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ABSTRACT

Ultraviolet (UV) radiation is a potent DNA-damaging agent
and a known inducer of mutations and skin cancer. The
increasing incidence of skin cancer has emphasised the
importance of understanding the mechanistic processes

involved in the interaction of UV radiation with DNA.

One of the most significant photoproducts, induced by UV
light, in the DNA molecule is the cis-syn cyclobutane
pyrimidine dimer. These dimers, particularly the cytosine-
containing dimers, have been implicated in the mutagenic
and carcinogenic effects of sunlight. Dimerisation of
contiguous pyrimidine residues in DNA can result from
direct irradiation (A = 295-310 nm) or photosensitised
irradiation (A > 300 nm) by endogenous photosensitisers.
Direct irradiation of DNA produces a wide range of
photoproducts, whereas triplet photosensitisation of DNA by
acetone produces only thymine, cytosine and cytosine-
thymine dimers. Thus, acetone photosensitisation of DNA can
be used in the elucidation of the mechanistic processes
involved in the formation of photoproducts from the direct
irradiation of DNA.

Calf thymus DNA was irradiated in the presence of acetone
at wavelengths greater than 300 nm, using a high pressure
mercury lamp. Experimental conditions investigated were
irradiation time, acetone concentration and DNA
concentration. Irradiated DNA samples were degraded by hot
acid hydrolysis to excise the dimers. The yields of thymine
and cytosine-thymine dimers were able to be quantitated by

reverse phase high performance liquid chromatography with
UV detection.

Independent kinetic mechanisms were proposed for thymine

and cytosine-thymine dimerisation in calf thymus DNA. Rate
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constants were assigned from experimentally determined
values, values cited in literature and values calculated
from Stern-Volmer steady state analysis of the proposed
mechanisms. Verification of the proposed kinetic mechanisms
was achieved by the comparison of experimental dimer yields
with those calculated from the computer simulation of the
proposed kinetic mechanism. The computer program CAKE
(Computer Analysis of Kinetic Equations) was used to obtain
the simulated data. Good agreement between the experimental
and simulated data was taken as corroboration of the
proposed kinetic mechanism. | |

A section of this work was concerned with the application
of spectroradiometry to determine the amount of 1light
intensity absorbed by irradiated solutions. The
modification, calibration and operation of a Macam SR 9010

spectroradiometer to achieve this aim is discussed.
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Chapter 1

INTRODUCTION

The purpose of this thesis is to investigate the reaction
of acetone with aqueous solutions of calf thymus
deoxyribonucleic acid (DNA) in the presence of ultraviolet
light. Acetone photosensitises the dimerisation of
contiguous pyrimidine bases in DNA resulting in the
formation of thymine, cytosine-thymine and cytosine
cyclobutane dimers. Kinetic mechanisms for the formation of
these dimers in vitro are'proposed. In this chapter, the
structure, function and photochemistry of DNA are reviewed

in order to clarify the context and relevance of this work.

DNA is the most important macromolecule found in living
cells. In eukaryote cells (e.g. human), DNA is contained
within the nucleolus associated with histone proteins
whereas in prokaryote cells (e.g. E. coli) DNA exists as
aggregates in the cell cytoplasm, usually attached to the
cell membrane. It 1is responsible for the storage,
transmission and expression of genetic information. DNA is
a very long, threadlike molecule consisting of a large
number of deoxyribonucleotides (see Figure 1.1). These
nucleotides consist of the four nucleic acid bases
(thymine, cytosine, adenine and guanine) attached to a
backbone of deoxyribose sugar units (the sugars are linked
together by phosphodiester bonds). The sequence of purine
(adenine and guanine) and pyrimidine (thymine and cytosine)
bases carries the genetic information whereas the sugar and
phosphate groups have a structural function. The three
dimensional structure of DNA, elucidated by Watson and
Crick in 1953®, is shown in Figure 1.2. Two antiparallel
strands of linear polydeoxyribonucleotides are twisted
about the same axis to form a right-handed double helix.
The purine and pyrimidine bases are located on the inside
of the helix, perpendicular to the helix axis, and are

linked by interstrand hydrogen bonds. Intrastrand stacking
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interactions also contribute to the stability of the DNA
helix‘®. The bases on each strand are paired: adenine with
thymine and guanine with cytosine. Hence, the two strands
are complementary which ensures that the replica of each
strand is given the base sequence of its complementary
strand during replication. There are no restrictions on the
sequence of base pairs along the DNA molecule. It is the
precise sequence of constituent bases that determines the
genetic information encoded in the DNA. This information is
transferred by the process of transcription to ribonucleic
acid (RNA) which undergoes translation to synthesise
proteins. Any alterations in the genetic code (as specified
by the base sequence) lead to the transfer of incorrect

(3%  These mutations are

information and result in mutation
suspected to be the cause of various genetic diseases!” as
well as cancer'®!!, These alterations may be gross, such as
chromosomal breaks, deletions or translocations, or may be
'point’ mutations in which only one or a small number of

bases is modified.

Mutations may be induced by various viral, chemical or
physical effects. Viruses infect cellular DNA Dby
introducing a new DNA which becomes covalently attached or
integrated into the DNA of the host cell. Alterations of
the genetic expression of the host cell result. Chemical
damage is caused either by the chemical modification of DNA
or its constituent bases (e.g. by alkylating agents), or by
the structural modification of DNA resulting from the
intercalation of molecules (e.g. polyaromatic hydrocarbons)
between the two base pairs of the double helix. In both
cases, the genetic code is impaired. Chemical mutagenesis
has been linked to environmental factors!. Physical damage
is largely associated with radiation which encompasses the
entire spectrum from gamma rays to radiowaves, each band
causing specific types of DNA damage!!?"'¥), Radiation has the
ability to induce sublethal gene and chromosomal mutations
which are significant in the production of genetic
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modifications®%!), This work concentrates on the damage to
DNA as a result of exposure to ultraviolet (UV) radiation
(190 - 400 nm), particularly in the wavelength range 290 -
400 nm.

Initially, the evidence for DNA as the principal target of
UV radiation was the close correlation between the action
spectrum for cell lethality in E. coli and the nucleic acid
spectrum!*”. The nucleic acid bases are the only molecules
of the DNA components that possess excited states which can
be populated by direct UV irradiation!’® and, as such, must
be responsible for the effects of UV light on biological
systems. The relationship between the absorption of UV
radiation present in the solar spectrum and the mutagenic
and carcinogenic potential of sunlight is well
established”'!":!®)  various epidemiological investigations
have demonstrated that it is the wavelengths in the UVB
range (280 - 315 nm), which comprise approximately 10% of
the UV radiation reaching the earth®®, which are
responsible for sunlight-induced carcinogenesis?*-?",
However, prolonged exposure to UVA radiation (315 - 400 nm)
has also been implicated in causing skin cancer(?-3?, Much
evidence exists that correlates the incidence of squamous
and basal cell melanomas with the frequency of sunlight
exposure'®-3), Although solar radiation incident on the
earth’s surface consists of wavelengths greater than 290
nm, the intensity of wavelengths less than 325 nm is
minimal due to the efficient absorption of ultraviolet
radiation by the stratospheric ozone layer®. However, the
escalating depletion of the ozone layer®:“? has generated
much concern about the consequences of increased
ultraviolet radiation, in particular UVB radiation, on
biological systems. For example, it has been estimated that
a 1% decrease in total ozone levels will result in an
approximately 3% increase in the incidence of non-malignant
melanomas‘“®*?, Hence, an understanding of the molecular

mechanisms involved in sunlight-induced carcinogenesis is
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of particular interest and importance. The work presented
in this thesis forms part of a general effort to understand
the kinetics and mechanisms involved in the formation of
photoproducts in UV-irradiated DNA and is an extension of

. . . L4347
previous research performed in this laboratory® g

A variety of photoproducts result from the exposure of DNA
to UV radiation. This UV-induced DNA damage is different
from the lesions induced by any other carcinogens!!* and the
type of photoproducts formed depend on the wavelength'of
irradiation. Early investigations considered the effect of
UVC radiation (190 - 280 nm) in simple organisms, e.g.

E. coli'®, in which the formation of cyclobutane pyrimidine
dimers and pyrimidine photoadducts was believed to be
responsible for the observed mutagenic effects. Both
cyclobutane pyrimidine dimers and pyrimidine-(6-4)-
pyrimidone photoadducts are produced'upon irradiation of
DNA with light in the UVB region, the pyrimidine dimers
being the most predominant lesion'*”’. Irradiation with UVB
light also results in a change in the relative distribution
of pyrimidine dimers; the yields of the cytosine-containing
dimers increase relative to the thymine dimer yield®?. In
the UVA region below 365 nm, low yields of pyrimidine
dimers have been observed in vivo®!*. Since dimers are
absent in in vitro DNA irradiated at 365 nm‘", the
presence of an endogenous photosensitiser (see later) is
indicated!!’»*® ., Above 365 nm, single-strand breaks and DNA-
protein cross links are the significant lesions‘“®>% and are
thought to be important contributors to the deleterious
effects caused by sunlight in biological systems‘®?. Other
non-dimer photoproducts, e.g. cytosine photohydrates(6!62
and purine photoproducts®®, are induced most efficiently by
UVB radiation. Figure 1.3 illustrates the DNA damage caused
by ionising radiation. A number of the lesions illustrated
in Figure 1.3 are also induced by UV radiation hence the
kinetic mechanisms proposed in this work may provide an

understanding of other radiation-induced base damage of
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DNA.

Cyclobutane pyrimidine dimers and pyrimidine-(6-4)-
pyrimidone photoadducts, shown in Figure 1.4, remain the
major lesions in UV-irradiated DNA. Both of these are
formed between two contiguous pyrimidine bases in the DNA
strand(“®6>-79  The relative ratios of (6-4) photoproducts
and cyclobutane dimers vary considerably and are highly
dependent on the base composition of the DNA“®. In the UVB
region, the frequency of (6-4) photoproduct formation was
found to be 15% that of the pyrimidine dimer yield in total
DNA although the ratio of the yields of the two lesions at

specific DNA sites varied significantly‘’"

. This is possibly
due to sequence specificity at the different sites!?.
Various data‘®7-7% gsuggests that the contribution of (6-4)
photoproducts to UV-induced lethality and mutagenesis is
greater than that of pyrimidine dimers. However, evidence
exists indicating the significance of both photoproducts as
premutagenic lesions, depending on the bacterial system
examined’®’. Although both photoproducts are important
mutagens, the (6-4) photoproduct was not considered in this
work since it 1is not formed under the conditions of
chemical photosensitisation!’®,

The dimerisation of contiguous pyrimidine bases occurs by
a [2+2] cycloaddition reaction of their 5-6 double bonds in
the presence of UV 1light. This produces a cyclobutane
pyrimidine dimer as illustrated in Figure 1.5. Of the four
stereoisomers possible in aqueous solutions of the free
base (refer to Figure 1.8), only the cis-syn isomer occurs
in DNA due to the stereochemical constraints of the
bihelical DNA structure'’®. The formation of pyrimidine
cyclobutane dimers in DNA causes unwinding (10.1°) and
bending (27°) of the double helix hence disrupting the
tertiary structure of DNA!?%) (see Figure 1.6). This
structural deformation of DNA can result in ‘hot spots’

which are susceptible to mutagenesis®’. Unless repaired,
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Figure 1.5 A segment of a DNA strand containing a
pyrimidine (thymine) dimer formed by the
photocycloaddition of two pyrimidine
(thymine) residues!”.
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(a)

Figure 1.6 Simplified diagram of (a) DNA double helix,
(b) DNA containing a pyrimidine dimer. The
curved arrow illustrates the unwinding of
the double helix(®?,
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these dimers will interfere in cellular processes and

become potential mutagens.

Removal of UV-induced lesions is achieved by the highly
evolved and efficient repair mechanisms that exist within
living cells. One of these mechanisms involves light-
induced enzymatic cleavage (photoreactivation) of the

pyrimidine dimer!7:84-87)

. Photoreactivating enzymes (PRE) bind
to the dimer-containing region of the DNA strand®®” to
form an enzyme-substrate complex. This complex then absorbs
light in the 300-600 nm wavelength range resulting in
monomerisation of the pyrimidine dimer. Release of the
enzyme from the repaired DNA enables repair of another
dimer lesion. The multiple enzymatic repair process of
excision repair also occurs®"®), Incisions are made by
repair endonucleases in the sugar-phosphate backbone ahead
of the dimer and the segment of DNA containing the lesion
is excised. The missing segment 1is resynthesised by
polymerase I using the opposite DNA strand as the
template. The newly synthesised segment is joined to the
original strand by DNA ligase. Post replication repair(®® is
another mechanism for the removal of a 1lesion. This
operates after replication and involves recombination
mechanism in which a single stranded segment is excised
from the undamaged opposite DNA strand and inserted into

the gap created by the removal of a pyrimidine dimer.

Efficient removal of DNA 1lesions by cellular repair
processes appears to be effective in the prevention of
tumours. Xeroderma Pigmentosum (XP) is a rare genetic
disease that is characterised by the defective repair of
UV-induced DNA damage due a deficiency of repair enzymes,
usually those involved in excision repair®”. XP patients
are unable to repair pyrimidine dimers and exhibit extreme
sensitivity to sunlight and a predisposition to skin
cancers (one pyrimidine dimer is sufficient to inactivate
genetic expression in XP cells®’)., In addition, most XP
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patients are unable to repair (6-4) photoproducts!®®?. These
results substantiate the mutagenicity both pyrimidine

dimers and (6-4) photoadducts.

There are three possible types of pyrimidine dimers found
in UV-irradiated DNA: those formed between contiguous
thymine and contiguous cytosine residues resulting in
thymine and cytosine homodimers and the heterodimers formed
by the photocycloaddition of thymine residues with adjacent
cytosine residues (or vice versa). The proportions of the
different pyrimidine dimers in UV-irradiated DNA depend on
the wavelength of irradiation®?9-19 and the composition!°!
and physical state!!%?-1) of the DNA. UVC irradiation of

E. coli DNA results in a greater proportion of thymine
dimers than cytosine-containing dimers(®3:%:9)  Thymine
dimers also predominate in S91 mouse melanoma cells‘” and
a defined sequence of DNA“Y, In human skin fibroblasts
irradiated with UVB 1light, thymine dimerisation is also
more efficient than cytosine-containing dimer formation®®,
However, cytosine-thymine dimers are preferentially formed,
compared to thymine dimers, in E. coli DNA irradiated with
light of 300-313 nm®®. At 313 nm, the ratios of cytosine-
thymine dimers to thymine dimers in human skin fibroblasts
are temperature dependent (at 37°C, cytosine-thymine
dimerisation induced by 313 nm radiation is more efficient
than thymine dimerisation%”),

The increased frequency of cytosine-thymine dimerisation
compared to thymine dimerisation caused by the wavelengths
held responsible for skin cancer (i.e. 295 - 315 nm)
indicates the greater mutagenic and carcinogenic potential
of cytosine-containing dimers to thymine dimers. Various
evidence exists to support this theory. In human cells,
irradiated at 254 nm, mutations occur at the cytosine
residue of cytosine-containing dimers as well as at the
cytosine of cytosine-thymine (6-4) photoproducts (though
less frequently)‘®) . Since the DNA photoproducts formed at
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280 - 320 nm in vivo have been proposed to be identical to
those produced more efficiently at 254 nm in vitro'’®,
these results indicate that cytosine-containing
photoproducts are the more significant UV-induced
photoproduct. Cytosine-containing dimers are implicated as
the carcinogenic photoproducts in skin cancers as a result
of the UV-induced mutations at cytosine dipyrimidine sites
in the tumour suppressor gene p53 (cancer results due to
loss of function of this gene)"%’. In XP patients, analysis
of the base sequence of mutations revealed the predominance
of cytosine mutations compared to thymine mutations at
dipyrimidine sites!!®, Thus, it is possible that cytosine-
containing dimers are of greater mutagenic and carcinogenic
potential than thymine dimers. The work presented in this
thesis investigates the kinetic mechanisms involved in the
formation of cytosine-thymine dimers and thymine dimers in
DNA in vitro. The formation of dimers between contiguous
cytosines could not investigated because of the difficulty
in detecting the low yields of cytosine dimer generated in
UV-irradiated DNA (refer to Section 3.1).

Since the isolation and identification of the cis-syn
cyclobutane dimer from irradiated frozen solutions of
thymine*? and confirmation of its presence in UV-
irradiated DNAU!2-119) ~the photochemistry of pyrimidines has
been thoroughly investigated. Cytosine-containing dimers
have been obtained by irradiation of frozen solutions of
cytosine and cytosine and thymine'>!® . (Due to the
instability of cytosine photoproducts, cytosine-containing
dimers deaminate in situ to form the corresponding uracil-
containing dimers; also refer to Section 2.2.3.1.) During
dimerisation, saturation of the C5-C6 double bond occurs on
formation of the cyclobutane ring and this causes the
constituent pyrimidine monomers to lose their
characteristic absorption maximum at 265 nm (see Figure
1.7). This lack of UV absorption maximum at 265 nm can be
used to identify cyclobutane pyrimidine dimers.
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The earliest work concentrated on thymine dimerisation in
aqueous solutions of the free base. UV irradiation of
thymine solution produces the four stereoisomers of thymine
dimer as illustrated in Figure 1.8. The relative yields of
the four isomers depend on the irradiation conditions which
include concentration, temperature, pH, solvent and
wavelength of irradiation!!!®-'?2), The irradiation wavelength
is of particular importance since the dimerisation of
pyrimidine molecules reaches a photodynamic equilibrium
upon continuous irradiation!'?’., The formation of dimers is
favoured at wavelengths close to the absorption maximum of
the monomer (265 nm). Monomerisation of pyrimidine dimers
occurs at wavelengths of 254 nm or 1lower. This
photoreversibility of pyrimidine dimers provides a useful
diagnostic test for the presence of pyrimidine dimers. If
dimers are present in solution, irradiation of the solution
at 245 nm will cause photoreversal corresponding to a
reappearance of the pyrimidine monomer absorption maximum
at 265 nm. It 1is Dbelieved that this property of
photoreversibility of pyrimidine dimers is one of the
factors responsible for the lower saturation yields of
cytosine dimer compared to cytosine-thymine dimer, both
relative to thymine dimer, in UV-irradiated DNA(%V,

The photochemistry of directly irradiated (A < 290 nm)
pyrimidine dimerisation in aqueous solution has been
extensively investigated(*?*-127) Initially, the pyrimidine
base interacts with a photon and is excited to its singlet
state. The lifetime of this singlet state (approximately

1072 s''?®) jis too short for a diffusion-controlled reaction
with another pyrimidine base to occur (kys = 10° M! s7ly,
Consequently, the excited singlet state is not a precursor
to pyrimidine dimerisation in aqueous solution. Most of the
singlet states decay to the ground state via radiationless
transitions but a fraction undergo spin-disallowed
intersystem crossing to the more stable, longer-lived
(approximately 1076 s129) triplet state. Hence, a diffusion-



16

H'N/ c-0
H H
;4:“\7'\ :
H-N c0
. \N_ NH / 0=C N-H
N oM \ g
N—0Cs = e
H 0

cis - anti (1) trans -anti

H-N—— D
/ \
0=C N-H
H
o=C N-H
H,N Ceo
cis -syn trans - syn (!)
Figure 1.8 Four stereoisomers of thymine cyclobutane

dimer formed upon the UV irradiation of an
aqueous thymine solution.
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controlled bimolecular reaction can occur between the
triplet pyrimidine molecule and a ground state pyrimidine
molecule to form a pyrimidine dimer. Dimerisation competes
with non-radiative decay and bimolecular quenching (by
oxygen or a pyrimidine molecule) of the triplet state. Thus
in dilute pyrimidine solutions (<. 1 mM), the precursor to
dimerisation is the triplet pyrimidine molecule!!!®:130  The
left hand side of the Jablonski diagram, illustrated in
Figure 1.9, depicts the above mechanistic processes.

In concentrated aqueous solutions (> 1mM), purines,
pyrimidines and their nucleosides aggregate into stacks‘'?°-
133 as a result of dipole-induced-dipole and hydrophobic
interactions and weak van der Waals’ forces**). Absorption
of radiation, and subsequent excitation to the singlet
state, by a pyrimidine molecule in an aggregate pair
results in an excimer (an excited state interaction of two
identical chromophores). Due to the close proximity of the
pyrimidine molecules in the aggregate, diffusion is not a
prerequisite for dimerisation. Hence, dimerisation proceeds
via the singlet excited state of the excimer®!®, This
mechanism is illustrated on the right hand side of Figure
1.9. This, however, does not preclude the triplet state
mechanism from contributing to dimer formation in
concentrated aqueous solution of the free pyrimidine base.
Thymine dimerisation in aqueous solution of the free base
has been established to involve both mechanisms, with the
singlet state mechanism predominating at thymine
concentrations greater than 1.5 x 1072 M“%, Investigation
of uracil and cytosine dimerisation in aqueous solutions of
the free bases (approximately 1072 M) demonstrated that the
mechanism for uracil dimerisation is similar to that of
thymine dimerisation, i.e. both singlet and triplet state
uracil contribute to the dimer yield, whereas cytosine

dimerisation in aqueous solution occurs primarily from the
excited singlet state(13),
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As mentioned previously, UV radiation, which comprises less
than 10% of the solar radiation incident on the earth’s
surface!'3”), consists of wavelengths greater than 290 nm.
Since there 1is negligible absorption of radiation of
wavelengths longer than 300 nm by the pyrimidine bases,
solar radiation is of insufficient energy to excite the
pyrimidine molecules to their singlet state. Therefore,
there is minimal direct dimerisation of pyrimidine bases in
DNA upon exposure to solar radiation. However, energy
transfer from an intermediate molecule (photosensitiser) to
a pyrimidine base is possible and results in the population
of the triplet state of the pyrimidine molecule. In order
for this transfer to occur, the photosensitiser is required
to have a lower singlet state (so that light greater than
300 nm can be absorbed) and a higher triplet state (so that
efficient energy transfer results) than the pyrimidine base
with which it interacts. The mechanistic processes of
photosensitised dimerisation in DNA are illustrated in
Figure 1.10. The photosensitiser absorbs the incident light
of wavelengths greater than 300 nm and becomes excited to
its singlet state. This unstable state undergoes
intersystem crossing to the triplet state of the
photosensitiser. This triplet state is long-lived and of
higher energy than the triplet states of the pyrimidine
bases in DNA. Energy is transferred, via a collisional
encounter, from the triplet state of the photosensitiser to
the triplet state of the DNA pyrimidine base. The excited
pyrimidine molecules can subsequently undergo a
cycloaddition reaction with vicinal pyrimidine residues and
thus form pyrimidine dimers!*¥-'“D, various endogenous and
exogenous cellular photosensitisers include riboflavin,
psoralen derivatives, benzophenone, acetophenone, para-
aminobenzoic acid and acetone. The effectiveness of a
photosensitiser to induce dimerisation is very dependent on
the efficiency of the intersystem crossing process within
the photosensiﬁiser. A high rate of intersystem crossing
from singlet to triplet state photosensitiser enables most
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of the absorbed energy to be transferred to the DNA
bases‘!¥?) thus increasing the probability of dimerisation.
The type of pyrimidine dimers formed depends on the triplet
energy level of the photosensitiser in relation to those of
the DNA bases. As can be seen from Figure 1.10 and Table
1.1, acetophenone has the ability to populate only the
thymine triplet level and therefore promotes exclusive
production of thymine dimers in UV-irradiated DNA“*Y. On
the other hand, acetone can populate the triplet states of
all four bases in DNA thus resulting in the formation of
thymine, cytosine and cytosine-thymine dimers upon UV-

irradiation of DNAU4%),

This thesis presents work which is a part of the research
aimed at the elucidation of the kinetic and mechanistic
processes involved in the formation of photoproducts in UV-
irradiated DNA. In order to achieve this, a reductionist
approach has been employed and previous research has
examined the mechanisms involved in direct and
acetophenone-photosensitised thymine dimerisation in
various thymine-containing systems such as free thymine
base(43-45), nucleosides (4%, nucleotides(44:48)
oligonucleotides!“® and DNA in vitro®. In addition, the
dimerisation of cytosine in aqueous solutions of the free
base has been investigated!“”. The rationale behind this
approach is that an understanding of thymine dimerisation,
which is well established, and cytosine dimerisation in
simple systems will assist in the interpretation of results
in more complex systems, such as directly irradiated DNA.
The mechanism used to describe the more complex processes
occurring in the directly irradiated DNA system will have
to account for the formation of thymine, cytosine and
cytosine-thymine cyclobutane dimers and (6-4)
photoproducts. As mentioned earlier, only three types of
pyrimidine dimers are formed by acetone photosensitisation
of DNA. Thus, the use of acetone as a photosensitiser is an

obvious intermediate in the progression from acetophenone-
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Table 1.1 Triplet energies of the photosensitisers,
acetone and acetophenone, and the nucleic
acid bases!?,

Molecule Triplet Energy / cm™
Acetone 28 200
Cytosine 27 900
Uracil 27 400
Guanine 27 200
Adenine 26 700
Acetophenone 26 000 - 26 800
Thymine 26 300
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photosensitised DNA studies, in which only thymine dimer is
formed, to the investigation of the mechanistic processes
in directly irradiated DNA. The significance of wusing
acetone as a photosensitiser is emphasised by the fact that
cytosine-containing dimers appear to be more effective
mutagens (and hence possible carcinogens) than thymine
dimers. In addition, acetone is an endogenous chemical
present in minute amounts in biologically active tissues as
a result of fatty acid metabolism!!*® although, under
certain conditions, acetone can accumulate in the body
tissues®), Thus, the use of acetone as a photosensitiser
to elucidate the kinetic mechanisms of pyrimidine
dimerisation, particularly cytosine-containing dimer

formation, in DNA in vitro is of biological relevance.

The work involving the elucidation of a kinetic mechanism
for acetone-photosensitised pyrimidine dimerisation in DNA
is presented in the next two chapters. Chapter 2, which
follows, describes the experimental techniques used to
obtain the necessary data for the kinetic mechanisms
proposed. Chapter 3 discusses the photochemical data
obtained and the proposal and verification of kinetic
models for thymine and cytosine-thymine dimerisation in
calf thymus DNA.

In addition to investigating the kinetic mechanisms of
acetone-photosensitised pyrimidine dimerisation in calf
thymus DNA, part of the work for this thesis was the
investigation of spectroradiometry for determining the
light intensity absorbed by irradiated samples. This method
for measuring light intensity absorbed by photochemical
systems would be particularly advantageous in the future
extension of this work to in vivo cellular systems. The
description and operation of the spectroradiometer used in
this thesis as well as the measurement of light intensity
by spectoradiometry is discussed in Chapter 4.



Chapter 2

EXPERIMENTAL

This section discusses the apparatus and methods used in
the acquisition of experimental data. It first considers
the materials and equipment used (Section 2.1) and then
discusses the techniques used for the production and
quantitation of pyrimidine dimer yields in acetone
photosensitised DNA solutions (Sections 2.2.1 to 2.2.3).
The experiments performed to investigate the acetone-
photosensitised dimerisation of pyrimidine bases are
outlined in Section 2.2.4 and the experimental data is
presented in Section 2.2.5. The methods used to provide
data for the calculation of various rate constants in the
kinetic mechanisms and for the testing of kinetic
mechanisms by computer based kinetic simulations are
described in Sections 2.2.6 to 2.2.8.

MATERIALS AND EQUIPMENT

Details of the chemicals and equipment used in the various
experiments together with the suppliers are summarised
below. The materials have been grouped together according

to their use in the different experimental procedures.

2.1.1 CHEMICALS FOR IRRADIATION EXPERIMENTS
Chemicals Grade Supplier
Calf Thymus DNA Sigma SIGMA

(Type I Highly Polymerised
Sodium salt)

Thymine Sigma SIGMA



1.

Cytosine

Uracil

Acetone (min. 99%)

Sodium Chloride

Potassium Chloride

Potassium Dihydrogen
Phosphate

Disodium Hydrogen
Phosphate

Dry Ice

Milli-Q Water”

CHEMICALS FOR ACID HYDROLYSIS OF DNA

Perchloric Acid
Potassium Hydroxide

Polyethylene Glycol
(PEG 400)

Nitrogen Gas (High Purity)

Milli-Q wWater”

Sigma

Sigma

AR

24

SIGMA

SIGMA

SAARCHEM

SAARCHEM

BDH

BDH

SAARCHEM

NCP

SAARCHEM

SAARCHEM

SAARCHEM

FEDGAS
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2.1.3 CHEMICALS FOR HPLC

2.1.

.

Methanol HPLC WATERS
Perchloric Acid AR SAARCHEM
Helium Gas (High Purity) FEDGAS

Milli-Q Water®

CHEMICALS FOR DESALTING OF DNA SOLUTIONS

Ethanol (95%) uv MERCK

Milli-Q Water”

CHEMICALS FOR ACTINOMETRY

Ferric Chloride Hexahydrate AR | SAARCHEM
Ferrous Sulphate Heptahydrate AR SAARCHEM
n-Phenanthranilic Acid AR BDH
1,10-Phenanthroline Hydrate LAB SAARCHEM
Potassium Dichromate AR SAARCHEM
Potassium Oxalate AR BDH
Monohydrate

Sodium Acetate AR SAARCHEM

Sodium Hydroxide AR SAARCHEM
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Sulphuric Acid (98%) AR BDH

Milli-Q Water”

CHEMICALS FOR MELTING POINT DETERMINATION

Calf Thymus DNA Sigma SIGMA
(Type I Highly Polymerised

Sodium salt)
Sodium Chloride AR SAARCHEM
Sodium Citrate AR MAY & BAKER

Milli-Q Water”

EQUIPMENT

HBO 500W High Pressure Mercury Lamp (Osram)
DC Powerpak for HBO Lamp (Schrieber)
Hanau ST75 High Pressure Mercury Lamp (Heraeus)
Mercury Lamp Power Supply for ST75 (Applied
Photophysics)
HPT 400W Medium Pressure Mercury Lamp and Powerpak
(Philips)
XBO 450W Xenon Short Arc Lamp and Powerpak (Osram)
Blak-Ray J-221 Longwave UV Intensity Meter (UVP)
10 mm Pyrex Filter
313-S-2D Filter (Acton Research Corporation)
245-N-2D Filter (Acton Research Corporation)
High Precision Micropipettes 100-1000 pl (Volac)

50-200 ul (MLA)

10-50 pl (MLA)

1-5 pl (Gilson)

600 Multisolvent Delivery System (Waters)
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U6K Variable Injector (Waters)

990 Photodiode Array Detector (Waters)

990 Plotter (Waters)

APCII Personal Computer (NEC)

Microliter Gastight Syringe (10-1000-pl) (Hamilton)

Delta Prep 4000 Preparative Chromatography System

(Waters)

4000 System Controller (Waters)

486 Tunable Absorbance Detector (Waters)

Fluid Handling Unit for the Delta Prep 4000 (Waters)

7010 Injector (Rheodyne)

745B Data Module (Waters)

Ultraspec IIE UV/Vis Spectrophotometer (LKB Biochrom)

DMS 300 UV/Vis Spectrophotometer (Varian)

Microliter Microcentrifuge (Hettich)

AE 200 Four Place Balance (Mettler)

UMC 20 Sonicator (Ultrasonic Manufacturing Company)

HPLC Columns: Spherisorb 5 ODS 2 semi-preparative

(Phenomenex)

Ultracarb 5 ODS(30) (Phenomenex)

SR9010-PC Spectroradiometer (Macam Photometrics)

Portable pH meter with a combined glass electrode

(Jenko)

Autoclave (All American Corporation)
NOTE *: Milli-Q Water refers to water that has been

passed through the Millipore Milli-Q apparatus (a

series of ion-exchange and organic removal resins).

EXPERIMENTAL TECHNIQUES

This section considers the procedures involved in the
production of pyrimidine dimers as well as the quantitation
of these photoproducts in the acid hydrosylates of UV-
irradiated DNA (Sections 2.2.1 to 2.2.3). The experiments

performed to investigate the factors influencing pyrimidine
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dimer yields are described in Sections 2.2.4. to 2.2.8.

2.2.1 PREPARATION OF SAMPLES FOR IRRADIATION

The preparation of DNA solutions prior to irradiation
is one of the most important processes in the
laboratory production of pyrimidine dimers in UV-
irradiated DNA because this stage is the one most
prone to experimental errors. The characteristics and
properties of the constituents used in the
photochemical experiments, i.e. DNA and
photosensitiser (in this case acetone), are required
in order to understand the factors that influence
pyrimidine dimer yields, e.g. amount of 1light
absorbed by the photochemical system, base
composition of the DNA, etc. Certain factors are of
particular importance in the calculation of rate
constants, i.e. the amount of 1light absorbed by
photolysis solutions, and the verification of the
proposed kinetic mechanism, i.e. determination of
molar concentration of DNA in irradiated solutions.
This section therefore examines the spectral and
chemical characteristics of calf thymus DNA and
acetone (the photosensitiser) used in the irradiation
experiments and describes in detail the preparation

of the solutions for irradiation.

2.2.1.1 Choice of DNA used for Irradiation

Previous research by members of this research group
has involved the photosensitised irradiation of
aqueous solutions of free thymine and cytosine

base13-47141 = thymidylyl-3’,5’-thymidine (TpT)‘4®,
calf thymus DNAY, E. coli DNA“" and puC19 plasmid

DNAY. Calf thymus DNA was chosen as the pyrimidine-



29

containing substrate in this work since it has
successfully been employed in mechanistic studies
involving the acetophenone dimerisation of thymine®’.
As discussed by Aliwell'”, there are problems
associated with calf thymus DNA, e.g. the highly
polymerised nature of calf thymus DNA, its unknown
molecular mass and base sequence, etc. However, it is
easier to wuse than plasmid DNA due to the
experimentally demanding techniques required in the

preparation of plasmid DNA.

Calf thymus deoxyribonucleic acid (DNA) (Type I) is
supplied by Sigma as the highly polymerised sodium
salt. This is a white, fibrous preparation that
contains less than 3% protein. In addition to protein
content, other properties used to characterise DNA
solutions include the absorbance spectrum of DNA, the
melting temperature and base composition of the DNA,
and the purity and concentrations of DNA solutions.
Most of these properties have been determined by
Thomas‘®? for Sigma Type I highly polymerised calf
thymus DNA. However, due to the different batch of
DNA utilised in this work, it was decided to re-

determine the above properties.

2.2.1.2 Absorbance Spectrum of Calf Thymus DNA

The UV spectrum was obtained by scanning a DNA
solution (0.10 mg/ml DNA in phosphate-buffered saline
(PBS)) against a PBS blank over the wavelength range
220 to 320 nm. The spectrum was recorded using the
Varian DMS 300 UV/Vis double beam spectrophotometer
and the sample prepared by diluting an aliquot of a
DNA stock solution (prepared as described in Section
2.2.1.8) with PBS. Dilution of a stock solution to a

DNA concentration of 0.10 mg/ml was necessary for UV
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measurements since the spectrophotometer has an
optimum absorbance range of 0.5 to 1.5 and this DNA
concentration falls within this absorbance range. DNA
solutions have a characteristic absorbance at 260 nm.
All DNA samples, thus diluted, exhibited absorbance
maxima of approximately 1.2 at 259 * 0.5 nm. Figure
2.1 illustrates the UV spectrum of a 0.10 mg/ml PBS-
buffered DNA sample with an absorbance maximum at
259.2 nm.

2.2.1.3 Melting Temperature of Calf Thymus DNA

The melting temperature of DNA is the temperature at
which 50% hyperchromism occurs, i.e. the temperature
at which half the helical structure is lost®®. It is
specific to the source of DNA and dependent on the
purine and pyrimidine base composition of the DNA.
Hence, it is ©possible to determine the Dbase
composition of the DNA from the melting temperature.
The base composition was required in order .to
calculate the maximum possible thymine dimer yield
(see Section 3.3.2.1).

The two strands of the DNA helix readily separate
when the hydrogen bonds between the paired purine and

pyrimidine Dbases are disrupted. This can be
accomplished by heating a DNA solution to high
temperatures (80 - 90°C). Heat denaturation results

in the dissociation of the double helix into two
single strands of DNA. Denaturation can be monitored
by measuring the UV absorbance of a DNA solution at
260 nm since, at this wavelength, the absorbance of
the solution increases during denaturation. This is
known as the hyperchromic effect. The melting
temperature of DNA is the temperature at which one

half of the maximum absorbance change (hyperchromic



Absorbance / AU

31

0.8

0.6

0.4

0.2

0
200 210 220 230 240 250 260 270 280 290 300

Wavelength / nm

Figure 2.1 UV spectrum of calf thymus DNA in PBS
buffer. '
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effect) is observed and is dependent on the base
composition of the DNA. The greater the guanine (G)
and cytosine (C) content of the DNA, the more stable
the DNA is to heat denaturation and hence the higher
its melting temperature. The reason for this is that
three hydrogen bonds link a GC pair whereas an AT
pair is linked by two hydrogen bonds. Thus, the
greater the G and C content of DNA, the greater the
number of hydrogen bonds that 1link the two DNA
strands and the greater the thermal stability of the
DNA.

The melting temperature is usually obtained by
heating the DNA solution, in a stoppered cuvette,
directly in the spectrophotometer and allowing the
solution to equilibrate at each temperature before
the absorbance at 260 nm is measured*’. Thermal
expansion of the solution results in a decrease in
absorbance and therefore necessitates the correction
of the measured absorbance readings. The results
obtained are plots of absorbance, expressed as a
ratio of absorbance measured at a given temperature
to that of a reference temperatufe, i.e. 25°C, as a
function of temperature. The thermal denaturation
profile obtained in this way is an equilibrium type
measurement since the extent of denaturation
remaining, after the solution has reached temperature
equilibrium, is measured, i.e. the position of the
equilibrium between the native (bihelical) and
denatured (single stranded) states is monitored. As
a result, this method 1is strongly temperature
dependent and strict control of temperature is
necessary.

In order to prevent inaccurate results due to slight
discrepancies in the temperature of the

spectrophotometer’s water bath and the sample, the
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following method(**® was adopted to obtain the thermal
denaturation profile and melting temperature of calf
thymus DNA. After the DNA solution has been heated to
the given temperature, the solution is cooled rapidly
and allowed to warm up to room temperature. Thus, all
absorbance measurements are determined at room
temperature. The rapid cooling serves to maintain the
DNA in its denatured state by preventing annealing
(reformation of the double helix) which occurs upon
slow cooling. This procedure reflects the extent to
which thermal denaturation represents a reversible or

irreversible process.

The thermal denaturation profile of calf thymus DNA
illustrated in Figure 2.2 was obtained using the

following experimental procedure:

1) An approximately 0.10 mg/ml DNA solution was
prepared by diluting an aliquot of a DNA stock
solution (50 mg of DNA dissolved in 50 ml of
saline citrate buffer) with saline citrate

buffer (containing 0.015 M sodium citrate and
0.15 M sodium chloride).

2) Nine test tubes containing approximately 4 ml of
the buffered DNA solution were placed in water
baths maintained at temperatures ranging from
50°C to 100°C and left for 10 minutes.

3) The contents of the test tubes were cooled

rapidly by inserting the test tubes into crushed
ice and leaving for 10 minutes.

4) The test tubes were removed from the ice and the

contents allowed to warm up to room temperature.
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5) The absorbance of each DNA solution (including
a solution that was at room temperature) was
measured at 260 nm against a saline citrate
buffer blank and the absorbances (as A¥°/A”) to
plotted as a function of the temperature

(measured in Step 2).

From the thermal denaturation profile in Figure 2.2,
the melting temperature for the calf thymus DNA used
in this work was determined to be 87°C which agrees
with the results obtained by Marmur and Doty'*? and

Thomas .

2.2.1.4 Base Composition of Calf Thymus DNA

Marmur and Doty‘*® demonstrated that a linear
relationship exists between the melting temperature
and the guanine and cytosine content of a DNA, for a
solution containing 0.2 M Na* ions. The equation for

this relationship is

T, =69.3 + 0.41(G + C) (2.1)

where T, is the melting temperature of +the DNA
(obtained from the thermal denaturation profile) and
(G + C) is the guanine and cytosine content of the
DNA expressed as a mole percentage. Equation 2.1
holds only for solutions containing 0.2 M sodium ions
and 0.015 M sodium citrate (pH 7.5).

From Equation 2.1 and the melting temperature of the
DNA, it is thus possible to determine the cytosine
plus guanine content of the DNA in mole%. Subtraction

of this value from 100 will result in the mole% of



A260 / AZS

35

0.65

0.6

0.5

0.45

26

Figure 2.2

36

46 56 66 76 86 96

Temperature / °C

Thermal denaturation profile of calf thymus
DNA indicating the melting temperature (Tg) -



36

thymine plus adenine content of the DNA. The
composition of the individual bases in the DNA can be
ascertained using Chargaff’s Rule®) which states
that mole% Adenine = mole% Thymine and mole% Guanine
= mole% Cytosine. This information, together with the
values calculated for mole% (G + C) and mole% (A +
T), enables the mole% of each base in the DNA to be
calculated.

For calf thymus DNA, T, is 87 °C. Hence, using
Equation 2.1, the following results are obtained:

(G + C) content 43.2 mole%

(A + T) content 56.8 mole%

From Chargaff’s rules, the calf thymus DNA used in
this work has the following composition:
Adenine content = 28.4 mole$%
Cytosine content = 21.6 mole$%
21.6 mole%
Thymine content = 28.4 mole%

Guanine content

These results compare favourably with the base
composition for calf thymus DNA given in
literature'®?, i.e.

% Adenine = 29.0 %

% Cytosine = 21.2 %
21.2 &
28.5 %

% Guanine

% Thymine

The base composition determined here was used to
calculate the maximum possible thymine dimer yield
(refer to Section 3.3.2.1).
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2.2.1.5 Purity of DNA Solutions

Although the protein content of calf thymus DNA had
been ascertained by Sigma to be less than 3%
protein®®, it was necessary to establish whether
this protein content would interfere with the
photochemical experiments. The purity of DNA
solutions was thus determined by UV measurements
using the Varian DMS 300 UV/Vis spectrophotometer.
This was possible since the ratio of A?*°/A*° should be
greater than 0.50 for protein-free DNA!?*. The
absorbance of aliquots of the solutions were obtained
at 260 nm and 280 nm. The ratio of A?%/A%° was found
to be between 0.50 and 0.57 for all DNA solutions
tested in this manner, thus indicating the absence of
protein contaminants which absorb at 280 nm. The
absorbance at 280 nm is a result of the presence of
the aromatic amino acids tryptophan, tyrosine and

phenylalanine.

2.2.1.6 Determination of the Concentration of DNA in

Irradiation Solutions

DNA concentration is usually expressed as mg/ml, i.e.
mg of DNA per ml of buffer solution. However it is
necessary to express DNA concentration in terms of
mol dm™ as the input parameter for CAKE (see Section
2.2.8). Two methods can be used to calculate the
molar concentration of DNA in solution - UV

absorbance measurements or mass.

The first method involves measuring the absorbance at
260 nm of an aliquot of DNA solution and calculating

the molar concentration from the Beer-Lambert
expression
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A =ecl (2.2)

where € is the molar extinction coefficient at the
required wavelength and is specific for the system
investigated, ¢ is the molar concentration of the
species present and 1 is the path length of the cell.

Thomas‘®?’ measured the UV absorbance at 260 nm of an
alkaline DNA solution (pH 12) and calculated the DNA
concentration from Equation 2.2 using €% . (pH 12) =
213 M! cm! 59, Guillo et al.’® determined the
concentration of highly polymerised calf thymus DNA
(Type I) from Sigma spectrophotometrically using

i = 6700 M1 cm! (1373 However, the
spectrophotometric determination of DNA concentration
is associated with errors as the extinction
coefficients quoted in literature are characteristic
of the experimental conditions used, i.e. type of
buffer used, pH and ionic strength of the solution
under investigation. These conditions are rarely
stipulated in literature.

Due to the problems allied with the
spectrophotometric determination of DNA
concentration, it was decided to calculate the molar
concentration of the DNA solution from the mass of
DNA weighed out. One of the disadvantages of this
method is that the water content is generally unknown
and thus this method could result in the incorrect
calculation of molar DNA concentration. In this case,
however, the water and sodium content of calf thymus
DNA was supplied by Sigma for each batch of DNA. The
calf thymus DNA employed in this work contained
9.0%(m/m) Na and 13.3%(m/m) H,0.
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To make up a 2.5 mg/ml DNA stock solution, 0.2503 g
of DNA was accurately weighed out using a Mettler AE
200 four decimal place digital balance. After
correcting for the mass of sodium and water, the mass
of DNA was effectively reduced to 0.1915 g. The DNA
was dissolved in PBS buffer and made up to a volume
of 100 ml in a volumetric flask. Using the molar mass
of calf thymus DNA as 2 x 10° g mol™ ), the molar
concentration of the solution prepared is

9.575 x 107" M.

2.2.1.7 Properties of the Photosensitiser Used

Direct dimerisation of pyrimidine bases within DNA
occurs extensively at wavelengths less than 300 nm.
However, due to the filtering of these wavelengths by
the stratospheric ozone layer, light incident on the
earth’s surface consists of wavelengths greater than
290 nm. Dimerisation can still result from the
absorption of these wavelengths, but to a far lesser
extent. Since photochemical experiments are designed
to simulate environmental conditions, 1light of
wavelengths greater than 300 nm (refer to Section
2.2.2.2) is used in the investigation of pyrimidine
dimerisation in DNA. In order to avoid direct
dimerisation and to enhance pyrimidine dimer
formation, a photosensitiser is added to the DNA
solution. A photosensitiser is a chemical that
preferentially absorbs the available light and, after
a series of energy changes, transfers its energy to
the pyrimidine bases within the DNA resulting in
pyrimidine dimerisation (the mechanistic pathways
involved in photosensitised pyrimidine dimerisation
within DNA are fully explained in Chapter 1).
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Acetone was chosen as the photosensitiser in this
work as acetone promotes the formation of all three
types of pyrimidine dimers, i.e., thymine dimers,
cytosine dimers and cytosine-thymine dimers‘?.
Acetophenone, which is a common photosensitiser, only
induces the dimerisation of thymine*‘?. Ben-Ishai et
al.** reported the presence of cytosine dimers,
cytosine-thymine dimers and thymine dimers when DNA

was irradiated in the presence of acetone at 313 nm.

Analar grade acetone (molar mass = 58 g mol™!, p =
0.79 g cm?), supplied by Saarchem was used in this
work. The UV spectrum of a 0.1 M acetone solution in
PBS buffer is illustrated in Figure 2.3. From this
spectrum, it is evident that acetone absorbs a
greater proportion of light at wavelengths less than
300 nm than it does light of wavelengths greater than
300 nm. The extinction coefficient for acetone is
2.01 M*' cm! at 300 nm'®® and 0.35 M! cm! at

313 nm*® . The triplet lifetime of acetone has been
determined to be 20 * 2 ps®® which is sufficiently
long enough for a diffusion-controlled reaction with
DNA in which subsequent energy transfer to a
pyrimidine base occurs. The triplet energy of acetone
is 28 200 cm™ %Y (337 kJ mol™!) which is greater than
the triplet energies of the pyrimidine bases in DNA
(the triplet energies of cytosine and thymine are

27 900 cm™ (334 kJ mol’!) and 26 300 cm!

(315 kJ mol™') respectively!’®?). Thus energy transfer
will occur from acetone to both cytosine and thymine
residues in the DNA molecule and result in the

formation of all three types of pyrimidine dimers.
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2.2.1.8 Preparation of DNA Solutions containing

Acetone for Irradiation

Samples for irradiation consisted of a solution of
DNA and acetone dissolved in buffer. The
concentrations of DNA and acetone in solution
depended upon the experimental conditions required.
Phosphate-buffered saline (PBS) was the buffer used

to ensure that physiological pH (7.4) was maintained.

PBS solutions were prepared by dissolving 8.00 g of
NaCl, 0.12 g of KH,PO,, 0.20 g of KCl and 0.91 g of
NaHPO, in approximately 200 ml of Milli-Q water (with
sonication) and then making up the resulting solution
to 1 1 in a volumetric flask. Analytical grade
reagents were used. The pH of the PBS buffer was
measured with a combined glass electrode (Jenko
portable pH meter) calibrated with pH 7.0 and pH 4.0
buffer solutions (Univar). For all PBS solutions
prepared, the pH was between 7.3 and 7.4. Prior to
use, the buffer solution was filtered through
Millipore HV 0.45 pm filters, autoclaved and
refrigerated at approximately 4°C. Before making up
solutions, the PBS solution was allowed to warm up to

room temperature

Two methods of preparation of solutions containing
both acetone and DNA were used depending on which of
the experimental parameters was varied, i.e.
irradiation time, DNA concentration or acetone
concentration (when one of the parameters was varied
the other two remained constant). Both methods of
sample preparation will now be described. In all
cases, acetone concentration is expressed as %(v/v)
and solutions were prepared accordingly. When working
with acetone solutions, extreme care was taken in

order to prevent loss of acetone by evaporation due
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to the high volatility of acetone. DNA concentration
is expressed in mg/ml. The required mass of DNA was
weighed out using a Mettler AE 200 four decimal place
analytical balance. Tweezers were used to handle the
DNA during weighing due to the fibrous nature of the
DNA. DNA was allowed to dissolve by stirring on a
magnetic stirrer in a cold room (approximately -10°C)

overnight.

When the DNA concentration or irradiation time was
varied, the following procedure was adopted to ensure

accurate sample preparation:

A stock solution (of known concentration) of
photosensitiser was prepared by pipetting the
appropriate volume of acetone into a volumetric flask
and making up to the required volume with PBS. For
example, to prepare 100 ml of 30%(v/v) acetone
solution (4.049 M), 30.15 ml of acetone (since the
acetone was of 99.5% purity) was pipetted into a

100 ml volumetric flask and made up to volume with
PBS solution. The desired mass of DNA was weighed
directly into a beaker. An aliquot of the PBS-acetone
solution, sufficient to dissolve the DNA, was added
to the beaker which was then sealed with aluminium
foil. Once the DNA had dissolved, the DNA solution
was transferred quantitatively to a sterile Grade A
volumetric flask and made up to volume with the PBS-
acetone solution.

When the acetone concentration was varied, the

samples were prepared using the following procedure:

A concentrated stock solution of DNA was prepared by
weighing out the appropriate mass of DNA into a
beaker and dissolving it in a suitable amount of PBS

solution. The DNA solution was transferred to a
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sterile volumetric flask and made up to volume with
PBS solution thus resulting in a stock solution of
DNA of known concentration. Identical aliquots of
this stock solution were added to volumetric flasks
into which the required volumes of acetone were
pipetted and the resulting solutions made up to

volume with PBS.

The PBS solution used in the preparation of samples
for irradiation provides ideal <conditions for
bacterial growth. In addition, the presence of
nucleases on glassware!!®® can result in the
degradation of DNA in the samples upon storage. In
order to prevent bacterial contamination and DNA
degradation, it was necessary to employ the following

measures:

1) Glassware was washed with chromic acid before
use.

2) Sterilisation of equipment (glassware, tweezers,
etc.) and PBS solutions used in the preparation
of DNA solutions.

3) Dissolution of DNA and storage of all solutions
in the cold.

Sterilisation was accomplished by autoclaving the
equipment and buffer solutions in an All American

autoclave for 30 minutes at a pressure of 250 psi
(121°C). Solutions were either stored in the
refrigerator (PBS, PBS-acetone solutions) or frozen
(DNA solutions) wuntil wused. When required, the
solutions were allowed to attain room temperature
before wuse. All the precautions were routinely
performed with all solutions involved in this work to

ensure reproducibility of results.
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2.2.2 IRRADIATION TECHNIQUES AND EQUIPMENT

Since there are a variety of 1light sources and
techniques available for different irradiation
systems, this section discusses the lamps, filters

and cuvettes utilised in this work.

2.2.2.1 Light Source for the Photosensitised
Irradiation of DNA

Due to the low quantum yield of pyrimidine
dimerisation in solution, e.g. &, =0.00047 for free
thymine base (&, for cytosine base is not reported but
is less than that for thymine) 1in aqueous
solution!”, a light source of high intensity output
in the medium (A = 280 to 320 nm) and long (A = 320
to 400 nm) wavelength ultraviolet region is required
when performing continuous irradiation experiments on
DNA in vitro. The Osram HBO 500W high pressure
mercury arc lamp (shown in Figure 2.4) connected to
a Schrieber DC powerpak was therefore used as it
provides high radiance in the UVB (280-315 nm) and
UVA (315-400 nm) region, good light efficacy and good
stability. The radiation emitted from the HBO
consists of extensive pressure-broadened mercury
spectral lines and a continuous spectrum in the range
of 300 to 700 nm. The spectral distribution of
radiant intensity of the HBO is shown in Figure 2.5.
From this, it is evident that the HBO lamp is
suitable for the photosensitised irradiation of DNA
in vitro (A > 300 nm) and the source has been used

successfully for this purpose by other workers in
this laboratory‘!:?.

The HBO lamp is housed in an insulated steel box
which is connected to the power supply. The box is
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equipped with a cooling fan and extractor fan to
provide ventilation. In addition, the extractor fan
is used to remove any ozone produced by the
photolysis of oxygen at wavelengths less than 300 nm.
A circular opening in the housing in front of the
lamp enables the radiation to reach the irradiation
cuvette. The cuvette is held in position by means of
an external cradle that is attached by a bracket to
the lamp housing. The external cradle consists of a
shutter gate, filter holder and a cell holder. The
assembly of the lamp housing and optical train is
shown in Figure 2.6. A fan positioned at an angle to
the external fitting 1is wused to regulate the
temperature of the filter and the photolysis
solution.

Before conducting irradiations, the lamp was allowed
to warm-up for 15 minutes. This period enabled the
lamp to achieve a state of thermal equilibrium which
was maintained for the duration of the irradiation.
The lifetime of the lamp was 400 hours (as
recommended by the manufacturer). A Blak-Ray UV
intensity meter was used to measure the intensity of
the 1lamp at regular intervals during the lamp
lifetime. Due to the low sensitivity of the meter,
the measurements were only used to indicate the
fluctuation in lamp intensity as a function of
lifetime and to confirm that the radiation output
over the lamp lifetime was relatively constant.
Figure 2.7 illustrates that the lamp intensity does
not vary significantly over the 400 hours; however
after this time, the intensity decreases
dramatically. Each new lamp was not wused for
quantitative work until after 5 hours of operation in

order to allow the intensity to stabilise.
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2.2.2.2 Irradiation of DNA using the HBO Lamp

Direct dimerisation of pyrimidine bases in DNA can
occur at wavelengths less than 300 nm‘'¢*). Since this
work concentrates on photosensitised dimerisation,
direct dimerisation (as discussed in Chapter 1) was
prevented by the use of a 10 mm thick pyrex edge
filter. This filter has negligible transmittance

(< 0.1%) below 300 nm (see Figure 2.8) and therefore
eliminates the possibility of significant direct

dimerisation occurring.

To facilitate the production of high concentrations
(i.e. concentrations, 2 10° M, that can be detected
by the UV photodiode array system of the HPLC) of
dimer within a reasonable irradiation period (< 10
hours), irradiations were carried out in a short
necked 1 mm quartz cuvette (Figure 2.9) which was
sealed with plastic clingfilm to reduce any volume
changes caused by evaporation of the solution. The
advantages of the short necked cuvette over the long
necked cuvette previously used for this work!®, are
that it permitted the complete removal of the
irradiated solution from the cuvette and also
prevented any condensation of droplets in the neck of
the cuvette. Due to the small volume of the cuvette
(400 pl) and the short pathlength (1 mm), the degree
of conversion was sufficient to give the desired

photoproduct concentrations.

Before irradiation, the DNA solutions were saturated
with nitrogen gas to eliminate dissolved oxygen from
the solutions. This is necessary because oxygen is a
triplet quencher and hence could reduce pyrimidine
dimer yields(!!$!%:12D)  The bubbling of nitrogen gas
for 15 minutes decreases the dissolved oxygen present
to a concentration of less than 10° M6, The
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apparatus used for this procedure is shown in Figure
2.10. The nitrogen gas was initially bubbled through
an acetone solution (of identical concentration to
the acetone present in the irradiation solutions) in
order to saturate the gas with photosensitiser and
thereby prevent acetone volatilisation when the
irradiation solution was purged. A volume of 400 pl
of the deoxygenated irradiation solution was
transferred to the quartz cuvette using a Volac
micropipette, the cuvette sealed and placed in the

optical train after lamp warm-up was complete.

2.2.2.3 Preparation of Standards for the Quantitation

of Pyrimidine Dimers in UV-Irradiated DNA

Pure cis-syn thymine and thymine-uracil dimer were
required as standards for the construction of the
calibration graph used in the HPLC quantitation of
the photosensitised pyrimidine dimer yields in
irradiated DNA solutions.

The technique used for the synthesis of cis-syn
pyrimidine dimer involves the irradiation of a frozen
solution of aqueous pyrimidine base!!), Because of
the fixed orientation of the pyrimidine molecules in
the frozen aggregate, the singlet derived cis-syn
stereoisomer of the dimer is the only photoproduct
produced!®®1¢") | The quantum yields for dimerisation of
thymine and uracil are approximately 0.2 and 0.005
respectively in ice as opposed to 0.00047 and 0.005
respectively in aqueous solution(!?6168)  Hence
dimerisation, especially for thymine, is far more
efficient in a frozen medium and high yields of dimer
can be obtained.
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Figure 2.9 Quartz irradiation cuvette used for the

quantitative irradiation of samples (1 mm

pathlength).
3%
N2 33
—_
([ )
spinal needle
agueous
DNA:acetone_ |
o solution [~
E _sintered glass end

Figure 2.10 Nitrogen bubbling apparatus for the removal
of dissolved oxygen from irradiation
solutions.
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The equipment used for the preparation of cis-syn
dimer is shown in Figure 2.11. A Philips HPT 400W
medium pressure mercury lamp with the pyrex sheath
surrounding the bulb removed, was utilised as the
light source. This enabled light of wavelengths less
than 300 nm (necessary for direct dimerisation) to
reach the frozen pyrimidine solution. The lamp was
fitted with an aluminium cover for support as well as
to provide protection from implosion and was
suspended above an aluminium tray. This tray was
filled with finely crushed dry ice on which a shallow
aluminium tray containing a thin (approximately 1 mm)
layer of frozen monomer solution was placed. The
assembly was accommodated in a covered black wooden

box.

2.2.2.3.1 Preparation and Characterisation of cis-syn
Thymine Dimer

A 2 x 102 M frozen thymine solution was irradiated
for three five minute periods allowing three minute
intervals between each irradiation to prevent thawing
of the frozen layer as a result of the heat generated
by the lamp. This method differs from that of Beukers

and Berendsf!!V

who froze the thymine solution before
irradiation and had no facility for maintaining the
frozen film during photolysis. This procedure was
repeated until 500 ml of thymine solution had been
irradiated. The thawed films were pooled and the
resulting solution heated to dissolve any
precipitate. The hot solution was filtered through a
sintered glass crucible to remove any debris and the
filtrate was concentrated to about 150 ml by heating.
As dimer is far more insoluble in cold water than the
monomer, cooling of the filtrate resulted in the

precipitation of the cis-syn dimer. The solid dimer



54

Phillips HP-T 400W

Mercury street lamp

aluminium cover

25cm l
SRS /ﬁ
v 7/ \
\
, frozen thymine
finely-crushed y
, solution
dry ice
= Soem >
Figure 2.11 Apparatus used for the preparation of cis-

syn pyrimidine dimers.



55

was filtered off and washed with absolute ethanol to
remove any traces of thymine monomer that
coprecipitated with the dimer (thymine is appreciably
more soluble in cold ethanol than the dimer(!®).
After a water wash, the dimer was recrystallised

twice from water and dried in an oven at 80°C.

The dimer was characterised by the comparison of the
UV spectrum of a dilute solution of prepared dimer
(Figure 2.12) to those found in literature‘!®’:'®  The
UV spectrum in Figure 2.12 lacks the absorbance
maximum at 265 nm characteristic of thymine monomer
(Figure 2.13). Photoreversal of dimer to monomer (see
below, Section 2.2.2.4) accomplished by irradiation
of a dimer solution at 245 nm using a ST75 high
pressure mercury lamp with a narrow band pass filter,
confirmed the presence of dimer. The purity of the
cis-syn dimer was confirmed by HPLC and UV analysis
to be greater than 98%.

2.2.2.3.2 Preparation and Characterisation of

cis-syn Uracil and Uracil-Thymine Dimers

A frozen solution containing 1 x 10?2 M thymine and 3
x 102 M uracil was irradiated and purified in a
procedure analogous to that for cis-syn thymine dimer
(refer to Section 2.2.2.3.1). A higher concentration
of uracil than thymine was used to ensure that the
uracil-pyrimidine, i.e. wuracil-thymine (U<>T) and
uracil (U<>U), dimers would predominate. The
crystalline product that was obtained from the ice
irradiation consisted of a mixture of thymine dimer,
uracil-thymine dimer and uracil dimer. The dimers

were identified and separated using HPLC (see Section
2.2,3.2.6).
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2.2.2.4 Photoreversal Experiments

The formation of cyclobutane dimers from pyrimidines
is photochemically  reversible(!%6:169 and  the

photosteady state of the reaction
Pyr + Pyr = Pyr<>Pyr

where Pyr<>Pyr represents the cyclobutane pyrimidine
dimer, lies to the left for wavelengths less than 254
nm, the region in which dimers absorb"’®. As a
result, the quantum yield for dimer reversal in
solution (which varies from 0.6 to 0.9 for thymine in
solution over the range 225 to 289 nm‘’!:72) and from
0.1 to 0.25 for cytosine in solution over the same
wavelength range‘’?) is much greater than the quantum
yield for dimer formation in solution (0.00047 for
thymine dimerisation and approximately 0.000047 (not
reported) for cytosine dimerisation at 265 nm!!!7:173)),
Thus, the photoreversal of pyrimidine dimers at
shorter wavelengths is a very efficient process.
Because photoreversal 1is a property specific to
cyclobutane pyrimidine dimers, it is a technique
widely wused to confirm the presence of these

photoproducts in irradiated solutions.

A Hanau ST75 high pressure mercury lamp shown in
Figure 2.14 was used as the 1light source for
photoreversal because it produces a mercury line
spectrum which has an emission line at 248 nm“’® (see
Table 2.1). This line was isolated by a 245 nm narrow
bandpass filter (Acton Research Corporation). A
volume of 400 pl of a previously irradiated sample
(containing dimer) was micropipetted into a 1 mm
quartz cuvette, placed in the optical train and
irradiated at 245 nm for at least 24 hours. The
sample was then analysed by HPLC and the peak area of
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the dimer peak compared to that of the dimer prior to
photoreversal. A noticeable decrease in the dimer
peak area (and a corresponding increase in the
pyrimidine monomer peak area) indicated that the peak

of interest was a cyclobutane dimer.

Table 2.1 Energy Output (relative to the 366 nm line)

for the Hanau ST75 High Pressure Mercury

Vapour Lamp!!’®

Wavelength / nm Relative Intensity
240 3
248 11
254 62
265 27
270
275
280 11
289 7
297 19
302 34
313 69
334 8
366 100
405 41
436 69
546 90
578 61
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2.2.3 QUANTITATION OF PHOTOPRODUCTS IN UV-IRRADIATED
DNA

In situ detection methods and destructive assay
methods are the two most frequently used techniques
for the detection and quantitation of photoproducts
in UV-irradiated DNA.

The in situ methods utilise the techniques of
enzymology and immunology to detect pyrimidine dimers
directly at the site of their formation within the
DNA strand. One such method uses dimer specific
endonucleases to convert the dimer-containing sites
in UV exposed DNA into single-strand breaks that are
subsequently quantitated by alkaline sucrose gradient

velocity sedimentation®?,

alkaline agarose gel
electrophoresis’ or by alkaline elution‘’®, sSuch
enzymatic assays, as well as the radioimmunoassays‘?
and immunofluorescence assays‘!’’''’®, are extremely
sensitive and thus can be used for dimer quantitation
at the biologically relevant UV doses (0.5 J m? to
53 m? ) that generate low dimer yields which make
chromatographic detection difficult®®. However,
whilst in situ techniques are ideal for pyrimidine
dimer analysis, they are disadvantageous in that the
technology and equipment are not readily available to
the physical chemist; microbiological knowledge and
experience is required for the experimental
techniques involved. However, the most important
drawback for this work is that the in situ methods
fail to differentiate between the three types of
pyrimidine dimers (T<>T, C<>T and C<>C) formed in UV-
irradiated DNA®Y,

The destructive assay methods are the classical
methods of photoproduct quantitation in UV-irradiated
DNA. These entail the degradation of the DNA to its
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individual components (nucleic acid bases and
photoproducts) by either hot acid or enzymatic
hydrolysis, the quantitative separation of the
components by a chromatographic method and detection
by absorbance or radioactivity measurements. Various
chromatographic procedures employed include paper

(116,181)

chromatography s LON exchange column

chromatography(IOS,lllo,167,182-184)’ thin

layer
chromatography(®3:125:185:186) anq gas-liquid chromatography
of derivatised samples(®”’, However these procedures
are somewhat cumbersome and time-consuming and have
limited sensitivity for the accurate quantitation of
low dimer yields in UV-irradiated DNA, e.g. thymine
dimers consist of 0.01 - 0.02% of total thymine in
DNA!8®)  More recently, high performance liquid
chromatography (HPLC) has been employed for the
separation of pyrimidine dimers in hydrosylates of
DNAG#188-193) = ynfortunately, the HPLC techniques
reported in literature are often associated with
other techniques prior to HPLC analysis such as
column chromatography®*:**-1%3) or dimer modification by
sodium borohydride reduction(%4-98:107,191,194-197) = mpjig
results in laborious multistep procedures that have
substantial potential for error. In addition, all of
the literature procedures cited (except one!!®?)
employ radiolabelled DNA for the detection and
quantitation of pyrimidine dimers. The major
disadvantage of this technique is that considerable
base damage occurs due to radiolysis by the
radioactive  markers(6®:1%8:199 thus complicating

photoproduct analysis.

This work used acid hydrolysis of pyrimidine dimers
followed by reverse phase HPLC (refer to Sections
2.2.3.1 and 2.2.3.2). Photoproduct identification was
achieved by UV detection. Although this detection
method is inherently less sensitive than



62

radioactivity detection by scintillation counting
previously mentioned, it ensures that photoproduct
detection and identification is rapid and
straightforward as well as utilising equipment and
methods readily available to the physical chemist.

The following section (Section 2.2.3.1) describes the
technique developed by Thomas®” and used by Aliwell
and Bolton®*!?) for the degradation of UV-irradiated
DNA to its individual components (nucleic acid bases
and photoproducts) necessary for the subsequent

separation and quantitation of pyrimidine dimers.

2.2.3.1 Acid Hydrolysis Procedure

UV-irradiated DNA was hydrolysed to its constituent
purine and ©pyrimidine bases plus acid-stable
photoproducts (in this case, pyrimidine dimers) by
heating in acid. Cleavage of the N(1) glycosyl bond,
that joins the base to the deoxyribose sugar moiety,
and the phosphodiester bond, that connects nucleoside
moieties together, occurs during hot acid hydrolysis
of the DNA. The deoxyribose sugar 1is completely
degraded into carbon (which forms a black precipitate

during hydrolysis), carbon dioxide and oxygen.

Optimisation of hydrolysis conditions in terms of
perchloric acid concentration, temperature,
hydrolysis time and perchloric acid:DNA ratios was
determined by Thomas® so as to achieve complete
degradation of the DNA molecule with minimum
decomposition of the pyrimidine dimers. The protocol
detailed below was adapted from that of Thomas‘® and

used in this work:
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The irradiated DNA solution was transferred by
micropipette from the irradiation cuvette to a
Durham tube.

The irradiation cuvette was rinsed  with
Milli-Q water and the washings added to the
contents of the Durham tube.

The solution was evaporated to dryness under a
gentle stream of nitrogen gas.

A 100 pl aliquot of 9.2 M perchloric acid was
added to the Durham tube which was then sealed
with plastic clingfilm.

The tube was placed in a thermostatic oil bath
set at 100 °C for 1 hour.

The tube was subsequently cooled in ice for 15
minutes to quench the hydrolysis reaction.

The dark-coloured hydrolysed sample was
transferred to an Eppendorf vial. The Durham
tube was rinsed with 2 x 100 pl aliquots of
Milli-Q water which were then added to the
Eppendorf vial.

The hydrosylate was neutralised with 10 M KOH
(93 pul was required). Due to the exothermic
nature of this reaction, the Eppendorf vial was
cooled in ice. A white precipitate of KCl0, was
observed to form during this process.

The volume of the sample was made up to 400 ul
with Milli-Q water and the sample allowed to
stand in ice for 15 minutes.

The sample was centrifuged twice in a Hettich
microcentrifuge (12 500 rpm) for 15 minutes and
stored in the cold (approximately 4°C) before
analysis by HPLC.

The above hydrolysis conditions (100 ul of 9.2 M
perchloric acid at 100°C for 1 hour) were used for

samples having a DNA concentration less than

1.0 mg/ml. In order to achieve complete hydrolysis of
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samples having a DNA concentration greater than

1.0 mg/ml, smaller aliquots of these samples were
hydrolysed. For example, a 160 pl aliquot of an
irradiated 2.5 mg/ml DNA sample was hydrolysed with
100 pl of perchloric acid.

The cytosine and cytosine-containing dimers easily
deaminate to their wuracil analogues under the
conditions of acid hydrolysis(!73:200-204) = The proposed
mechanism by which cytosine deaminates in the
presence of acid is shown in Figure 2.15. Hence, the
cytosine-containing dimers (C<>C and C<>T) initially
formed in the UV-exposed DNA are ultimately analysed
as the corresponding uracil-containing dimers (U<>U
and U<>T).

Under the hydrolysis conditions wused (100 pl
perchloric acid at 100°C for 1 hour), the cis-syn
thymine dimer has been cited to be stable®47183) rhjig
was confirmed by Thomas® . However, it has been
reported that uracil dimer is unstable in neutral
aqueous solution‘?® as well as in acid, alkali or
water at 100°C for 5 minutes(%!15:200)  Thjg
information is, however, contradicted by reports that
uracil dimer is stable to hot acid!!®2" and
alkaline!™® hydrolysis. Due to these conflicting
accounts, it was decided to investigate the stability
of the cis-syn uracil dimer to the acid hydrolysis
conditions employed. This will be discussed in the
following section (Section 2.2.3.1.1)

2.2.3.1.1 Investigation of cis-syn Uracil Dimer
Stability

This investigation was performed as a result of the
contradictions that exist in the literature about
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Figure 2.15 Proposed mechanism for the deamination of
cytosine to6 wuracil in aqueous acidic

solution(?%0,



66

uracil (U<>U) dimer stability(!!6:10%:113,200-200 1 had

also been observed, during preliminary studies in
this work, that uracil dimer was initially present in
hydrosylates of UV-irradiated DNA but was not
detected in later analyses of the same sample. These
observations suggested that wuracil dimer was
unstable. Thus an investigation of wuracil dimer

stability was necessary for two reasons:

1) to establish the stability of uracil dimer to
the hydrolysis conditions used here in the-
degradation of UV-irradiated DNA, and

. to determine the storage conditions (temperature
and duration) for DNA hydrosylates containing

U<>U in order to minimise dimer decomposition.

Cis-syn uracil dimer was prepared as described in
Section 2.2.2.3.2. It was purified by HPLC as will be
discussed in Section 2.2.3.2.6. The stability of the
uracil dimer was investigated as a function of time
over a range of pH and temperature conditions. The pH
of the samples was adjusted by the addition of
microlitre amounts of NaOH (0.01 M) or perchloric
acid (9.2 M). The temperature was regulated by
immersing the samples in a thermostatically
controlled water bath set at the required
temperature.

The two methods used to fo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>