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Abstract

In a primordial "RNA world," survival and self-replicating nucleic acid species
within the extremely harsh environment of early Earth, especially UV radiation, imposed
this prebiotic nucleic acid to evolve and acquire certain desirable features to survive and
reproduce. Eventually, DNA develops as a more durable nucleic acid analog to store
genetic information. The cis-syn Cyclobutane Pyrimidine Dimers (CPDs) are the most
common lesion formed in cellular DNA from exposure to solar light. Although many
studies have been carried out to identify the influence of DNA sequence and structure on
its photochemical and photophysical properties, the molecular bases of these observations
are not yet been well understood.

This research has been conducted to comprehensively study the comparative impact
of neighboring bases on either side of a pyrimidine pair on CPD formation and photo-repair
of a pre-existing CPD in double-stranded DNA (dsDNA). The principle of our approach
relies on precise blockage of Tag DNA polymerase at pyrimidine dimers (CPDs), which
cause the disappearance of the sequences that contain a thymine dimer from the irradiated
DNA library pool. High-throughput sequencing is then done to explore the formation and
repair of CPDs over the time-course experiment at different wavelengths. We are using a
random double-stranded DNA library consisting of a stretch of 10 randomized base pairs
with a central thymine pair flanked by constant bases as primer binding sites for PCR
amplification. The constant regions were designed to avoid two adjacent pyrimidines. The
sources of UV irradiation being used in this research are a monochromatic 278 nm LED
and a 365 nm LED with a triplet sensitizer. Our study is unique and unprecedented in terms
of being done on quite long authentic dSDNA and many random nucleotides flanking the
thymine pair or dimer, being studied at once. Besides, we use both UVC and UVA
monochromatic LEDs to create/repair CPD dimers, which is more comparable to CPD
formation due to solar exposure in biological systems. All possible sequences up to 5
nucleotides on both 5' and 3' sides are being studied and we compared our data with the

known UV hot spots in the human genome.

Keywords: Photo-repair; DNA; Thymine dimers; Cyclobutane pyrimidine dimers; High-
throughput sequencing
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Chapter 1. Introduction

1.1.  Thesis overview and the scope of the study

The "RNA world hypothesis" postulates that the first forms of life on Earth arose
from RNA or RNA-like polymers, owing to their unique capability to encode genetic
information and catalyze reactions required for life such as self-replication and self-
preservation.!> When metabolism became more complex, polypeptide enzymes eventually
evolved to do more sophisticated biocatalysis, and DNA developed as a more chemically
durable nucleic acid analog to store their genetic information.>* In a primordial "RNA
world," survival and self-replicating nucleic acid species within the extremely harsh
environment of early Earth, especially UV radiation, imposed this prebiotic nucleic acid to
evolve and acquire certain desirable features to survive and reproduce. Extended UV light
exposure causes physical damage to the genetic information stored in DNA through the
propagation of energy-rich excited states in the nucleobases that promote its photochemical
reactions.’ However, the high photostability of DNA has often been attributed to the ultra-
short excited state lifetime (sub-picosecond range) of the individual nucleotides, which
leads to ultrafast deactivation of the reactive excited states. This deactivation mechanism
is based on single nucleotides that may be evolutionarily selected under intense UV

irradiation.®

Additional long-living excited state phenomena (lifetimes in the ~100 ps),
however, have been identified upon exposure of single or double-stranded DNA to UV
irradiation, which has been proposed to be excimer/charge transfer states.”” This
phenomenon has been extensively studied and has a significant impact on both DNA
dimerization rates and DNA repair rates as well.!%!! The incidence of the major product of
photoexcited DNA, thymine dimer, has been shown to vary with neighboring bases,'>!?
DNA conformation,'* and protein-dependent bending and looping of DNA.!'>"!7 Although
many studies have been carried out to identify the influence of DNA sequence and structure
on its photochemical and photophysical properties, the molecular bases of these
observations are not well understood yet. Furthermore, the neighbouring deoxynucleotide
sequence affects the energy and lifetime of singlet and triplet excited states through
excimer formation and perhaps delocalization, but their effect on thymine dimer formation

is not well known.'81°



My research has been conducted to comprehensively study the comparative impact
of neighboring bases on either side of a pyrimidine pair on CPD formation and/or
photorepair of a pre-existing CPD in double-stranded DNA. The principal of our approach
relies on precise blockage of Taq DNA polymerase at pyrimidine dimers (CPDs)?°, which
cause disappearance of the sequences that contain a thymine dimer from the irradiated
DNA library pool. High-throughput sequencing is then done to explore both the formation
and repair of CPDs over the time-course experiment, at different wavelengths. We are
using a randomized double stranded DNA library consisting of a stretch of 10 randomized
base pairs around a central thymine pair (the thymine pair has five random bases on either
T-side) as shown in Figure 1.1. The above twelve base pairs are flanked by stretches of
known sequence, which can serve as primer binding sites for primer extension or PCR
amplification. These constant region stretches (51 bases on either side) were carefully

designed to not contain two adjacent pyrimidines.

51 base Variable region 51 base

[ INNNNNTTNNNNN 7]
. INNNNNAANNNNNC ]
— —

Constant region Constantregion
hv
278 nm

365 nm

A
[ INNNNNTTNNNNN 7] [ INNNNNTTNNNNN ]
[ INNNNNAANNNNNC—— 7] + [ INNNNNAANNNNN ]

Figure 1.1. A randomized double stranded DNA library consisting of a stretch of 10
randomized base pairs around a central thymine pair (the thymine pair has five random
bases on either T-side) The sources of UV irradiation being used in this research are a
monochromatic 278 nm LED and a 365 nm LED.

The sources of UV irradiation being used in this research are a monochromatic
278nm LED and a 365 nm LED (for use in irradiation experiments with a triplet sensitizer).
Our study is unique and unprecedented in term of it being carried out on authentic dsDNA
that incorporates a relatively large number (five on each side) of random nucleotides
flanking the central thymine pair or thymine dimer, all being studied at once. In addition,
we have used both UVC at 278 nm and UVA at 365 nm monochromatic LEDs to
create/repair CPD dimers, which is more comparable to CPD formation due to solar

exposure in biological systems. All possible sequences up to 5 nucleotides on both 5' and



3' side being studied, this should enable comparison of our data with known UV hot spots

in the human genome.

The goal of this project is to investigate intrinsic photochemical properties of CPD
formation and DNA-dependent repair of the same postulated for double strand DNA: the
effect of DNA sequence on the propensity to form dimers and the ability to self-repair such
dimers under different experimental conditions. In addition, we have inquired into the still
controversial role of UVA in CPD formation, which is weakly absorbed by the
nucleobases. In this thesis, we have examined a fundamental physico-chemical property of
DNA, which in every organism exposed to UV light, therefore likely has in common. The
questions we attempt to answer in this work, and which have been asked in earlier literature
on the subject is: are actual sequences, coding sequences in living organisms, optimized
according to minimize the formation of damaging CPD dimers or not. In summary, the list

of objectives for this thesis were:

* Investigate the photoinduced self-repair process of CPD in standard duplex DNA

as a constituent of a nucleic acids’ inbuilt mechanism for self-preservation.

* Inquire into the controversial role of UVA (weakly absorbed by the nucleobases)

in CPDs formation.

1.2 Background
1.2.1 DNA Photophysical and photochemical properties

As demonstrated by Watson and Crick, a DNA single strand consists of a 2'-
deoxyribose sugar-phosphate backbone to which glycosidic bonds attach four nucleobases
carrying the genetic information.?! There are two different classes of nucleobases forming
DNA's structure: two different pyrimidines (single-ringed aromatic heterocycles): thymine
(T), cytosine (C), and two purines (double-ringed aromatic heterocycles): adenine (A),

guanine (G) (Figure 1.2).



Purines

Figure 1.2. Both DNA and RNA contain the nitrogenous bases adenine (A) cytosine (C)
and guanine (G) while thymine (T) exist only in DNA and uracil (U) in RNA molecules.

The double-helical structure of the DNA in water solution is thermodynamically
enabled by two factors, vertical intrastrand base stacking and horizontal interstrand base
pairing. The Watson-Crick base pairing rule states that guanine pairs cytosine involving
three hydrogen bonds, whereas adenine pairs thymine with two hydrogen bonds (Figure
1.3). Compared with the weak hydrogen bond, the n-n stacking between the adjacent planar
aromatic bases contributes much more to DNA structure stability than the hydrogen
bonds.?? The structure of the DNA backbone is made from repeating deoxyribose sugar-
phosphate groups in which the sugar is defined to be on the 3' end, and the phosphate on
the 5' end of each nucleotide. The phosphate group attached to the 5' carbon of the
deoxyribose sugar on one nucleotide forms a phosphodiester bond with the free hydroxyl
on the 3' carbon of the adjacent nucleotide. The asymmetric pattern of the phosphodiester
bond imparts the DNA strands a specific orientation that causes the two strands within a
DNA double-helix to run in opposite directions to each other and twist together in a helical
shape (to form an anti-parallel duplex). A schematic diagram of DNA backbones is
illustrated in (Figure 1.3). The sugar-phosphate backbone is strongly negatively charged
and hydrophilic, which makes the DNA soluble in water.
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Figure 1.3. A representation of the DNA backbone strand composed of alternating
phosphate and sugar groups. The two anti-parallel strands connected via two hydrogen
bonds between the adenine base and the thymine base, and three hydrogen bonds between
the guanine base and the cytosine base, which stabilize the double helix structure of DNA.

The DNA nucleobases, being aromatic, exhibit different absorbance spectra
relative to sugar-phosphate backbone. DNA as a whole absorbs UV light at 260 nm due to
heterocyclic rings of the nucleobases®®; the sugar-phosphate backbone does not contribute
to this absorption.?> At the same time, the four nucleobases show absorbance peaks in the

range 250-280 nm, while the DNA backbone absorbance occurs below 220 nm.

Solar UV light can be divided into three wavelength categories: UVA (315-400
nm), UVB (280-315 nm), and UVC (100-280 nm). UVC light is the shortest wavelength
and, therefore, the most energetic and most harmful to any living organism. Fortunately,
all UVC is absorbed by the ozone-rich layer of the stratosphere before it can reach the
Earth.?*?> The stratosphere of the Earth also shields the earth’s surface from the majority
of UVB, and only a tiny portion of UVB, constituting only 5% of terrestrial UV radiation,
reaches the Earth's surface. In contrast to UVC and the bulk of UVB, the ozone layer is

almost transparent to the longer wavelength UV-A light (315400 nm). UVA rays can



penetrate the skin more deeply, but they are less intense than UVB and often cause indirect
damage to DNA via endogenous sensitizing molecules.?>?®

1.2.2 UV-light induced photolesions

Exposure to solar UV radiation initiates several photophysical and photochemical
processes in our genetic material, which may eventually lead to mutagenesis and cancer.
Different wavelengths of UV light induce various forms of DNA damage. The cis-syn
cyclobutane pyrimidine dimers (CPDs), most commonly thymine CPD dimers, are the
most abundant lesion formed in cellular DNA from exposure to solar UVB (280-315 nm)
light. To a lesser extent, pyrimidine (6-4) pyrimidone photoproducts (6,4-PPs) are also
formed (Figure 1.4).>3° These above-mentioned UV-light-induced damages will be

discussed in more detail separately.
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Figure 1.4. Molecular structures of the DNA photolesions depicted by stick representations
provides the structure of double-stranded DNA in the B form. The gray tubes are overlaid
on the sugar phosphate backbone. The violet box highlights two adjacent thymine bases on
one strand. A simplified scheme of the precursor of the photolesions compared with the
stick representation is shown in middle column. Chemical structures of the photolesions
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connectivities, but the actual geometries differ substantially.> Copyright 2015 by Annual
Reviews, and adapted with permission from ref (5).

By contrast to the above, exposure to UVA (315-400 nm) light is responsible for
the exclusive formation of CPD lesions without significant formation of (6-4)
photoproducts. There are also other, minor photoproducts formed in DNA from exposure
to UVB or UVC (100-280 nm) radiation, such as the spore photoproduct, pyrimidine mono-
adducts and purine dimers. Pyrimidine monoadducts comprise cytosine, uridine, and
thymine photohydrates, as water additions, and thymine glycol.’! The cytosine
photohydrate is the most common UV-induced pyrimidine monoadduct, which is formed
by addition of the H>O to the 5,6-double bond of cytosine, catalysed by UV irradiation.*>?
1.2.2.1 Cyclobutane pyrimidine dimer

It is clearly established that CPD is the most prominent photoproduct in cellular
DNA and DNA model systems after in vivo or in vitro UV radiation.**** The cyclobutane
thymine dimers are formed by UV-induced photocycloaddition [2n+27] between two
adjacent thymine bases on the same polynucleotide strand, leading to a direct covalent
linkage between the two bases. The cycloaddition can produce four different CPD
stereoisomers, identified as cis-syn, trans-syn, cis-anti, and trans-anti.*!*? The various CPD
stereoisomers define the conformation and orientation of the two participating pyrimidine
bases. Cis/trans referring to whether the two pyrimidines are on the same side or opposite
sides of the cyclobutane ring, and syn/anti describing the parallel or antiparallel
orientations between the C5-C6 carbons (Figure 1.5). Whereas almost all these CPD
isomers have been identified in thymine dimers formed under different experimental
conditions,’ the cis-syn isomer is formed exclusively in B-form double-stranded DNA (the
occurrence of a trans-syn isomer is very low in single-stranded DNA).**** The other
stereoisomers, such as those with anti-conformations, cannot exist in double-stranded DNA
owing to the steric constraints imposed by the DNA backbone. The quantum yield of CPD
formation is highly dependent on the identity of the pyrimidine bases involved in both
cellular and naked DNA.***6 Both UVB and UVA irradiation show a higher distribution
of thymine dimer over other pyrimidine dimers, and the reported order is as follows TAT>

TAC> CAT> CAC (e.g., ratio = 49 : 33 : 14: 4). 4474 UVC even produce higher T/T ratio



than UVB and UVA and it leads to ratios of 55:34:11: 1 among TAT >T*C> C*"T> C*C,
respectively.

Even though the CPDs are very stable photolesions in an aqueous medium, they are
prone to some reactions. Further UVC irradiation of CPDs can cause their photo-reversal
back to the starting pyrimidines by the splitting apart of the cyclobutane ring.** Although
the TAT-CPD photolesion is not strongly mutagenic in general, it can block DNA
polymerases and results in DNA replication forks stalling and also transcription
inhibition.® Cytosine-containing CPDs can, additionally, also lead to base substitutions

(TC, CT, or CC to TT) in the daughter DNA strand during replication.
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Figure 1.5. a) Schematic dlagram 1llustrates [2n+2n] cycloaddltlon of C5=C6 double
bonds between two adjacent thymine bases causes the CPD lesion. b) Stereoisomers of the
CPD lesion.

Cytosine or methylcytosine bases within CPDs are chemically highly unstable and
are easily deaminated to uracil (U) or thymine, respectively (Figure 1.5).3!73* The half-life
of deamination of cytosine in CPD is from 2 to 100 hours, which is much faster than
cytosine in duplex DNA with a half-life of 30.000 years. This substantial difference results
from the loss of aromatic stabilization in the CPD.*>>* Studies have reported that C5
methylation of cytosine promotes the formation of CPD*7 but reduces the rate of

deamination.’® Deamination in trans/ syn is also slower than in cis/syn CPD.>*

Different organisms in biology have adopted a variety of mechanisms to repair
CPDs; the most distinctive pathway is to use visible light and special enzymes

(photolyases) to photoreactivate the dimers directly back to thymine monomers. However,



photolyase enzymes are found in many but not all kingdoms of life: placental mammals
lost photolyase genes during evolution. Therefore, placental mammals rely on DNA
excision repair to remove and replace the affected base, nucleotides, or stretch of DNA to
get rid of these potentially dangerous lesions.>® Two processes that work at stalled
replication forks to minimize the frequency of recombination and enhance cell survival
following UV-induced DNA damage are nucleotide excision repair and translesion DNA
synthesis (TLS). (1,2) While nucleotide excision repair is typically thought to be error-free,
mutations can occur during translesion synthesis. TLS DNA polymerases that bypass CPDs
in arrested fork belong to Y-family DNA polymerases, which include polymerase eta
(Poln), REV1, and zeta (Pol(). The Y-family polymerase (Poln) is essential for the efficient
and relatively error-free bypass of cyclobutane pyrimidine (TT) dimers (45). Poln, can only
insert two adenines precisely opposite CPD lesions, necessitating the use of another TLS
polymerase, Pol(, to extend beyond the insertion site (45). When compared to other TLS
polymerases, Pol{ is unique in that it is reasonably efficient at extending past mispaired
primer termini and nucleotides inserted opposite a diversity of DNA lesions, even if this
can be potentially mutagenic (45).

CPDs cause a conformational change that twists the B-form DNA axis by 7 to 9
degrees.®® This slight distortion is enough to make it difficult for the human exonuclease
DNA repair enzyme system to detect and repair CPDs, increasing the possibility that they
would hinder DNA polymerase and cause mutations. Thus, defects in the CPD repair
machinery predispose human skin to cancers and diseases such as Xeroderma
pigmentosum and Cockayne syndrome.?”?® Studies have shown that UVB-induced CPD is
associated with skin cancer hot spots, such as in the p53 gene.>”:5!

There are two processes that work at stalled replication forks to minimize the
frequency of recombination and enhance cell survival following UV-induced DNA damage
are nucleotide excision repair and translesion DNA synthesis (TLS).>%* While nucleotide
excision repair is typically thought to be error-free, mutations can occur during translesion
synthesis. TLS DNA polymerases that bypass CPDs in ds DNA belong to Y-family DNA
polymerases, which include polymerase eta (Poln), REV1, and zeta (Pol{). The Y-family
polymerase eta ((Poln) is essential for the efficient and relatively error-free bypass of

cyclobutane pyrimidine (TT) dimers.**® Poln, can only insert two adenines precisely



opposite CPD lesions, necessitating the use of another DNA polymerase to extend beyond
the insertion site. When compared to other TLS polymerases, Pol{ is unique in that it is
reasonably efficient at extending past mispaired primer termini and nucleotides inserted
opposite a diversity of DNA lesions, even if this can be potentially mutagenic.

1.2.2.2 (6-4) Photoproduct and Dewar lesion

The second main type of dipyrimidine photolesion is a pyrimidine (6-4)
pyrimidinone (6-4PP) photoproduct. In 6-4PP, a single bond connects the two carbon
atoms at the 6 and 4 positions of the two rings (Figure 1.6). The (6-4) photoproduct is
generated by UVB or UVC excitation, (but not by UVA) through a Paterno-Biichi reaction.
In this reaction, the C5=C6 double bond of one pyrimidine and the C4=0 carbonyl group
of the adjacent pyrimidine react to give an unstable four-membered ring intermediate.®® In
the case where the pyrimidine on the 3' side is a thymine, it forms an oxetane ring, and if
it is a cytosine, it will forms an azetidine ring.®”-%® Both oxetane and azetidine rings are not
stable; they rearrange through ring opening to form the final (6-4) product in each case.**%
The quantum yield for the 6-4PP formation is one order less than that of CPD.?%7° The 6-
4PP also causes less distortion of the B-DNA duplex than that caused by CPD formation,
it causes only 44 degrees distortion of the B-DNA axis, and therefore, it is still easily
detected and repaired by the human exonuclease, preventing it from blocking DNA
polymerases during replication.®

The order of pyrimidine pair tendency toward 6-4PP formation is different from
that found for CPD:6-4PPs are specially formed at TC and CC sites. They are less common
in TT and rarely at the CT sites. *“*’""> The mutagenicity of 6-4PP is extremely high, in
particular for the TT derivative. Figure 1.7 depicts a T—C mutation. The 3' thymine of the
(6-4) product can bypass the replication process by translesion DNA synthesis (TLS) and
tends to pair with a guanine base.”> A cytosine is incorporated as a complementary base
during subsequent replication or repair, resulting in a T—C mutation.

6-4PP has a characteristic absorption band in the UV-A range at approximately 325
nm. When irradiated with UV light above 300 nm, it undergoes a secondary photoreaction,
leading to a Dewar valence isomer formation.”*”> It has also been reported that a
comparatively high proportion of the 6-4PP formed rapidly converted into its Dewar

valence isomer under solar UV radiation with a relatively high yield of 5-8% in dimeric
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samples.”®’” Dewar proposed in 1867 that the Dewar valence isomer is produced by a ring
closure reaction of the (6-4) pyrimidone ring (Figure 1.7) and has a heterocyclic form of
benzene bicyclic structure.”® The Dewar lesion has less mutagenic potential compared to
6-4PP. When encountering a Dewar lesion, the (TLS) DNA polymerases tend to add an
adenine base and read it as an abasic site.”” This repairing mechanism is known as the A-

rule and can potentially cause mutations.°
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Figure 1.6. a) Formation of the (6-4) lesion between two thymine bases. Bonds broken and
formed during the reaction are highlighted in red. An intermediate oxetane has been
suggested. The pyrimidinone moiety (lower heterocyclic ring, highlighted in purple
shading) of the (6-4) lesion allowed the monitoring of the final step in the reaction. (b)
Structures of T(6-4)T and T(Dewar)T. (c) Absorption changes recorded in the UV/visible
range after illumination of T(6-4)T by pulses at 325 nm. (d) Stationary IR absorption data
for T(6-4)T before UV illumination ( gray) and after illumination (red ), highlighting the
marker band for the Dewar form at 1,780 cm ™. (¢) Time-resolved IR experiment showing
the decay of the excited electronic state (~1,670 cm ') and the formation of the T (Dewar)T
band at 1,780 cm™! on a timescale of 100 ps. Copyright 2015 by Annual Reviews, and
adapted with permission from ref (5).
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Figure 1.7. Scheme depicting the formation of Dewar lesion from a (6-4) photoproduct.

1.2.2.3 The spore photoproduct (SP)

The fourth type of dipyrimidine photoproduct induced upon UV-C radiation is
established in bacterial spores.**#!¥2 The DNA structure in spores is organized in such a
way that genetic information remains functional even in extreme UV adverse conditions
for extended periods.®® In bacterial vegetative cells, CPD and (6-4) photolesions are the
dominant lesions formed by UV-C irradiation. However, these lesions are only detected in
small amounts in spore DNA. In spore DNA, the only type of photolesion that occurs
almost exclusively is 5-(a-thyminyl)-5,6-dihydrothymine, arising from two adjacent
thymine residues on the same strand.®* The spore lesion is made up of a bond between a
methyl group on the 3'-end thymine and a C5 atom on the 5'-end thymine residue.?>%
Similarly, when combined UV-B and UV-A irradiation is applied to Bacillus subtilis
spores, spore photoproduct remains the primary lesion. References’’ and 3¢ provide detailed

reviews of spore DNA's specific photoresistivity and photoreactivity.

1.2.2.4 Oxidative damages.

For formation of oxidative lesions in DNA, the underlying mechanism is different
from those described for dipyrimidine photoproducts. Natural cellular metabolism can
create reactive oxygen species (ROS), including the hydroxyl radical (OH"), peroxide (0>

2), superoxide (0_2), and singlet oxygen (102), which eventually can induce oxidative
damages. Typically, oxidative DNA damage in cells is considered as a background feature
or a part of everyday cellular processes.®” Under UV-A irradiation, however, cells can also

produce higher levels of ROS, which can oxidize DNA nucleobases. The oxidation
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potential of guanine is the lowest among the four DNA nucleobases, making it the primary
target of ROS. Thus far, there have been more than 20 types of oxidative damage
identified.?” Of these compounds, 8-Oxo-2'-deoxyguanosine (8-oxo-dG) attracts the most
attention and is being investigated in depth. This damage can also be represented by 8-OH-
dG, in which the keto form 8-0x0-dG undergoes a tautomerization to the enol form 8-OH-
dG (Figure 1.8). Researchers have found that approximately 14% of 8-oxo-dG undergo
mutations with the G:C to T:A transversion occurring at a frequency of 5.9% being the
most significant.®® Further, 8-0x0-dG concentration is a useful indicator of oxidative stress

in humans.®>° Oxidative stress plays a crucial role in many diseases and cancers.
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Figure 1.8. The structure of 8-0x0-dG (keto tautomer) and 8-OH-dG (enol tautomer).
1.2.3 Self-repair of DNA photolesions

Despite being strongly absorbed by DNA, UV rays rarely cause permanent damage.
Single nucleobases are highly photostable because they can rapidly dispose of UV
excitation energy, in the sub-picosecond range, from high-lying electronic states into heat,
preventing harmful reactions.® On the other hand, there are longer-lived excited states,
lifetimes in the 100 ps, found in biologically significant DNA strands.>! These states have
recently been identified as excimers, charge separation, or charge transfer states, which are
delocalized along DNA strands. The redox potential of the DNA bases involved in this
charge transfer or separation determines its direction.® In addition, charge transfer states
have been observed between DNA lesions and neighboring nucleobases, which
significantly influences photochemical reactivity.”?

Although charge-transfer states are highly reactive and can result in DNA

damage®®~'%!, the charge transfer states can also reverse pre-existing photolesions.!%102-105
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The question of a related repair mechanism in purely nucleotide-based systems has been
largely investigated. In 2004, the first experimental evidence of CPD photoreactivation by
a purely nucleotide-based system was demonstrated by Chinnapen and Sen.!”® They
discovered a catalytic DNA (or DNAzyme-the UV1C DNAzyme), which was capable of
harnessing light of >300 nm wavelength to repair TT-dimers within a substrate DNA
(Figure 1.9). The UV1C DNAzyme is a catalytic DNA selected from a random-sequence
single-stranded DNA library SELEX (Systematic Evolution of Ligands by Exponential
enrichment). Chinnapen and Sen showed that the most plausible mechanism for this
unprecedented DNAzyme implies electron (rather than energy) transfer from photoexcited

guanine(s) in its G-quadruplex fold to the thymine dimer to trigger self-repair.
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Figure 1.9. Depicts a typical photolyase enzyme versus UV1C DNAzyme.!”” Copyright
2013, American Chemical Society and adopted with permission from ref (103).

Curiously, purely nucleotide-based CPD photoreactivation has since been found to

All,108,109

also operate within a standard double-helical DN , with guanine bases'!?, 8-

SMLIZ or  gyanine-adenine  exciplexes®!’,  acting as  presumptive

oxoguanine
photosensitizers for these processes. It has been shown that oxidatively damaged guanine
(8-0x0G) transfers electrons to a nearby CPD lesion, causing its repair in small
oligonucleotide model systems.!'>!!3> When (8-0x0G) is integrated into a DNA or RNA
strand in proximity to a CPD, it mimics flavin's function in photorepair. 8-0xoG acts

catalytically in a mechanism similar to that of photolyase in which a photoexcited purine
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(8-0x0G) donates an electron to a pyrimidine dimer to initiate a bond cleavage; subsequent
back electron transfer restores 8-0x0G.

An identical mechanism has been proposed for the self-repair of thymine dimers in
duplex DNA.!'!? Using a defined system of oligodeoxynucleotides, Rokita and his group
investigated the effect of purines surrounding dimer sites within DNA duplexes, showing
that neighboring guanines promote dimer repair by providing electrons for CPD repair. It
was clearly established that 5'-GTTG-3" and 5'-ATTA-3' sequences resulted in the dimer's
lowest and highest photostationary levels, respectively. For 5'-GTTA-3' and 5-ATTG-3',
intermediate levels were observed, although the 5'-G was more capable of suppressing
CPD levels than the 3'-G. In this study, data indicate that DNA has a naturally occurring
ability to promote dimer repair by transient charge transfer from a neighboring G.!'° In
contrast, studies have shown that excitation of one nucleobase per se does not promote
repair of an adjacent TT-dimer.!!'4!1

Likewise, another study demonstrates that self-repair in DNA does exist and
proposes a novel mechanism based on excimer (charge transfer) states in DNA.!? In the
beginning, they illustrate no effect of photoexcitation an adenine adjacent to a CPD. On
the other hand, excitation of a guanine (G) adenine (A) motif results in photoreversal of
CPD into intact thymine (TT) bases. The participation of two bases in the repair suggests
a long-lasting charge transfer state between G and A in the repair process. Upon

illumination by UV light, an electron migrates from excited guanine (G) to adenine (A),

giving rise to the zwitterion G" A" formation.'° During the charge transfer state (300 ps),

the negative charge on the A base may migrate to the adjacent thymine dimer. By donating

an electron to the CPD, the negatively charged radical A anion induces ring splitting and
repair. As a result of an electron (charge) transfer, the cyclobutane ring opens, which
induces a photolyse-like repair of the CPD lesion.

1.2.4 Photochemistry and charge transfer in nucleic acids.

In a photophysical process, photoexcitation retains the same molecules that were
illuminated. In contrast, the photochemical process produces new molecules. Most
molecules normally exist in a singlet state in their ground state. Hence, electrons with even
numbers are oriented pairwise with opposite spin in the molecule's orbitals (total spin

number S = 0, multiplicity 2S + 1 = 1, hence “singlet”) !. Upon absorbing light, electronic
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excited states can become occupied. Transitions fall into two categories: transitions that
maintain net spin angular momentum (“allowed”) and those that change the above
(“forbidden”). The total spin number stays the same after following a spin-allowed
transition, but it flips/changes following a spin-forbidden transition. According to the
quantum mechanical selection rule, the transition from the singlet state to the triplet state
is forbidden. However, high-energy spin-orbital interactions can lead to spin-forbidden
transitions. In the singlet ground state (So, u 00), molecules can be excited optically to the
higher electronic singlet states (Si or Sy, p 0) 2. Because the vibrational levels of the same
atomic state are weakly coupled, the higher vibrational levels (u 0) are often occupied
before relaxing fast to the lower vibrational levels. In order to dissipate the vibrational
energy, the energy can be rapidly redistributed intramolecularly within molecules, as well
as it can be transferred from molecules as heat to the surrounding medium. This process
cools the hot vibrational molecules. Kasha's rule states that the higher singlet states (Sn)
are deactivated rapidly and radiationless via vibrational relaxation into the first excited
state (S1).!'® Afterward, either fluorescence emission or radiationless depopulation can
return the S; state to the ground state So. Radiationless processes can be broken down into
spin-allowed internal conversions (IC) and spin-forbidden cross-system processes (ISC).
Internal conversion describes the transition between states with the same multiplicity,
whereas intersystem crossing refers to a spin-forbidden transition from the singlet to the
triplet state. Usually, the triplet state cannot be directly excited from the ground state; hence
it emits the long-lasting phosphorescence or decomposes through radiationless decay to the
ground state. A Jablonski diagram for the transitions mentioned above and the various
states are shown in Figure 1.10. Those various deactivation processes play an important

role in the high photostability of nucleobase and DNA molecules.
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Figure 1.10. A typical Jablonski diagram showing the possible radiative and non-radiative
transitions in a fluorescent system.

The excited state of isolated bases, such as nucleotides, is relaxed within a few
picoseconds. There are conical intersections between the vibrational manifold of the
excited state and the ground state that result in such ultrashort relaxation times.!!?
Nonradiative relaxation can happen in nucleobases with specific distortions, such as out-
of-plane motions. However, a time-resolved study of UV-excited oligonucleotides in the
region of infrared (IR) reveals that the excited states of oligonucleotides and duplexes have
much longer-lived excited states and last for hundreds of picoseconds.® Stacking of bases
has been implicated in generating new decay pathways for monomer excitation, which
show longer-lived transient absorptions of oligonucleotides with more extended excited
states. Various mechanisms to explain these long-lived excited states have been proposed,
including charge transfer between adjacent bases, neutral excimers, and delocalized
charge-separated domains. Charge-transfer states among bases are based on the sequence
of the nucleobases itself, with excess electrons being placed on more easily reduced bases
and holes (absence of electrons) being placed on more easily oxidized bases.'® Based on
the spectra of small molecules mimicking base-paired nucleotides, it has been shown that
an additional proton transfer can occur via photoexcitation across the Watson-Crick face.®
When oligonucleotides participate in a duplex, both electron and proton-coupled electron

transfers are implied to describe excited states seen over hundreds of picoseconds. There
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is no doubt that light can induce persistent excited states in oligonucleotides, single strands,
duplexes, and many other structures. Besides the photo-induced excitons in pure nucleic
acids, the nucleobases can also be reversibly oxidized and reduced by small molecules,
covalently attached molecules, or other adjacent bases.!!®

Studies on the individual bases have shown that guanine is the easiest nucleobase
to oxidize, and this property also persists in oligonucleotides. Thymine has the highest
reduction potential of all DNA bases, so it is the primary carrier of excess electrons injected
into oligonucleotides or duplex.'!® Uracil differs from thymine only in lacking a methyl
substituent at position 5, making it more difficult to reduce. DNA electron holes can often
be monitored using the tendency of guanines to form oxidized 8-OG, which can then be
chemically or enzymatically cleaved and visualized on a denaturing gel.'*° A given redox
potential in an oligonucleotide is affected by the interactions between neighboring bases,
such as when multiple guanines are present. An electron-hole can hop between adjacent
bases more easily when an oxidized base is introduced in a duplex or an oligonucleotide.
The oxidation potentials of the bases also increase relative to the NHE, with the order G >
A > C >T, so guanine is the base most likely to host an electron-hole. As a consequence
of pi-pi stacking, the electron-hole in a duplex can also delocalize across multiple bases.
Researchers have used a similar strategy to observe excessive electrons in a duplex using
tethered photoreductants.'?! Electron hopping from thymine base to thymine base has been

shown for these, though at a lower rate than the migration of holes.!?!

1.2.5 Effect of DNA Methylation (5-Methylcytosine) on CPD formation.

Cytosine methylation is an epigenetic modification of DNA that controls gene expression,
and it is required in vertebrates for normal embryonic development.!?*!23 The heterocyclic
aromatic ring of 5-methylcytosine contains a keto group at the C-2, an amine group at the
C-4, and a methyl group at 5 positions. Therefore, there is a close structural similarity with
the heterocyclic aromatic ring of thymine, which consists of two keto groups at C-2 and C-
4 and a methyl group at C-5. The base pairing of 5-methylcytosine with guanine is not
stable, and 5-methylcytosine can undergo spontaneous deamination to thymine.'?*!?* The
methylation of DNA enhances the formation of CPDs. It is well established that CPDs are

more likely to occur at dipyrimidine sites containing methylated cytosine than at the
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identical unmethylated sites after UVB exposure.’”"126-13% The reason for this is that
methylated cytosine absorbs light at a wavelength of 273 nm and unmethylated cytosine at
267 nm.? According to Douki and Cadet, monophosphate dinucleosides containing a
single 5-methylcytosine show a higher dimerization rate than that dinucleosides containing
a single cytosine.?” Similarly, Mitchell estimated that CPD occurred about two times more
often in poly(dG): poly(m5dC) than in poly(dG): poly(dC).!?” Pfeifer and colleagues
observed that irradiating human cultured cells with natural light significantly raised the
yield of CPDs at mutational hot spots on the p53 gene by 15-fold when 5-methylcytosine
bases were present.!?® A modeling study postulated that the existence of C5-methylation
affected the confirmation equilibria, thereby, the electronic excited states of duplex DNA
leading to an increase in the quantum yield of CPDs and reducing that for (6-4)

photoproduct.'3!

1.2.6 Cyclobutane pyrimidine dimers Formation: singlet or triplet states involved?
1.2.6.1 Direct CPD formation

As early as in the 1960s, CPD lesions had already been discovered. For years,
however, the mechanism of their formation remained dubious. For direct UV-C and UV-B
excitation, early experimental studies supporting both the triplet and singlet pathways
involved in CPD formation were reported.'3? Since thymine has the lowest triplet energy
between the four DNA nucleobases, it has been suggested that the triplet states will be
localized on thymines, and energy will be transferred from higher triplet states to lower
triplet states. It has been often suggested that the triplet state is a precursor for the formation
of the CPD lesions even though thymidine monophosphate (TMP) offers a low intersystem
crossing efficiency upon UV excitation (1.4% at 266 nm). Thymine is the DNA base with
the lowest triplet energy.'** Moreover, the triplet energy of thymine base in dimer TpT or
oligomer (dT)18 falls below that of monomer TMP due to the base stacking effect.!** The
thymine bases, therefore, become the primary target of photosensitization through triplet-
triplet energy transfer (TTET) in DNA strands, which can lead to CPD lesions.!3%13
However, it has been demonstrated unambiguously that the formation of CPD lesions
occurs within 1 ps primarily due to the excited singlet state.'*”!3® Singlet pathways are

strongly supported by recent advances in time-resolved methods and accurate
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computational calculations. Yasui et al. conducted time-resolved infrared experiments to
illustrate that single-strand oligodeoxynucleotide (dT)18 can form CPDs within 1 ps of
being exposed to UVB light.!*” The reaction is believed to proceed through a singlet
pathway during direct excitation with a minor contribution from triplet states (Path A,
Figure 1.11).13%140 UVC irradiation, primarily at 254 nm used most commonly in studies,
can also photo-reverse the initially formed CPDs by a retro [2+2] reaction (Path B+C,
Figure 1.11 A). It has been found that CPD distribution appears to depend on both time and
wavelength of irradiation and flanking sequences.''*!'*! Short irradiation times are
characterized by CPD formation that is dominated by the forward rate constant, kr at
photostationary state. On the other hand, long irradiation times are characterized by
photoproduct distributions corresponding to k¢/(ks + k) at photostationary state.!'* In
addition, it has been suggested that CPDs might be photoreversed by electron transfer from
a photo-excited adjacent base, mainly G, to produce an intermediate radical ion pair, which
causes repair of the CPD (Path D, Figure 1.11 A). As an alternative, the excited state of the
CPD can remove an electron from an adjacent base to produce the same radical ion pair
(Path E, Figure 1.11 A). In particular conformations, photoinduced electron transfer from
an adjacent base may also contribute to the photoreversal of CPDs, as observed in some G-
quadruplexes (Path D, Figure 1.11 A).!%1%2 Given the short time required to bring stacked
pyrimidine bases into a photoreactive conformation, the ground state conformation of
stacked thymine bases at the moment of photoexcitation is supposed to be the true
determining factor for dimerization. Accordingly, the low quantum yield of CPD is a
consequence of its low photoreactive conformations. Nevertheless, the process by which
CPDs form under UV A irradiation is still not fully understood. DNA poorly absorbs UVA
light, so it has been proposed that UVA-induced CPD may result from either direct
excitation or photosensitization mediated by the excitation of endogenous or exogenous
chromophores.26:143-147

With advances in spectroscopy and computational methods, a growing number of
studies have shown that collective excited states (excited states located over two or more
bases) are involved in the formation of CPDs.!*!5! A delocalization occurs as a result of
their close proximity that leads to electrons interaction between the bases. The degree of

delocalization depends heavily on the relative positions of the bases and the context of the
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surrounding sequence. Frenkel excitons (delocalized n-n* states) and charge-transfer (CT)
states are the two preconditions of collective excited states. Frenkel excitons are thought
to be responsible for the formation of CPDs.!3? Moreover, studies have shown that the
transition from Frenkel excitons to CT states provides a decay channel for escaping the
formation of CPDs.!!®

Another significant finding concerns so-called "dark CPDs," in which CPDs are
generated in melanocytes for three or more hours after exposure to UVA.!>* As we know,
UVA is a component of the radiation in sunlight and tanning beds. The researchers also
declared that the "dark CPDs" contained more C-containing CPDs than the CPDs induced
by UVA alone. Dark CPDs reactions cannot be understood by direct excitation or
photosensitization mechanisms, which happen immediately after UV photons are
absorbed. Thus, the authors proposed a chemiexcitation mechanism in which peroxynitrite,
produced by the reaction of UV-induced superoxide and nitric oxide, reacts with melanin
fragments to form high-energy dioxetane (Path B Figure 1.11 B). After that, a triplet energy
carbonyl is formed from the decomposition of dioxetane, transferring its triplet energy to
DNA to produce CPDs 2>1537153

Various methods have been used to study in vitro the frequency of CPD formation
in duplex DNA by direct irradiation. In an early study, Carrier et al. studied the DNA
containing tritiated thymine or cytosine, irradiated at two UVC regions, was hydrolyzed by
acid to release the dimerized bases in the form of T=T, T=U, U=U, and U=T. Then, it was
separated onto paper chromatography and quantified, except for T=U and U=T, which are
hard to differentiate.!>® When they were irradiated at 265 nm, their TT:TC+CT:CC CPD
ratio was 62:25:13, and at 280 nm, the ratio increased to 72:18:9 after correction for
dinucleotide frequency. Modern approaches use enzymes to digest DNA into
photoproduct-containing dinucleotides followed by separation and quantification by high-
performance liquid chromatography coupled with electrospray tandem mass spectrometry
(HPLC-MS/MS).** In this method, at broadband UVB irradiation (280—370 nm), the pre-
steady state ratio of CPD formation for TT, TC, CT, and CC was 35:39:19:7, but changed
to 42:41:15:02 upon 254 nm irradiation.*® Pyrimidine's CPD formation was also evaluated
by analyzing data obtained from genomic DNA using broadband UVB light show an
average ratio of 36 £4: 32+ 3: 20+ 5: 13+ 2 for TT:TC:CT:CC CPD formation."” Studies
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have also been conducted on CPD formation by analyzing cleavage sites of specific
pyrimidine dimer glycosylases, such as M. Iuteus UV specific endonuclease!>® and T4
pyrimidine dimer glycosylase!>® using end-labeled DNA, NextGen sequencing, and
ligation-mediated PCR. One study using T4 endonuclease V digestion has shown that the
yield of photoproducts at specific sites depends on both the nucleotide composition and the
wavelength of the UV light used to induce the damage.'® Different doses of light, sequence
coverage, and analysis methods probably contributed to the variation in CPD ratios among
the various studies. Earlier literature reported an increase in CPD formation at C-containing
sites upon using longer UVC wavelengths, which can be explained by the use of larger
doses of UVC light that lead to a decrease in photoreversal efficiency.!'*141:1%0 [t is also
possible that the increased CPD formation at TC sites is due to a decline in the competitive
formation of TC (6-4) photoproducts. The quantum yield of TC (6-4) decreases with
139

increasing wavelength compared to CPDs.

1.2.6.2 Formation of CPD through photosensitization

In addition to direct UV excitation, CPDs can also be produced by
photosensitization through the triplet-triplet energy transfer pathway (TTET). In a TTET
process, UV photons excite the photosensitizer (an organic molecule) to a singlet state,
which undergoes intersystem crossing (ISC) to enter its triplet state. In the presence of
sufficient excitation energy and close vicinity to a dipyrimidine, a triplet excited molecule
transfers its energy to DNA by triplet-triplet energy transfer (TTET) to generate a CPD
(Figure 1.11).26:140.161-164

A TTET process involves a double electron exchange known as the Dexter
mechanism.'®>"17 TTET transfer can proceed through collision complexes (Path C) or
intercalated intermediates (Path D). TTET's efficiency correlates with the triplet energies
between photosensitizers and DNA bases, the coupling interaction between them, and how

much the photosensitizer binds to DNA (nature of photosensitizer complexation), !34163168

162,170,173 172,174

172 Several fluoroquinolones and ketone derivatives with triplet states higher
than those of pyrimidines are commonly used to sensitize CPD formation.'** An excited
triplet pyrimidine can then develop a single bond from C6 to C6 with the neighboring

pyrimidine, resulting in a triplet biradical intermediate (°BR). Afterward, the triplet
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biradical may undergo intersystem crossing to the singlet state ('BR) and proceed to either
the CPD formation or reverse back to the dipyrimidine pair.!”>176

Multiple studies on TTET induced by various photosensitizers in DNA have shown
that TT CPD remains by far the most common photoproduct, followed by TC and CT with
at least one order of magnitude lower yield, and CC-CPD rarely formed.!?>165177-180 [t hag
been demonstrated that flanking bases impact the yield of CPD generated via TTET, and
the ratio of CPDs formation between TT, TC, CT, and CC differs for different
photosensitizers.!®" The results of these studies indicate that further investigation of the
mechanism of TTET-induced CPD is needed. It is possible that there is a more complex
mechanism at work rather than the simple transfer of triplet energy to a single thymine
base.!®

In a new study, Costalat et al. used gel electrophoresis and T4 endonuclease V
digestion, all 64 possible NYYN sequences were quantified in a 129 bp DNA duplex.!'*
With UVB light, CPD formation varied by 2-fold between dipyrimidines and by 12-fold
with flanking sequences. It was most abundant at YY YR sites and less frequent at GYYN
sites, consistent with charge transfer. Conversely, photosensitized CPD formation placed a
considerable preference on TT over C-containing sites, particularly for norfloxacin (NFX)
than acetone, in agreement with their differences in triplet energies. The pattern of
sequence dependence for photosensitized TT CPD formation is similar to UVB light;
however, there are notable differences between NFX and acetone that may be due to the

DNA intercalation of NFX.
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Figure 1.11. A depiction of CPD formation by the direct and photosensitized methods.
Copyright 2021, Oxford University Press, and adapted with permission from ref (126).!4
A multi-step mechanism represents the formation and photorepair of CPDs, where a direct
excitation (path A) yield a singlet state of a pyrimidine (Y), which undergoes a [2+2]
cycloaddition (‘=") with an adjacent pyrimidine. The CPD is unstable at 254 nm and could
reverse back to monomers by its direct excitation (path B) followed by a retro [2+2]
reaction (path C). A possible pathway (path D) is also proposed where the transfer of an
electron through an excited flanking base could lead to the reversal of CPD. Another
pathway (in which an electron transfer from a flanking base to an excited CPD may lead
to a charge transfer intermediate (path E)). The rate of CPD formation can be diminished
by competitive formation of a (6-4) photoproduct from the excited singlet state (path F)
and the excited singlet state could also be deactivated by electron transfer from a flanking
base pair (path G) followed by back electron transfer (BET) to the ground state.

1.2.7 Next-generation sequencing- based methods to detect DNA UV damage

Several radiolabel-based methods have been developed to detect DNA damage and
repair with single-nucleotide molecular resolution. However, they are limited to small

genomic regions and rough or approximate quantitative detection. Many DNA damages
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can be at once identified and quantified using mass spectrometry-based DNA adductomic
techniques, but these techniques do not include genome sequence information.'3!"1%4As a
result of the advent of NGS technology, genome-related research has been transformed
with superior data accuracy, reduced costs, and high throughput. Recently, a growing
number of NGS-based DNA adductomic methods are being developed to detect,
characterize, and quantitate environmental induced DNA damage and repair at the genome-
scale.!®188 In order to measure DNA damage and repair after exposure to environmental
hazards, the standard NGS procedure must be altered since the covalent modification of
DNA bases causes blockage of the PCR amplification step.'®® Currently, three fundamental
strategies are employed to overcome this obstacle in the field of NGS-based DNA
adductomics. In the first strategy, DNA fragments with DNA damage are captured by
immunoprecipitation or biotin-streptavidin enrichment. In one round of primer extension
before PCR amplification, a translesion DNA polymerase is used to directly repair or
bypass DNA damage. The second method involves creating a nick at damage sites by
enzymatic or chemical treatment and ligating a sequencing adaptor to prepare an NGS
library. The third approach makes use of both DNA damage immunoprecipitation and high-
fidelity DNA polymerase blockage during primer extension to enrich DNA damage and
pinpoint its location in the genome.

1.2.7.1 Enriching DNA damage after damage reversal or using bypass techniques on

damaged DNA

The strategy of this approach involves enriching DNA fragments containing DNA
damage through immunoprecipitation or biotin-streptavidin binding. Then UV-induced
DNA damage can be directly reversed by repair enzymes or chemical reactions. For other
damage that cannot be reversed, they can be bypassed by translesion DNA polymerases in
one round of primer extension before PCR amplification of the NGS library. CPDs were
detected in the genome using damaged DNA immunoprecipitation and next generation
sequencing (DDIP-seq),'*° as well as excision repair sequencing (XR-seq).!”! The (DDIP-
seq) can detect DNA damage across the entire genome, but they produce low resolution
are usually 100 to 1,000 base pairs in size. The excision repair sequencing (XR-seq)
method relies on the fact that the excised oligonucleotide in the cell was released in

complex with TFIIH and XPG, which cuts the damaged strand at the 30 nucleotides away
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from the lesion. After ligation with adapters, the incised oligonucleotides are purified
further using specific DNA damage immunoprecipitation. Photolyases reverse the UV-
induced DNA damage on the adapter-ligated excised oligonucleotides before PCR
amplification.!”!"!? Sequencing reads from XR-seq are aligned with the genome, and
damaged areas can be identified according to the dual incision method of nucleotide
excision repair. An improved version of XR-seq called translesion excision repair
sequencing (tXR-seq) shares the same DNA damage enrichment process, but they differ in
pre-PCR step treatment.'*® During the one-cycle primer extension, tXR-seq bypasses CPD-
DNA damage with human translesion synthesis polymerases 1.

1.2.7.2 Nick creation and ligation-based approach

This strategy uses special endonucleases or chemical reactions to induce nicks at
damage sites before or after fragmenting genomic DNA and then ligates an adapter to 5' or
3" ends of the nick site by using ligases prior to PCR amplification and sequencing. This
approach has led to the development of a variety of methods to identify DNA damage, such
as UV damage, alkylation damage, oxidative damage, ribonucleotide incorporation, and
chloroplast-DNA adducts in different types of organisms. An example of UV damage
detection by this approach is the Excision-seq, which uses E. coli UDG and T4 Endo IV to
create a nick at uracils in DNA, CPD, or (6-4) PP sites.!”* Despite its high resolution, this
method requires a high degree of DNA damage for a library building, limiting its usability.
In this method, for instance, the UV dose is 10,000 J/m?, which is much higher than has
been usually used in most studies. Another method termed CPD-seq was developed to
detect CPD damage sites across the entire genome with single-nucleotide resolution in
yeast.!” The principle of this method relies on creating a nick and a ligatable-OH group
upstream of CPD sites using T4 PDG and APEI enzymes. Afterward, the 5'-Phospate
group is excised, and the second adapter is ligated to DNA fragments that contain 3'-OH
groups. In the following steps, the ligated products are amplified by PCR and then sent for
next-generation sequencing. The drawbacks of this method are the background signal that
can be detected in nonirradiated DNA, which is produced due to DNA breakage during
extraction and purification, and inefficient adaptor ligation.'”> Therefore, the CPD-seq

method might be challenging to use for identifying damage with relatively low CPD levels.
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1.2.7.3 Primer extension-based strategy for DNA damage enrichment

An example of this strategy is damage-seq, which employs damage-specific
antibodies to enrich the products of sonicated DNA that have been UV damaged and ligated
to the first adaptor. Afterward, biotin tagged primers are extended by Q5 DNA polymerase,
which will stop before the damage site. Then sequencing will be done after ligating the
primer extension products to a second adaptor and amplified by PCR. The (HS-Damage-
seq) method improved the detection sensitivity of this technique by introducing a
subtractive hybridization step in the original Damage-seq procedure to sequester the

undamaged DNA strands prior to PCR amplification.'®’
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Chapter 2. A novel method to investigate the effect of flanking bases on
the formation and repair of thymine dimers in duplex DNA

2.1 Abstract

The cis-syn Cyclobutane Pyrimidine Dimers (CPDs) are the most common lesion
formed in cellular DNA from exposure to solar light. Although many studies have been
carried out to identify the influence of DNA sequence and structure on its photochemical
and photophysical properties, the molecular bases of these observations have not yet been
well understood. This research has been conducted to comprehensively study the
comparative impact of neighboring bases on either side of a pyrimidine pair on CPD
formation and photo-repair of a pre-existing CPD in double-stranded DNA. The principle
of our approach relies on precise blockage of Taq DNA polymerase at pyrimidine dimers
(CPDs), which cause the disappearance of the sequences that contain a thymine dimer from
the irradiated DNA library pool. High-throughput sequencing is then done to explore the
formation and repair of CPDs over the time-course experiment at different wavelengths.
We are using a random double-stranded DNA library consisting of a stretch of 10
randomized base pairs surrounding a central thymine pair (5 random base pairs on either
side), in turn flanked by constant bases as primer binding sites for PCR amplification. The
constant regions were designed to avoid two adjacent pyrimidines. The sources of UV
irradiation used in this research are a monochromatic 285nm LED and a 365 nm LED, the
latter used in conjunction with a triplet sensitizer co-dissolved with the DNA to be
irradiated. Our results show that the TTTT and ATTT are always the hottest spots for CPD
formation and persistence in NTTN motif sequences, and GTTG is the coldest spot (i.e.
least CPD persistence) in the two different irradiation setups. In agreement with previous
studies, we observed a slightly higher suppressive effect of 5' flanking guanine on TT-CPD
formation than 3' flanking guanine with all other bases rather than thymine. In addition, G-
rich flanking motifs (GCG, GTG, GGG) show the lowest TAT CPD formation, while AT-
rich motifs (AAT, TTT, ATT) show the highest formation of thymine dimers. There is no
apparent direct correlation between the 5' side and 3' side on the formation and repair of

TT-CPDs in dsDNA. It seems to be that the mechanism of both formation and repair of
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CPDs from the 5' and 3' sides are identical, and fluctuation of different motifs found on the
5' side are almost a mirror image to that found on the 3' side.

2.2 Introduction

Solar ultraviolet light is well known to induce dipyrimidine photoproducts, which
play a crucial role in cellular photodamage involved in skin cancer.?*!*® Dipyrimidine
photoproducts fall into two main classes: cyclobutane pyrimidine dimers (CPDs) and the
less abundant but more mutagenic pyrimidine (6-4) pyrimidone photoproducts (6-
4PPs).2%1%7 CPDs can occur at any dipyrimidine site by a [2n+2n] photocycloaddition
between the C5-C6 double bonds of two neighboring pyrimidine bases. As a consequence
of the stereochemical constraints imposed by the structure of native B-form DNA, only the
cis-syn stereoisomer of the CPD has been observed.** Cyclobutane Pyrimidine Dimers
(CPDs) are the most significant lesions in DNA brought about by exposure to solar
ultraviolet B and A radiation. These lesions pose a severe challenge to DNA replication in
the cells; defects in cellular thymine dimer repair machinery also seem to be associated
with human skin cancers and Xeroderma pigmentosum. Although the T"T CPD
photolesion is not strongly mutagenic in general, it can block DNA polymerases and result
in DNA replication forks stalling and also transcription inhibition.?%!%° CPDs are
particularly important to skin cancer because they are formed more rapidly than 6-4PP and
repaired more slowly, thereby increasing their carcinogenic potential.!®® A recent study
found that photoinduced CPDs can also be generated after exposure to UVA and UVB
exposure for 2 to 3 h via chemisensitization pathway.!>

In order to understand CPDs formation, it is crucial to understand their
photochemistry. Many factors affect the effectiveness of CPDs formation. At first, the
dimerization is determined by the wavelength of UV light, the intensity of the light, and
the type of two pyrimidines involved. The UVC (190 to 290 nm) and UVB (290 to 320
nm) rays excite DNA directly to form CPDs."** Under UVB and UVC irradiation,
Mitchell et al. quantified the CPDs formation at different pyrimidine bases using
sequencing gel and T4 endonuclease V enzyme.'® The authors estimated that the ratio of
CPD formation at TT, TC, CT, CC sites were 52 : 21: 19 : 7 under UVB and 68: 16: 13: 3
under UVC irradiation, respectively. A comparable result is obtained by a study that used

high-performance liquid chromatography coupled to electrospray tandem mass
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spectrometry (HPLC-MS/MS) to investigate CPD distribution among naked DNA and in
cellulo.®® Cadet et al., in 2001 found that UVC-induced CPD distribution in naked DNA
was 2.970: 1.823: 0.573: 0.069 (55:34: 11: 1) for TT, TC, CT and CC while UVB-induced
CPDs in the following order: 1.023 : 0.694 : 0.289 : 0.094 (49 : 33 : 14 : 4) in naked DNA
and 3.147 : 0.279 : 1.289 : 0.577 (60 : 24 : 11 : 5) in cellulo.*® These studies have shown
that CPDs form more frequently at TT than TC, CT, and CC. In addition, UVB causes
more CPDs with cytosine than UVC. These studies have discrepancies because of the
different DNA sequences, genomes, and UV sources used. Furthermore, there is no
systematic information on the influence of bases beyond the two pyrimidines, even though
numerous other studies have provided empirical evidence that the 5' and 3' bases flanking
the dipyrimidine sites can play an important role in CPD formation. Accordingly, CPD
formation has been observed to be augmented by flanking pyrimidines while adjacent
guanines suppressed CPD formation,!3:113:141.19-202 A recent study by Taylor et al., in 2021
examined all 64 possible NYYN sequences in a 129-bp DNA duplex using gel
electrophoresis and T4 endonuclease V digestion. However, including all the possible 64
NYYN in one piece (design) of DNA can create bias from many aspects.'* First, the dimer
formation at a given site will prevent the formation of another dimer on the adjacent side,
creating a bias due to predominant TT-CPD formation over the other dipyrimidine CPDs.
Since the approach used T4 endonuclease V digestion of *’P radiolabeled irradiated DNA,
with the products run on a denaturing gel, only a rough quantitative estimation of CPDs is
possible. Third, all the samples were irradiated at only one-time point, and the chosen time
ensured that at least 60% of the DNA remains uncut. The chosen time may or may not
reflect the photostationary state nor fluctuation of formation and repair of CPDs over time.

Studies of the formation of CPD from UVA (320 to 400 nm) irradiation are fewer
because direct CPD formation is highly inefficient. CPDs were found to produce in more
proportion than oxidative lesions like 8-0x0-7,8-dihydroguanine (8-oxoGua) and this to be
the primary form of UVA damage found in both human skin and cultured cells.!**1%® The
formation of CPD by UVA has a quantum yield at least two orders of magnitude lower
than that by UVB and UVC and about five times as efficient as §-oxoGua. Considering
that DNA weakly absorbs UVA photons, it is possible that UVA-induced CPD formation

could occur either by direct excitation or by photosensitization through the excitation of
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endogenous cellular components.?® UVA photoproduct distribution differs substantially
from UVB and UVC, with TT CPD corresponding to 90% of all dipyrimidine products,
followed by TC and CT, and a minimal CC.*3

UV rays are absorbed strongly by DNA but seldom cause significant damage. The
photostability of single nucleobases arises from their ability to dissipate the UV excitation
energy in ultra-fast fashion, in the sub-picosecond range, from high-lying electronic states
into heat, preventing harmful reactions.® There are also longer-lived excited states, lasting
a few hundred picoseconds, found in biologically significant DNA.>2% These states have
recently been identified as excimers, charge separations, or transfer states delocalized along
DNA strands. The charge transfer or separation phenomena are governed by the redox
potentials of the bases involved.® The charge transfer states between DNA photolesions
and neighboring nucleobases have also been observed, significantly influencing its
photochemical reactivity.”? The charge-transfer states are highly reactive and can cause
DNA damage, yet they can also reverse pre-existing photolesions.!®!1921% In purely
nucleotide-based systems, the question of a related repair mechanism has drawn
considerable attention. It has been proposed by different labs (Rokita,''® Burrows,” and
Carell'?) that the nucleotide-mediated photoinduced self-repair process of CPD may be
important in standard duplex DNA, as a constituent of a DNA’s ‘in-built’ mechanism for
self-preservation. Rokita et al. have demonstrated the influence of purines surrounding
dimer sites within DNA duplexes, showing that neighboring guanines promote dimer repair
by acting as electron sources for CPD repair.!!” Recently, Carell et al. have shown that
charge transfer/excimer states between two photoexcited bases (G-A tandems) can migrate
to the adjacent CPD lesion, leading to its repair.!® The high repair effectiveness of
neighboring G-A tandems is attributed to a long-lived charge transfer state between these
two bases, in other words, a guanine-adenine exciplex. Although many studies have been
carried out to identify the influence of DNA sequence and structure on its photochemical
and photophysical properties, the molecular bases of these observations are not well
understood yet. Furthermore, the neighbouring deoxynucleotide sequence affects the
energy and lifetime of singlet and triplet excited states through excimer formation and

perhaps delocalization, but their effect on thymine dimer formation is not well known'®!
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Our research has been conducted to comprehensively study the comparative impact
of neighboring bases on either side of a thymine pair on CPD formation and/or photorepair
of a pre-existing CPD in double-stranded DNA. The principle of our approach relies on
precise blockage of Taq DNA polymerase at pyrimidine dimers (CPDs), which causes
disappearance of the sequences that contain a thymine dimer from the irradiated DNA
library pool. High-throughput sequencing is then done to explore both the formation and
repair of CPDs as a time-course experiment, at chosen wavelengths. We used a randomized
double stranded DNA library consisting of a stretch of 10 randomized base pairs around a
central thymine pair (the thymine pair has five random bases on either side). The above
twelve base pairs are flanked by stretches of known sequence, which can serve as primer
binding sites for primer extension or PCR amplification. These constant region stretches
(51 bases on either side) were carefully designed to not contain two adjacent pyrimidines.
The sources of UV irradiation being used in this research are a monochromatic 285 nm
LED and a 365 nm LED for use in irradiation experiments with 2’-methoxyacetophenone
(2-M), a triplet sensitizer. Our study is unique and unprecedented in terms of it being
carried out on authentic dsSDNA that incorporates a relatively large number (five on each
side) of random nucleotides flanking the central thymine pair or thymine dimer, all being
studied at once. In addition, we have used both UVC and UVA monochromatic LEDs to
create/repair CPD dimers, which is more comparable to CPD formation due to solar
exposure in biological systems.

2.3 Materials and Methods
2.3.1 Materials

Single-strand random DNA library and reverse primer were purchased from
Integrated DNA Technologies (IDT), [y-*P] ATP from Perkin Elmer, T4-PDG
(pyrimidine dimer glycosylase), previously known as T4 endonuclease V, from New
England Biolabs (NEB), AMPure XP beads from Beckman Coulter, Qubit™ 1X dsDNA
HS Assay Kit from ThermoFisher Scientific, and 2'-methoxyacetophenone from Sigma

Aldrich.
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2.3.2 Preparation of cold and 3*P-labeled double strand random DNA libraries

A non-radiolabeled (cold) double-stranded random DNA library was prepared by
one-round reverse primer extension as follows: Multiple tubes of 100 puL primer extension
reaction mixture contained 1x KAPA Hifi Taqg DNA polymerase buffer (from Kapa
Biosystems), dNTP mix 0.2 mM, single-strand DNA library 0.2 uM, reverse primer 0.4
uM, KAPA Hifi DNA polymerase (5 U/uL) 1.25 Unit and PCR grade water to 100 uL. The
amplification condition was one cycle as follows: initial denaturation at 95 °C for 2 min,
denaturation at 95 °C, annealing at 54 °C for 30 s and extension at 72°C for 5 min. The
double-stranded random DNA library so generated was then purified by (0.8x) AMPure
XP beads and kept dissolved in (20 mM NaCl/ 10 mM Tris-HCI, pH 8.0) buffer. The 5'
32P_radiolabeled double-stranded random DNA library was prepared under the same
condition, except the 5' ¥P-radiolabeled single-stranded random DNA library was used in
the primer extension reaction mixture. Also, the 5' **P-radiolabeled dsDNA randomized
library was purified by 8% polyacrylamide native gel instead of AMPure XP beads.
Library quality control: following purification the successful double-strand library
amplification was checked by measuring DNA concentration of the purified libraries using
Qubit, which precisely measure the concentration of double strand DNA and recommended
for any library measurement before NGS.

2.3.3 Selection of an optimal photosensitizer at 365 nm irradiation

There are 4 main criteria to select an appropriate photosensitizer at UVA range. The high
intersystem crossing (ISC) efficiency is the most crucial aspect. Second, it should have
triplet energy higher than the thymine pair (TpT). In addition, UV-A absorption should be
strong in the UV-A range, and it should be readily soluble in water.

We tested two photosensitizers for 365 nm irradiation, the commonly used acetophenone
(AP) and newly characterized acetophenone derivative 2-methoxyacetophenone (2-M).
2’-Methoxyacetophenone (2-M) has been demonstrated as an efficient promising
photosensitizer at the UVA range.?**** 2-M has a higher extinction coefficient over the
UVA range than AP. 2-M undergoes very efficient intersystem crossing with quantum
yield (ISC = 97. 4%) after excitation and has a low fluorescence yield n = 2. 6%,

suggesting an efficient non-radiative decay process.
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Our result demonstrates the superiority of 2-M over AP as an efficient photosensitizer with
365 nm irradiation. A lower concentration of 2-M (2.5 mM) is required for
photosensitization compared to AP (10 mM), and the DNA library shows minor
background damage when run into denaturing gel (Figure S1). Therefore, we carried out
all 365 nm irradiation using 2-M as a photosensitizer (2.5 nM final concentration).

2.3.4 UV irradiation

The irradiation solutions were each 200 pL (20 mM NaCl/ 10 mM Tris-HCI, pH
8.0) buffer solution containing either cold or 5'-radiolabeled 114 bp randomized DNA
library, along with 2.5 nM 2'-methoxyacetophenone if 365 nm irradiation used. All
irradiation was carried out in a cold room at 4°C. The irradiation source consisted of one
of two monochromatic UV light LEDs; the first was a 278 nm, 2.4W LED purchased from
IRTronix LG. The second irradiation source was a monochromatic UV LED emitting peak
wavelength centered at 365 nm (LEUVA33U70RLO0O0 — 365 nm, 2.6 W LED) purchased
from IRTronix LG. The two LEDs were fitted into a custom-built 3D-printed irradiation
chamber, as shown in Figure 2.1. The UV exposure times ranged between 3 s and 12 h,

depending on the experiment. All irradiations and analyses were performed in duplicates.

Figure 2.1. A three-dimensional (3D) printed setup without lid (a), containing an LED
holder (b), and covered with a lid (c) to hold the sample in a cuvette during irradiation with
UV light generated through an LED light.

2.3.5 Confirmation of CPD formation by T4-PDG digestion

The formation of the CPD in UV irradiated dsDNA library samples were confirmed
by digesting the aliquots of the irradiated duplexes with T4 PDG. After UV irradiation, an
aliquot of each 3?P-labeled DNA or cold DNA sample was incubated with 1uL (10 U) of
T4-PDG (final volume 10 pL) for 30 min at 37 °C (different digestion times were tried and
no differences in amount of cutting observed). All samples were then denatured by adding

to 10 puL of denaturing dye containing 100% formamide and boiled in a water bath for 6
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min, followed by immediate placement in ice. Subsequently, 1uL of phenol was added to
each sample prior to loading onto the 8% Denaturing PAGE. Every time, a control sample
was not irradiated with UV light but treated with the same succeeding steps. The **P-
labeled DNA samples were visualized by autoradiography using a Typhoon phosphor
imager (GE) while unlabeled (cold) DNA samples in gels were stained by SYBR® Gold
Nucleic acid staining. Densitometry measurements were done using ImageJ software and
graphs were plotted using Origin Pro 2021 Academic Version. Calculation of Kinetic (Kobs,
kr and kr was done by Origin Pro 2021 Academic Version.

2.4 Results and Discussion
2.4.1 Design of the dsDNA randomized library

We designed a randomized, single-stranded DNA library consisting of a stretch of
10 randomized base pairs around a central thymine pair (the thymine pair has five random
bases on either side) (Figure 2.2). The ten variable nucleotides will generate over one
million different sequences (4!° = 1,048,576 sequences). The above single-stranded
randomized DNA library was perfectly convenient to work with for subsequent PCR and
[llumina sequencing. However, to ensure higher coverage for statistical calculation, we
investigated only 3 variable nucleotides from each side. We also take into consideration
the possibility of the formation of CPD in the lower strand after UV irradiation, so we use
only the TT-strand (upper strand) for our calculation. In addition, the formation of CPDs
in the lower strand can affect the formation of CPDs in the upper strand due to minor
conformational changes in the DNA duplex.?*® However, this effect is equally distributed
for all the sequences within the DNA library.

Single strand random DNA library

5'TACGCGTGTATACATACACACACGTATGTATATGTACACGCACGTGTATACNNNNNTTNNNNNGCACACATATGT
GTACACACACGTACGTATACACATAC ATACACGCACATG 3’

Reverse primer sequence
5" CATGTGCGTGTATGTATGTG 3’

Figure 2.2. Illustration of the single strand random DNA library and reverse primer
sequences.
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2.4.2 UV irradiation and designing the time-course experiments at 278 nm and
365 nm
As mentioned in the Methods section, UV irradiation was carried out using either
a monochromatic 278 nm LED, or a 365 nm LED with the presence of 2'-
methoxyacetophenone (2-M) as a triplet sensitizer (carried out under an anaerobic
condition). Two time-dependent (time-course) experiments were performed by irradiating
the purified dsDNA library with 365 nm light at eight-time points (0, 5, 15, 30, 90, 270,
540, and 720 min). For the 278 nm LED irradiation, nine different irradiation times,
ranging from 0, 3, 10, 30, 90, 270, 540, 900, to 1800 s were selected (this irradiation was
carried out under aerobic conditions and without added photosensitizer). The above time
points were selected following preliminary experiments on T4 PDG digestion time courses
on multiple 3*P-radiolabelled samples irradiated with either 278 the nm LED or 365 nm

LED (the latter with triplet sensitizer). The cleaved DNAs were run on denaturing PAGE

(Figure 2.3).
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Figure 2.3. Two time-course experiments of *?P-radiolabelled library DNA samples
irradiated at 365 nm in the presence of 2.5 nm 2'-methoxyacetophenone (2-M). The

experiments were done in replicate for consistency (a, b). All the samples were digested
with T4 PDG and run onto 8% denaturing PAGE alongside the same irradiated DNA

samples without T4 PDG digestion. Densitometry measurements show that the maximum
level of cutting (~28%) occurs at 30 and 90 min.

The time-course experiment of 365 nm LED irradiation consists of eight time points,
and this experiment was repeated twice. The purified dsDNA library was divided into 8
portions, which were irradiated in turn for: 0, 5, 15, 30, 90, 270, 540, and 720 min. All the
sample for irradiation were adjusted to 200 pl by adding (20 mM NaCl/ 10 mM Tris-HCI,

pH 8.0) buffer, and then degassed by freezing and thawing two times or until no further
Then to each time point DNA sample, 5% 2'-

large bubbles were seen.
methoxyacetophenone (2-M) in acetone was added up to 2.5 mM final concentration and

mixed by pipetting immediately prior to UV irradiation. After adding the 2-M, the mixed

sample was transferred into a 1 ml UV quartz cuvette with a rubber stopper. Then, the air

was removed from the stoppered cuvette by flushing the argon gas through a needle

through the septum along with an exit needle; 2 to 3 min). All the time point samples were
irradiated in the cold room (4°C) for the above indicated time except for the time = zero

time point (which was not irradiated and was kept in the dark). Following irradiation, all
the time point samples were purified using AMPURE XP beads and checked by Qubit for
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their dsSDNA concentration and quality and size of dsDNA libraries checked by Agilent
Bioanalyzer. All the samples were tested for CPD formation by way of T4 PDG digestion
by digesting a small aliquot of each time point sample with the T4 PDG enzyme, which
was then analyzed in a denaturing gel. Since those samples were submitted for next
generation sequencing, *?P radiolabeling cannot be used. Therefore, we used SYBR® gold
nucleic acid gel staining as a sensitive method to monitor and detect the DNA libraries,
their quality, and the presence of CPDs within them. Following confirmation of this quality
control, all samples were properly labeled and sent to the Sequencing and Bioinformatics
Consortium (SBC) at UBC for sequencing using NextSeq 550 system.

The time-course experiment using the 278 nm LED irradiation consisted of nine-time
points, and this experiment was also carried out in duplicate. The irradiation was done
under aerobic conditions, and no photosensitizer was used. The nine-time points were
prepared by dividing the purified dsSDNA library into nine time-point portions: for 0, 3, 10,
30, 90, 270, 540, 900, and 1800 s. Each time point sample was adjusted to 200 pL volume
by adding (20 mM NaCl/ 10 mM Tris-HCI, pH 8.0) buffer and transferred into a 1 mL UV
quartz cuvette. All the time points irradiated for the above indicated time except for the
time = zero sample, which was not irradiated and was kept in the dark. Following
irradiation, all the time point samples were purified by AMPURE XP beads and checked
by Qubit for dsDNA concentrations and quality and the size of the dsSDNA libraries were
checked by Agilent Bioanalyzer. All the samples were tested for CPD formation by
digesting a small aliquot of each time point sample with the T4 PDG enzyme, and the
results analyzed in a denaturing gel (Figure 2.4). Since these samples were attended to send
for NGS Following this check for quality control, all samples were adequately labeled and
sequencing using NextSeq 550 platform.

38



900 sec/T4 PDG
1800 sec / 74 ppg

L
U
o
b=
T
-

Figure 2.4. shows quality control testing the time points samples (278 nm irradiation) for

CPD formation prior to sequencing. A small aliquot of each time point sample was digested
with the T4 PDG enzyme and run in an 8% denaturing gel. The gel was stained by SYBR®
gold nucleic acid gel stain and then visualized by ChemiDoc™ Imaging System from Bio-

Rad.
2.4.3 DNA Polymerase blockage at pyrimidine dimers

UV light causes damage in cells that prevents DNA polymerase from replicating.

Depending on which template strand bears the lesion, lesions that inhibit polymerases are

able to either stop the replication machinery or cause nascent-strand gaps.?’?'* Several
investigations utilizing plasmid substrates show that lesions in the leading-strand template
stop the replication fork from progressing altogether, with the nascent lagging strand
extending a short distance beyond the stalled leading strand.?!>?!3215 Lesions in the
lagging-strand template, on the other hand, are hypothesized to induce gaps in the nascent

DNA strand at places opposite the lesion, likely because the lagging strand's discontinuous
209212215 ()

synthesis permits the halted polymerase to restart downstream of the lesion.
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the chromosome of UV-irradiated Escherichia coli, events that are consistent with this may
also be seen. The rate of DNA synthesis is transiently decreased after a modest dose of UV
irradiation before quickly recovering in a period that correlates with lesion
elimination.?!2!¢ Cyclobutene pyrimidine dimers (CPDs) and (6-4) photoproducts (6-4PP)
are the most stable DNA-lesions formed by UV light (254 nm) irradiation that causes
blockage of DNA polymerase.?!” This phenomenon has been used in the primer extension
assay for photofootprinting?'® and for mapping CPDs at single nucleotide resolution, using
Thermus aquaticus (Taq polymerase).?!® These tests rely on Taq DNA polymerase being
blocked very well and very accurately at CPDS and (6-4) photoproduct. Recently, blockage
of high-fidelity DNA polymerase has been used in a number of NGS-based techniques to
map the UV and cisplatin damage positions.!%>22°

We adopted a next-generation sequencing-based method to detect thymine dimer
(TT-CPD) formation and repair in DNA duplex. The principle of our approach relied on
precise blockage of high-fidelity Taq DNA polymerase at pyrimidine dimers (CPDs) sites.
The presence of TT-CPD in irradiated samples causes the disappearance of sequences that
contain a thymine dimer from the irradiated DNA library pool during the PCR enrichment
step (Figure 2.5). High-throughput sequencing using NextSeq 550 system was then done
to quantitatively determine the formation and repair of CPDs over the time-course
experiments at different time points and wavelengths. A NextSeq, mid-output flow cell,
can generate up to 130 million paired-end clusters (260 million paired-end reads) (2 x 150
bp). Although paired-end reads have been done on all our irradiated samples, only the
upper strand (TT-strand) reads have been used for all the statistical and bioinformatic

calculations (Figure 2.6).
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Figure 2.5. The above schematic diagram shows the steps of next-generation sequencing:
1) Reverse primer extension of the single-stranded DNA library to produce the dsDNA
library. 2) The dsDNA library was irradiated at two different conditions, and time points
were taken. 3) Following AMPURE XP beads purification, all DNAs were end-repaired
and 3' A tailed to prepare them for subsequent NEBNext adaptor ligation. 4) NEBNext
adaptors are short adaptors that contain sequences required downstream (complementary
to Illumina primers). Here all the sequences (either containing CPD or not) would be able
to ligate to NEBNext adaptor because no PCR is involved in this step. 5) All ligated
libraries were then cleaned up and size selected before undergoing PCR enrichment to
incorporate all necessary barcodes and indices required for multiplexing, thus giving a
unique molecular identity (UMI) for each sequence. Here, only sequences without CPD
would be amplified by PCR using Illumina indexed primers, while all the sequences
containing CPD would not be amplified and thereby removed from the pool. 6) In this step,
only complete dsDNA libraries ligated from both sides to the adaptors by PCR using
Illumina indexed primers were selected for sequencing by size selection. 7) A NextSeq,
mid output platform was used to generate (2 x 150 bp) paired-end reads. 8) The reads from
the upper strand (TT-strand) were used in the statistical analysis.
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Figure 2.6. A schematic diagram to show the summary of the project and the selection of
the upper strand (the "TT" strand) of the DNA library for statistical analysis.

2.4.4 Effect of flanking bases on the formation of TT-CPD

Python code was generated to analyze the resulting sequencing data and identify
sequence fluctuations in the time-course experiments, at the single molecular level. The
statistical analysis of the sequencing data using one-way analysis of variance (ANOVA),
and Python code was done by collaboration with Joshua Unrau, University of Waterloo.
The Python code and all the sequencing data are available in the online repository:

https://github.com/Sen-lab-SFU. Regarding the statistical calculation and the applied

cutoff: In our statistical calculation, we only relied on sequences and motifs with no
missing or ambiguous bases. The data generated by the Python code was carefully
examined to remove any sequences with missing or ambiguous nucleotides in the variable
region. We have done the statistical calculation for 6 variable nucleotides, 3 bases from
each side, which can generate up to 4096 unique sequences. Two confidence intervals were
used: one was using student's t, the other is the population standard deviation to estimate
the difference between the zero-time point (control sample and each time point). As for
delta calculation, the formula is Dx = Tx - TO. All confidence intervals are present in

Appendix C compressed file.
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We first determined the frequency of TT-CPD fluctuation as a function of the time
in response to irradiation from both UV light sources at all 16 possible sites (NTTN) within
the randomized dsDNA library. The 16 total possible base tetrads of form NTTN were
detected in two-replicate time-course experiments from each type of UV irradiation (UVC
at 278 nm and UV A at 365 nm) (Figure 2.7). All time points for both irradiations were
obtained with high coverage, and the number of copies for each time point is shown in

Table 2.1 and Table 2.2.

Table 2.1 Total number of copies for the NTTN motif in two-replicate 365 nm irradiation.

Experiment 1 | Total of copies for | Experiment 2 | Total of copies for
365 nm / min (NTTN) motif 365 nm / min (NTTN) motif
Time point 0 8189385 Time point 0 11512034
Time point 5 77418005 Time point 5 80713405
Time point 15 17643825 Time point 15 21122272
Time point 30 49393126 Time point 30 52222344
Time point 90 103082383 Time point 90 106375127
Time point 270 37292182 Time point 270 40161382
Time point 540 71540696 Time point 540 74457803
Time point 720 84079406 Time point 720 87394896
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Table 2.2 Total number of copies for the NTTN motif in two-replicate 278 nm irradiation.

Experiment 1 | Total of copies for | Experiment 2 | Total of copies for
278 nm/ s (NTTN) motif 278 nm/s (NTTN) motif
Time point 0 1366576 Time point 0 4586339
Time point 3 14683393 Time point 3 62545829
Time point 10 55483470 Time point 10 58857086
Time point 30 43338165 Time point 30 46560947
Time point 90 96794428 Time point 90 100045418
Time point 270 31079461 Time point 270 34094071
Time point 540 65530858 Time point 540 68418033
Time point 900 90448900 Time point 900 93570451
T;I(I)l(j point 25135023 Time point 1800 28319566

The overall pattern of thymine dimer formation and repair across all 16 tetrads
under the two different irradiation settings appears remarkably similar (Figure 2.7), with
TTTT and ATTT always being the hottest spots, showing the highest negative selection
over time, and GTTG being the coldest spot, showing the highest positive selection over
time. In agreement with previous studies, we observed a slightly higher suppressive effect
of 5' flanking guanine on TT-CPD formation than 3' flanking guanine with all other bases
rather than thymine.!3!13:141:200-202 Gyanine with all other bases showed more positive
selection when G on 5' side, which supports the postulation of greater 5'-suppressed CPD
formation more than of 3'-suppressed, owing to better pi-stacking of a G with the 5'
pyrimidine".!'>202221 For example, GTTA exhibits more positive selection than ATTG;
and, the same is true for GTTC, which shows a higher selection than CTTG. However, the
story is different when a thymine flanks the thymine pair on one side with guanine on the
other side; in this case, guanine from the 3' side showing a higher suppressing effect than
guanine from 5' side (TTTG > GTTT). This finding is entirely different from any earlier

studies. In general, guanines directly flanking the central thymine pair show increased
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DNA photostability and relatively higher levels of repair of the neighboring thymine dimer.
Meanwhile, cytosines and adenines show slower CPD formation and repair rates and
comparable fluctuation over time.

The NTTN pattern can generally be grouped into four groups (Table 2.3): the first
group includes two guanines sandwiching the thymine pair (GTTG). The GTTG tetrad
shows the highest positive selection over time, supporting the suggestion that neighboring
guanines promote dimer repair by acting as electron sources for CPD repair.!'” The second
group includes guanine on one side and adenine or cytosine on the other (GTTN, NTTG;
N = A or C). GTTA sequence was the second selected sequence in both irradiation
experiments, which was also expected. Adjacent purines have been shown to increasingly
inhibit CPD formation by quenching of the pyrimidine excited state by electron transfer
from the flanking base consistent with oxidation potential.**! GTTC and CTTG show a
very similar pattern, with the highest selection over time following GTTG and GTTA—
either by direct 278 nm irradiation or photosensitized 365 irradiation. Group 2 has the
following order from the highest to lowest selection: GTTA > ATTG > GTTC > CTTG.
The third group contains cytosines or adenines on both sides, cytosine on one side, adenine
on the other, guanine on one side, and thymine on the other (CTTC, ATTA, ATTC, CTTA,
GTTT, and TTTG). This group shows a fairly constant or marginal ‘negative’ selection
over time. Surprisingly, TTTG reveals less negative selection (or better UV protection)
than GTTT, which is different from previous postulated studies.!!>2°%?2! The fourth group

includes cytosine or adenine on one side and thymine on the other, as well as thymines on

both sides (TTTC, CTTT, TTTA, ATTT, and TTTT). In this group, cytosine and adenine
on the 3' side with thymine (TTTA and TTTC) exhibit slightly less thymine dimer
formation than on the 5' side (ATTT and CTTT). It is not surprising that the TTTT tetrad
has the highest negative selection compared to all other NTTN sequences because the T-

tetrad maximizes the likelihood of CPD formation in that stretch of sequence.
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Table 2.3 shows the pattern and fluctuation of the 5' NTTN 3' sequence in 278 nm
irradiation and 365 nm. The 16 tetrads are grouped into four groups according to their

selection tendency.

NTTN Selection Wavelength Wavelength Tendency
Classification order 278 nm 365 nm of selection
Group 1 1 GTTG GTTG Highest ppsﬁwe
selection
2 GTTA GTTA
3 ATTG GTTC Moderate
Group 2 :
selection
4 GTTC ATTG
5 CTTG CTTG
6 ATTA CTTC
7 CTTA ATTA
8 CTTC TTTG Constant to
Group 3 marg;pal
9 TTTG CTTA negative
selection
10 GTTT ATTC
11 ATTC GTTT
12 TTTA TTTC
13 TTTC CTTT
Group 4 14 CTTT TTTA Highest n§gatlve
selection
15 ATTT ATTT
16 TTTT TTTT
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It is worthwhile to compare our NTTN pattern findings with the recent paper by
Taylor. et al. 2021. The NTTN pattern fluctuation in this study is quite similar to both UV
irradiation at 278 nm and 365nm, in which the TTTA has the highest thymine dimer
formation among all NTTN tetrads. However, few NTTN pattern sequences show different
order from our result and different from previous studies (Table 2.4). Unexpectedly, ATTT
and TTTT show a low and an intermediated level of CPDs formation, respectively, in this
study. The third main difference is that TTTG is the second-highest CPDs formation among
all possible tetrads, while TTTG comes in the middle of fluctuation in our result (Table
2.5). Table 2.4 Main NTTN pattern differences between our result and UVC irradiation of
Taylor. et al. 2021 paper.

Table 2.4 Main NTTN pattern differences between our result and UVC irradiation of
Taylor. et al. 2021 paper.

Selection | 278 nm uvC
order Our data | Taylor et
al. 2021
GTTG GTTG
GTTA ATTT | ¢
ATTG GTTC
GTTC GTTT
CTTG CTTG
ATTA GTTA
CTTA CTTC
CTTC TTTT
TTTG ATTG
GTTT ATTC
ATTC ATTA
TTTA TTTC
TTTC CTTT
CTTT CTTA
ATTT TTTG | ¢
TTTT I'TTA

1]
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Figure 2.7. A representation of 16 possible tetrads (NTTN) fluctuation in a set of duplicate
experiments at 278 nm (panels a, b, ¢) and 365 nm (panels d, e, f). The data points were
normalized, so that the time point = 0 in all sequences starts from 6.25 % (which is the
ratio of 1 tetrad (NTTN) out of 16). The sequence order from positive selection to negative
selection is as follows: GTTG> GTTA> ATTG> GTTC>CTTG> ATTA>CTTA>CTTC>
TTTG> GTTT> ATTC> TTTA> TTTC, CTTT> ATTT> TTTT. The fluctuation of the 16
possible tetrads (NTTN) in the two-replicate experiment at 365 nm. The selection order in
365 nm irradiation experiments is very similar to that found in 278 nm irradiation
experiments. The tetrad sequences are ordered (from positive selection to negative
selection in 365 nm experiments) as follows: GTTG> GTTA> ATTG> GTTC> CTTG>
ATTA> CTTA> CTTC>TTTG> GTTT>ATTC>TTTA>TTTC, CTTT>ATTT>TTTT.
Statistical analyses by ANOVA and student's t-test showing the statistical results of mean
values and standard deviations in the data as depicted in panels (c) and (f) Confidence
intervals for delta calculation, the formula is Dx = Tx - TO for 278 and 365 nm, respectively.
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Table 2.5. Average delta values for the percent fluctuation for each motif calculated by
ANOVA and R statistics. Confidence intervals for delta calculation, the formula is (X time
point - zero time) point Dx = Tx - TO for 365 and 278 nm, respectively.

Delta (8) values for Delta (8) values for
Motif (NTTN) 365 nm wavelength 278 nm wavelength
exposure for 90 min exposure for 90 s
ATTA -0.044 0.007
ATTC -0.088 -0.101
ATTG 0.607 0.604
ATTT -0.770 -0.786
CTTA -0.049 -0.015
CTTC -0.010 -0.032
CTTG 0.443 0.398
CTTT -0.439 -0.471
GTTA 0.749 0.764
GTTC 0.450 0.389
GTTG 1.917 1.880
GTTT -0.165 -0.151
TTTA -0.764 -0.573
TTTC -0.452 -0.489
TTTG -0.101 -0.118
TTTT -1.284 -1.305

The second step in our data analysis was determining individual nucleotides'
fluctuation in the TT strand (N3N>N1TTN4NsNg) in the dsSDNA library pool over irradiation
time (Figures 2.8 and 2.9). The total number of copies at each position for each time point
is given in Appendix C. This fluctuation would reflect the positive and negative selection
of the nucleotides at these positions. Thereby we can have a general idea about which
nucleobase promotes repairing the thymine dimer and which nucleobase favours the
formation of the thymine dimer. The fluctuation of the four different nucleotides adjacent
to the thymine pair in all sequences can be summarized in the following: Guanines show
the highest positive (i.e. protective) selection in the two UV irradiation wavelengths. The
intensity of selection increases as the thymine pair's proximity increases from both sides in
all sequences. Cytosines show only a slight negative selection at the first position adjacent
to the thymine pair. However, cytosines reveal the second positive selection after guanines

at the second and third positions (Cz, C3, Cs, and Cs) from the 5' side and 3' side,

49



respectively. Adenines and thymine show a considerable negative selection. The highest
negative selection for adenine at the second position from thymine pair from both sides (A2
and As). While thymine shows the highest negative selection at the first position to thymine
pair from both sides (T1 and T4) (Tables 2.6 and 2.7). Therefore, we can argue that
relatively positive adenine selection in the previous NTTN pattern (GTTA and ATTG)
could be deceptive or misleading because of the presence of cytosine or thymine adjacent
to the thymine pair increases the likelihood of CPDs formation. This argument is supported
by the negative selection of adenine at all positions except directly adjacent to the thymine

pair.
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Figure 2.8. Fluctuation of individual nucleotides up to three positions at the 5' end of the
central thymine pair (N3N2NI1TT) in a duplicate experiment at 278 nm is represented in
panels (a, b, ¢). Timepoint 0 in all sequences was normalized to start from 25% (which the
percentage of 1 nucleotide out 4). The order of nucleotides' fluctuation from higher to lower
selection follows as G1> G2> G3> C2> C3> C1> Al> T2> T3> A3> A2> TI1. The
individual nucleotides' fluctuation at three positions 5' to the central thymine pair
(N3N2NITT) in a duplicate experiment at 365 nm irradiation in the right-side panel (d, e,
f). The data normalized, as above, so the timepoint 0 in all sequences starts from 25%. The
order of nucleotides' fluctuation from higher to lower selection in 365 nm irradiation
experiments is completely identical to 278 nm irradiation experiments. Statistical analyses
by ANOVA and R studio showing the statistical results of mean values and standard
deviations in the data as depicted in panels (c) and (f) for 278 and 365 nm, respectively.
Values of delta (6) for the selection of each nucleotide were calculated from the data sets
to depict their fluctuation.
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Figure 2.9. A depiction of individual nucleotides' fluctuation up to three positions at 3' of
the central thymine pair (TTN4NsNp) in duplicate experiments performed at 278 nm (a, b,
c¢). Timepoint 0 in all sequences is normalized to start from 25% (which the percentage of
1 nucleotide out 4). The order of nucleotides' fluctuation from higher to lower selection as
follows: G4> G5> Ge> Co> Cs> As> Cs4> Ts> Te> A¢> As> Tas. The individual nucleotides'
fluctuation at three positions 3' to the central thymine pair (TTN4NsNg) in the two-replicate
experiment at 365 nm irradiation in the right-side panel (¢ and d). The data normalized, as
above, so the timepoint 0 in all sequences starts from 25%. The order of nucleotides'
fluctuation from higher to lower selection in 365 nm irradiation experiments is also
identical to 278 nm irradiation experiments. Statistical analyses by ANOVA and R studio
showing the statistical results of mean values and standard deviations in the data as
depicted in panels (c) and (f) for 278 and 365 nm, respectively.
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Table 2.6. Average delta values for the percent fluctuation for each nucleotide at 5’ side
calculated by ANOVA and R statistics. Confidence intervals for delta calculation, the
formula is (X time point - zero time) point Dx = Tx - TO for 365 and 278 nm, respectively.

Nucleotide (5’ Delta (o) values for Delta (0) values for
side) 365 nm wavelength 278 nm wavelength
exposure for 90 min exposure for 90 s
A -0.294 -0.276
C -0.055 -0.120
G 2.951 2.881
T -2.601 -2.484

Table 2.7. Average delta values for the percent fluctuation for each nucleotide at 3’ side
calculated by ANOVA and R statistics. Confidence intervals for delta calculation, the
formula is (X time point - zero time) point Dx = Tx - TO for 365 and 278 nm, respectively.

Nucleotide (3’ Delta (o) values for Delta (o) values for
side) 365 nm wavelength 278 nm wavelength
exposure for 90 min exposure for 90 s
A -0.108 0.183
C -0.100 -0.232
G 2.867 2.763
T -2.659 -2.714

In the third kind of analysis, I investigated motif fluctuation adjacent to the central

thymine pair from both 5' and 3' sides (5'NNTT, 5' NNNTT, TTNN, 3'and TTNNN 3').
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Motifs fluctuation neighboring the central thymine pair would reflect the enrichment of a
particular motif due to excimer formation or other charge transfer preferences. We first
looked at the fluctuation of the two nucleotides motif adjacent to the thymine pair from
both sides (Figures 2.10 and 2.11). Then we extended our investigation to three nucleotides
motifs adjacent to the thymine pair from both sides (Figures 2.12 to 2.18). The total number

of copies of for each time point is shown in Table 2.8 and Table 2.9.

Table 2.8 Total number of copies for the NNNTT and TTNNN motifs in two-replicate 278
nm irradiation.

Experiment 1 Total of copies Total of copies Experiment 2 Total of copies | Total of copies
278 nm/s for 5' NNNTT for TTNNN 3' 278 nm /s for 5 NNNTT | for TTNNN 3'
Time point 0 Time point 0
1366578 1366576 4586335 4586231

Time point 3 Time point 3

14683370 14682876 62545586 62543263
Time point 10 Time point 10

55483251 55481138 58856857 58854657
Time point 30 Time point 30

43337990 43336358 46560763 46559014
Time point 90 Time point 90

96794031 96790447 100045001 100041300
Time point 270 Time point 270

31079350 31078173 34093938 34092636
Time point 540 Time point 540

65530603 65528166 68417767 68415208
Time point 900 90448548 90445234 | Timepoint 900 93570086 93566647
Time point 1800 | 5434949 25133991 Time point 1800 | 8319473 28318401

Table 2.9 Total number of copies for the NNNTT and TTNNN motifs in two-replicate 365
nm irradiation.

Experiment 1 | Total of copies | Total of copies Experiment 2 Total of copies Total of copies
365 nm / min for ' NNNTT for TTNNN 3' 365 nm / min for 5' NNNTT for TTNNN 3'
Time point 0 |¢14937¢ 8189134 Timepoint0 11512014 11511644
Time point5 7643796 17643181 Timepoint S 1120004 21121454

Time point 15 |5217693 77414833 Time point 1539713086 80710102

Time point 30 |493979>5 49391057 Time point 30— 157577135 52220126

Time point 90 [03081949 103078145 Time point 90 1,6374685 106370724
Time point 270 37595039 37290627 Time point 270 49161227 40159698

Time point 540 |;1540405 71537742 Time point 340 174457491 74454717

Time point 720 |e4079087 84075993 Time point 720 |g7394541 87391332
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Motifs containing guanines directly adjacent to the thymine pair from both 5' and
3' sides show the highest positive selection, particularly the following three motifs: GCG,
GTG, and GGG. Motifs containing adenines and cytosines directly adjacent to the thymine
pair from both 5' and 3' sides show mostly negative selection except for a few sequences,
which show slight positive to constant selection. These slightly positively selected
sequences are (GCA, GGA, GTA from 5' side and ACG, AGG, ATG from 3' side) (CGG,
CGC, CAC from 5' side and CGG, CGC, CAC from 3' side). The common factor in these
sequences is mainly the presence of CG, GC, GG, TG, and GT motifs. Motifs containing
thymine directly adjacent to the thymine pair from both 5' and 3' sides have a negative
effect on the photostability of DNA and promote CPDs formation, except when it present
adjacent to 5' CG, GC 3', 5' GG, GG 3', 5' TG and GT 3' motifs. Thymine has the highest
negative selection when followed by AA, TT or AT motifs (5'AAT, 5'ATT, 5'TTT)
(TAA3', TTA3', TTT3"). The first observation is that adenines adjacent directly to the
thymine pair have a mostly negative impact on the photostability of DNA and promote
CPDs formation, except when it present adjacent to the motifs mentioned above. The
second observation is when two adenines followed by thymine (5' TAA, AAT3') adjacent
directly to the thymine pair exhibit the highest negative selection in all the sequences.
Cytosine only had a negative impact when it is directly adjacent to the thymine pair (N1 or
N4) or adjacent to another thymine, which leads to increased CPDs likelihood; other than
that, cytosine shows positive selection at all other positions (N3, N2, Ns, and Ne). The
presence of two consecutive pyrimidines can increase the likelihood of the formation of
another CPD (to which our experimental assay is sensitive) rather than involving the central
thymine pair. In accordance with the previous studies, the motifs containing two
consecutive pyrimidines show less positive selection and tend to form the CPDs in the
following order: 5’-NCCTT < 5’-NCTTT < 5’-NTCTT < 5’-NTTTT, and TTCCN-3’
<TTTCN-3" <TTCTN-3’ < TTTTN-3' (Table 2.12 and 2.13).
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Figure 2.10. A top-down graph in the left-side panel (a and b) show motifs' fluctuation at
two positions (5'NNTT) 5' adjacent to the central thymine pair in all sequences in the two-
replicate experiment at 278 nm irradiation. Timepoint 0 in all motif sequences is
normalized to start from 6.25%, making the percentage of 1 motif out 16 possible. The
order of 5' dinucleotide motifs' fluctuation from higher to lower selection as follows: CG>
GG>TG> AG> GC> GA> CA> TA> GT> AC> CC> TC> CT> AA> AT> TT. The 16
possible 5' dinucleotide motifs' (NNTT) fluctuation in the two-replicate experiment at 365
nm irradiation is shown in the right-side panel (¢ and d). The data normalized, so the
timepoint 0 in all sequences starts from 6.25%. The order of 5' dinucleotide motifs'
fluctuation from higher to lower selection in 365 nm irradiation experiments is almost
identical to 278 nm irradiation experiments. Statistical analyses by ANOVA and R studio
showing the statistical results of mean values and standard deviations in the data as
depicted in panels (¢) and (f) for 278 and 365 nm, respectively.
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Figure 2.11. A top-down plot in the left panel (a and b) depicts the dinucleotide motifs'
fluctuation (TTNN 3') 3' adjacent to the central thymine pair in all sequences in the two-
replicate experiment at 278 nm irradiation. The timepoint 0 of every motif sequence is
normalized to 6.25, giving a probability of 1 out of 16 motifs. Following is the breakdown
of the 3' dinucleotide motifs' selection order from higher to lower: GC> GG> GT> GA>
AG> CG> AC> AT> TG> CA> CC> CT> AA> TC> TA> TT. Right-side panels (c and
d) show the fluctuation of the 16 different 3' dinucleotide motif (NNTT) in the two-
replicate experiment at 365 nm irradiation. As in the 278nm experiment, the data
normalized, so all timepoints O start from 6.25%. The order of 3' dinucleotide motifs'
fluctuation from higher to lower selection in 365 nm irradiation experiments is similar to
278 nm irradiation experiments. The dinucleotide motifs' fluctuation in 278 nm and 365
nm experiments on 3' sides are almost a mirror image to 5' sides. Statistical analyses by
ANOVA and R studio showing the statistical results of mean values and standard
deviations in the data as depicted in panels (c¢) and (f) for 278 and 365 nm, respectively.
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Table 2.10. Average delta values for the percent fluctuation for dinucleotide motifs at
5’side calculated by ANOVA and R statistics. Confidence intervals for delta calculation,
the formula is (X time point - zero time) point Dx = Tx - TO for 365 and 278 nm,
respectively.

Dinucleotide Delta (6) values for Delta (6) values for
Motif 365 nm wavelength 278 nm wavelength
(5’NNTT) exposure for 90 min exposure for 90 s

AA -0.611 -0.598
AC -0.051 -0.050
AG 0.384 0.381
AT -0.776 -0.771
CA 0.121 0.127
CC -0.029 -0.051
CG 0.585 0.577
CT -0.425 -0.408
GA 0.218 0.194
GC 0.195 0.184
GG 1.123 1.077
GT -0.142 -0.070
TA -0.022 0.001
TC -0.169 -0.203
TG 0.859 0.847
TT -1.258 -1.235

Table 2.11. Average delta values for the percent fluctuation for dinucleotide motifs at
3’side calculated by ANOVA and R statistics. Confidence intervals for delta calculation,
the formula is (X time point - zero time) point Dx = Tx - TO for 365 and 278 nm,
respectively.

Dinucleotide | Delta (6) values for 365 | Delta (6) values for 278
Motif nm wavelength nm wavelength
(TTNN3’) exposure for 90 min exposure for 90 s
AA -0.592 -0.531
AC 0.148 0.156
AG 0.295 0.334
AT 0.042 0.223
CA -0.083 -0.093
CC -0.029 -0.072
CG 0.206 0.177
CT -0.194 -0.245
GA 0.338 0.334
GC 0.646 0.624
GG 1.125 1.060
GT 0.758 0.745
TA -0.836 -0.821
TC -0.463 -0.498
TG -0.086 -0.090

58



TT \ -1.273 \ -1.304

278 nm (5')

—=—5GTG
—e—5GCG
—&—5'GGG
—¥—5ACG

+—5CGG

<+ SATG
——5TGG
—eo—5'CAG
—+—5'CCG
—a—5CTG

+—5'GAG
—— 5AGG
—=—8TCG
—*—5GCA
——5GGC
-~ 5GTA

=—5TAG

#—5'CAC
—&— 5'GGA
~¥—5TGC

T
(=}
r"I
-

T_10 A
T_2704
T_540 4
T_900 A

T_1800 A

Time points (s)

—a—5'CGC
—e—5CGA
—4— 5'ACA
—v— B'TGA
+—5GCC
«“— 5'CCA
»—5TGT
—+—5GTC
—#+— 5'ATA
—e— 5GAC
+—5TTG
—— SAGA
——5CTA
—#—5'CGT
—5'GGT
SAGC

= 5TCA
—&5TAC
—4— 5'AAG
—¥—5CCcC

Motifs SNNNTT (%)

-

B

o0
1

—=—5ATC
—a—5'CTC
—&—5ACC
—»—5GCT
——5TCC
—4—§'AGT

#—S'CAT
—e—5TTA
—*+—5'GAA

—=—5'CAA
—e— 5'GAT
—a—5'TAT

¥v—5GTT
—&— 5'ACT
—4— 5'AAC
—»— 5'CCT,
—e—5TCT
—*—5TIC
—a— 5TAA
—a—5TTT
——5CTT
—=— 5'AAA
—=—5'ATT
—— 5'AAT

T
o
~

I o
[

T_540 -
T_900 -

Time points (s)

59

T_1800 -



Figure 2.12. The fluctuation of 5' trinucleotide motifs' adjacent to the central thymine pair
(5' NNNTT) in the two-replicate experiment at 278 nm irradiation. The data normalized,
so the timepoints 0 in all motif sequences start from 1.56%, making the percentage of 1
motif out 64 possible. (a, b) The highest positive 5' trinucleotide motifs' selection is shown
in this group. The main observation in this group is dominated by guanine adjacent directly
to the thymine pair. (c, d) The s order of positive selection is shown in this group, which is
dominated by cytosine or adenine adjacent directly to the thymine pair. The s group is
characterized by a small positive selection to constant fluctuation. (e, f) The third group
shows a negative selection over time and is dominated by two pyrimidines adjacent to the
central thymine pair. (g, h) The fourth group shows the highest negative selection over time
and is characterized by adenine and thymine on the two nearest positions to the central
thymine pair.

Final deltas across repiicates for: 5'3n_lsft_34

Relative Freqeuncy (%)

Trinuclectide motif

Figure 2.13. Statistical analyses by ANOVA and R studio showing the statistical results
of mean values and standard deviations in the data for 278 nm irradiation at the 5’ motif
site.
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Figure 2.14. This graph shows the fluctuation of 3' trinucleotide motifs' adjacent to the
central thymine pair (TTNNN 3') in a two-replication experiment at 278 nm irradiation.
Data normalized so that the timepoints 0 in all motif sequences begin at 1.56%, giving the
percentage of 1 motif out of 64. (a, b) This group displays the highest positive 3'
trinucleotide motif selection. This group manifests itself as a mirror image of 5'
fluctuations, also dominated by guanine adjacent directly to the thymine pair. (c, d) We
saw the s-order positive selection in this group, which is dominated by cytosine or adenine
next to the thymine pair. The s group displays a small amount of positive selection to
constant fluctuation. (e, f) A negative selection is evident in the third group, mainly
consisting of two pyrimidines surrounding the central thymine pair. (g, h) The fourth group
shows the highest negative selection over time and is characterized by adenine and thymine
on the two nearest positions to the central thymine pair. The pattern of 3' trinucleotide
motifs' fluctuation is obviously a mirror image for 5' fluctuation.

U Thnugeotide mott 7

Figure 2.15. Statistical analyses by ANOVA and R studio showing the statistical results
of mean values and standard deviations in the data for 278 nm irradiation at the 3’ motif
site.
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Figure 2.16. Fluctuation of 5' trinucleotide motifs adjacent to central thymine pair (5'
NNNTT) in two replicates under 365 nm irradiation. The data normalized as in 278 nm
experiments, so the timepoints 0 in all motif sequences begin at 1.56% (% of 1 motif out
of 64). (a, b) These are the most favorable selected 5' trinucleotide motifs. This group is
dominated by guanine adjacent directly to the thymine pair in almost identical order to 278
nm irradiation. (¢, d) This group shows a s order of positive selection, most of which
consists of cytosine or adenine adjacent directly to thymine. A small positive selection is
present in the s group, but fluctuation tends to become constant at the end of this group. (e,
f) The third group, consisting primarily of two pyrimidines adjacent to a thymine pair, has
undergone a negative selection over time. (g, h) Adenine and thymine are found on the two
closest positions to the central thymine pair in the fourth group, which shows the greatest
negative selection over time.

Final deltas across replicates for: 5' 3n_left_12
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Figure 2.17. Statistical analyses by ANOVA and R studio showing the statistical results
of mean values and standard deviations in the data for 365 nm irradiation at the 5> motif
site.
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Figure 2.18. The graph above shows the fluctuation of 3' trinucleotide motifs adjacent to
a thymine pair (TTNNN 3') in a two-replication experiment at 365 nm. The data were
normalized so that all timepoint 0 in motif sequences began at 1.56%, which gave one
motif out of 64 out of 1. (a, b) This group displays the highest positive 3' trinucleotide motif
selection and shows a mirror image of 5' fluctuations, dominated by guanine adjacent
directly to the thymine pair. (c, d) This group comes s in the positive selection, dominated
by cytosine and adenine next to the central thymine pair. There is some positive selection
among the s group, as well as a little fluctuation. (e, f) The third group exhibits a negative
selection pattern, primarily composed of two pyrimidines adjacent to the central thymine
pair. (g, h) Among the fourth group, adenine and thymine appear on the two nearest
positions to the central thymine pair, leading to the highest degree of negative selection
over time. The pattern of 3' trinucleotide motifs in 365 nm fluctuation is a mirror image for
5' fluctuation and almost the same as 3' trinucleotide motifs in 278 nm.
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Figure 2.19. Statistical analyses by ANOVA and R studio showing the statistical results
of mean values and standard deviations in the data for 365 nm irradiation at the 3’ motif
site.
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Table 2.12. The motifs fluctuation in SNNGTT, TTGNN3', SNNATT and TTANN3'.

NGN,N,TT TTN, NN, N3N,N, TT TIN,NeN,
1 GCG 1 GCG 1 GCA 1 ATG
2 GTG 2 GGG 2 GGA 2 ACG
3 GGG 3 GTG 3 GTA 3 AGC
a GG a GGC a CGA a AGG
5 ACG 5 GCA 5 TGA 5 AGT
6 ATG 6 Gee 6 ACA 6 ACC

o6 Gee 6 ACC

7 166 ae 7 GGT arc 7 ccA ae 7 ACA ATC

8 oG 16 8 GTC 6cT 8 cTA TC6 8 ATC ACT

9 TG G 9 GAC 61T 9 AGA e 9 AGA ATT
10 cAG 10 GeT 10 ATA 10 ATA
11 AGG 11 GAG 11 TCA 11 ACT
12 GAG 12 GGA 12 GAA 12 AAC
13 TCG 13 GTA 13 CAA 13 AGG
14 TAG 14 GAT 14 TTA 14 ATT
15 76 15 GTT 15 TAA 15 AAT
16 AAG 16 GAA 16 AAA 16 AAA
NNGTT TTGNN NNATT TTANN

Table 2.13. The motifs fluctuation in SNNCTT, TTCNN3', 5NNTTT and TTTNN3'.

N3NN,TT TTN4NsNg N3N,N,TT TTN,N;Ng
1 GGC 1 cGC 1 GGT 1 TGG
2 CGC 2 GG 2 CGT 2 TGC
3 TGC 3 CGT 3 TGT 3 TGT
a CcAC a cac a GCT 4 TCG
5 GTC 5 aeG 5 AGT 5 TGA
6 GCC 6 oG 6 caT 6 TAC
7 GAC e 7 CAG ccc 7 GAT et 7 TAG Tec
8 AGC cTc 8 CGA crc 8 GTT ccr 8 6 TcT
9 TAC :_';E 9 ccc 1T_$E 9 TAT $ 9 TAT 11:rr‘r:
10 ccc 10 CAT 10 ACT 10 TCC
11 crc 11 cca 1 TCT 11 TCr
12 ACC 12 cTe 12 ccT 12 TCA
13 atc 13 ccT 13 o 13 TTC
14 TcC 14 cTA 14 ATT 14 TTA
15 AAC 15 T 15 ™ 15 ™
16 TIC 16 CAA 16 AAT 16 TAA
NNCTT TTCNN NNTTT TTTNN

Tables 2.7 and 2.8 show the order of directly adjacent G, A, C and T to thymine pair with
the subsequent dinucleotide motif from 5' and 3' sides (5' NNNTT and TTNNN 3'). When
the dinucleotide subsequent motif contains two pyrimidine, then the selection order will be
as follows: 5' CCNTT > 5' CTNTT > 5' TCNTT > 5' TTNTT and TTNCC 3> TTNTC 3>
TTNCT 3> TTNTT 3'.
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2.5 Conclusion

In summary, our study provides a novel comprehensive and systematic
investigation of the effect of flanking sequence on TT-CPD formation and repair by direct
UVC irradiation and UVA irradiation in the presence of photosensitizer (2'-
Methoxyacetophenone). The overall pattern of NTTN motifs fluctuation under the two
different irradiation settings appears similar, with TTTT and ATTT always the hottest spot
(i.e. favoring CPD formation by the adjacent TT pair), showing the highest negative
selection over time, and GTTG being the coldest spot (showing least formation of CPD
formation by the adjacent TT pair). In agreement with previous studies, we observed a
slightly higher suppressive effect of 5' flanking guanine on TT-CPD formation than 3'
flanking guanine with all other bases rather than thymine.!®113141.200-202 Gyanine with
cytosine and adenine showed more positive selection when guanine on 5' side, which
supports the postulation" 5' suppressed CPD formation more than a 3' due to better pi
stacking of the G with the 5' pyrimidine".!!>2%221 However, when thymine flanking the
thymine pair with guanine on the other side, in this case, guanine from 3' side shows an
equal or even slightly higher suppressing effect than guanine from 5' side (TTTG=> GTTT).
This finding is entirely different from any previous studies. In general, guanines directly
flanking the central thymine pair show increased DNA photostability and relatively higher
levels of repair of the neighboring thymine dimer. Meanwhile, cytosines and adenines
show slower formation and repair rates than thymine and comparable fluctuation over time.

We studied the motif fluctuation adjacent to the central thymine pair from both 5'
and 3' sides to investigate a particular preference for charge transfer or exciplex formation.
Motifs containing guanines directly adjacent to the thymine pair from both 5' and 3' sides
show the highest positive selection, particularly these three motifs (GCG, GTG, GGG).
Motifs containing adenines and cytosines directly adjacent to the thymine pair from both
5" and 3' sides show the mostly negative selection except for a few sequences. The pattern
and fluctuation of the trinucleotide motifs imply the main factors for the formation and
reversal of CPDs could be the following: First, better base stacking, guanine especially on
5'side suppressed CPD formation more than any other nucleotides due to better pi stacking

and more favorable geometry overlap at 5' side.!!>?°>?2! The second factor is the free
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energy of stacked bases, which apparently controls the tendency of motif fluctuation.
Adenine has the highest stacking free energy®?? and shows the most negative selection in
(5" NNNTT and TTNNN 3') motifs. The third factor is the likelihood of forming another
CPD (presence of two adjacent pyrimidines). The motif fluctuation in the middle looks like
it is governed to a large extent by the presence or absence of two consecutive pyrimidines,
which leads to an increase in the likelihood of formation of another CPD rather than the
central thymine pair. In accordance with the previous studies, the motifs containing two
consecutive pyrimidines show less positive selection and tend to form the CPDs in the
following order: NCCTT < NCTTT < NTCTT < NTTTTS5' side, and TTCCN
<TTTCN<TTCTN <TTTTN 3'side.

Furthermore, there is no apparent direct correlation between the 5' side and 3' side
on formation and repair CPDs in dsDNA. It seems to be the mechanism of formation and
repair CPDs from 5,' and 3' sides are identical (fluctuation of different motifs from 5' side
are almost mirror image to 3' side). The plausible mechanism could be photons or
delocalized singlet state, with a minor contribution from triplet states, transfer from nearest
5" or 3' side bases to the central thymine pair to cause their dimer formation or repair. The
3' side shows an almost mirror image to the 5' side, suggesting possibly the exact

mechanism for dimer formation and its photo-reversal.
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Chapter 3. Kinetic Analysis of Selected Trinucleotide Motif Sequences
to Evaluate the Role of Base Stacking in the Formation and Repair of
Cyclobutane Pyrimidine Dimers

3.1 Abstract

We studied the kinetics of the formation and repair of thymine-thymine cyclobutane
pyrimidine dimers in 10 distinct 114-base pair DNA sequences containing central thymine
pairs irradiated at 278 nm. The ten different 114-base pair DNA sequences were selected
from the random dsDNA library according to their trinucleotide motif tendency selection
in two UV-irradiation time-course experiments. We pick the two highest winning
trinucleotide motif sequences that offer protection against CPD formation, two mid-level
sequences that neither favor nor disfavor CPD formation and one low-level sequence that
favors CPD formation from the 5' and 3' flanks. The TT-CPD was assayed by T4
pyrimidine dimer glycosylase (T4 PDG) and separated by gel electrophoresis. There was a
considerable variation in yields of the TT-CPD based on trinucleotide motif sequences, but
the yields of a given motif were similar at both flanking sites (5' and 3' sides). The kinetic
analysis of TT-CPD formation in the ten different sequences reveals that the formation and
reversal of photoreactions depend remarkably on the identity of the nearest-neighbor bases
on the 5' and 3' sides of the central TT bases. Our results show that the central TT pair
within the (AAGTTGAA) motif reveals the lowest TT-CPD formation at the
photostationary state. On the other hand, the ATATTAGA motif exhibits the highest TT-
CPD formation at the photostationary state. In general, the results indicate that interactions
with nearest-neighbor bases strongly influence CPD formation and photoreversal

probabilities.
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3.2 Introduction

Electron transfer (ET) is one of the simplest chemical reactions that plays a vital
role in a number of life-sustaining processes (e.g., respiration and photosynthesis) in living
organisms.??* Detailed investigations of biomolecules and other c-bonded chemical
networks have provided an understanding of thermodynamics, reorganization energies, and
distance for ETs.?2#226 It is worth noting that ¢ bond-mediated ET is mainly limited to
distances less than 15-20 A as a result of the sheer drop in the rate of electron transfer with
distance. However, work over the last decade has shown that charge transport through
extended molecular pi stacks can take place over distances much longer than 15-20 A 2%’
A need, therefore, exists to develop a conceptual framework to understand the new long-
range charge transfer events.

Super-exchange interactions between the electron donor (D) and acceptor (A) are
responsible for the long-range electron transfer in proteins and other o-bonded
frameworks.??’ The intensity of this interaction decreases with an increase in the number
of atoms between the redox sites, causing the rate of electron transfer to decline rapidly
with an increase in the donor-acceptor distance. On the other hand, it has been observed
that charge transport through DNA occurs at distances of up to 200 A, indicating that decay
with distance is extremely shallow.??® Understanding these long-range events in DNA,
therefore, remains a major challenge. A number of studies suggest that inhomogeneities,
base-pairs dynamics and energetics within © stacks of DNA play vital roles in
distinguishing DNA-mediated charge transport.??’

DNA has intrinsic evolutionary photostability due to the energetic cost of repairing
DNA photolesion. A single base dissipates electronic energy non-radiatively in a
subpicosecond timeframe, but base stacking and base pairing play crucial roles in
conducting the decay of excess electronic energy in the double helix.® However, Kohler et
al., have shown that the fate of singlet electronic states in single and double-stranded DNA
fragments made from adenine (A) and thymine (T) nucleobases is determined by vertical
stacking rather than base pairing.'” Quantum chemical calculations have revealed that the
energetic contributions from base stacking to stabilize the DNA are comparable to those of
H-bonding.?**?*° Several experiments have demonstrated that rather than base pairing, base

stacking mainly determines the stability of the DNA duplex. The energetic contributions
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to the stacked A//T and G//C dimers are 11.6 and 16.9 kcal mol™', while H-bonded A:T
and G:C WC pairs contribute 15.4 and 28.8 kcal mol™! to energy, respectively.?*!
Additionally, molecular dynamics simulations on DNA dodecamers have shown that
dispersion energy plays a crucial role in forming its double-helical structure.?*?

A variety of non-covalent interactions including base stacking affect the stability,
structure, sequence-dependent physicochemical properties, and biological functionality of
nucleic acid molecules.??* The long-range electron transfer via nucleobase m-stacks is one
of the most significant phenomena in this context. The electron transfer through n-stacks
is an intrinsic (spontaneous) process. The ET processes proceed without the need for any
charge injection into DNA that could result in oxidation or reduction of nucleobases.?**
Intrinsic ET processes in DNA are related to both base stacking and base pairing H-bonds,
which run parallel and perpendicular to the helical axis of DNA, respectively.

It has been found that UV radiation can play a dual role in forming CPDs and photo-
reversal them to the starting dipyrimidine bases. Direct excitation of a CPD with UV light
results in its photoreversal with a quantum yield of ~100%. As CPDs absorb shorter
wavelengths than undamaged nucleobases, photoreversal is expected to be more prominent
at shorter wavelengths of UV (i.e., UVC).?*> However, CPDs containing cytosine (TC, CT,
and CC) may have a greater absorption cross-spectrum of UVB wavelengths than TT-
CPDs. This claim of direct photosplitting warrants further study to investigate the role of
UVB, given that a major number of prior model studies have been performed with UVC
irradiation. 36237
We want to test the effect of adjacent purines in the context of flanking sequences

and test our hypothesis: base stacking and the redox potential of neighboring bases play

the most critical roles in photorepair and photoformation of CPD thymine dimer.
3.3 Materials and Methods
3.3.1 Materials

A total of 10 different oligomers single-strand DNA sequences and forward and
reverse primers were purchased from Integrated DNA Technologies (IDT), [y-*?P] ATP
from Perkin Elmer, T4-PDG (pyrimidine dimer glycosylase), from New England Biolabs
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(NEB). We kept the DNA library length at 114 bp by adding GC and CG to 5’ and 3’
respectively.

3.3.2 Preparation of *?P-labeled DNA duplexes

A forward primer was radiolabeled on the 5'-terminus with y-[*>P]-ATP and T4
polynucleotide kinase following standard procedures. The 3*P-labeled DNA duplexes were
prepared by 20 rounds PCR as follows: Multiple tubes of 100 uLL PCR reaction mixture
contained 1x KAPA Hifi Tag DNA polymerase buffer, ANTP mix 0.2 mM, forward primer
0.2 uM, reverse primer 0.4 uM, KAPA Hifi DNA polymerase (5 U/ pL) 1.25 Unit and
PCR grade water to 100 pL. The amplification condition was for one cycle as follows:
initial denaturation at 95 °C for 2 min, denaturation at 95 °C, annealing at 54 °C for 30 s
and extension at 72 °C for 5 min. The 10 different DNA duplexes were then purified by
8% native polyacrylamide gel and stored in (20 mM NaCl/ 10 mM Tris-HCI, pH 8.0)
buffer.

3.3.3 UV irradiation

The irradiation solutions were each 200 pL (20 mM NaCl/ 10 mM Tris-HCI, pH
8.0) buffer solution containing either cold or 5'-radiolabeled 114 bp duplex DNA samples.
All irradiation was carried out in a cold room at 4 °C using a 278 nm, 2.4 W LED purchased
from IRTronix LG. The UV exposure times ranged between 3 s and 15 min (0s, 3 s, 10's,
30 s, 90 s, 270 s, 540 s, and 900 s). All irradiations and analyses were performed in
duplicates.

3.3.4 T4 PDG digestion and denaturing PAGE analysis of CPD formation.
3.3.5 Quantification and data analysis

The oligodeoxynucleotides were digested with T4 PDG (NEB) after irradiation and
separated by 20% denaturing PAGE. The separated oligodeoxynucleotides were analyzed
by phosphorimagry using ImageQuant. The Image] plugin (NIH) was used for the
quantitation of the data in which a lane box method yields the histograms of entire lanes.
The quantity of T<>T formation was determined by dividing the amount of radioactivity
associated with the DNA fragments generated by the endonuclease to the total radioactivity
of this fragment and its remaining parent strand. The intensities of each band in a lane were

selected and quantified.
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3.3.6 Kinetics calculations

The obtained data points were fit using a nonlinear BoxLucas1 model in the Origin
Pro software where the formation of the T<>T was plotted as a function of irradiation time
(t). The concentration of the parent dipyrimidine site is noted as TT, while that of the
photodimer is indicted as T<>T. The rate constants for the forward reaction (dimerization)
and reverse reaction (monomerization) are represented as formation constant (kr) and repair
constant (k;), respectively. The values of the kr and k; were corresponding to the “a” and
“b” functions of the fit obtained for time vs concentration. Here, the decay constant (Kobs)
was a sum of k; and ky, and the ratio of k; to kr impel photostationary state (keq) at the
equilibrium.!°

At the photostationary state,

1T <

[T<>T]k:=[TT] ks,
therefore,
ki/ke = [TT)/[T<>T]. (a)
ke =[TT)/[T<>T]. k¢ (b)
kobs = ke + ki ()
By substitution equation (b) in (c) to get krand k;.

kobs = ki + [TT]/[T<>T]. ks

Values of krand k; were calculated for each sequence by considering the corresponding
values of Keq (i.€., value of the term ‘a’ obtained after the fitting) and kobs (i.€., value of the

term ‘b’ obtained after the fitting).
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3.4 Result and Discussion

A total of 10 distinct 114-base pair DNA sequences containing central thymine
pairs were irradiated at 278 nm. The ten different 114-base pair DNA sequences were
selected from the random dsDNA library according to their trinucleotide motif tendency
selection in our two UV-irradiation time-course experiments. We pick the two highest
winning trinucleotide motif sequences that offer protection against CPD formation (5'
GGG, 5' GCG, GGGI', GCG 3", two mid-level sequences that neither favor nor disfavor
CPD formation (5' ATA, 5' AGA, ATA 3', AGA 3') and, and one low-level sequence that
favors CPD formation from the 5' and 3' flanks (5' AAG, GAA 3'). A combination of all
these motifs was designed to study the effect of these surrounding motifs on the formation
and repair of T<>T by using T4 PDG digestion and denaturing gel-based separation and
analysis. The design of the ten oligonucleotides is presented in Table 3.1.

A total of 10 duplexes was prepared by PCR using (forward primer:
TACGCGTGTATACATACACA and reverse primer: CATGTGCGTGTATGTATGTG)
as mentioned in the material and methods. All DNA duplexes were *?P radiolabeled and
irradiated at 278 nm as mentioned above and subjected to digestion with T4 PDG and
separated onto 8% denaturing gel (Figures 3.1 and 3.2).

The rate constants, photostationary (steady-state) levels of T<>T were calculated
for all different Duplexes as described in Kinetics calculation section (Figures 3.3, 3.4 and
3.5).

Table 3.1. Design of the group of 10 sequence motifs used to study the kinetics of T<>T
formation and repair.

Sequence 5' side 3' side
(motif)

GCGTTGCG | Good Good
GGGTTAGA | Good Medium
ATATTAGA | Medium Medium
ATATTGCG | Medium Good
GCGTTAGA | Good Medium
GGGTTGGG | Good Good
AAGTTGCG | Low Good
AAGTTAGA | Low Medium
AAGTTGAA | Low Low
ATATTGGG | Medium Good
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Note: Two highest winning trinucleotide motif sequences that offer protection against CPD
formation (Good) (5' GGG, 5' GCG, GGG3', GCG 3'), two mid-level sequences that neither
favor nor disfavor CPD formation (Medium) (5' ATA, 5' AGA, ATA 3', AGA 3') and, and
one low-level sequence that favors CPD formation from the 5' and 3' flanks (Low) (5' AAG,
GAA 3").These motifs were selected according to motif fluctuation in Figures 2.12 and
2.14 in chapter 2.

The kinetics analysis by time-dependent UV irradiation gave insight into the dimer
formation rate and monomerization rate (Table 3.2). These two rates were calculated from
the Keq (steady-state) and Kobs (kobs = ke + kr). It is worth noting that the krand k; for the
ATATTAGA are relatively higher than all other sequences. Contrary to this, the k; and kr
values for GGGTTGGG sequences show the lowest dimerization rate and monomerization
rate. These observations imply that the surrounding bases affect the DNA photorepair.
These kinetics analyses reveal that surrounding bases may have a role in determining the

excited state dynamics of T<>T, affecting the transfer or delocalization of excited states.
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Figure 3.3. The representative kinetic analyses of the formation and repair of the T<>T
where the percent fraction of T<>T containing DNA was quantified and plotted as a
function of irradiation time. The data points were fit by considering a reversible
synchronization between the rate constants of formation (kf) and repair (k;) for T<>T
(Equation 3.1).
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Figure 3.4. The representative kinetic analyses of the formation and repair of the T<>T
where the percent fraction of T<>T containing DNA was quantified and plotted as a
function of irradiation time. The data points were fit by considering a reversible
synchronization between the rate constants of formation (kf) and repair (k;) for T<>T

(Equation 3.1).
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Figure 3.5. The representative kinetic analyses of the formation and repair of the T<>T
where the percent fraction of T<>T containing DNA was quantified and plotted as a
function of irradiation time. The data points were fit by considering a reversible
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synchronization between the rate constants of formation (kf) and repair (k;) for T<>T
(Equation 3.1).

Table 3.2. Kinetic rate constants and photostationary states of DNA duplexes by an
irradiation at 278 nm. Here, as the value of k; represents the monomerization of T<>T,
which is backward reaction.

Sequence (motif) | Kkr(s) ke (s1) | Kobs (s1) | Ki/Kkt Photostationary
(steady-state)
levels of T<>T (%)

AAGTTGAA 0.003 0.038 0.041 12.7 7.9

AAGTTGCG 0.004 0.048 0.052 12.0 8.0

GCGTTGCG 0.007 0.079 0.086 11.3 8.1

AAGTTAGA 0.005 0.037 0.042 7.4 11.7
GGGTTGGG 0.003 0.015 0.018 5.0 16.1
GGGTTAGA 0.014 0.065 0.079 4.6 17.7
ATATTGGG 0.007 0.029 0.036 4.1 18.5
GCGTTAGA 0.010 0.043 0.053 43 18.9
ATATTGCG 0.010 0.031 0.041 3.1 24.9
ATATTAGA 0.018 0.055 0.073 3.1 24.9

Note: In Table 3.2, the values of krand k; represent the rate of forward (dimerization) and
backward (monomerization) reactions, respectively. The values of keq are corresponding to
the photostationary states. kobs represents the reaction rate constant, which is the sum of k;
and kr at the photostationary state.

The result of T<>T quantification and kinetic analysis of the ten different sequence
duplexes were presented in Table 3.2. All the sequences were arranged from lowest to
highest T<>T formation at the photostationary state. The percentage of T<>T formation at
the photostationary state fluctuated from 7.9% for the AAGTTGAA sequence to 24.9% for
the ATATTAGA sequence. The percentage of T<>T formation at the photostationary state
for all sequences was obviously governed by the ki/krratio. The highest ki/krratio indicates
the lowest T<>T formation at the photostationary state. The main observations of the data
in this table are that the rate constants of repair (monomerization) (k;) are higher than the
rate constants of T<>T formation (dimerization) (kr) in all sequences. Surprisingly, the
AAGTTGAA sequence shows the highest ki/kr ratio and the lowest T<>T % at the
photostationary state where 5'AAGTT and TTGAA 3' motifs were the lowest selection
among 5'NNGTT and TTGNN3' motifs in the NGS data.

It is notable that, even though the GGGTTGGG sequence exhibits the lowest rate of T<>T
formation, the flanking guanines sequence (GGGTTGGG) also exhibits the lowest rate of
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repair and a moderate level of T<>T formation. This result is different from what we
already found in our NGS time-course experiments, in which GCG, GGG, and GTG motifs
exhibit the highest positive selection and disfavoring T<>T formation. The low constant
formation rate (kf) of T<>T for the GGGTTGGG sequence can be attributed to suppressing
the thymine excited state by flanking guanines. At the same time, the lack of difference in
oxidation potential between the tri-guanine motif inhibits the efficient charge transfer
required for photorepair, which causes the lowest repair constant rate (k;) among all the
sequences.

According to the % of T<>T at the photostationay state of the different DNA
sequences studied, the five different motifs can be classified from lowest forming
(disfavoring T<>T formation) to highest forming (favoring T<>T formation) as follows:
5'AAG > 5'GCG > 5'GGG > 5'AGA> 5'ATA. We were expecting these results, as all
previous literature indicates flanking guanines suppress thymine formation more than
adenines. Nevertheless, we did not expect that the 5’AAG motif suppresses the T<>T
formation and shows the highest ki/kr ratio. In the time-course irradiation experiments,
5'AAGTT and TTGAA3' motifs were the lowest selection among the NGS data for
S'NNGTT and TTGNN3' motifs (Table 2.7). We can explain the disagreement between the
NGS results and the AAAGTTGAA sequence CPD quantification by the complexity of the
random DNA library and the possibility that 'SAAG and GAA3' motifs may occur in
combination with other low selection motifs.

Adenine directly adjacent to thymine pair motifs (ATA, AGA) show more T<>T
yield % at the photostationary state than when there is genuine directly adjacent to the
thymine pair. Formation of T<>T is more evident when the adenine-containing motif
flanking the thymine pair from 5' side (ATATTAGA > ATATTGCG>
GCGTTAGA>ATATTGGG> GGGTTAGA> AAGTTAGA). Our result. is consistent
with Rokita et al., 2007 and Kholer et al., 2013 finding that 5' GTTA suppresses dimer
formation more than ATTG.!!0-114

Based on evidence from literature, neighboring bases may influence the lifetime
and energy of singlet and triplet excited states through excimer formation and possibly
delocalization. However, it is not well-known how neighboring bases impact thymine

dimerization.!'*?% Hence, the observed levels of T<>T are determined by competition
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between forward and reverse reactions. Previous studies have attributed the relationship
between the TT dimer yield and the oxidation potential of flanking purines to excited state
electron transfer processes.!!®?%! The flanking purines effect observed by Rokita et al.,
2007, was attributed to purine-sensitized dimer repair when 254 nm irradiation was used.'!°
Moreover, the electron transfer from the excited purine to the TT dimer was also postulated
to result in the anion radical cleavage of the TT dimer in an analogy study of flavin repair
mechanism.!!'® Cannistraro and Taylor postulated that the purines repairing effect is caused
by the quenching of the pyrimidines' excited state by the flanking purines through an
electron transfer mechanism in which the purines act as electron donors and the
pyrimidines as electron acceptors.?’! Their model proposes that excited state electron
transfer produces an exciplex, which decays to the ground state through nonradiative
decay, rather than TT dimer or fluorescence of exciplexes formation.

According to Cannistraro and Taylor, the greater quenching efficiency by 5'- versus
3'-purines may be explained by better geometry n-overlap between the flanking 5’-purine
and the adjacent thymine comparing with 3'-purines.?®! In addition, Z Pan et al., 2011,
have shown that thymine photodimerization values for a group of short DNA single-strand
and base-paired hairpin constructs having a pair of thymine with flanking purines depend
on the flanking purine and its oxidation potential. The 5'-G directly adjacent to TT may
affect photostationary levels of T<>T to a certain degree by inducing changes in excitation
transfer or excited-state delocalization (3,12,17).!1%138238 However, how these might affect
dimerization or repair to alter T<>T photostationary level is not well understood.

Rokita et al., 2007 reported that no difference in photostationary level had been
found between 5'-GTTA- 3 'and 5'-ATTG-3' in single-strand DNA, which he attributed to
the heterogeneity of these systems.!!’ Nevertheless, lower T<>T photostationary levels
were correlated with 5'-GTTA-3' short DNA duplexes, and higher levels correlate with 5'-
ATTG-3' short DNA duplexes. Moreover, the photostationary level of T<>T declined by
more than 50% by swapping the flanking from 5'-ATTG-3 to 5'-GTTA-3 in these DNA
duplexes. Our result also shows a slightly higher suppression of thymine dimer formation
from the 5' side than the 3' side, in agreement with this finding. In general, a relatively low
T<>T level was maintained when 5'G was flanking the central thymine pair, except for the

GCGTTAGA sequence. Contrarily, a relatively high T<>T level was maintained when 5’
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A was flanking the central thymine pair. The ability of a nucleobase within duplex DNA
to promote repair of a neighboring T<>T may also be related to its oxidation potential. Our
results are consistent and agreeable to both Rokita's findings and this assumption.
According to the oxidation potential assumption, ATATTAGA and ATATTGCG show the
highest photostationary level, while GCGTTGCG and ATATTGCG show the lowest.
GCGTTGCG also shows the highest rate of repair among all ten sequences. On the other
hand, ATATTAGA shows the highest rate for dimer formation (kr). The most noticeable
is that GGGTTGGG shows the lowest rates for the formation and repair of thymine dimer.
It has been demonstrated that the distance dependence of a DNA mediated electron transfer
reaction is not only sensitive to the identity of donor and acceptor but is also affected by
the stacking environment of the donor and acceptor.'!'®??! Our result also indicates that
thymine dimer formation is sensitive to the location of the flanking purine and their
oxidation potentials. Guanine has the lowest oxidation potential among the nucleobase and,
therefore, shows the most efficient charge transfer. In some simple model systems, ground-
state conformational distributions obtained from molecular dynamics simulations have
been used to explain CPD formation, but this method has not yet been applied to the long
DNA duplexes.?**?*? Kundu et al. proposed that a decrease in duplex flexibility for a TT
pair with flanking G-C versus A-T base pairs might prevent the substantial reorientation of
the duplex required to accommodate the photodimer.?%

In summary, the main factors affecting the efficiency of charge transfer states are
either intrinsic features, such as differences in the redox potentials of neighboring bases,
or environmental factors, such as conformational constraints imposed by the helical
structure of DNA or electrostatic interactions with their surroundings.

3.5 Conclusion

Cyclobutane pyrimidine dimer formation in single-stranded DNA and duplex DNA
is well known to depend upon the identities and locations of the flanking purine bases, with
greater efficiency being detected for A than G flanking bases and lower efficiency for 5’
than 3’ G flanking bases.!!%2°%2°! Various mechanisms have been proposed to explain the
effects of purine bases on dimerization efficiency. These include differences in
conformation, electronic sensitization of dimer cleavage by G, and thymine excited state

quenching by G. Trinucleotide dimerization efficiency is determined mainly by the
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influence of the purine on the TT ground-state conformation rather than stacking
interactions involving all three nucleotides or electronic interactions between the purine
and adjacent thymine.?*” It has also been reported that in base-paired hairpins, in which TT
contains flanking G versus A bases, dimerization is inhibited substantially due to a
difference in ground-state conformation.?”” On the other hand, preliminary results from
molecular dynamics simulations indicate a slight difference in the population of reactive
TT conformations for flanking G compared to A bases.>** Moreover, there is evidence that
the efficiency of dimerization of dipyrimidines (2 + 2) in long single-stranded and duplex
DNA depends more on flanking purines' identity and location than ground-state
conformation as in the trinucleotide model.!'®?"! Electron transfer from a nearby
photoexcited base is the second proposed mechanism for photoinduced CPD splitting,
which has attracted more attention than ground-state conformation.'' A low oxidation
potential electron-donor base such as guanine or 8-oxoguanine is thought to be needed for
the photolyase-like repair mechanism to function.!%!1%!13 In contrast with CPD formation,
exciplex formation is believed to be an effective quenching mechanism,!%115201.202° A
charge-transfer exciplex between the dipyrimidine and flanking bases is also proposed for
deactivating the reactive excited state and the reduced rate of TT-CPD formation.

In this work, we have investigated the effect of neighboring purines on the
formation and repair of thymine dimer in 10 different 114-base pair DNA sequences
containing central thymine pairs. Our results indicate the importance of the neighboring
bases up to 3 positions away from the thymine pair in controlling the levels of TT-CPD
formation. Neighboring guanines suppress this level significantly, perhaps by acting as
temporary electron donors to facilitate the cleavage of thymine dimer or by an effective
quenching of the reactive excited state.!%!'° For instance, GGGTTGGG sequences show
the lowest rate of CPD formation consistent with these plausible mechanisms. However,
repairing through charge transfer or charge delocalization involving more than one adjacent
base was also evident in our data. The GCGTTGCG sequence shows the highest repair rate
(Ky), indicating a more efficient charge transfer. The research done by Kawai et al., 2013
shows that the charge transfer proceeds across GC repeat through delocalized charge over
guanines instead of localized G-hoping system.?** Other sequences such as GGGTTAGA
and AAGTTGCG show a high rate of CPD repair, emphasizing the importance of the
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existing difference in oxidation potential between the neighboring motif to thymine pair as
a prerequisite for efficient charge transfer. This assumption was further confirmed by
looking at the GGGTTGGG sequence; despite the lowest formation rate of TT-CPD, the
flanking guanines sequence (GGGTTGGG) also shows the lowest repair rate and a
moderate level of T<>T formation at the photostationary state. The ability of a particular
motif within duplex DNA to promote repair of a neighboring T<>T may rationally be
related to its oxidation potential. 5’AAG and GAA3' motifs show the lowest positive
selection among 5' NNG and GNN 3' motifs in our NGS time-course experiments in direct
and photosensitized irradiations. However, the AAGTTGAA sequence shows the lowest
T<>T formation level at the photostationary state. The discrepancy between the NGS
results and AAAGTTGAA sequence CPD quantification can be attributed to the
complexity of the random DNA library and the possibility of the presence of these motifs
with other low selection motifs. The T<>T level % at the photostationary state for all
different sequences was governed by ki/kr ratio, the highest ratio the lowest T<>T
formation at the photostationary state.

To conclude, our results clearly show that TT-CPD formation and photoreversal
are not highly predictable based on the identity of the immediately flanking base only. The
formation and repair of TT-CPD in long duplex DNA is controlled by more than one
mechanism or factor, and the net result of these factors determines the final dimerization
quantum yield. Consequently, steric and/or electronic effects contribute to CPD production
in duplex DNA through interactions with more than one nearest-neighbor base. The
nucleotide contribution from the second and third positions also plays an essential role in
the formation and reversal of TT-CPD. It is safe to say that the formation and repair of TT-
CPD within long double-stranded DNA cannot be attributed merely to a particular
plausible mechanism. Differences in ground-state conformation, electronic sensitization of
dimer by adjacent guanine or thymine excited state quenching by guanine, and delocalized
or charge transfer. The mechanisms mentioned above solely or collectively can play an

influential role in determining the quantum yield of thymine dimer formation.
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Chapter 4 Conclusions and Future Work

4.1 Conclusions

Natural selection employs different mechanisms to ensure that genetic information
remains intact when exposed to UV radiation. In detecting UV-induced DNA damage and
repair, an array of methods can be employed to identify, visualize, and quantify the
formation and repair of UV-induced DNA damage. Recent advances have been made by
combining ultrafast spectroscopic techniques, particularly time-resolved infrared (TRIR)
spectroscopy. With TRIR methods, we better understand the dynamic processes in DNA
after UV photons are absorbed and are able to investigate the causes of photolesion.
Thereby, this can provide us with an opportunity to examine the molecular mechanisms
involved in UV-induced DNA damage formation, DNA repair pathways, mutagenesis, and
carcinogenesis. Individual DNA bases are very efficient at dissipating the excitation, on a
sub-picosecond time scale. In contrast, stranded DNA exhibits longer-lasting excited
states. Single-stranded DNA is characterized by the process of charge transfer facilitated
by DNA base stacking. Nonetheless, dSDNA presents a more complex situation, and more
research is necessary to provide a thorough understanding of the nature of the long-lived
excited states and their contribution to DNA integrity. Other unresolved issues include the
role of flanking bases and UV-A in direct and photosensitized TT-CPD lesion formation,
which we have tried to address in this work.

In the last decade, advancements in next-generation sequencing technologies have
allowed many novel methods to be developed for detecting UV-induced damage and repair.
In this thesis, we described a novel NGS-based approach to in vitro investigate the effect
of flanking sequence on TT-CPD formation and repair by direct UVC irradiation and UVA
irradiation in the presence of photosensitizer (2'-methoxyacetophenone). For the first time,
we provide a comprehensive and systematic investigation of the effect of flanking bases
on the actual formation and repair of TT-CPD over time.

Our results show that the TTTT and ATTT are the hottest spots for CPD formation
and persistence in NTTN motif sequences, and GTTG is the coldest spot (i.e. least CPD
persistence) in both the direct and photosensitized irradiations. Our results corroborate

previous studies, in that we observed a somewhat greater suppressive effect from a 5'
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flanking guanine on T"T-CPD formation than a 3' flanking guanine, especially if there is
cytosine or adenine on the 3' flank (GTTC> CTTG and GTTA> ATTG).!3115.141.200.201
However, when a guanine flanks the thymine pair on one flank with thymine on the other
flank, in this case, guanine from the 3' side showing a slightly higher suppressing effect on
TAT-CPD formation than guanine from 5' side (TTTG > GTTT). In comparison with
previous studies, this finding is entirely different.!3!!3141199-201 Ag 3 ryle of thumb, the
presence of guanines directly flanking the central thymine pairs substantially increases
DNA's photostability and promotes the repair of neighboring thymine dimers. Meanwhile,
cytosines and adenines show slower formation and repair rates than thymine and
comparable fluctuation over time. The motif fluctuation adjacent to the central thymine
pair was examined from both 5' and 3' sides to search for a particular preference for charge
transfer or exciplex formation. The highest positive selection is evident for those motifs
containing guanines directly adjacent to thymine pairs from both 5 'and 3 'sides, particularly
these three motifs (GCG, GTG, GGG). Motifs containing thymine directly adjacent to the
thymine pair from both 5' and 3' sides have a negative effect on the photostability of DNA
and promote CPDs formation, except when it present adjacent to 5' CG, GC 3', 5' GG, GG
3" motifs. Thymine has the highest negative selection when followed by AA, TT or AT
motifs (5'AAT, 5'ATT, 5'TTT) (TAA3', TTA3', TTT3'"). The pattern and fluctuation of the
trinucleotide motifs imply the main factors for the formation and reversal of CPDs could
be the following: First, better base stacking-- guanine especially on 5' side-- suppressed
CPD formation more than any other nucleotides due to better pi stacking and more
favorable geometry overlap at 5' side.!'>?222! The second factor is the free energy of
stacked bases, which controls the tendency of motif fluctuation. Adenine has the highest
stacking free energy in the context of a short DNA duplex *** and shows the most negative
selection in (5' NNNTT and TTNNN 3') motifs. The third factor is the likelihood of forming
another CPD (presence of two adjacent pyrimidines). The fluctuation of the motif-
containing two adjacent pyrimidine looks like it is mainly governed by their probability to
form a second dimer. The presence of two consecutive pyrimidines can increase the
likelihood of the formation of another CPD (to which our experimental assay is sensitive)
rather than involving the central thymine pair. In accordance with the previous studies, the

motifs containing two consecutive pyrimidines show less positive selection and tend to
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form the CPDs in the following order: 5'-NCCTT <5'-NCTTT <5-NTCTT <5'-NTTTT,
and TTCCN-3' < TTTCN-3' < TTCTN-3' < TTTTN-3'.

The fluctuation of the various sequences in the two irradiation experiments (278
nm and 365 nm) was almost identical. The majority of the variation in literature for UV
irradiation findings arises mainly from different irradiation conditions. Therefore, this
similarity was not surprising for many reasons. First, the similarity of the irradiation set up
and environment, in which we used two different LEDs at two different wavelengths, but
they are of comparable strengths. The source of irradiation is kept at a constant distance
from each sample in the cuvette, and there is no variation in temperature by carrying all
the experiments at 4 °C. The second is establishing the approximate photostationary state
for each time-course experiment before choosing the time points for sequencing. Third, the
formation of CPD lesions occurs within 1 ps, obviously due to the excited singlet state, as
has been established unambiguously.!?”!3¥ Recent developments in time-resolved
methodologies and reliable computer computations strongly support singlet routes. The
resemblance between direct and triplet-sensitized irradiation was also described in the
recent Tylor publication,'*’ except for Norfloxacin, which shows a different pattern due to
its propensity to intercalate into DNA. Direct (singlet) mechanism involves direct light
absorption followed by a picosecond concerted mechanism, while triplet sensitized
mechanism involves a physical interaction with an excited triplet molecule, which results
in a biradical intermediate that must then crosslinked to form the CPD.!”>!7® One
possibility is that both direct and sensitized CPD formation occur in the same excited state,
which, if true, would be the lower energy triplet state. Some early research suggested that
the triplet state is involved in CPD production after direct irradiation, but this was
contradicted by some other study that indicated that the triplet state is not implicated.'3?2%
If this is the case, the coordinated and stepwise methods should both be sensitive to
sequence-dependent excited state localization and conformational effects on dimerization.
Accordingly, the formation of CPD in dsDNA weather induced by direct or photosensitized
irradiation occurs by the same mechanism. From all of these, we can argue that if the
conditions of irradiation were very comparable, the outcome of direct and photosensitized

irradiation would be similar.
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Finally, what is the answer to the big picture question of this thesis and in earlier
literature on the subject: are actual sequences, coding sequences in living organisms,
optimized according to minimize the formation of damaging CPD dimers or not? The
honest answer is that we are still far away from proving or disproving this postulation. For
instance, there are well-documented selection biases in the codon usage tables of different

microorganisms.2*2% It is

not clear, despite their relatively small effective population
size, whether codon usage is also influenced by natural selection in large organisms.?*® A
large body of evidence now demonstrates that the variation in synonymous codon usage is
influenced by mutational bias along with both natural selection and genetic drift. However,
it is still a mystery how these processes collectively control patterns of codon usage bias
across entire lineages.?*® On the other hand, codon usage in mammals is mainly influenced
by variation in GC content within a genome and is only weakly influenced by gene

expression and tRNA content.?>!-2%3

4.2 Future Work
4.2.1 Extended CPD Study

The CPD lesions occur most frequently between two thymine bases. However,
CPD can potentially occur between any dipyrimidine motif. Therefore, new DNA libraries
containing central CT, TC, or CC instead of TT will be used to round out the whole picture.
We designed the three random DNA libraries to be able to analyze them precisely in the
same manner as we used to detect thymine dimer; except, in these new libraries, instead of
the central thymine pair, we have introduced central CT, TC, or CC.

We used the same UV-irradiation setup for these newer experiments as mentioned
in the Methods section. UV irradiation was carried out using either a monochromatic 285
nm LED or a 365 nm LED with the presence of 2'-methoxyacetophenone (2-M) as a triplet
sensitizer (carried out under an anaerobic condition). Two time-dependent experiments
were performed for each library by irradiating the purified dsDNA library with 365 nm
light at six time points (0, 5, 15, 30, 90, and 270 min). For the 278 nm LED irradiation,
seven different irradiation times, ranging from 0, 3, 10, 30, 90, 270, and 540 s, were
selected. The above time points were selected following preliminary experiments on T4

PDG digestion time courses on multiple **P-radiolabelled library duplex samples irradiated
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with the 278 nm LED or the 365 nm LED. The cleaved DNAs were analyzed on denaturing
PAGE.

All the sequencing for all time points has already been carried out using a NextSeq,
high-output flow cell that can generate up to 400 million paired-end clusters (2 x 150 bp).
Sequencing was done in high quality for a total of 78-time points, and currently, we are
working on Python analysis of the data.

4.2.2 Active CPD selection (CPD-seq)

Our method can be modified to work with the CPD-seq technique.?>* The principle
of this method relies on creating a nick and a ligatable-OH group upstream of CPD sites
using T4 PDG and APE1 enzymes. Afterward, the 5'-phosphate group is excised, and -a
second adapter is ligated to DNA fragments that contain 3'-OH groups. In following steps,
the ligated products are amplified by PCR and then sent for next-generation sequencing.
The drawbacks of this method are background signal that can be detected in nonirradiated
DNA, which is produced due to DNA breakage during extraction, purification, sonication,
and inefficient adaptor ligation. However, it is not an issue with the approach and library,
due to the lack of extraction, purification, and/or fragmentation steps. A single round
primer extension results in the formation of libraries in the duplex form, which makes the
library ready for irradiation and analysis. This combination of techniques will allow us to
isolate and identify the CPD-containing sequences directly by active selection.

4.2.3 Bioinformatic study to compare our data with the known UV hot spot in human
genome

Human DNA damage induced by UV light is formed and repaired based on the
context of the cellular system. Several factors are involved in UV damage formation and
repair, such as transcriptional factors,'”! transcription factor binding,'®"-*>2%7 histone
modification following transcription®®, nucleosome positioning!®®, chromatin

235238 and 3D genome structure’’. UV susceptibility generally inversely

structure
correlates with chromatin accessibility when viewed from a 3D genome organization
perspective®. For instance, CPDs prefer the outward-facing rotation setting in
nucleosomes, whereas (6-4)PPs are commonly found near nucleosome linker regions.!%>26

Accessibility of repair machinery is crucial when repairing UV damage. It is known that
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chromatin repair occurs earlier in unrepressed regions (euchromatin) than in repressed
regions and that later repair sites, such as heterochromatic regions and transcription factor
binding sites, have higher mutation rates. 23238261262 Additionally, it has been
demonstrated that repair super-hotspots were significantly enriched both in frequently
interacting regions (FIREs) and in super-enhancers.’®® A study of UV-exposed
hyperhotspots revealed 170-fold more CPDs than the genome average, with these sites
mainly affecting melanocytes.?** The most recurrent hyperhotspots are located within two
motifs, primarily for RNA-binding proteins. The first motif is found at the UV-sensing
ETS family transcription factor binding sites and at sites where mTOR/5'-terminal
oligopyrimidine-trace transcription is regulated. The second motif occurs in A2-
ISTTCTY, which developed “dark CPDs” long after UV exposure, caused the CPDs to be
repaired slowly, and accumulated CPDs prior to the experiment.

The sequencing of whole cancer genomes reveals the presence of an abundance of
recurrent mutations in gene-regulatory promoter regions. It is found particularly in
melanoma, where strong mutation hotspots are observed adjacent to ETS-family
transcription factor (TF) binding sites. These mutation hot spots have a controversial role
in the repair of DNA, but are commonly considered to locally inhibit the repair of DNA.
Larsson et al., demonstrated that a lower dose of UV light induces mutations at a known
ETS promoter hotspot in cultured cells even in the absence of global or transcription-
coupled nucleotide excision repair (NER). A strong increase in the CPD formation was
observed for the ETS-related mutation hotspots shortly after UV exposure, which was
similar to the tumor mutation data at the single-base level. An increase in the somatic
mutation burden in regulatory elements including ETS sites was observed by inhibiting
NER. An elevated DNA damage was found at the specific genomic bases, and the
prominent promoter mutation hotspots were observed as a key phenomenon in whole-
genome cancer analyses.

A genome-wide analysis of DNA lesions and their repair efficiency at the single-
nucleotide level is essential to better understanding UV-induced mutagenesis and
carcinogenesis. After we finish analyzing the second set of data of DNA libraries with

central CT, TC, or CC pair, we will have considerable information to construct our
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bioinformatics study. These data will enable us to perform the first genome-wide analysis

of UV hot spots based solely on nucleotide-mediated photorepair.
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Appendix A.

Supplementary figures

Denaturing gel 8%
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Figure S1: Three time-course experiments of *?P-radiolabelled library DNA samples
irradiated at 365 nm under anaerobic condition, aerobic condition and using polystyrene
plate and UV transilluminator in the presence of 10 nm of 2’-acetophenone (AP).
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Appendix B.

BioAnalzyer Quality Control of all sequenced samples
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Appendix C

A number of relevant files containing the statistical analyses and calculations are added as
supplemental files in the thesis submission system. These files are named as 278 nm
Experiment, 375 nm Experiment, conf p and conf t. These supplemental files are pertinent

to some results demonstrated in the thesis and are available in the SFU thesis database.
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Appendix D

Method:

A combinatorial SELEX-based approach based on a gel mobility-shift induced by binding
of an irradiated random duplex DNA library to inactive CPD photolyase enzyme

(oxidized form).
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CPD-free and CPD-
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library (SELEX)
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Figure S2: Flow chart illustrating the multi-round SELEX coupled with round-by-round
quantitation of sequence enrichment by deep sequencing, starting from ds DNA library.
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Result:

Binding of commercial and homemade photolyases to a
DNA library with thymine dimers

Native gel 5%
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Figure S3: Electrophoretic mobility shift assay (EMSA) using home-made (550 H) and
commercial (550 C) photolyase enzyme in the presence of increment amount of salmon
sperm DNA (0, 20, 200 and 2000 ng): homemade photolyase showed higher activity than
commercial one, but after adding 2000 ng of Salmon sperm both showed an identical result:
lanes 16 and 17 (red box).
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Cut all the shifted and non-shifted bands, eluted from the
gel, purified and subjected to T4 endo V digestion
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i T

Figure S4: All shifted and non-shifted bands were eluted from the gel, subjected to
chloroform: phenol ext., ethanol ppt, T4 endo V digestion and loaded onto denaturing gel.
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T4 endonuclease V digestion of all cut bands
Denaturing gel 8%

Cut ba_;ids i

Psd
4o

Figure S5: All shifted and non-shifted bands were eluted from the gel, subjected to
chloroform: phenol ext., ethanol ppt, T4 endo V digestion and loaded onto denaturing gel.
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Appendix E.

Supplementary Data Files

Filename:

278 nm Experiments.xIsx

Filename:

365 nm Experiment.x1sx

Filename:

conf p.xlsx

Filename:

conf t.xlsx
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