tb>" can also be used as a luminescent probe to show both location and
number of mismatches in DNA sequences''*. This method was found to be sensitive and showed
good LOQ and LOD. Unlike other fluorescent probes, Tb>" is inherently fluorescent in water due

to the non-zero vibrational character of the coordinated water molecules''

. The deprotonation of
the oxygen on the phosphate backbone of DNA upon dissolution can dislodge one or more water
molecules attached to Tb*>" when found in the same solution. However, no change is observed in
the fluorescent activity of Tb>" because coordination with the already paired nucleobases cannot

+ . .
H4115 However, Tb** forms a coordinate bond in the

occur, thereby limiting energy transfer
presence of an unpaired nucleobase in the damaged ssDNA and this enhances the fluorescence
intensity of Tb>" proportional to the extent of damage through ISC and radiationless energy

transfer' ',

1.6.3 Affinity capillary electrophoresis with laser-induced fluorescence detection (CE-LIF)

With a LOQ” of 10! M in the detection of thymine glycols and the option of running analysis
with small sample volumes, affinity capillary electrophoresis with laser-induced fluorescence
(CE-LIF) has proven to be a powerful tool for bioanalysis. Although capillary electrophoresis
(CE) can be adapted to mass spectrometry, UV and laser-induced fluorescence (LIF), LIF has

become preferred due to its high selectivity and sensitivity.



28

This method offers the option for a faster separation process , and separation can be
achieved in a matter of seconds. Jorgenson and Lukacs were the first to introduce this method in
1981"® and since then, CE-LIF has gained a lot of recognition in biological assays. CE-LIF can
be used for both homogeneous and heterogeneous matrices''®, and for homogeneous matrices, all
reacting species are in the liquid phases. Two methods are used for the successful adaptation of
CE with immunoreactions in the homogeneous assays. These two methods are namely
competitive and non-competitive binding. For the non-competitive binding, either the antibody
(Ab) or antigen (Ag) is in excess and the LIF signal for the immunocomplex formed is
detected''®. The problem with the non-competitive binding-based assay is that the signal of the
immunocomplex formed between a small molecule like Ag and an Ab would be so small and
hence poor sensitivity and low discrimination of LIF signals that is detected. However, the use of
aptamers has really enhanced the non-competitive binding assay. In the competitive binding
assay, fluorescently labelled Ab or Ag compete with unlabeled isotypes to bind to a known
amount of reactant. These labelled and unlabeled isotypes react with the substrate of interest to
give two LIF peaks, one of which corresponds to the immunocomplex formed and the other to

the free unlabeled isotypes''°.

CE-LIF uses a laser-induced fluorescence detection technique. This means that a laser is
used to excite the fluorophore during the analysis and the subsequent fluorescence signal is
measured. Goulko et al., used CE-LIF to detect CPD photoproduct in human normal fibroblast
CRL-2522 cells upon low UVB irradiation''’. Although the specificity of this method to the
detection of thymine glycols is yet to be validated, nevertheless it has been used to detect
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thymine glycols in irradiated A 549 cells . While this method shows promise, high cellular

DNA backgrounds can limit measurements of 6-4PP photoproducts using this method’*'"”.

1.7 DNA damage detection in cellular DNA

Since DNA is found in cells, it is much easier and better to detect any form of damage directly
from the cellular component of living organisms rather than going through the hassle of having
to extract the DNA before checking for damage. As easy and important as this may sound,
however, the challenges posed by having to develop a method that detects induced DNA damage

in multiple cells simultaneously could well serve as a limiting factor in trying to develop a viable
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method to do this. Because most of the assays employed in detecting cellular DNA damage
require some form or application of electrophoretic technique, it means that it might be limited to
detecting DNA damage in the form of strand breaks. We will be looking at some cellular DNA
damage detection techniques in detail, namely the comet and halo assays. Both assays involve
the staining of the sample with a fluorescent dye although the processes and shape of the analyte
in both assays are quite different. The halo assay, which allows for an imaging technique seems
to offer a more realistic option in detecting forms of DNA damage other than strand breaks. Both
techniques will be discussed in detail in the next few paragraphs in order to fully understand their

principles and limitations associated with studies that have been carried out using these methods.

The name comet assay was first introduced by Olive in 19917. Comet assay is used to
detect DNA damage on an individual cell basis and therefore is referred to as a single-cell gel
electrophoresis assay. It is a very good method that can be used in detecting DNA strand breaks,
crosslinks and alkali-labile sites in single cells. This technique is based on the micro-
electrophoresis of cellular DNA content and like every other electrophoretic technique is size
dependent. In the case of DNA, nicked strands travel much faster through the gel than
undamaged strands’®. In the sample preparation, the cells are carefully embedded in an agarose
gel, lysed and then subjected to an electric field before being stained with a fluorescent dye. The
damaged DNA, which are charged, migrate through the electric field in the form of the “tail of a
comet” while the undamaged DNA migrate remaining in the “head of the comet”. These comet
tails increase in size as the damage in DNA increase. Images are captured using a fluorescence
imaging microscope. Endonucleases, which are specific for different DNA damage sites,
increase the specificity and sensitivity of this method. An example of this has been demonstrated
in which T4 endonuclease V was used to enhance the detection of UVB-induced CPDs in
keratinocyte cells’*'"”. Comet assays can be modified with the use of monoclonal antibodies to
detect photoadducts like CPDs’*'*°. A combination of comet assay with FISH has been carried
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out to enhance its resolution in the detection of sequence-dependent DNA damage . Comet

assays are however more sensitive to strand breaks and are mostly used for dsDNA.

Another cellular detection technique is the halo assay. The procedure for this technique

was first introduced by Vinograd et al., (1965) and was Later modified by Roti Roti and Wright
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(1987)”. Halo assay is also a single-cell detection system and does not require the cells to be
radiolabeled”. In this assay, the cells are first lysed and stained with propidium iodide (PI), a
fluorescent intercalating dye. The intercalation of the PI with the DNA double helix alters the
topology of the DNA coils and in doing so forms a fluorescent halo’. This halo in turn changes
diameter which is proportional to the concentration of PI. Images of individual nucleotides are
captured as ‘halos’, which are detected by an imaging system based on their chromatin

fragility””.

Malyapa et al in 1995, showed that halo assay can be used in the detection of base pair
alterations in DNA sequences on an individual cell level””. Roti and Wright in 1987 showed that
this assay can be employed in detecting rearrangements in DNA when irradiated with small
doses of ionizing radiation (2 Gy) only when the DNA is unrepaired but on repair, the assay
becomes insensitive’”” to detect DNA damages induced by ionizing radiation of doses lower than
10 Gy. To detect single strand breaks, after spreading the cells on an agarose gel and then on
microscopic slides, this assay has been modified by incubating the cells firstly in a high-salt
alkaline lye solution and afterwards in a second solution of lower alkalinity and finally stained

with ethidium bromide””. Another version of this assay is one known as fast halo assay (FHA).

Other DNA damage detection methods exists which includes but not limited to terminal
deoxyribonucleotidyl transferase mediated deoxyuridine triphosphate nick end labeling
(TUNEL); high-performance liquid chromatography coupled to tandem mass spectrometry
(HPLC-MS/MYS); fluorescence in situ hybridization (FISH); flow cytometry (FCM); radio
immunoassay (RIA); NMR: nuclear magnetic resonance spectroscopy were not mentioned in this

Chapter as these have been covered in details in other review articles.

1.8 Aim and Summary of Thesis

The role of DNA and the importance of maintaining its structural and base pair integrity, in the
optimal functioning of the cells and the entire system of a given organism cannot be over-
emphasized. In the light of the above mentioned, it becomes imperative that any form of damage
to DNA needs to be accurately and precisely measured, quantified and analyzed if the above-

mentioned assertion is to hold true. From the various sections and paragraphs above, much work
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has been put in to improve methods aimed at detecting various types of DNA damage and more
continues to be done. It is in the need for the latter that we are trying to develop new, effective
and cheaper ways of detecting UV-induced DNA photoadducts which are precursors to skin
cancer. The use of EG® as a probe for DNA damage detection has since been receiving more
attention but so far has only been used to detect DNA damage in short nucleotide sequences.
Therefore, the necessity of this work arises from the idea that it is important to improve the EG®-
DNA hybridization method in order to detect UV-induced DNA damage in long DNA sequences
and in extracted cellular DNA. Also, comparing the damage profiles of different DNA samples
being damaged via irradiation with UV light both individually and simultaneously will help shed
more light on the understanding of the damage kinetics of various samples with respect to their

base compositions when exposed to UV light.

Chapter 2 demonstrates the use of EG®-DNA hybridization technique to detect UV
induced damage in individual DNA samples. Subjecting only a single sample does not take into
consideration the systematic and human errors that might be associated with this method. In
order to validate our method, two samples each of the same DNA sample were exposed to UV

irradiation simultaneously using the cuvette method.

Chapter 3 of this thesis focuses on the comparative experiments between two different
DNA samples exposed to UV irradiation simultaneously. Thus, E. coli DNA for example will be
exposed to UVC irradiation at the same time with either calf thymus or salmon sperm DNA. The
results obtained from the experiments will therefore go on to predict or show the differences in

damage time constants corresponding to known G-C and A-T contents of the samples analyzed.

Finally, Chapter 4 will discuss the conclusion of this thesis and suggest future work that
can be done to improve on the various modifications and adaptation we have made in this work.
In all, this research work is aimed at adapting the EG®-DNA hybridization technique to the
detection of UV induced DNA damage to both long nucleotide sequences and extracted cellular
DNA and showing differences in damage kinetics as a function of percentage base pair

concentration in different DNA samples.
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Chapter Two
UV-INDUCED DNA DAMAGE IN CALF THYMUS AND SALMON SPERM

2.1 Introduction

The exposure of DNA to exogeneous environmental factors such as UV radiation has been
studied as a potential risk that can lead to serious health conditions such as skin cancer. The main
photoproducts formed from UV-irradiation of DNA include cyclobutane pyrimidine dimers
(CPDs), 6-4 pyrimidone photoproducts (6-4 PPs) and their Dewar isomers'*. CPDs are the major
UV-induced photo lesions and are formed between adjacent pyrimidine bases through a 2n+27
cycloaddition reaction of the two C5=C6 double bonds of neighboring pyrimidine bases to yield
a four-membered ring product'*. Depending on the nature of DNA being analyzed, CPDs of
varying stereochemistry can be obtained. For example, in single-stranded DNA (ssDNA), only
the cis-syn and to a lesser extent the trans-syn isomer conformation is formed while in double-
stranded DNA (dsDNA) only the cis-syn isomer is possible due to the rigidity and steric
hinderance that exists in dsDNA™. Studies"*>® have shown that thymine-thymine (TT) and
thymine-cytosine (TC) base pairs are more susceptible spots for CPD formation as compared to
their other pyrimidine base pair counterparts cytosine-thymine (CT) and cytosine-cytosine (CC),
due to the presence of an electron donating methyl group on thymine which inductively stabilizes
the positive charge on the ring, a likely intermediate in the triplet state formation of CPDs. CPDs
may also undergo the reverse reaction to regenerate the pyrimidine dimer via either electron
transfer or photolysis™”. This reverse reaction occurs best with irradiation at wavelengths within
the UVC region or lower wavelengths because of the thymine-thymine dimer (T<>T) absorption
profile’. Another important photoproduct from UV irradiation is the 6-4 PPs, which are formed
through a non-cyclic spontaneous rearrangement reaction between the C6 and C4 of the reacting

1234 For 6-4 PPs, TC and CC are more reactive sites than TT or CT base pairs’.

pyrimidines
Because of the presence of the 2-pyrimidone chromophore in 6-4 PPs, 6-4 PPs are converted to
Dewar isomers through the electrocyclization reaction of the pyrimidone'” upon absorption of

radiation in the near UV region (312-327 nm).

Various methods have been developed over the years as potential tools for the detection

of UV-induced DNA damage, such as the use of molecular beacons, smart probes, mass
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spectrometry, high-performance liquid chromatography, comet assays, and electrophoresis’. The
chromatographic methods, however, require derivatization either by acidic hydrolysis or some
enzymatic digestion which can introduce more lesions to the DNA samples, expensive, and the
sample preparation can be both tedious and time-consuming’’. The electrophoresis and comet
assay methods are more sensitive to strand breaks and therefore are not as appropriate to quantify
or detect sequence-specific UV-induced DNA damage. Molecular beacons (MBs) and smart
probes (SPs), which are analogues of MBs, have been used for the detection of sequence-specific
damage and single nucleotide polymorphisms in DNA'®''. SPs and MBs exist normally as
hairpin structures of DNA with a fluorophore (F) and quencher (Q) at each end. Because of the
proximity that exists between F and Q, there is little or no observed fluorescence due to Forster
resonance energy transfer (FRET). However, upon binding with a complementary DNA target,
the hairpin becomes linear, and the F and Q become separated and fluorescence is observed. As
damage is introduced into the DNA strands via UV irradiation, the DNA-MB/SP hybrid becomes
less stable and lower fluorescence intensity is observed. In this way, damage is detected by
decreasing fluorescence intensity with increased exposure to some damage initiator, such as
UVC light'*!"". Although MBs and SPs show a lot of promise, they both suffer the same
disadvantages, which are that they are sequence specific, they have appreciable background
fluorescence, and they are expensive to design and use’. These problems associated with the
above-mentioned methods of DNA detection all point to the necessity of having a mild, cost-

effective, easy and sequence-independent DNA damage detection technique.

Recent studies'? have shown that EvaGreen® (EG®), a DNA intercalating dye, can be
used to detect UV-induced DNA damage in short oligonucleotide sequences in a mild, easy,
inexpensive, and sequence-independent way. EG® predominantly exists as two acridine orange
(AO) moieties that are joined by a linker'”. EG® dye in solution (closed form) is weakly
fluorescent because the two AO chromophores are stacked together but in the presence of
dsDNA, the two chromophores intercalate between the base pairs stacked along the DNA strand.
The intercalation separates the two AO moieties and results in highly fluorescent monomeric

1213 However, EG” has not yet been adapted to detect UVC-

AOs still connected by the linker
induced damage in more realistic samples i.e., long oligonucleotide or genomic sequences. In

this study, we demonstrate the use of EG® as a prospective tool for the detection of UVC-induced
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DNA damage using calf thymus DNA (ct-DNA) and salmon sperm DNA (ss-DNA) samples of
approximately 2000 base pairs long. Their susceptibilities to UVC-induced damage using a high-
throughput 96-well plate assay were compared as a function of their AT % compositions. Also,
the magnitude of instrumental and pipette errors was measured directly from fluorescence
intensities of fluorescein. Our results show good correlation of damage with the AT %
compositions of the DNA, with ct-DNA damaging at a faster rate than the ss-DNA. The error
analysis confirmed that over 90% of the propagated error in the UVC-induced DNA damage
fluorescence intensity measurements were from sources other than pipetting and instrumental
sources. These results are discussed in the context of DNA damage mechanisms and method

development.

2.2 Experimental

2.2.1 Materials

6-carboxyfluorescein dye (6-CF) and deoxyribonucleic acid sodium salt fiber from ct-DNA
(Sigma-Aldrich, Inc., Oakville, ON, Canada), UltraPure™ ss-DNA  solution (8 uM,
ThermoFischer Scientific, Waltham MA, USA), and 26.6 uM EG® (Biotium, Inc, Fremont, CA,
USA) were all used as received without further purification. DNA samples were stored at -20 °C
upon receipt and until needed. 5 pM EG®™ was prepared by pipetting and dissolving 2842 pL of
the 26.6 uM EG" stock solution in a 50 mL falcon tube and diluted to a final volume of 15120
pL with (10 mM Tris, 10 mM NaCl, 1 mM EDTA, pH ~ 7.4) using a 1000 pL pipette.

2.2.2 UVC irradiation

Please note that all concentrations described throughout this thesis Chapter are per DNA strand,
not per DNA base. A 3.02 uM ct-DNA stock solution was prepared by dissolving 0.0393 g of the
DNA salt fiber in nanopure water at room temperature (Barnsted Nanopure, Boston, MA, USA)
in a 10.0 mL volumetric flask. This solution was diluted to a 0.152 uM solution with an
extrapolated Beer-Lambert law absorbance of 4.00. The dissolved solution was left overnight to
allow for adequate dissolution of the DNA fiber. The stock solution was then further diluted to
0.038 uM as calculated from the measured absorbance of 0.990 by using the Beer-Lambert
expression (g of 2.64 x 107 cm™ M™ assuming 2000 base pairs per DNA strand). Similarly, for
ss-DNA, a 0.06 uM solution with a measured absorbance of 1.585 (¢ of 2.64 x 10’ cm™ M
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assuming 2000 base pairs per DNA strand) was prepared by diluting 189 uL of the 8 uM stock
solution to 25.0 mL in a volumetric flask. Samples were vortexed, pipetted into 5 mL cuvettes,
purged with nitrogen gas for 20 min and stoppered tightly using a septum. UV light from UVC
lamps emitting at 254 nm with a power density of 75 W m™ was used for the irradiation of the
samples. The UVC lamps were switched on 20 min before each experiment to ensure a stable
light source. The cuvettes containing the nitrogen-purged DNA samples were clamped vertically,
placed in a water bath and were positioned equidistant from the irradiating lamps in a Luzchem
(Ottawa, ON, Canada) DEV photoreactor. The photoreactor atmosphere was kept anoxic by
constant purging of the chamber with nitrogen gas; this also kept ozone from being generated by
the lamps. The water bath was used to maintain constant temperature during the experiment and
all samples were constantly stirred in the cuvette to maintain homogeneity throughout the
irradiation process. Irradiated and control samples were subjected to all the same procedures,
except that the control samples were never exposed to UVC light. At each time point, three
aliquots of 50 pL (for a total volume of 150 pL for each), each taken through the septum so as
not to disturb the atmosphere of the control and irradiated nitrogen-purged samples, were

removed from the cuvettes and pipetted into 0.6 mL Eppendorf tubes.

2.2.3 Absorbance and fluorescence measurements
Absorption spectra were measured on a Shimadzu (Kyoto, Japan) UV-1280 absorption
spectrophotometer with a set maximum wavelength of 260 nm and a path length of 1 cm.

Nanopure water was used as a blank for all absorbance measurements.

Earlier studies'> have shown that dsDNA binds optimally with EG” in a ratio of 1 DNA
bp: 1.33 EG® molecules, i.e., 4 molecules of EG® binds approximately to 3 bp of DNA, and that
at a ratio above 1:1.4, new aggregate species are likely to be formed'’. This therefore suggests
that optimal concentrations of EG® are 120 uM (in the case of salmon sperm) or lower to avoid
aggregate formation. In order to ensure optimal binding of the EG® with the dsDNA, calculations
were done to obtain desired volumes and concentrations of both the dye and DNA for each
experimental trial. An example of how this calculation was done can be seen in the case of 0.060
pM ss-DNA. The 0.06 uM was converted to its base pair equivalent by multiplying with the
average base pair concentration i.e. 0.060 uM x 2000 bp = 120 uM. Since the volume for the
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two ss-DNA replicates is 600 uL, then 120 uM x x/600 uL = 17 bp. This gives us a volume of
84 uL, 42 pL of ss-DNA for each of the two replicates. For EG®, a constant concentration of 5
uM was used. However, in order to achieve optimal binding for EG” using the ratio 1 bp DNA:
1.33 EG®, 5 uM x x/600 = 1.33, gives 159.6 uL, approximately 80 uL of EG® for each replicate.
A 178 pL volume of buffer (10 mM Tris, 10 mM NaCl, I mM EDTA, pH ~ 7.4) was then added
to these solutions for a final volume of 300 pL for each replicate. This same calculation was also
used in the preparation of the ct-DNA solutions. All DNA bp and EG® concentrations were a
fixed ratio of 1: 1.33.

The irradiated DNA solutions were mixed with EG® in the proportions described above
to form the assay mixture and then hybridized by incubating in the dark at 37 °C for 20 min using
the plate reader at room temperature. Fluorescence intensity measurements were then performed
by using the SpectraMax (Molecular Devices, San Jose, CA, USA) i3x plate reader with the

excitation and emission wavelengths set at 485 and 535 nm, respectively.

2.2.4 Pipette and instrument error analysis

A stock solution of 100 uM 6-CF dye was prepared by dissolving 0.009 g of the dye in 250. mL
water in a volumetric flask. Concentrations of 50 uM, 30 uM, 5.0 uM, 2.0 uM, 1.0 uM, 0.5 puM,
0.2 uM, and 0.1 uM of the 6-CF dye were prepared by serial dilution. Twelve 200-uL replicate
volumes of each concentration were then pipetted into each row of the 96-well plate and the
fluorescence intensities were measured using a SpectraMax 13x plate reader with the excitation
and emission wavelengths set at 492 and 517 nm, respectively. The fluorescence measurement
was taken three times for each well of the 96-well plate to ascertain consistency in measured

fluorescence values.

2.3 Results and discussion

In this study, an assay to detect UVC-induced genomic DNA damage, namely EG® fluorescence
detection, was extrapolated to very large strands of DNA, up to thousands of base pairs. Thus far,
EG" has only been applied to DNA strands of at most 100 bplz. The DNA samples of ss-DNA
and ct-DNA were chosen because each has approximately the same length (2000 bp long) and

approximately the same molar mass (1.3x10° Da). In this method, EG® fluorescence decreases
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with increasing DNA damage because the DNA becomes more flexible as the damage disrupts
the double-strand base pairing, allowing the EG® to de-intercalate. The EG"™ fluorescence
intensity decrease with time, indicative of DNA damage, for the samples will be compared and
discussed in terms of DNA composition. Experiments to determine the effect of concentration on

the observed damage and for determination of a complete error analysis are also discussed.

2.3.1 Error analysis

To measure the pipetting and instrumental errors, solutions of different concentrations of 6-CF
dye were prepared through serial dilution, transferred carefully into different wells of a 96-well
plate, with each row of wells representing one of the concentrations, and the fluorescence

intensities were measured. The results are shown in Tables 2.1 and 2.2.

Table 2.1 shows the average fluorescence intensity, standard deviation and resulting error
(the standard deviation divided by the mean) for each well in the 96-well plate after multiple
measurements. Because the sample is unchanged during these measurements, the instrumental
error alone can be obtained from the standard deviation over three experimental measurements.
The individual standard deviations and mean values per well were then averaged over all the
wells to obtain the subsequent average standard deviation and mean. The average standard
deviation was then divided by the average mean to obtain the average instrumental error. The
average instrument error obtained as shown in the Table 2.1 below is 2.039 %, which indicates a
very negligible error. Also, the average fluorescent intensity decreased as expected with a
decrease in 6-CF concentration, except for wells 13-24. Although the 6-CF concentration is
approximately halved in these wells compared to wells 1-12, the mean fluorescence intensity
does not decrease. This anomaly in mean fluorescence intensities can be attributed to the inner
filter effect, a common problem with highly concentrated fluorophore solutions. The inner filter
effect is caused by the attenuation of the excitation beam within the sample by the fluorophore
molecules. This attenuation therefore leads to distorted readings by lowering the emitted
fluorescence from what is expected and thus decreasing the fluorescence signal detected. This
anomaly suggests the need to use lower fluorophore concentrations during the DNA analysis,
which is consistent with earlier studies on the binding of EG® with DNA. The error per well

shows a very small magnitude of error. Most of the Figures obtained from the error per well
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analysis shows that the precision of the plate reader is > 96% for all the readings obtained. Thus,
the results obtained from this analysis shows that the SpectraMax 13x plate reader used for the
measurement of the fluorescence intensities in this study and pipetting contributed to only a

negligible amount of error in the results obtained.

Table 2.1 Instrumental (SpectraMax i3x plate reader) error analysis

Well Mean SD Error (o/p)
No.

© (1, counts) (o, counts)
1 3.247x10° 1.724 x10° 0.005310
2 3.267 x10° 2.928 x10° 0.008962
3 3.232 x10° 3.197 x10° 0.009894
4 3.243 x10° 2.501 x10° 0.007713
5 3.305 x10° 1.940 x10° 0.005870
6 3.308 x10° 3.425 x10° 0.01035
7 3.312 x10° 4.018 x10° 0.01213
8 3.332 x10° 1.918 x10° 0.005756
9 3.298 x10° 1.960 x10° 0.005941
10 3.340 x10° 3.009 x10° 0.009009
11 3.319 x108 2.860 x10° 0.008616
12 3.340 x10° 4.829 x10° 0.01446
13 4.098 x10° 1.493 x107 0.03643
14 4.032 x10% 6.374 x10° 0.01581
15 3.607 x10° 9.548 x10° 0.02647
16 4.043 x10® 8.637 x10° 0.02136



17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

4.038 x10°
4.029%10°
4.061x10°
4.050 x10*
4.007 x10*
4.159 x10°
4.129 x10*
4.142 x10°
1.777 x10°
1.805 x10°
1.827 x10°
1.838 x10°
1.841 x10°
1.787 x10°
1.693 x10°
1.834 x10°
1.888 x10°
1.923 x10°
1.914 x10®
1.918 x10*
7.946 x10’

7.169 x10’

9.967 x10°
1.177 x10’
7.544 x10°
6.354 x10°
9.574 x10°
1.208 x10°
9.562 x10°
1.369 x10°
6.430 x10°
4.286 x10°
4.419 x10°
6.463 x10°
4.882 x10°
5.150 x10°
4.553 x10°
6.283 x10°
6.031 x10°
5.873 x10°
6.849 x10°
3.265 x10°
2.581 x10°

1.319 x10°

0.02468

0.02923

0.01858

0.01569

0.02390

0.02905

0.02316

0.03306

0.03619

0.02374

0.02419

0.03517

0.02651

0.02882

0.02689

0.03426

0.03194

0.03053

0.03579

0.01702

0.03248

0.01840
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39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

7.575 x10’
6.940 x10’
7.617 x10’
7.657 x10’
7.601 x10’
7.763 x10’
7.857 x10’
7.882 x10’
7.948 x10’
8.019 x10’
3.991 x10’
4.226 x10’
3.654 x10’
4.191 x10’
4.249 x10’
4.180 x10’
4.172 x10’
4.190 x10’
4300 x10’
4.324 x10’
4.736 x10’

4.656 x10’

1.184 x10°
1.689 x10°
1.827 x10°
1.478 x10°
2.093 x10°
2.175 x10°
1.757 x10°
1.834 x10°
2.152 x10°
2.172 x10°
1.422 x10°
1.177 x10°
1.110 x10°
1.138 x10°
8.740 x10°
1.631 x10°
9.184 x10°
1.277 x10°
1.164 x10°
1.692 x10°
1.290 x10°

1.675 x10°

0.01563

0.02434

0.02398

0.01930

0.02754

0.02802

0.02236

0.02327

0.02708

0.02709

0.03564

0.02784

0.03038

0.02716

0.02057

0.03902

0.02201

0.03047

0.02707

0.03912

0.02724

0.03598
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62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

2.642 x10’
2.987 x10’
2.934 x10’
2.994 x10’
2.937 x10’
2.965 x10’
2.953 x10’
2.970 x10’
3.063 x10’
3.086 x10’
3.100 x10’
3.106 x10’
1.164 x10’
1332 x10’
1.174 x10’
1.206 x10’
1.300 x10’
1.225 x10’
1.195 x10’
1.316 x10’
1.325 x10’

1.314 x10’

4.530 x10°
1.470 x10°
2.456 x10°
3.418 x10°
4.508 x10°
5.239 x10°
5.932 x10°
1.931 x10°
6.485 x10°
6.774 x10°
4.886 x10°
4.831 x10°
1.664 x10°
3.093 x10°
5.682 x10°
1.019 x10°
1.577 x10°
1.262 x10°
1.954 x10°
1.915 x10°
2.505 x10°

3.134 x10°

0.01715

0.004920

0.008369

0.01142

0.01535

0.01767

0.02009

0.006501

0.02117

0.02195

0.01576

0.01555

0.01430

0.02323

0.004839

0.008442

0.01213

0.01030

0.01635

0.01455

0.01891

0.02386



83 1.360 x10’ 2.418 x10° 0.01779
84 1.342 x107 1.780 x10° 0.01327
85 6.250 x10° 9.113 x10° 0.01458
86 5.974 x10° 1.124 x10° 0.01882
87 6.202 x10° 1.345 x10° 0.02169
88 6.332 x10° 7.028 x10° 0.01110
89 6.220 x10° 9.333 x10° 0.01501
90 6.520 x10° 6.793 x10° 0.01042
91 5.960 x10° 1.409 x10° 0.02364
92 6.035 x10° 1.172 x10° 0.01943
93 6.323 x10° 1.703 x10° 0.02693
94 6.385 x10° 1.117 x10° 0.01750
95 6.105 x10° 1.065 x10° 0.01745
96 6.669 x10° 1.292 x10° 0.01937
AVG 1355 x10° 2.764 x10° 0.02039

In this table, the well no. indicates the individual numbering of the wells in the 96-well plate

55

with wells 1-12 containing the 50 uM 6-CF dye solutions, wells 13-24 containing the 30 uM

solution, etc., Mean and SD are the mean and standard deviation obtained over three

experimental runs of each well, Error is the standard deviation divided by the mean, and AVG

are the average values of these over all the wells. Concentrations of aqueous 6-CF dye used are

50 uM, 30 uM, 5 uM, 2 uM, 1 uM, 0.5 uM, 0.2 uM, and 0.1 pM.

It is important to note that the 6-CF dye used in this error experiment is different from the

EG" used in the detection of UVC-induced DNA damage in the irradiated long oligonucleotide

samples in this study and hence both dyes have different characteristics. That being stated, the
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occurrence of the inner filter effect as seen in the higher concentration of 6-CF will not be a
problem using EG® as EG"™ at higher concentrations forms intermediates and hence this can
affect the sensitivity of the method. Therefore, lower concentration of EG® will be used in this

study as will be seen in subsequent sections.

Table 2.2 Combined instrument and pipette error analysis

Concentration Mean (u, counts)  SD (o, counts) Error (o/p)
(uM)

50 3.295 x10° 4.502 x10° 0.01366
30 4.033 x10° 1.631 x10’ 0.04043
5 1.837 x10° 7.994 x10° 0.04351
2 7.664 x107 3.527 x10° 0.04601
1 4.240 x10’ 2.906 x10° 0.06856
0.5 2.978 x10’ 1.261 x10° 0.04236
0.2 1.271 x10’ 7.189 x10° 0.05657
0.1 6.248 x10° 2298 x10° 0.03677
Average 1.355 x10° 4.681x10° 0.03453

In this table, the mean instrumental and pipette errors as a function of 6-CF concentration in uM
are shown. Mean and SD are the mean fluorescence intensities and their standard deviation
obtained over three measurements of all 12 wells containing a single 6-CF dye concentration.
Errors are the mean fluorescence intensities obtained across twelve wells in each row of the 96
well plate representing each concentration divided by their standard deviation. Concentrations of

aqueous 6-CF dye used are 50 uM, 30 uM, 5 uM, 2 uM, 1 uM, 0.5 uM, 0.2 uM, and 0.1 pM.

Table 2.2 shows the analysis of the combined instrument and pipette errors. The average
combined instrument and pipette error was obtained by calculating the mean fluorescence

intensities and their standard deviations in each row of the 96-well plate, representing a single
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concentration of 6-CF. The individual means and standard deviations per concentration were
then averaged to obtain the subsequent average mean and standard deviation. The average
standard deviation was then divided by the average mean to obtain the average combined
instrument and pipette error. As seen from Table 2.2, the average combined instrument and
pipette error, as a percentage, obtained was 3.453%, which is a small percentage error. From
Tables 2.1 and 2.2, the percentage average instrumental error was 2.039% while the average
percentage combined instrument and pipette error 3.453%. The total error, (o/pyr, is related to
the instrumental, pipette, and other errors by the expression (o/pyr = V {(o/p Y1+ (o/p )’p + (o/p
Yo} where the P, T and O subscripts indicate pipette, instrument and other sources, p and o are
the mean and standard deviation, respectively. This therefore suggests that the error due to
pipetting is 2.786%. It can therefore be inferred that error in experimental results larger than
3.453% will come from sources other than the pipette or the plate reader used in this study.

Those other sources will be discussed in the appropriate section.
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Figure 2.1: Normalized fluorescence mean intensities of various 6-CF fluorophore solutions

(filled squares) as a function of their concentration. The values were obtained over three
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experimental runs by exciting solutions of 6-CF in nanopure water at 492 nm and recording
emission at 517 nm. The solid line through the points was obtained by a free-hand fit, omitting
the 50 uM point due to the inner filter effect (see text). The concentrations of 6-CF for which
their fluorescence intensities were measured are 50 uM, 30 uM, 5 uM, 2 uM, 1 uM, 0.5 uM, 0.2
puM, and 0.1 pM. The dashed line indicates the linear region of the graph as shown in the inset
graph.

Figure 2.1 shows the average normalized fluorescence intensities of 6-CF solutions as a
function of concentration using the data in Table 2.2. The plot shows a linear decrease (dashed
line in Fig. 2.1 and inset) in fluorescence intensity as concentration decreases for concentrations
below 30 puM. At concentrations above 30 puM, the inner filter effect leads to anomalous
fluorescence intensities lower than would be expected from a linear dependence of intensity on
concentration. As explained above, the inner filter effect will lead to lower-than-expected

fluorescence intensity values.

2.3.2 Detection of UVC induced DNA damage in calf thymus and salmon sperm DNA

In this study, ct-DNA and ss-DNA solutions were irradiated with UVC light and the resulting
damage detected by EG® fluorescence. In undamaged DNA, EG® intercalates in the DNA and
forms a highly fluorescent complex. Increasing UVC-induced damage will lead to less rigid
double-stranded DNA due to the disruption of the base pairing/hydrogen bonding. The
consequently more flexible DNA will release EG” into solution where it is less fluorescent, and a
resulting decrease in the sample fluorescence can be measured'>". It is important to mention that
EG"® control only and the unirradiated DNA control only show no fluorescence activity. This
means that any fluorescence activity observed for the DNA was due to its intercalation with
EG". Different concentrations were used in this study to also understand the effect of
concentration on the damage time constants. The damage time constants of the samples for each
trial were obtained by using the single exponential line fits for the plots. The reported average
damage time constants for each sample was obtained by averaging the three individual damage
time constant values obtained over three experimental trials. The possible explanations for the
varying degrees of errors in the data points and in the damage time constants as will be seen in

the plots are subsequently addressed in the appropriate sections of this Chapter. Because the
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comparison of the damage kinetics of ct-DNA and ss-DNA have been extensively covered in

Chapter 2, we will not be doing that in this section.
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Figure 2.2: Normalized EG” fluorescence intensity as a function of UVC irradiation time for ct-
DNA in Trial 1 (A), Trial 2 (B) and Trial 3 (C). EG" fluorescence detection of UVC-irradiated
ct-DNA, (filled circles) and an unirradiated control (open squares) were obtained for the three
experimental trials by exciting a hybridization mixture containing typically 0.0085 uM ct-DNA
and 5 UM EG® in Tris buffer (10 mM Tris, 1 mM EDTA, 10 mM NaCl, pH~7.4) at 485 nm and
recording emission at 535 nm. The solid lines through the points are single exponential fits to the

-t/T

equation, Ir = Iy + Ae™ ", where If is the fluorescence intensity at time t, Iy is the fluorescence

intensity at t=0, A is the pre-exponential factor and T is the time constant. For the three ct-DNA
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trials, T =92 + 6, 67 + 9, and 87 £ 8, respectively, Ip= 0.3539 £ 0.01235, 0.5500 + 0.02547 and
0.4156 £ 0.01887, respectively, and A= 0.5875, 0.5579, and 0.5707, respectively, for trials 1, 2
and 3. The solid lines through the control points are linear fits. Also shown are the fluorescence
signals for EG® alone (filled triangles) and DNA alone (open circles). Irradiated DNA
concentrations are 0.038 uM (A), 0.039 uM (B), and 0.051 uM (C).

Fig. 2.2 shows the EG" fluorescence intensities obtained as a function of increasing UVC
irradiation time for three samples of ct-DNA. Also shown are the fluorescence levels for the
unirradiated control ct-DNA samples, and the fluorescence intensities of EG® and ct-DNA alone.
Note that the fluorescence of EG® and ct-DNA alone are very low. Thus, any fluorescence above
these levels comes from EG" intercalated in DNA. This is because DNA has no intrinsic
fluorescence and EG® in solution without the presence of a complementary DNA target exists as
two AO moieties fused together by a linker with a weak fluorescence, but upon intercalation
between base pairs, these moieties are separated resulting to two fluorescent monomers that are
still bound by the linker. Note also that the unirradiated samples show little or no fluorescence
decrease with time, indicating that the EG® fluorescence intensity decrease in the irradiated
samples comes from UVC-induced damage that leads to greater DNA flexibility, as described
above. The last two data points in plot B appears to have larger errors when compared to the
other points on the plot. A possible reason for this might be because some of the pipetted aliquots
at this time points might have stuck to the walls of the wells during pipetting thereby leading to
reduced volumes in the wells and hence errors in the fluorescence intensities obtained across

these wells.

Ct-DNA solutions of concentrations 0.038 uM, 0.039 uM, and 0.051 uM were irradiated
up to a maximum time of 250 min. The fluorescence intensity vs. time curves obtained, as seen
in panels A, B, and C in Fig. 2.1, are similar and show an exponential decrease in fluorescence
that is consistent with first-order kinetics. The time constants obtained from these single-
exponential fittings are 92 + 6 min, 67 + 9 min, and 87 £+ 8 min for irradiated ct-DNA solutions
0f 0.038, 0.039 and 0.051 uM concentrations, respectively. Appreciable decrease in fluorescence
occurs until about the 170 min timepoint, where it levels off. The decrease in fluorescence

intensities that occurs with increasing irradiation time is due to the de-intercalation of EG® from
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the ct-DNA which is increasingly damaged. The de-intercalation is attributed to UVC-induced
damage introduced in the dsDNA; as the UVC irradiation time increases, increased formation of
photoproducts occurs. Although the aim of these experiments is not focused on determining the
total time taken for DNA to fully damage as a result of UVC irradiation, a possible explanation
for the levelling-off of the plot at the later time points might be as a result of the identity and
position of the bases along the DNA double helix. It is well documented that UVC-induced DNA
damage is sequence dependent, and that TT sequences are more photoreactive than their TC, CT
and CC counterparts, and much more photoreactive than the other, photostable dinucleotide pairs
possible™'*. This means that for all the 16 possible dinucleotide combinations along the
dsDNA, only the TT dinucleotide is very photoreactive, with less photoreactivity in the TC, CT,
and CC dinucleotides. The leveling off can therefore be due to EG® still intercalated at these less
photoreactive dinucleotide combinations throughout the DNA, leading to a constant fluorescence
intensity as observed at these later time points. This might suggest that at these later time points,
all the photoreactive sites on the DNA strand are damaged. Also, earlier studies' have shown that
photoproducts are formed readily at the flexible ends of oligonucleotides rather than at their
more rigid centers, as demonstrated in poly (dA)-(dT) tracts. Therefore, the levelling-off of the
fluorescence intensities observed at the later time points as seen in Fig. 2.2 and subsequent plots
in this Chapter (see below) may also suggest that at those time points, the UVC-induced damage

being observed might be occurring close to or at the more rigid sites of the DNA double helix.

Table 2.3 Damage time constants for ct-DNA

Trial Concentration Absorbance Damage Time Constants
(mM) (min)
1 0.038 0.992 92 +6
2 0.039 1.041 67+9
3 0.051 1.355 87 +8

In this table, the UVC-induced damage time constants in minutes at various concentrations in
uM and resulting absorbances of ct-DNA are shown. Results shown are means that have been

averaged over three trials and the errors shown are one standard deviation.
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Table 2.3 shows the UVC-induced damage time constants obtained from the three
different samples of ct-DNA. The different concentrations resulted in somewhat different UVC-
induced damage time constants with minimal errors. The UVC-induced damage time constant
obtained from the irradiation of 0.039 uM (trial 2) gave the highest error. A possible reason for
the higher error observed in trial B is the much larger error bars associated with the fluorescence
intensities measured for the last two timepoints 210 min and 250 min. The inconsistencies in
values observed for these two timepoints might be due to possible errors in pipetting during the
transfer of replicate volumes into the wells of the 96-well plate. This may have led to unequal
replicate volumes in the wells and could have led to errors in fluorescent intensity readings.
Another possible reason for the larger errors on the last two time points in trial 2 is that the time
lag between the exposure of the hybridized ct-DNA/EG® in the 96-well plate and its insertion
into the molecular plate reader might vary between experimental trials and this can be a potential
source of error. Also, improper mixing of the individual replicate representations in the 96-well
plate can lead to errors in fluorescence intensity measurements. It is interesting to note that when
the data obtained for these last two time points are removed and the curve is replotted, a damage
time constant of 62 = 7 min with a smaller error as compared to the 67 £ 9 min reported above is
obtained. Although the irradiated ct-DNA solutions for trials 1 and 2 had almost similar
concentrations, their UVC-induced damage time constants differ significantly, which shows that
concentration might not be a determinant factor for the observed UVC-induced damage time
constant differences. A plausible reason for the differences in the damage time constants
obtained can be due to the possible dynamic transient conformational changes that occur in the
DNA double helix. DNA conformation, dynamics and interactions in solutions have been
extensively studied'>?". These studies suggest the possibility of some UVC-induced damage sites
on the DNA poorly binding to EG® due to these continual short-lived changes in the structural
pattern of the DNA double helix. Also, the fluorescence decay plots as seen in this Chapter only
show the fitting errors, and other factors such as varying all the parameters in the fit can also be a
reason for the differences in damage time constants obtained throughout this Chapter. It is
important to mention that the damage time constants obtained for trials 1 and 3 are the same
within experimental error even though the irradiated ct-DNA for these trials differ. Finally, it is

important to note that other potential errors such as those involved in the experimental and assay
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design as highlighted in earlier sentences which are not represented in the plots might also be a

reason for the differences observed in damage time constants across individual trial runs.
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Figure 2.3. Normalized (E()}® Fluorescence intensity as function of UVC-irradiation time for ss-
DNA in Trial 1 (A), Trial 2 (B) and Trial 3 (C). EG"® fluorescence detection of UVC-irradiated
ss-DNA, (filled circles) and an unirradiated control (open squares) were obtained for the three
experimental trials by exciting a hybridization mixture containing typically 0.0085 uM ss-DNA
and 5 uM EG" in Tris buffer (10 mM Tris, | mM EDTA, 10 mM NaCl, pH~7.4) at 485 nm and
recording emission at 535 nm. The solid lines through the points are single exponential fits to the
equation, Ip= Iy + Ae't/T, where I is the fluorescence intensity at time t, I is the fluorescence
intensity at t=0, A is the pre-exponential factor and T is the time constant. For ss-DNA, T = 186
+ 37, 141 + 26, 101 £ 12 for A, B and C, respectively, Ip= 0.3089 £ 0.08598, 0.3619 + 0.0713,
0.4503 £+ 0.03604, and A= 0.6395, 0.6090, and 0.4282, respectively for trials 1, 2, and 3. The

solid lines through the control points are linear fits. Also shown are the fluorescence signals for
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EG" alone (filled triangles) and DNA alone (open circles). Irradiated DNA concentrations are

0.060 uM (A), 0.060 pM (B), and 0.058 pM (C).

Fig. 2.3 represents the fluorescence decay curves obtained from the irradiation of 0.060
uM, 0.060 uM, and 0.058 uM concentrations of ss-DNA with absorbances of 1.585, 1.585, and
1.536, respectively. The ss-DNA solutions were also irradiated up to a maximum time of 250
min. The resulting DNA damage constants are collected in Table 2.4 below. The fluorescence
decay curves were obtained by the excitation of hybridization mixtures containing typically
0.0085 uM ss-DNA and 5 pM EG®™ pM in Tris buffer (10 mM Tris, | mM EDTA, 10 mM NaCl,
pH~ 7.4) at 485 nm and emission recorded at 535 nm. Substantial changes in fluorescence
intensity is observed until around the 170 min mark. After 170 min, the damage proceeds slowly
until 250 min. The time constants obtained for trials 1, 2, and 3 using single exponential fittings
were 186 = 37 min, 141 £ 26 min, 101 = 12 min respectively. The curves also show a continuous
decrease in fluorescence until the 170 min time point where it levels off. In each trial, the
unhybridized DNA alone and EG® alone samples show no fluorescence, as expected. The reason
for the observed levelling-off of the fluorescence intensities at the later time points and the lack
of fluorescence activity observed for both the unhybridized DNA and EG® have been discussed

above.

Table 2.4 Damage time constants for ss-DNA

Trial Concentration Absorbance Damage time constants
(LM) (min)
1 0.060 1.585 186 + 37
2 0.060 1.585 141 £26
3 0.058 1.536 101 £12

In this table, the UVC-induced damage time constants in minutes at various concentrations of
irradiated ss-DNA in uM are shown, with their absorbance values. Results have been averaged

over three trials.
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Table 2.4 shows the damage time constants obtained from the three experimental trials of
the ss-DNA, the respective absorbances and extrapolated Beer-Lambert concentrations of the
irradiated ss-DNA solutions. UVC-induced damage time constant obtained from the first
experimental trial 1 which involved the irradiation of 0.060 uM gave the most error. Although
the irradiated ct-DNA solutions for trials 1 and 2 had the same concentrations, their UVC-
induced damage time constants are the same within experimental error which confirms that
concentration might be a determinant factor for the observed UVC-induced damage time
constant differences. The possible reasons for both the large errors observed in the damage time
constants and the differences in damage time constants obtained irrespective of concentration

and absorbance has been explained in detail above.

Tables 2.3 and 2.4 shows that the UVC-induced damage time constants for ct-DNA and
ss-DNA might not be dependent on concentration. Comparing the results from these two tables
further shows some interesting relationship between the concentration of the irradiated DNA
solutions and the damage time constants obtained. For the ct-DNA, trials 1 and 3 of different
irradiated DNA concentrations showed similar damage time constants within experimental error,
while for the ss-DNA, trials 1 and 2 of similar irradiated DNA concentrations showed similar
damage time constants within the experimental error. However, it has been well established that
the rate of reaction (k) for unimolecular reactions is independent of the concentration (c) of the
reacting species. To further confirm that the concentration of the species had little or no effect on
the rate constant, we can calculate the effect such concentration differences would have on the
rate constant by using the equation, k= ¢ 1o ¢. Assuming that the quantum yield (¢) and the
absorption cross section () of each DNA sample were constant and solving for the rate constant
ratios for two DNA samples we will have k/k' = 15, [a But A=log Iy/ I; = ebc, and 1= Iy-I:.
Therefore, solving for I, as a function of concentration, we have that A= log (15, L;)/Ii= €bc.
Linearizing the equation (10™ ~1-x + x...), we have that I,/ + 1~1 + ebc. Substituting into the
rate constant ratio equation, we arrive at k/k' = c/c'. Putting the concentrations and solving for the
rate constant ratios for the two DNA samples used in this study, it gives approximate values of 1
and therefore it’s safe to say that the rate constants in these reactions were not affected by
concentration. The error observed in the UVC-induced damage time constants for the ss-DNA

runs is higher than those of the ct-DNA.
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Table 2.5 Average time constants of ct-DNA and ss-DNA, and their A-T % compositions.

Sample AT composition Average Time constant
(%) (min)

ct-DNA 58.1 82+ 13

ss-DNA 56.9 143 +43

In this table, the AT compositions of ct-DNA and ss-DNA in percentages and their average

UVC-induced damage time constants in minutes are shown.

Table 2.5 shows the average time constants obtained over three experimental trial runs of
ct-DNA and ss-DNA and their respective AT% compositions. Both ct-DNA and ss-DNA have
molecular weights of 1.3 x10° Da, with AT% compositions of 58.1 % for ct-DNA and 56.9 %
for ss-DNA. ss-DNA was observed to have a slower average damage time constant of 143 + 43
min than ct-DNA of average damage time constant of 82 + 13 min over the three experimental
runs. The slower rate of UVC-induced damage and hence the larger damage time constants
observed with the ss-DNA, correlates as expected with its lower AT% composition of 56.9 % as
compared to the ct-DNA. This is because studies have shown that TT sites are the most
photoreactive. This therefore means that ct-DNA with a higher AT% composition with
supposedly more TT dinucleotide bases, will have more photolabile sites and therefore is
expected to damage faster upon sustained exposure to UVC irradiation as our results suggests.
The above results consistently show a regular damage pattern with ct-DNA being more

susceptible to UVC-induced damage as it has a higher AT% composition than ss-DNA.

From the data obtained from these experiments under the same conditions, it is clearly
seen that ss-DNA with a higher GC composition had higher damage time constants of 186 + 37
min, 141 = 26 min, 101 £ 12 min while the ct-DNA had damage time constants of 92 + 6 min, 67
+ 9 min, 87 = 8 min over three experimental runs. Also, the kinetic fluorescence plots above
show that EG" in the absence of dsDNA weakly fluoresces. The decrease in fluorescence with
irradiation times, as seen in all the curves in Figures 2.2 and 2.3, shows the ability of the EG”
dye to detect UVC-induced damage in both the ct-DNA and ss-DNA, which are averagely 2000

bp long. This exponential decrease in the fluorescence of EG® which can be seen from the plots
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above with increased UVC irradiation time shows UVC-induced DNA damage/formation of
photoproducts in both DNA samples used. The intercalation of EG® is not sequence-dependent
and this makes it a better fluorescence technique when compared to other fluorescence probes
such as MBs, SPs and terbium (Tb>") which are sequence dependence. Also, UVC-induced DNA
damage detection using EG® as a probe provides a milder, cheaper and easier alternative than the
use of MBs, Tb, SPs and chromatography-based methods. This therefore suggests that EG® can
be used effectively to probe DNA damage in long nucleotide sequences up to genomic DNA
damage as seen in the results obtained in this Chapter. Although this assay shows lots of
promise, it is important to mention that this method is a negative DNA damage detection method
that possesses an intrinsic disadvantage. This is because the undamaged DNA- EG" hybrid has a
high fluorescence, with damage measured as a decrease in fluorescence intensity observed with
increased irradiation time. Hence damage is measured as a function of the difference between
large fluorescence values and its sensitivity might therefore be compromised. Also, the short
time lag that exists between the exposure of the hybridized EG*/dsDNA in the 96-well plate and
the subsequent slotting into the plate reader for fluorescence measurements is a potential source
of error for this assay. The intrinsic property of EG®, having a weak background fluorescence
and its ability to detect UV-induced damage in double stranded DNA makes it a more adaptable
probe for the detection of UVC-induced DNA damage in realistic samples, and gives it an
advantage over other fluorescence probes such as Terbium (Tb’")*! which is limited to single
stranded DNA, MBs”® and SPs® which are sequence dependent, and other DNA damage
detection methods such as HPLC-MS*** gel electrophoresis®* and polymerase chain reaction
(PCR)*?%?7 which are limited to detecting only strand breaks and suffer from low sensitivity.
This therefore shows that EG® is a prospective tool for UVC-induced DNA damage detection in
long DNA sequences.

2.4 Conclusion

In summary, we have been able to demonstrate an assay that can detect UVC-induced DNA
damage in large dsDNA sequences using ct-DNA and ss-DNA as targets with the hybridization
of EG®. Our results show that the change in fluorescence intensities with increased irradiation
time corresponds to the UVC-induced damage observed in these samples. The damage rates of

the samples were found to be consistent with their AT % compositions with ct-DNA which has



68

an AT % composition of 58.1 % damaging at a faster rate than the ss-DNA with an AT %
composition of 56.9 %. Although concentration is not a rate-determining factor in the reaction as
expected for a unimolecular reaction, the position of the data points on each of the plots and the
errors in fluorescence intensity values (which possibly came from well cross-talks) obtained for
some time points influenced the damage time constants. Our results also showed that at time
points from 170 min, there is little, or no damage observed which is likely because the
photoreactive sites have all been damaged at this time. This assay therefore provides a cheap and
sequence-independent method of detecting UVC-induced DNA damage which is an advantage as
compared to earlier used DNA damage detection techniques such as HPLC-MS, MBs, SPs, and
gel electrophoresis. As earlier results and discussion in this Chapter suggest, it is observed that a
small variation in the AT % composition of these DNA samples alters their damage time
constants in a very significant way with ct-DNA of a higher AT % composition damaging at a
faster rate than the ss-DNA with both species having identical extinction coefficients and
photochemical rate constants. Although this method shows great prospects for the detection of
UVC-induced DNA damage in long nucleotide sequences, further analysis such as MS is still
needed to both characterize and validate this method. Finally, the complete error analysis carried
out showed that both the instrument a SpectraMax i13x plate reader used for the fluorescence
measurements and pipetting involved in the transfer of sample aliquots contributed negligible

errors to the experimental results obtained. Hence, most of the errors came from other sources.
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Chapter Three
Detection of UV-induced DNA damage in extracted cellular DNA and regular DNA

samples

3.1 Introduction

The exposure of DNA to ultraviolet radiation (UVR) can lead to many potential health
challenges such as aging', and in more serious cases skin cancer’. Over the years, various
damage detection methods have been developed which include gel electrophoresis, mass
spectrometry-based techniques, immunological techniques and others in order to detect UV-
induced and other types of DNA damage’. While some of these methods boast good potential,
they still possess some inherent properties that leaves a lot to be desired. Demerits such as low or
lack of specificity towards some types of damages, poor result feedbacks, laborious sample
preparation and high cost are some of the problems that are associated with some of these
detection methods®. In order to address this, the use of the fluorescent dye EvaGreen® (EG®) as a
potential tool for the detection of UVC-induced DNA damage becomes a very interesting option.
With its ability to detect damage irrespective of base pair sequence and low cost, EG® provides a

cost effective, easy and generalizable way of detecting UV-induced damage.

The potential use of fluorescence-based techniques in determining UV-induced DNA
damage have been explored in the research literature. Fluorescence probes such as 2-
aminopurine (2AP) and molecular beacons (MB) have been used in studies to detect UV-induced
DNA damage4’5. El-Yazbi, et al. have also used chimeric RNA-DNA, analogues of MBs, to
quantify nucleic acids, single nucleotide polymorphisms (SNP), and nucleic acid damage®. Smart
probes, which are also analogues of MBs, have been used to detect UV-induced DNA damage in
96-well plates and in cuvettes’. Other MB analogues such as locked nucleic acid hairpin probes,
and hypochromism probes have been used to detect UV-induced DNA damage®'®. These
analogues have been found to be more cost effective than MBs with similar sensitivity to damage
types in most cases, although they still suffer from demerits such as inadequate quenching that
leads to background fluorescence, low sensitivities in the case of the hypochromism probes, and
they are sequence specific. In other studies, other fluorescence probes such as terbium (Tb>")

have both been used to detect nucleic acid damage mismatches in double stranded DNA (ds-
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DNA)'""'2. Other review articles have also highlighted the use of staining dyes as reporters in
various methods used in detecting DNA damage'>'*. Although much work continues to be done
in the field of using fluorescence techniques to detect DNA damage, problems such as
background fluorescence, poor selectivity based on the DNA sequence being analyzed, and the
ability of the method to detect damage not just in single stranded DNA but also in double
stranded DNA still persists. Also, the challenge of the cost associated with having to synthesize
these probes could be overbearing and therefore leaves the researcher with a huge challenge to
deal with. One of the major challenges therefore is to develop a method that is not only sequence
independent but can be used to determine UV-induced damage in longer nucleotide sequence,
one which will therefore have implications in trying to answer questions potentially posed in real

world situations and not just confined to laboratory experiments.

The use of EG” as a potential tool for the detection of UV-induced nucleic acid damage
has continued to attract numerous research interests. Interestingly, the binding interactions
between EG® and DNA shows that EG® can be suitable for probing nucleic acid damage'. Nair,
et al. have shown the differences in the mutation hotspots of the K-Ras and N-Ras using EG® as
probe'®. All of the research with EG has been done with sequences no longer than 20-30 base

pairs. An open question is the applicability of this technique to longer DNA strands.

This study will investigate the potential of using EG® as a probe to detect UV-induced
DNA damage in longer nucleotide sequences. The samples used in this study are DNA extracted
from cultured E. coli cells, and DNA samples of salmon sperm (ss-DNA) and calf thymus (ct-
DNA). Each DNA pair being investigated was exposed to UVC radiation simultaneously for a
maximum time of 250 min at room temperature. To further confirm the results in Chapter 2, ss-
DNA and ct-DNA were simultaneously exposed to UVC radiation. Because Chapter 2 has
already discussed the comparison between ct-DNA and ss-DNA, this Chapter will be discussing
the comparison of UVC-induced DNA damage observed from the simultaneous irradiation of the
E. coli DNA sample with both the ct-DNA and ss-DNA as used in this study. The detection of
UVC-induced DNA damage will be discussed as a function of the observed decrease in the
fluorescence intensity of EG® with increased irradiation time. Also, the damage time constant

results obtained for each DNA sample will be compared and discussed in correlation with their
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respective AT% composition to determine UVC-induced damage susceptibilities as a function of
nucleotide sequence. The supposed reasons for the errors and observed differences in the damage
time constant obtained for each DNA sample across the experimental trials will not be covered in
this Chapter as it has already been discussed in Chapter 2. Finally, the results obtained will show
the potential of EG® as a cheap and simple method for the detection of nucleic acid damage in

long nucleotide sequences.

3.2 Experimental

3.2.1 Materials

Deoxyribonucleic acid (DNA) sodium salt fiber from calf thymus (ct-DNA), protease from
Streptomyces griseus, and ribonuclease (RNase, Sigma-Aldrich, Inc., Oakville, ON, Canada), 8
uM UltraPure™ salmon sperm (ss-DNA), sodium dodecyl sulfate (SDS), and buffer-saturated
phenol DNA solution (ThermoFischer Scientific, Waltham MA, USA), and EvaGreen® dye
solution (Biotium, Inc, Fremont, CA, USA) were all used as received without further

purification. DNA samples were stored at -20 “C upon receipt and until needed.

3.2.2 E. coli cell culture growth and DNA extraction

The LB media was prepared by the combination of 10 g of tryptone, 5 g of yeast extract, 10 g of
NaCl, and 1 liter of distilled water and the pH was adjusted to 7.0 with 1 N NaOH. The resulting
mixture was distributed into four 250.0 mL volumetric flasks and autoclaved for 15 min at 121
°C. Upon cooling of the LB media, cells are scraped off the top of a glycerol cell stock and into
the four flasks of LB media, and the cell culture was left to grow overnight at a temperature of 37
°C mixing at 225 revolutions per minute (RPM). A 10-fold dilution of the obtained cell culture is
measured in a BioMate 3 spectrophotometer (Thermo spectronic, ThermoFischer Scientific,
Waltham MA, USA) to obtain the optical density (OD) using LB media as blank. For a 250 mL
cell culture, the typical ODggp was 3.08. Since 1 ODgpp unit = 1 x10° cells/mL, an E. coli cell

culture with an ODggg of 3.08 will constitute 3 x10° cells/mL.

For the E. coli DNA extraction, the E. coli cells were suspended in a Tris-EDTA (TE) (10
mM Tris, | mM EDTA, pH~7.6) solution and vortexed before the addition of 10% SDS solution.
The 10% SDS stock solution was prepared by dissolving 10 g of SDS in 100 mL of ultrapure
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water (Millipore Sigma, Burlington, MA, USA) and filtered to remove particulates. For each 250
mL E. coli cell culture, 20 mL of the TE buffer/SDS was used in the ratio 9:1 of buffer and SDS,
respectively. 80 mg of protease was added to each cell suspension, incubated at 37 °C for about 3
hours and then sheared by repeatedly flowing in and out of an 18G1 needles and then a 26Gx1/2
needle. The needles were used to break up the long strands of DNA by first passing the E. coli
cell culture through the larger 18G1 needles and finally through the 26Gx1/2 needles which are
of smaller diameter to obtain smaller E. coli DNA fragments. The sheared E. coli DNA was then
extracted using a 1:1 buffer-saturated phenol/chloroform mixture with the solutions continually
mixed overnight using a mixer (ThermoFischer Scientific, Waltham MA, USA). The extracted
mixture was spun in an Avanti J-26 XPI centrifuge (Beckman Coulter Life Sciences, Lakeview
Parkway, IN, USA) using a SX 4400 rotor at 4700 RPM and 4 °C, and the top layer was
carefully pipetted into clean falcon tubes for further extraction. This extraction was repeated at
least 3 times. After extraction, 20 mL of chloroform solution was added to the extracted E. coli
DNA to remove any phenols present. The E. coli DNA was precipitated by adding 5 mL of 5 M
NaCl and 200 mL 95% ethanol to the aqueous solution and allowing to sit overnight at 4 °C.
Upon precipitation, the E. coli DNA pellets were collected by spinning for 30 min in an Allegra
X-30R centrifuge (Beckman Coulter Life Sciences, Lakeview Parkway, IN, USA) using a JLA
16-250 rotor at an RPM of 20,000g at 4 °C. After spinning, the ethanol/water supernatant was
discarded, and the E. coli DNA pellets were left to sit and air dry in the fume hood for about 1 hr.
Upon drying, 20 mL of TE buffer solution was added with 10 mg of RNase and the resulting
mixture was mixed properly, and allowed to sit for 30 min at 37 “C. This was followed by the
addition of 16 mL ammonium acetate and 10 mL of isopropanol, and the solution was left to sit
for 10 min. The resulting solution was spun for 30 min in a JLA 16-250 rotor at an RPM of
20,000g at 4 °C. The solvents were discarded each time and the pellet washed twice with 200 mL
70% EtOH and spun each time for 30 min using a JLA 16-250 rotor at an RPM of 20,000g at 4
°C. The E. coli DNA pellets were left to dry overnight in a fume hood at room temperature. The
dry E. coli DNA pellets were dissolved in TE buffer and stored at -20 °C until needed. To obtain
the concentration of the extracted E. coli DNA, a 10x dilution was performed, with the
absorbance (Azs) and concentration measured using a P360 Nanophotometer (Implen, Inc.
Schatzbogen, Munich, Germany). The measured concentration of the E. coli DNA stock solution

was 112 ng/uL with an Ajg of 3.92, but because a 10x dilution was done, the actual
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concentration of the stock solution was 1120 ng/uL. Nanopure water (Barnsted Nanopure,
Boston, MA, USA) was used as a blank for all absorbance measurement with a path length of 1

mm.

3.2.3 UV irradiation (comparative experiment of ss-DNA and ct-DNA)

A 0.152 uM ct-DNA stock solution with an extrapolated Beer-Lambert law absorbance of 4.00
was prepared by dissolving 0.0393 g of the DNA salt fiber in nanopure water at room
temperature in a 10.0 mL volumetric flask. A 3980 puL volume of the stock was dissolved in a
10.0 mL volumetric flask and made up to mark to give a measured absorbance of 1.597 and an
extrapolated Beer-Lambert law concentration of 0.0605 uM using the expression A = gbc where
€ 1s the molar absorptivity, b is the path length and c is concentration. For the ss-DNA, 756 uL of
the 8 uM stock solution was diluted in a 10.0 mL volumetric flask to give an absorbance of
1.596 and an extrapolated Beer-Lambert law concentration of 0.0605 puM. All absorbance
measurements were made at room temperature using a Shimadzu (Kyoto, Japan) UV-1280 with a
path length of 1 cm and using nanopure water as blank. Samples were then vortexed pipetted into
5 mL cuvettes, irradiated and subjected to the same procedures as those used in the ct-DNA and

ss-DNA comparative experiments as explained in Chapter 2.

3.2.4 UV irradiation (comparative experiment of E. coli DNA with ct-DNA and ss-DNA

For the E. coli DNA comparative experiments, a concentration of 50.0 ng/uL E. coli DNA
solution with an Aep of 0.100 was prepared from the stock solution of concentration 1120 ng/pL
by diluting a 446 uL aliquot of the E. coli DNA stock solution in a 10.0 mL volumetric flask. A
concentration of 50.0 ng/uL ss-DNA used for the comparative study with the E. coli DNA was
prepared by dissolving 47 pL of the 8 uM ss-DNA stock solution in a 10.0 mL volumetric flask
to give an Ajyeo of 0.101. Also, for the ct-DNA used in the E. coli comparative experiments, a
stock solution of concentration 93.5 ng/uL with an Ayeo of 0.188 was prepared by first dissolving
0.0008 g of ct-DNA fiber in a 10.0 ml volumetric flask and leaving it overnight at -20 °C. The
stock solution was then allowed to thaw to room temperature, and then a 50 ng/uL ct-DNA
solution with an A,q was prepared by diluting 5348 pL of the 93.5 ng/uL stock solution in a
10.0 mL volumetric flask. All absorbance and concentration measurements were carried out at

room temperature using the P360 nanophotometer with nanopure water used as blank and a 1
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mm path length. Samples were vortexed, pipetted into 5 mL cuvettes, irradiated and subjected to
the same procedures as those used in the ct-DNA and ss-DNA comparative experiments as

explained in Chapter 2.

3.2.5 Fluorescence measurements

For the comparative experiments between the ct-DNA and ss-DNA, irradiated DNA solutions
were hybridized with EG® after various amounts of irradiation time and subjected to the same
procedures as detailed in Chapter 2. For both ct-DNA and ss-DNA, 84 uL of 0.0605 uM
irradiated DNA aliquot was pipetted into each of two 1 mL Eppendorf tubes. Two replicate
samples for each time point were obtained in this way. To each Eppendorf tube containing 84 pL.
of the DNA sample aliquot, 32.0 pL of 26.6 uM EG®™ and 60 pL of buffer (100 mM Tris, 100
mM NaCl, 1| mM EDTA, pH ~ 7.4) solution and 424 pL of nanopure were added. This gave a
final DNA concentration of 0.00847 uM and a final buffer concentration of 10 mM Tris, 10 mM
NaCl, 1 mM EDTA, and pH ~ 7.4. A 200 pL aliquot of this 0.00847 uM mixture for each
replicate was then pipetted into a 96 well-plate (Corning Special Optics, NY, USA). The 96-well
plates were incubated at 37 °C for 20 min in an oven in the dark before the fluorescence
measurement. Fluorescence intensity measurements were then performed by using the
SpectraMax (Molecular Devices, San Jose, CA, USA) 13x plate reader with the excitation and

emission wavelengths set at 485 and 535 nm, respectively.

In the comparative experiments of the E. coli DNA with either ss-DNA or ct-DNA,
irradiated DNA solutions were hybridized with EG® after various amounts of irradiation time
and subjected to the same procedures as detailed in Chapter 2. For the E. coli DNA, ct-DNA, and
ss-DNA, 138 puL of this aliquot was pipetted into each of two 1 mL Eppendorf tubes. Two
replicate samples for each time point were obtained in this way. To each Eppendorf tube
containing 138 uL of the DNA sample aliquot, 32.0 pL of 26.6 uM EG® and 60 pL of buffer
(100 mM Tris, 100 mM NaCl, 1 mM EDTA, pH ~ 7.4) solution and 370 pL of nanopure water
were added. This gave a final DNA concentration of 0.00847 uM and a final buffer
concentration of 10 mM Tris, 10 mM NaCl, 1 mM EDTA, pH ~ 7.4. A 200 pL aliquot of this
0.00847 uM mixture for each replicate was then pipetted into a 96 well-plate. The 96-well plates

were incubated at 37 °C for 20 min in an oven in the dark before the fluorescence measurement.
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Fluorescence intensity measurements were then performed by using the SpectraMax i3x plate
reader with the excitation and emission wavelengths set at 485 and 535 nm, respectively. For
each comparative run, the absorbances and concentrations of the irradiated DNA solutions were

kept as similar as possible.

3.3 Results and discussion.

In this study, we attempt to show the detection and comparison of UVC-induced DNA damage in
long nucleotide sequences of ct-DNA, ss-DNA, and E. coli DNA samples consisting of
thousands of base pairs using EG® as a probe. All samples being compared were exposed
simultaneously to UVC radiation in a bid to achieve reproducibility and a direct comparison to
their relative damage susceptibilities. UVC-induced DNA damage will be discussed as a function
of the decrease in fluorescence intensity of EG® with increasing irradiation time. The extent or
susceptibility to UVC induced damage of the various DNA samples will be discussed as a
function of their AT% compositions. We also attempt to explain the potential reasons for the
differences in damage time constants obtained, and the limitation of this assay towards detecting

genomic UV-induced DNA damage, while also touching on its inherent advantages.

3.3.1 Simultaneous irradiation of E. coli DNA, ct-DNA, and ss-DNA with UVC light

In this study, samples of ct-DNA, ss-DNA and E. coli DNA were irradiated with UVC light for a
maximum exposure time of 250 min under anoxic conditions. For the ss-DNA and ct-DNA
experiments, samples were irradiated together simultaneously. For the comparison experiments
involving the E. coli DNA, both the ss- and E. coli DNA samples and the ct- and E. coli DNA
samples were irradiated together simultaneously as pairs. DNA control samples (unirradiated
DNA samples) were prepared and treated under all the same conditions as the irradiated DNA
samples, except that they were not exposed to UVC light. UVC-induced DNA damage was
measured as a function of the exponential decrease in the fluorescence intensity of the EG® with
increasing irradiation time. The intrinsically low fluorescence of free EG® and its increase in
fluorescence upon intercalation with undamaged dsDNA, which plays an important role in its
suitability for this study as a detection assay, has been explained in detail in the previous

Chapter.



79

Figure 3.1 shows the kinetic plots of simultaneous UV C-irradiated ct-DNA and ss-DNA
over three experimental trials. The lines are single exponential fits to the decrease in
fluorescence intensity of EG® expected upon introduction of UVC-induced DNA damage into
these two DNA samples (Ch. 2). Damage time constants of 87 = 9 min, 120 + 20 min, and 95 +
20 min were obtained for trials 1, 2, and 3, respectively, of ct-DNA, while 94 = 1 min, 124 + 37

min and 117 + 20 min were observed for trials 1, 2, and 3, respectively, of ss-DNA.
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Figure 3.1. Normalized EG" fluorescence intensity as a function of UVC irradiation time for ct-
DNA and ss-DNA in Trials 1, 2, and 3. EG® fluorescence detection of UVC-irradiated ct-DNA,
(filled circles) and an unirradiated control (open squares) were obtained for the three
experimental trials by exciting a hybridization mixture containing either 0.0085 pM ct-DNA or

ss-DNA, and 5 uM EG" in Tris buffer (10 mM Tris, | mM EDTA, 10 mM NaCl, pH~7.4) at 485
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nm and recording emission at 535 nm. The solid lines through the points are single exponential

fits to the equation, Ir = Iy + Ae vT

, where Ir is the fluorescence intensity at time t, Iy is the
fluorescence intensity at t=0, A is the pre-exponential factor and T is the time constant. For the
three ct-DNA trials, T = 87 = 9 min, 120 + 20 min, and 95 + 20 min, respectively, and for the
three ss-DNA trials, T = 94 + 1 min, 124 + 37 min, and 117 &+ 20 min, respectively. For the three
trials of ct-DNA, Ij= 0.4229 + 0.02504, 0.5085 £+ 0.03931 and 0.4938 + 0.05033, respectively,
and for the three trials of ss-DNA, Ip= 0.3680, 0.4796 + 0.07219 and 0.4459 + 0.05108,
respectively. For the three ct-DNA trials, A= 0.5818, 0.4761, and 0.4572 respectively, and for
the three ss-DNA trials, A= 0.6434, 0.4673, 0.5688, respectively. The solid lines through the
control points are linear fits. Also shown are the fluorescence signals for EG" alone (filled
triangles) and DNA alone (open circles). Irradiated DNA concentrations for ct-DNA are 0.00603
uM (1) and 0.0605 uM (2 and 3), and 0.0603 uM (1), 0.0604 pM (2) and 0.0605 uM (3) for the

irradiated ss-DNA concentrations.

The results show that over these three experimental trials, ss-DNA had a higher damage
time constant than ct-DNA. Also, it is observed from the plots that appreciable damage occurs
until about the 170 min time point where it levels off. The supposed reasons for this have been
extensively discussed in Chapter 2. The average damage time constant obtained for ct-DNA and
ss-DNA over the three experimental trials are 101 £ 24 min and 112 + 25 min respectively, and
the reason for the differences in the damage time constants as observed for these individual

samples has been discussed in Chapter 2.

Table 3.1 shows the concentrations, absorbances, and damage time constants obtained
over three experimental trials for ct-DNA and ss-DNA. Trial 2 gave the most error for ss-DNA,
while the errors for trials 2 and 3 were same for the ct-DNA. Trial 1 for both samples gave the
least error. The concentrations and absorbances of the individual irradiated DNA samples were
quite similar and the observed damage time constants were not the same within experimental
error. One of the reasons why the damage time constants for the same sample differ irrespective
of their similar concentrations could be because these individual experiments were done at

different times and hence one or two experimental conditions might have been altered and this in
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turn affects the damage time constants obtained per experiment. The explanation for the varying

errors as observed in this table have been discussed extensively in Chapter 2.

Table 3.1 Damage time constants for ct-DNA and ss-DNA

Trials DNA Concentration Absorbance Damage time constants

(uM) (min)
1 ct 0.060 1.591 87+9
ss 0.060 1.591 94 +1

2 ct 0.061 1.592 120 + 20

ss 0.060 1.591 124 + 37

3 ct 0.061 1.592 95 +20

ss 0.061 1.592 117 +20

In this table, the UVC-induced damage time constants in minutes at various concentrations in
puM and resulting absorbances of ct-DNA and ss-DNA are shown. Results shown are means that

have been averaged over three trials and the errors shown are one standard deviation.

Figure 3.2 shows a plot of the average damage time constants as a function of AT%
composition obtained for ct-DNA and ss-DNA over three experimental trials. Ct-DNA with an
AT% composition of 58.1 had a lower damage time constant (meaning that it damaged faster
under the UVC irradiation conditions) than ss-DNA which has an AT% composition of 56.9 as
expected. These results are indeed consistent with earlier studies and the UVC-induced
susceptibilities of these two samples also followed the same trend with the results presented in
Chapter 2 of this text. The expected susceptibilities of these DNA samples to UVC-induced
damage as a function of their AT% composition has been discussed in detail in Chapter 2. The
average damage time constants obtained for ct-DNA and ss-DNA were 101 = 24 min and 112 +
25 min respectively and are similar within experimental error. These average damage time
constants were obtained from the three individual trials of both samples. The errors in these

average damage time constants were obtained by the square root of the sum of the squares of the
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standard deviations from the values of the individual damage time constants and average of the
of the standard deviations of the individual damage time constants. In this way, the error

propagation was ensured while calculating the average damage time constants.
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Figure 3.2. A plot of the average time constant for ct-DNA and ss-DNA as a function of their
AT% composition obtained over three experimental trials. The average time constants obtained

are 101 + 24 min and 112 £ 25 min for ct-DNA and ss-DNA, respectively.

The standard deviations obtained for these average damage time constants were still
fairly high when compared to the results obtained in Chapter 2, which is an indication of the
error propagation from the individual damage time errors obtained from these experimental
trials. Although the individual damage time constant errors appear to be slightly better than those
obtained in Chapter 2 which suggests that human error may play a significant role in the

uncertainties i.e., the errors improved with practice.

3.3.2 Comparison of UVC-induced DNA damage in E. coli DNA and ss-DNA

In this study, ss-DNA and E. coli (DH50) DNA were prepared and irradiated as discussed in the
experimental section. The E. coli DNA was approximated to 2000 bp to have the same base pair
concentration for all samples. Another reason for the approximation is that at elevated base pair

concentrations, a higher concentration of EG” is needed which will not be feasible as earlier
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studies'” suggest that at higher concentrations, EG® has the ability to form aggregates which will
lead to unwanted loss in precision and sensitivity of the method. The approximation was

calculated as per Chapter 2.

Figure 3.3 shows the fluorescence decay curves obtained from three experimental trials
of simultaneous exposures of 50 ng/uL concentrations of both E. coli DNA and ss-DNA to UVC
radiation for 250 min at room temperature. The damage time constants obtained for E. coli DNA
were 68 + 13 min, 65 = 4 min, and 75 = 13 min for trials 1, 2, and 3, respectively, and the
damage time constants obtained for ss-DNA were 63 + 5, 58 = 4, and 68 £ 3 min for trials 1, 2,
and 3, respectively. E. coli DNA over the three experimental trials showed a higher damage time
constant than its ss-DNA counterpart. This is expected, because E. coli DNA has a lower AT%
composition of 49.6 as compared to ss-DNA with an AT% composition of 56.9. The damage
susceptibilities as a function of AT% composition for E. coli DNA, ss-DNA and ct-DNA will be
discussed in the later part of this Chapter.

As seen in Figure 3.3 and consistently throughout this research work, damage is observed with
increased UVC irradiation time as a function of the continual exponential decrease in the
fluorescence intensity of EG® up until the 170 min mark where it begins to level off. The
plausible reasons for this have been explained in Chapter 2. It is also important to mention that
the free EG” in solution as seen from the plots had a zero-background fluorescence as with the
unirradiated DNA, indicating its sensitivity as a prospective tool in detecting UVC-induced
damage in long nucleotide sequences. The average damage time constant calculated from the
individual damage time constants obtained from the three runs of the E. coli and ss-DNA as
shown in plot 3.3 are 105 + 29 min and 66 + 12 min. These average damage time constants and
their relationship with the different AT% compositions of these two samples are discussed in the
appropriate section of this Chapter. The errors in the data points as seen in Figure 3.4 are
improved when compared to the earlier results obtained in this Chapter and in the previous
Chapter. This is because the errors improved with increased practice and hence agrees with
earlier explanations that the errors in the data points are mostly due to human errors. Also, the
control points in trials 1 and 2 appear to stop at the 110 min time point. This is due to insufficient
control samples during the experiments. However, the plot for trial 3 shows more control points

than these two. The curve for the E. coli DNA in trial 1 and 3 appears to be more linear which
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explains the reason for the higher errors seen in the timepoints for these trails as the curve for

trial 2 will fit better to the single exponential fit.
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Figure 3.3. Normalized EG" fluorescence intensity as a function of UVC irradiation time for E.
coli-DNA and ss-DNA in Trials 1, 2, and 3. EG® fluorescence detection of UVC-irradiated ss-
DNA and E. coli DNA, (filled circles) and an unirradiated control (open squares) were obtained
for the three experimental trials by exciting a hybridization mixture containing 0.0085 uM E.
coli DNA and ss-DNA and 5 uM EG® in Tris buffer (10 mM Tris, 1 mM EDTA, 10 mM NaCl,
pH~7.4) at 485 nm and recording emission at 535 nm. The solid lines through the points are
single exponential fits to the equation, Ir = I + Ae t/T, where If is the fluorescence intensity at
time t, Iy is the fluorescence intensity at t=0, A is the pre-exponential factor and T is the time
constant. For the three E. coli-DNA trials, T = 68 £ 13 min, 65 + 4 min, and 75 + 13 min
respectively, and for the three trials of ss-DNA, T= 63 = 5 min, 58 + 4 min, 68 £+ 3 min. For the
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three trials of E. coli-DNA, Ij= 0.6175 £ 0.02733, 0.5498 + 0.00857 and 0.5061 + 0.02731, and
for the three trials of ss-DNA, Ip= 0.4750 + 0.02080, 0.4880 + 0.01469 and 0.4261 + 0.01038
respectively. For the three trials of E. coli-DNA, A= 0.3834, 0.4564, and 0.4290, and for the
trials of ss-DNA, A= 0.5053, 0.5146, 0.5836. The solid lines through the control points are linear
fits. Also shown are the fluorescence signals for EG® alone (filled triangles) and DNA alone
(open circles). Irradiated DNA concentrations for E. coli-DNA and ss-DNA were 50 ng/uL for
the three trials. Control points in trials 1 and 2 ended around the 110 min timepoint due to

insufficient sample.

Table 3.2 Damage time constants for E. coli DNA and ss-DNA

Trials DNA Concentration Absorbance Damage time constants
(ng/pL) (min)
1 E. coli 50.0 0.100 68 +13
ss 50.0 0.100 63+5
2 E. coli 50.0 0.100 65+4

ss 50.0 0.100 58+4

3 E. coli 50.0 0.100 75+ 13
ss 50.0 0.100 68 +3

In this table, the UVC-induced damage time constants in minutes at various concentrations in
uM and resulting absorbances of E. coli -DNA and ss-DNA are shown. Results shown are means

that have been averaged over three trials and the errors shown are one standard deviation.

Table 3.2 represents the concentrations, absorbances, and the damage time constants
obtained for E. coli DNA and ss-DNA over three experimental trials. As seen from the results, E.
coli DNA had a higher damage time constant over the three experimental runs carried out. For

reproducibility and precision, the concentrations and absorbance values were carefully measured
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to be similar. The values of the damage time constants obtained were all similar within

experimental error and were consistent through all trials, unlike those obtained in Chapter 2.

Figure 3.4 represents the correlation between the averaged UVC-induced DNA damage
time constants for E. coli DNA and ss-DNA, and their AT% composition. The errors as
calculated from the mean of three individual trials of each sample were different for the two
samples. The E. coli DNA and the ss-DNA show similar average damage time constants within

experimental errors, although E. coli DNA has a lower AT% composition.
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Figure 3.4. A plot of the average time constant for E. coli DNA and ss-DNA as a function of
their AT% composition obtained over three experimental trials. The average time constants

obtained are 69 = 11 min and 63 £ 6 min for E. coli DNA and ss-DNA, respectively.

The large errors in the average damage time constant as seen in Figure 3.4 reflects the
large errors in the individual damage time constants of the two samples over the three

experimental trials.

3.3.3 Comparison of UVC-induced DNA damage in E. coli DNA and ct-DNA

In this section, both the E. coli DNA and ct-DNA were prepared as stated in the experimental
section of this Chapter and were exposed simultaneously to UVC irradiation for a maximum
exposure time of 250 min following the experimental procedure in Chapter two. The absorbance

and concentration measurements were obtained in the same way as in the comparison experiment
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of E. coli DNA and ss-DNA as stated in the penultimate section, with nanopure water used as a

blank for the absorbance measurements.

Figure 3.5 shows the kinetic plots obtained for E. coli DNA and ct-DNA by
simultaneously exposing each sample in a cuvette to UVC radiation. The results over the three
experimental trials consistently showed that E. coli DNA with a lower AT% composition was
damaged slower than its ct-DNA counterpart, as expected. Also, the larger AT% composition of
ct-DNA means it has more photo-labile sites that are easily susceptible to UVC-induced DNA
damage and hence its lower damage time constant (meaning it damages more quickly) as seen in
the three experimental trials and vice versa for the E. coli DNA. The damage constant times
obtained for the three E. coli DNA trials were 105 £+ 33 min, 89 + 4 min, and 120 + 35 min
respectively, while for the three ct-DNA trials, the damage time constants obtained were 68 + 7
min, 74 + 8 min, 56 + 6 min respectively. The differences in the damage time constants obtained
for these DNA samples as a function of their AT% compositions with increased irradiation time
are indeed consistent with earlier studies which has shown that a higher AT% content in a
nucleotide sequence leads to more susceptibility to UV-induced damage'®'®. The errors were
observed to be much higher for the damage time constants obtained for the E. coli DNA as
compared to that of the ct-DNA. The supposed reasons for these errors have been discussed in

Chapter 2.

The plots also show an exponential decrease in the fluorescence intensities of the two
samples up to the 170 min time point where they level off for potential reasons which have been
extensively discussed in Chapter 2. Both the unirradiated DNA and EG"® showed no background
fluorescence in all the plots, a good indication that EG” is a sensitive and potential tool for the
detection of UVC-induced DNA damage in long nucleotide sequences, and that the observed

decrease in fluorescence intensity as seen in these plots is due to UVC-induced DNA damage.
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Although the aim of this experiments was not to determine the total time taken for the
entire photolabile sites in the DNA samples used in this study to be fully damaged, it
nevertheless poses both an interesting and exciting area of research to explore the time it will
take all the photolabile sites in DNA to damage as a function of increased UV irradiation using

EG" as probe.

Normalized fluorescence inf
>
N
*

inte
f
.
inte
-

R—
Figure 3.5. Normalized EG® fluorescence intensity as a function of UVC irradiation time for ct-
DNA and E. coli-DNA in Trials 1, 2 and 3. EG® fluorescence detection of UVC-irradiated ct-
DNA and E. coli DNA, (filled circles) and an unirradiated control (open squares) were obtained
for the three experimental trials by exciting a hybridization mixture containing 0.0085 uM ct-
DNA and E. coli DNA and 5 uM EG® in Tris buffer (10 mM Tris, 1 mM EDTA, 10 mM NaCl,
pH~7.4) at 485 nm and recording emission at 535 nm. The solid lines through the points are

single exponential fits to the equation, Ir = I + Ae vt

, where If is the fluorescence intensity at
time t, Iy is the fluorescence intensity at t=0, A is the pre-exponential factor and T is the time
constant. For the three E. coli-DNA trials, T = 105 £+ 33 min, 89 + 4 min, and 120 + 35 min
respectively, and for the three trials of ct-DNA, T= 68 £ 7 min, 74 = 8 min, 56 = 6 min. For the
three trials of E. coli DNA, I;= 0.4610 + 0.05522, 0.4292 + 0.01014 and 0.4616 + 0.07877, and
for the three trials of ct-DNA, Ipy= 0.5480 + 0.01672, 0.3846 + 0.02498 and 0.5164 + 0.02422

respectively. For the three trials of E. coli DNA, A= 0.4797, 0.5628, and 0.4052. For the three
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trials of ct-DNA, A= 0.4600, 0.6034, 0.5238. The solid lines through the control points are linear
fits. Also shown are the fluorescence signals for EG® alone (filled triangles) and DNA alone
(open circles). Irradiated DNA concentrations for E. coli-DNA and ss-DNA was 50 ng/uL for
the three trials. Control points in trials 1 and 2 ended around the 110 and 170 min timepoints

respectively due to insufficient sample.

Table 3.3 Damage time constants for E. coli DNA and ct-DNA

Trials DNA Concentration Absorbance Damage time constants

(ng/uL) (min)

1 E. coli 50.0 0.100 105 + 33
ct 50.0 0.100 68 +7
2 E. coli 50.0 0.100 89 +4
ct 50.0 0.100 74 £8

3 E. coli 50.0 0.100 120 + 35
ct 50.0 0.100 56+ 6

In this table, the UVC-induced damage time constants in minutes at various concentrations in
uM and resulting absorbances of E. coli -DNA and ss-DNA are shown. Results shown are means

that have been averaged over three trials and the errors shown are one standard deviation.

Table 3.3 shows the damage time constants obtained for E. coli and ct-DNA over three
experimental trials. The average time constants calculated from the individual damage time
constants obtained over the three experimental trials are 105 + 29 and 66 + 12 for E. coli and ct-
DNA respectively. As expected, E. coli DNA with a lower AT% composition of 49.2 has a
higher damage time constant than the ct-DNA of AT% composition of 58.1. This therefore will
suggest that the damage time constant obtained for a DNA sample is a function of its AT%

composition.
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Figure 3.6. A plot of the average time constant for E. coli DNA and ct-DNA as a function of
their AT% composition obtained over three experimental trials. The average time constants

obtained are 105 + 29 min and 66 + 12 min for E. coli DNA and ct-DNA, respectively.

Figure 3.6 represents the correlation between the averaged UVC-induced DNA damage
time constants for E. coli DNA and ct-DNA, and their AT% composition. The errors as
calculated from the mean of three individual trials of each sample were higher for E. coli DNA
than ct-DNA. The E. coli DNA, as expected and consistent with other results obtained, still
shows a higher damage time constant (meaning it damages more slowly) than the ct-DNA,

because the E. coli DNA has a lower AT% composition.

The consistency in the observed differences in the damage time constants obtained for the
E. coli DNA, ct-DNA and ss-DNA confirms that the AT% composition is a determinant factor in
the varying susceptibilities of DNA samples to UVC-induced DNA damage, since these samples
show differences in their rate of damage with increased irradiation time when simultaneously
exposed to UVC radiation at room temperature under similar conditions. With a zero-

background fluorescence, the EG® probe boasts an inherent sensitivity which takes care of any
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uncertainties that might arise due to inadequate quenching of the fluorophore by the quencher, a
shortfall seen in other fluorescence-based techniques such as MB and the smart probes’.
Background fluorescence can lead to insensitive and inaccurate fluorescence mediated results, as
any supposed small-scale UV-induced DNA damage that might occur during the initial stages of
irradiation might be lost as background fluorescence. This would have been an added demerit to
this method as nucleic damage detection using EG® as probe is a negative detection technique
which measures differences in fluorescence intensity values of large magnitudes with increased

irradiation time.

3.4. Conclusion

The results obtained from the simultaneous irradiation of the DNA samples used in this study
showed that EG® can be used as a probe to detect UV-induced DNA damage in long nucleotide
sequences, with a potential of detecting nucleic acid damage up to genomic levels as can be seen
from the change in fluorescence intensities as a function of increased irradiation time. Also, the
rate of damage of the DNA samples which is a function of the damage time constants obtained
from the fluorescence kinetic plots showed good correlation with their AT% compositions, with
E. coli having an AT% composition of 49.2 showing the largest average damage time constant
across the whole experimental trials, while ss-DNA having an AT% composition of 56.9 showed
a higher average damage time constant than ct-DNA with an AT% composition of 58.1, although
in the simultaneous irradiation of ct-DNA and ss-DNA, their average damage time constants
appeared similar within experimental error and same goes for the simultaneous irradiation of E.
coli DNA and ss-DNA. This therefore suggests that the AT% composition of a DNA nucleotide
sequence is a major determinant factor in the damage susceptibility of the sequence, a trend that
correlates positively with earlier UV-induced DNA damage studies. Finally, EG® provides a

simple, sequence-independent, and cost-effective option of detecting UV-induced DNA damage.
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Chapter Four
Thesis conclusion and future work

4.1 Conclusions

Our study shows that EG® has a zero-background fluorescence, thus the increase in fluorescence
intensity of EG® upon interaction with dsDNA is a result of the intercalation of EG® with the
stacked base pairs, consistent with earlier studies'. Also, the exponential decrease in the
fluorescence intensities with increasing UVC irradiation time as seen in the kinetic plots shows
the ability of EG” to detect UVC-induced DNA damage in long nucleotide sequences. Finally,
our results consistently showed different UVC-induced damage time constants for the three
different DNA samples used in this thesis, and which correlate well with their different AT%
compositions. This result is also consistent with findings from earlier studies’. The major
conclusion of this work is that EG”® is a useful detection assay for DNA damage in DNA from

very small oligomeric strands to genomic DNA.

As discussed in Ch. 1, other DNA damage detection techniques exist, including hair pin
probes (molecular beacon probes (MB) and its analogues, smart probes (SP), and 2-amino purine
(2AP) probes); MS-based methods such as LC-ESI-MS and GC-MS; methods that employ
electrophoresis (halo and comet assays); immunology-based methods such as IHC and ELISA;
PCR and qPCR methods; and other fluorescent techniques such as Tb>". EG” is in many ways a
cheaper technique than hair pin probes and MS-based techniques, while retaining many of the
same largely generalizable detection properties of electrophoretic and MS-based techniques. In
addition, EG® doesn't suffer from the prospect of introducing more lesions during sample
preparation unlike MS-based techniques, and also is not limited by background fluorescence
which is a demerit when considering hair pin probes such as smart probes and MB analogues for
DNA damage detection. It is also important to mention that because EG" is not sequence
dependent, it offers a wider application range for detecting nucleic acid damage, although it can
only be used to detect overall damage and is not sensitive to particular damage types. This
technique therefore adds to the growing list of options available for the detection of DNA
damage and in so doing overcomes inherent challenges posed by other DNA damage detection

strategies as outlined above. It also opens an area of research with so much potential to explore
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and which other scientists will find interesting as will be duly mentioned in the later paragraphs

in this Chapter.

Although DNA damage is occurring constantly in our cells, occasionally DNA damage
can lead to cancer. Therefore, developing techniques to adequately and easily detect DNA
damage may improve the ability to detect and treat cancers early. For skin cancer in particular,
after physical examinations have been carried out on a potential patient, there are currently two
known tests used in diagnosing skin cancers which are broadly categorized as biopsy and
imaging tests. Although there are several contemporary biopsy test methods which include
excisional, punch, and shave biopsies, a common denominator with all the three types involves
getting a tissue sample from the patient in order to obtain a detailed analysis of the suspected
cancerous area of the body’. This is especially true in the case of the excisional biopsy method,
which involves a lot of pain during the tissue extraction’. Imaging tests can be done by
computed tomography (CT), X-ray or magnetic resonance imaging (MRI) scans, which are non-
invasive and painless’. Although these scan tests can provide pictorial images of the affected
areas to varying degrees of resolutions, invasive biopsy tests are still required. These imaging
and biopsy methods therefore show a trade-off between convenience and the detailed analysis of
a developing or serious cancerous tumor, but at the same time can be used in tandem to better
understand the stage at which a cancerous tumor is at, and further arrive at a better analysis
inference or conclusion. It also means that to better understand skin cancer tumors, more
information is needed in the area of DNA damage. This information can be useful to know the
mechanisms of DNA damage or what mechanism(s) may lead to the DNA becoming severely

damaged enough to trigger cancer.

Furthermore, early diagnosis can help in providing information that can be used to advise
the potential skin cancer patient as to when it becomes very necessary to avoid particular types of
DNA insults that may lead to future damage or cancer. With that being said, the use of EG® can
become a potential tool in the prognosis of skin cancer. This assay can possibly be used to detect
UV-induced damage in human patients which can be made possible through fragmenting the
genomic DNA up to a length within the measurable scale of EG®. This therefore offers a very

cheap, mild and easy method to detect UV-induced damage in skin cancer patients without
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complications. Since EG® is non-toxic and is not harmful, it therefore offers an environmentally
friendly method at this point in time when the world is seriously being affected by the problems
posed by climate change, and also it means it is safe to handle and does not pose a health threat

to the handler.

4.2 FUTURE WORK

As with every method, there is always room for improvement and the potential to make it even
better in order to overcome any inherent demerits associated with it. This therefore creates the
need for further research studies. For the use of EG® as a potential probe to detect UV-induced
DNA damage, further future work needs to be done which will be briefly discussed in the next
paragraphs. In the grand scheme of things, the importance of research and science is appreciated
for its ability to influence and add much needed quality to life. This requirement therefore means
that it is important to explore the possibility of being able to adapt this technique to real life

situations.

Further research needs to be carried out to determine at exactly what base pair length the use
of EG® become limited. This will become helpful in knowing in a way the applicability limit of
this assay as regards base pair length, and how it can be further adapted and used to determine
nucleic acid damage up to genomic level. A good experimental set up for this type of analysis

can involve any genomic DNA, for example extracted DNA from cultured bacteria cells.

Another possible future research project that can be done to further improve the relevance of
this assay is to use it in establishing a library for the different damage kinetics/patterns of
different DNA samples of different base pair compositions. Results from such experiments can
be consulted at any time for either research or diagnostic purposes. Although this will probably
involve a huge amount of work which will span many years, the data obtained from this sort of
experiments will go a long way in providing useful mechanistic and diagnostic information for
UVC-induced (indeed, any type of) DNA damage which can be consulted. Any DNA sample
should be suitable for this method as the EG® detection method is sequence independent and can

be potentially used to detect overall damage in any DNA sequence. Comparing the kinetic
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fluorescence plots obtained from these various samples will show any differences in UVC-

induced damaged profiles that might be occurring as a function of increased irradiation time

Although the purpose of this work was not to discover the total time taken for the DNA
samples to fully damage on exposure to UV light, it will be interesting to adapt this method to
determining the average time it takes for all the photo-labile sites of various DNA samples to
damage when exposed to UV radiation. As discussed earlier, the average time it takes a DNA
sample to fully damage will be very useful in both prognosis and diagnosis of skin cancer. The
supposed experimental set up for this will involve an MS-based technique such as MALDI-TOF-
MS to find out the time at which all the photolabile sites in the DNA are fully damaged.

Finally, studies to show if this assay can be applied to directly determine UV-induced
damage in cells serves up an interesting research area, although it may be a challenge to navigate
the EG® past the cell walls. One way this can be done is by irradiating cells for a period of time,
extract DNA from the irradiated cells and use EG® to detect the overall UV-induced damage.
Then a second experiment could be done which will involve irradiating the cells and using EG®
to directly probe the UV-induced cellular DNA damage. In this case, the UV-induced DNA
damage will have to be detected in sifu. The reason is because the irradiated cells will need to be
digested in order to get rid of the cell walls to enable the navigation of EG® into the cells, and
hence possible detection of the potential UV-induced damage. The digestion of the cell walls
can be done using ribozyme and EDTA if bacterial cells are being used. This will constitute a
major breakthrough in directly detecting cellular nucleic acid damage in situ. Successful direct
detection of DNA damage in cells using EG” could have the advantage of limiting the need for

invasive biopsies to only the most critical situations.
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