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Abstract

The supF assay for understanding DNA adduct-induced mutagenesis: 
traditional application and development of a site-specific version

by Evagelos Liapis

Understanding the origin of mutations is central to understanding the aetiology 
of cancer. Several mutagenesis assay systems have been developed to 
measure the potency and mutagenic specificity of genotoxins and to study 
mutational mechanisms. A popular mutagenesis system is the supF assay, 
which employs the pSP189 double stranded shuttle vector plasmid that can 
be treated with carcinogens in vitro and transfected into human cells. 
Following replication, recovered plasmids can be screened in indicator 
bacteria for induced mutations in the supF gene.

A primary aim of this study was to establish and utilise the supF assay to 
investigate the mutagenicity of the cancer drug tamoxifen in target 
endometrial cells. In particular, the supF assay was employed to ascertain the 
mutations caused by two model reactive intermediates of tamoxifen, a- 
acetoxytamoxifen and 4-hydroxytamoxifen quinone methide (4-OHtamQM) in 
methylated pSP189 plasmid. The plasmid was methylated in vitro in order to 
allow application of the LwPy53 algorithm which enables in silico prediction of 
the G—►T mutation distribution along the human p53 gene, using a- 
acetoxytamoxifen and 4-OHtamQM-induced mutation data from the supF 
assay.

Relative mutation frequencies increased proportionally with the adduct level 
for a-acetoxytamoxifen, up to ~18 times the background frequency, while 4- 
OHtamQM failed to raise the mutation frequency above that of the untreated 
control. The majority of mutations in a-acetoxytamoxifen-treated plasmid were 
GC ->TA transversions, while GC->AT transitions predominated in both 4- 
OHtamQM-treated plasmid and the untreated control. Based on the p53 G—>T 
transversion predictions, a-acetoxytamoxifen induced damage resulted in two 
hotspots at positions 244 and 273; these mutations might be expected to 
occur in tamoxifen associated endometrial tumours if tamoxifen adducts play 
a role in cancer development.

The second part of the thesis was devoted to the development and validation 
of a novel site-specific assay in E.coli MBM7070 and human cells to assess 
the mutagenicity of individual adducts, rather than compounds. The assay, 
which is a site-specific version of the supF assay, was validated and utilized 
to investigate the mutagenic potential and types of mutations caused by 
individual 0 6-MeG adducts situated in intact double stranded or gapped 
plasmids, within two different sequence contexts, in both E.coli and human 
cells. The methods successfully established can be easily adapted to enable 
studies of any stable adduct that can be synthesized and incorporated into the 
plasmid.
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Chapter 1

1.1 CANCER ETIOLOGY

Introduction

Cancer is a collection of diseases that share uncontrolled growth as a 

common feature [1]. It is caused by environmental and inherited events that 

transform a normal cell to a malignant cell through a sequence of molecular 

changes. A majority of cancers are sporadic and some 1-5% are due to 

single-gene dominant traits [2, 3).

Each year an estimated 10.9 million people worldwide are diagnosed with 

cancer [4]. As shown in Table 1.1, most of these people (45%) are in Asia, 

because of the size of its population.

New cases of Cancer, 2002
Number % of Total

Africa 649,800 6
Asia 4,876,900 45
Europe 2,820,800 26
Latin America & the Caribbean 833,000 8
Northern America 1,570,500 14
Oceania 111,500 1
Developed Countries 5,016,100 46
Developing Countries 5,827,500 54
World 10,862,500 100

Table 1.1 Cancer incidence for the regions of the world, 2002 estimates [4]

In 1981 Doll and Peto published a seminal review of trends and causes of 

cancer [5]. Based on the epidemiological observation that migrants tend to 

acquire the cancer rates of their new country, they concluded that differences 

in cancer rates can be attributed, in part, to environmental factors such as 

smoking, diet, reproductive behaviour, infection and occupational exposures 

(Figure 1.1). There were many criticisms of the Doll and Peto studies, such as 

that they placed too much emphasis on lifestyle factors-for example, smoking- 

with too little emphasis on involuntary exposures, such as environmental
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carcinogens [6]. Nevertheless, in the past 25 years, many epidemiological 

studies have confirmed the contribution of exogenous factors to the etiology of 

cancers [7] and have expanded the list of factors to include obesity and lack of 

physical activity.

Alcohol
3%

Medical procedures 
\%

Reproductive behavior 
7%

Sunlight/radiation 
3*

Family history 
5%

Viruses/infections
10%

Pollution
2%

Occupation
4%

Smoking 
30%

Figure 1.1 Pie Chart of the most common causes of cancer [5]

There is now substantial experimental evidence to support the multistage 

model of carcinogenesis (Figure 1.2) [8-10]. According to the clonal evolution 

theory of cancer proposed by Nowell [10] all cancers arise by expansion of 

cell numbers from a single cell.

Initiation Promotion Progression

Repair Apoplo*i«Apoptetb

Prolifer* tonDNA Damage Proliferation

Normal Initiated Focal Cancer
Cell Cell Lesion

Figure 1.2 Multistage Model of Carcinogenesis
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If a single abnormal cell is to give rise to a tumour, it must pass on its 

abnormality to its progeny: the aberration has to be heritable [11]. As cancers 

develop, they often acquire an increasing number of genetic alterations. At the 

chromosomal level, aneuploidy, recombination, translocation, large insertions 

and deletions are commonly observed. At the DNA level, point mutations, 

such as transitions, transversions and simple frameshifts, have also been 

recognised [12]. This genetic damage can lead to alterations in either the 

expression or the biochemical function of genes [13], including those involved 

in proliferation and differentiation. It is also widely accepted that the activation 

of oncogenes, and the inactivation of tumour suppressor and DNA-repair 

genes, leads to genomic instability, or the so-called mutator phenotype, 

proposed by Loeb [14], and an acceleration in the genetic changes taking 

place. The number of genes involved in neoplastic development is not known 

with certainty. Most colorectal cancers have three or more altered genes [15, 

16] and estimates of as many as 10 or more mutational changes have been 

proposed to occur in adult human cancers [17].

The life history of a cancer can be divided into three stages: initiation, 

promotion, and progression (Figure 1.2) [1]. Within the conceptual framework 

of multistage carcinogenesis, the initial genetic change (mutation) that results 

from DNA damage and by errors made by the replicational machinery is 

termed tumour initiation. It is believed that in order to deregulate the cell cycle, 

the mutation must hit a “nodal” point of a pathway, such as p53. Thus, initiated 

cells are irreversibly altered and are at a greater risk of malignant conversion 

than are normal cells.

5
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Tumour promotion comprises the selective clonal expansion of initiated cells 

and the epigenetic effects of tumour promoters facilitate this process. It is 

caused by a continuous disturbance of cellular signal transduction that results 

in an overstimulation of metabolic pathways along which mediators of cell 

proliferation and inflammation as well as genotoxic by-products are generated 

[18]. The end products of tumour promotion are generally benign lesions or 

foci of preneoplastic cells. These cells are more vulnerable to tumourigenesis 

because they now represent a larger, more rapidly proliferating target 

population for the further action of chemical carcinogens, oncogenic viruses, 

and other cofactors [19].

The progression of benign tumours to malignant cancers is a phase in 

carcinogenesis clearly distinct from promotion [20]. Unlike benign tumours, 

malignant tumours undergo a series of changes as they develop from a 

premalignant to a malignant state. This process is known as tumour 

progression (the development of cancer cells exhibiting permanent, 

irreversible, qualitative and heritable changes in one or more characteristics 

not previously manifested in a cancer cell population). An important 

consequence of tumour progression is the development of tumour 

heterogeneity.

A first problem in understanding the etiology of a cancer is to discover 

whether the heritable aberration is due to a genetic change, that is, an 

alteration in the cell's DNA sequence, or to an epigenetic change, that is, any 

change in a phenotype that does not result from an alteration in the DNA 

sequence [11].

6
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1.1.1 Epigenetic Mechanisms of Carcinogenesis

Epigenetic mechanisms regulating gene expression include signal 

transduction pathways, DNA methylation, chromatin remodelling, translational 

control and post-translation modifications [21, 22]. In sharp contrast with 

genetic modifications, epigenetic modifications are highly dynamic and 

reversible. The best way to characterise the epigenetics of cancer is as an 

example of dysregulation, including global hypomethylation, individual gene 

hypermethylation, chromatin modification, and altered genomic imprinting.

Methylation of DNA at the 5-position of cytosine is important in the regulation 

of gene expression and is one possible mechanism for the heritable change in 

cancer cells [23]. Overall hypomethylation takes place predominantly in 

repetitive and endoparasitic DNA sequences and has been linked to the 

generation of chromosomal instability. On the other hand, hypermethylation 

occurs in the CpG islands located in the promoters of certain tumour- 

suppressor genes, such as p16INK4a, BRCA1 or hMLH, leading to gene 

silencing [24]. Abnormal hypermethylation of the regulatory region of genes 

could initiate and/or reinforce their inactivation either by directly interfering 

with the binding of transcription factors or by the generation of inactive 

chromatin. On the other hand, growth inducing genes, such as oncogenes, 

can become overexpressed as a result of hypomethylation or gene 

amplification [25]. Changes in DNA methylation patterns can also render 

certain genomic regions unstable by altering the chromatin structure, leading 

to deletions, inversions and chromosomal losses [26].

7
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An area that has attracted more recent attention in cancer epigenetics is 

genome imprinting, a genetic phenomenon by which certain genes are 

expressed in a parent of origin specific manner. Normal imprinting, mediated 

by both DNA methylation and histone modifications, ensures paternally 

determined, heritable transcriptional expression of one gene allele and 

repression of the other [27]. Several genes undergo loss of imprinting (LOI) in 

cancers, such that both alleles are expressed in the tumour [28]. Finally, 

chromatin remodelling, mediated by post translational modifications (such as 

acetylation, deacetylation, methylation, ubiquitination and phosphorylation) of 

tails of histones may enhance or repress the transcription of certain genes 

[29],

1.1.2 Genetic mechanisms of carcinogenesis

There are, however, good reasons to think that the vast majority of cancers 

are initiated by genetic changes. Genetic changes can be classified as gene 

mutations, chromosome rearrangements, gene amplification, and aneuploidy. 

The origin of the somatic mutation theory is generally credited to Theodor 

Boveri [30] and there is now considerable evidence to support it, as discussed 

in [31].

First, cells of a variety of cancers can be shown to have a shared abnormality 

in their DNA sequence that distinguishes them from the normal cells 

surrounding the tumour. Point mutations have been observed to activate 

proto-oncogenes and to inactivate tumour-suppressor genes in certain 

cancers [32]. Chromosome rearrangements of oncogenes are also well 

documented. Gene amplification as well as numerical chromosome changes

8
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are important in a number of different cancers [31]. Second, many of the 

agents known to give rise to cancer also cause genetic changes. Therefore, 

chemicals that induce any of the four distinct types of genetic events above 

could heritably alter a critical target gene necessary for neoplastic 

development. These observations support the use of mutagenicity assays in 

the evaluation of carcinogenic risks of chemicals to humans. Finally, the 

conclusion that somatic mutations underlie cancer is supported by studies of 

people who inherit a strong susceptibility to the disease. For example, people 

with the disease xeroderma pigmentosum have defects in the cellular system 

that repairs DNA damage induced by UV light, and they experience a hugely 

increased incidence of skin cancers [11]. Other examples of recognised 

syndromes of cancer with a hereditary component are Li-Fraumeni syndrome, 

familial adenomatous polyposis and retinoblastoma, which are initiated by 

inherited mutations in the p53, APC and RB-1 genes respectively [33-35].

1.2 DNA DAMAGE

DNA replication has a remarkable fidelity, estimated to produce just 1x10‘9-10' 

10 mutations/nucleotide [36]. However, when the replication machinery 

encounters a DNA lesion, this fidelity becomes largely irrelevant, because the 

lesion may cause a physical barrier to the progression of replication and/or the 

coding information may be distorted. A perplexing diversity of lesions arises in 

DNA from three main causes. First, base alterations can arise from the 

inherent instability of specific chemical bonds that constitute the normal 

chemistry of nucleotides under physiological conditions of temperature and 

pH. These spontaneous alterations in the chemistry of DNA bases include

tautomeric shifts (transient rearrangement of bonding), deamination and loss

9



Chapter 1 Introduction

of bases [37]. Second, DNA damage can result from reactive oxygen species 

(ROS) and other reactive metabolites that are produced during endogenous 

metabolic processes. Finally, environmental agents such as ultraviolet (UV) 

radiation and numerous genotoxic chemicals cause alterations in DNA 

structure, which if left unrepaired, may lead to mutations that enhance cancer 

risk [38]. These lesions produce structural and dynamic changes in DNA, 

which impair its function. Failure to correctly repair DNA damage can result in 

mutations, cancer and death.

1.2.1. Endogenous DNA damage

Endogenous DNA damage occurs at a high frequency compared with 

exogenous damage and the types of damage produced by normal cellular 

processes is similar to those caused by some environmental agents [39]. In 

fact it has been estimated that even without excessive exposure to DNA 

damaging agents, each day no less than 20,000 lesions are formed per cell in 

DNA from endogenous sources [40]. Spontaneous mutations are those that 

arise in the absence of known mutagen treatment and they account for the 

“background rate" of mutation.

1.2.1.1 Tautomeric Shifts

Tautomers are organic compounds that are interconvertible by a chemical

reaction called tautomerization. The reaction results in the formal migration of

a hydrogen atom or proton, accompanied by a switch of a single bond and

adjacent double bond. The concept of tautomers that are interconvertible by

tautomerizations is called tautomerism. Tautomerism is a special case of

structural isomerism and can play an important role in non-canonical base
10
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pairing in DNA and RNA molecules [41]. Nucleotide substitution can arise due 

to the phenomenon of tautomerism. Each base may exist as two possible 

alternative structures that interconvert. Such structural isomers that exist in 

dynamic equilibrium are known as tautomers. These tautomers exhibit 

different hydrogen-binding capabilities, which can lead to mispairing during 

replication and the introduction of errors into the DNA. Thymine has enol and 

keto isomers (Figure 1.3).

O  OH
(keto) (enol)

-   ̂-C...
HjC C N ________________________H}C -  C N

H C

H

OH
(end)

C

c
" C  N|

V N

H

H C C H - C  ,.C ^
N ^0  N
H Thymine

O
(keto)

c H
/  I  7 — -

N mh2 7 "N" NH2
H Guanine

Figure 1.3 Keto and enol tautomers of thymine and guanine

The common keto form pairs with adenine, but the rare enol form base pairs 

with guanine. Guanine also has enol and keto tautomers. In this case the rare 

enol-guanine base pairs with thymine rather than cytosine. Similarly, adenine 

equilibrates between common amino and rare imino tautomers (Figure 1.4). 

The rare imino-adenine base pairs with cytosine instead of thymine. While 

cytosine also has amino and imino tautomers, they both pair with adenine. 

However, in general, the cell is able to limit the mutation rate due to 

tautomeric changes by proofreading and by the action of DNA repair systems 

[42].
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\

(amino)

(amino)

Cytosine

M C'

H C

h — c:

Adenine H

(imino)
H

s ,

(imino)
H

Figure 1.4 Amino and imino tautomers of adenine and cytosine

1.2.1.2 Deamination of Bases

Four of the five bases normally present in DNA (adenine, guanine, cytosine 

and 5-methylcytosine) contain exocyclic amino groups. Loss of these groups 

can occur spontaneously in pH- and temperature-dependent reactions of DNA 

and results in the conversion of the affected bases to hypoxanthine, xanthine, 

uracil and thymine respectively [43]. Failure to repair these deaminated bases 

before replication can give rise to mutations, since the loss of the amino group 

changes the pairing properties of the base [44],

1.2.1.3 Loss of Bases - Depurination and Depyrimidation

Bases can be lost from nucleic acids by cleavage of the A/-glycosidic bond, 

leaving the sugar-chain intact, to produce an abasic site. The loss of purines 

and pyrimidines from DNA has been most extensively studied at acidic pH, 

although depurination and depyrimidation can also occur at appreciable rates 

at neutral or alkaline pH [45-47]. The mechanism of hydrolytic DNA 

depurination at acidic pH is thought to be the same as that established for

12
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acid hydrolysis of deoxynucleotides, i.e. protonation of the base followed by 

direct cleavage of the A/-glycosyl bond [48, 49]. The same mechanism of acid- 

catalysed hydrolysis also takes place at neutral pH [46, 50]. The rate of 

depurination of duplex DNA at pH 7.4 and physiological ionic strength is 

calculated to be about 3 depurinations per 1011 purines/second at 37°C [48]. 

For a mammalian cell, this value corresponds to an estimated loss of 10,000 

purines during each 24 h period, which is the duplication time for many human 

cells [46]. Pyrimidine nucleosides are considerably more stable than purine 

nucleosides with respect to the A/-glycosyl linkage of the bases to 

deoxyribose. The mechanism of depyrimidation is the same as for 

depurination, but cytosine and thymine are lost at rates only 1/20 of that for 

adenine or guanine [51].

1.2.1.4 Oxidative Damage to DNA

“Oxidative stress” is a term associated with both enhanced production of 

reactive oxygen species (ROS) and reduced efficacy of protection by 

antioxidant enzymes or low molecular weight antioxidants. Oxidation of 

cellular macromolecules occurs at significant frequencies in aerobic 

organisms due to byproducts of normal metabolism and the immune 

response. Furthermore, the oxidation of both mitochondrial and nuclear DNA 

has been implicated in human disease and aging. It has been generally 

estimated that about 1-3% of the oxygen consumed in humans is converted to 

ROS [52, 53]. These ROS include superoxide (O2 '), hydrogen peroxide 

(H2O2), hydroxyl radicals ( OH) and singlet oxygen (10 2) which can oxidise 

DNA, leading to several types of DNA damage, namely base modifications, 

sugar damage, strand breaks, abasic sites and DNA-protein crosslinks [54].

13
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ROS also attack other cellular components such as lipids to generate reactive 

intermediates capable of binding to DNA, giving rise to alkylated lesions, 

including etheno- and propano adducts [55, 56]. Lipid hydroperoxides are the 

initial products of unsaturated fatty acid oxidation, but they are relatively short 

lived. However, they can react with metals to produce epoxides and 

aldehydes. The major aldehyde products of lipid peroxidation are 

crotonaldehyde, acrolein, 4-hydroxynonenal (HNE) and malondialdehyde 

(MDA). These reactive substances damage DNA by the formation of exocyclic 

adducts. MDA appears to be the most mutagenic product of lipid peroxidation, 

whereas HNE is the most toxic [57]. The short-lived OH radical is the most 

reactive of the primary ROS and can cause severe damage to DNA, protein 

and membrane lipids [58, 59]. Although less reactive, H2O2 is also believed to 

cause damage, either directly or indirectly, through further reduction to OH’ in 

the Fenton reaction [60], which can be summarised as:

H20 2 + Fe2" OH + OH' + Fe3+

Similarly, free superoxide radical is also not very reactive with DNA, however, 

it dismutates either spontaneously or through enzymatic processing by 

superoxide dismutases to produce H2O2 Whilst the Fenton reaction typically 

involves Fe2+ it can be catalysed by other transition metal ions such as Cu2+ 

[61]. In fact, the carcinogenic effect of certain metal salts has been attributed 

to their involvement in the Fenton reaction [62]. In the presence of reducing 

agents such as ascorbate [63] together with NADH [64] and superoxide, Fe3+ 

will recycle back to the active Fe2+ form:

0 2" + Fe3+ — 0 2 + Fe2+

14
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The two main modes of DNA attack by ROS are (i) addition to the double 

bonds of DNA bases and (ii) hydrogen abstraction from the deoxyribose sugar 

units in DNA. Over 80 products of DNA base damage caused by ROS are 

known [65]. One of the most widely studied oxidative DNA lesions is 7, 8- 

dihydro-8-oxo-2’-deoxyguanosine (8-oxodG). In DNA it readily assumes a syn 

conformation which can form a stable Hoogsteen mispair with dA, resulting in 

GC—►TA transversion mutations following replication [66-68]. This lesion 

represents at least 5% of all oxidative lesions formed in DNA [69]. Steady 

state levels of this adduct determined by various techniques in human cells 

ranged over three orders of magnitude, depending largely on which assay is 

used to measure it [70]. A recent interlaboratory study has analysed 8-oxodG 

in the DNA of lymphocytes isolated from venous blood from healthy young 

male volunteers in several European countries [71]. The median concentration 

of 8-oxodG in lymphocyte DNA, calculated from the mean values of each 

group of subjects as determined by HPLC, was 4.24 per 106 guanines, while 

the median concentration of formamidopyrimidine DNA glycosylase (FPG) - 

sensitive sites, measured with the comet assay, was 0.34 per 106 guanines. In 

addition, identical samples of HeLa cells were supplied to all participants as a 

reference standard. The median values for 8-oxodGuo in HeLa cells were 

2.78 per 106 guanines (by HPLC) and 0.50 per 106 guanines (by enzymic 

methods, such as the comet assay, alkaline unwinding or alkaline elution). 

The main conclusion of this study was that the true background level of base 

oxidation in DNA is orders of magnitude lower than has often be claimed in 

the past.

The majority of cells possess defence mechanisms against the potential

harmful effects of ROS, such as superoxide dismutase, which converts its
15
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substrate superoxide, into oxygen and hydrogen peroxide, and catalase, 

which converts hydrogen peroxide into water and oxygen. Additionally, there 

are various DNA repair processes, such as the base excision repair (BER) 

pathway and strand break repair enzymes, which remove these lesions to 

maintain the integrity of the genome [72].

1.2.2 Environmental DNA Damage

Epidemiological studies suggest that in developed societies exogenous 

factors are involved in about 75-80% of cancer cases [5, 73]. The notion that 

the environment and lifestyle have the principal role in the causation of 

sporadic cancer is also supported by analyses of cancer cases in cohort twins 

[74] and by analyses of family-cancer databases [75].

1.2.2.1. Chemical Carcinogens

1.2.2.1.1 Classification o f Chemical Carcinogens

Chemical carcinogens can be broadly classified as “genotoxic” and “non- 

genotoxic”. The term genotoxic is used to specifically describe carcinogens 

that damage DNA. The mechanism of non-genotoxic carcinogens (described 

above) or “epigenetic carcinogens” does not involve reaction with DNA but 

these chemicals display other properties underlying an increase in neoplasms, 

such as promoting activity [76].

However, the categorisation of carcinogens according to their mechanism of 

action is not straightforward, as it is evident that in some cases they can exert 

multiple effects via several, rather than a single, mechanism. For example,

some chemicals that do not react directly with DNA, such as topoisomerase
16
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inhibitors or inhibitors of the spindle apparatus or associated motor proteins, 

can result in genetic changes through indirect mechanisms including 

chromosome rearrangements and aneuploidy [77]. Additionally, evidence 

exists that metabolically activated estrogens can produce several types of 

DNA damage in vitro and in rodent models, forming estrogen-DNA adducts 

[78], and inducing oxidative damage indirectly through the production of free 

radicals [79]. It has been also demonstrated that several synthetic estrogens 

such as mestranol, 17a-ethinyl estradiol (EE) and diethylstilbestrol (DES) can 

act as promoters of hepatocarcinogenesis in rats of both sexes [80, 81]. On 

the other hand, DNA-reactive chemicals, such as methylating agents, may 

cause heritable epigenetic changes by altering gene methylation or gene 

expression [82] as well as induce mutations. Therefore, any attempt to classify 

chemical carcinogens must consider the complexity and the multitude of 

possible mechanisms.

1.2.2.1.2 Non-genotoxic carcinogens

Non-genotoxic or non-DNA-reactive carcinogens exert their effects through 

processes that do not involve direct covalent binding of the chemical or its 

metabolites to DNA [83]. Their biochemical modes of action are diverse, 

encompassing sustained cytotoxicity and disruption of cell-cycle checkpoints 

[84], cytochrome P450 enzyme induction [85], interference of repair enzymes 

[86], blocking apoptosis [87] and stimulation of oxidative stress [88]. In 

contrast to DNA-binding mutagens, non-DNA reactive carcinogens are 

considered to exhibit threshold concentration-effect response curves [89].

Peroxisome proliferators (PP) are a large class of structurally diverse

industrial and pharmaceutical chemicals including plasticizers, herbicides and
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hypolipidemic drugs. As their name implies, PPs cause a dramatic increase in 

the size and number of peroxisomes in exposed animals or cells. 

Peroxisomes are subcellular organelles found in most plant and animal cells 

that perform a wide variety of metabolic functions, including H2C>2-derived 

respiration, (3-oxidation of fatty acids and cholesterol metabolism [90]. 

Prolonged exposure to PPs causes an increased incidence of liver tumours in 

male and female mice and rats [91]. They are not considered to be genotoxic 

agents because they are almost uniformly negative in assays that measure 

covalent binding to DNA, production of DNA adducts and short-term tests for 

mutagenicity [92]. Although a few adverse effects on DNA (e.g. chromosomal 

aberrations) have been reported [93-95], these results may be due to the 

perturbation of processes that maintain the integrity of DNA rather than direct 

DNA damage [96]. Two hypotheses have been proposed to account for PP- 

induced hepatocarcinogenesis in rodents: an increase in indirect DNA 

damage through induction of oxidative stress and alteration of hepatocyte 

growth control by enhanced cell proliferation or decreased apoptosis [97].

Oxidative stress can also be triggered by certain chemicals that produce ROS, 

such as paraquat and potassium bromate [98, 99]. Other exogenous sources 

of ROS are tobacco smoke, transition metals, ethanol, redox cycling 

compounds or physical irradiation by multiple sources. In principle, chemicals 

that give rise to excess ROS production and lipid peroxidation will cause 

different types of toxicity, including genotoxicity and cell death.

Hormones represent another class of important human carcinogens. 

Hormone-related cancers share a common causal agent: both endogenous 

and exogenous hormones. For instance, administration of 17 p-estradiol (E2)
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to mice raises the incidence of mammary, pituitary, uterine, cervical, vaginal, 

testicular, lymphoid and bone tumours [100]. Several lines of evidence 

suggest that estrogens are epigenetic carcinogens acting via a promoting 

effect related to stimulation of proliferation of estrogen-responsive cells. This 

hypothesis is also supported by experimental observations of tumour- 

promoting effects of estrogens on carcinogen-initiated mammary [101], liver 

[102] and uterine [103] tumours in rodent models. Thus, use of anti-hormone 

therapy, such as tamoxifen, to interrupt this hormonal stimulus, could be 

expected to slow the process of progression until hormone independence 

occurs late in the pathway [104].

Compounds with an aneugenic (i.e. they cause aneuploidy) but not mutagenic 

effect may be characterised as carcinogenic only at high, toxic doses [105]. 

Aneuploidy in somatic human cells arises whenever the number of 

chromosomes deviates from 46. Effects such as aneuploidy, chromosome 

loss and non-disjunction have received particular attention, because of their 

potential involvement in the carcinogenic process [106, 107]. Nonetheless, 

currently it remains controversial whether aneuploidy is causal of cancers or 

simply reflects consequential changes in cells after they have become 

transformed [108, 109]. Colcemid and vinblastine induce aneuploidy by 

modifying the number of spindle fibres which regulate the segregation of 

chromosomes during mitosis and meiosis. It is expected that aneuploidy or 

polyploidy are induced only if most fibres are damaged, because of their 

redundancy in living cells [110].
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1,2.2,1.3 DNA Reactive Carcinogens

Introduction

Humans are inevitably exposed to over 25,000 toxic compounds that are 

potentially or demonstrably mutagenic in lower organisms [111]. These 

mutagens have a variety of sources, e.g. reactive or potentially reactive 

compounds found in the diet, automotive exhaust emissions, cigarette smoke 

and medicinal drugs. For a proportion of these chemicals a link between 

exposure and the development of human cancer has been established. In 

many cases, this link has been deduced from epidemiological studies of 

cancer incidence in workers exposed to specific chemicals in an industrial 

setting. For example, workers exposed to chromate in the chromate 

production industry and in the manufacture of pigments exhibit an elevated 

risk of lung cancer [112, 113].

Chemical reaction with DNA is a basis for mutagenicity and accordingly, 

genotoxic carcinogens account for the majority of chemical carcinogens [114]. 

The covalent interaction product between the specific chemical and DNA, 

known as a DNA adduct, is a precursor lesion, that if not repaired, may result 

in a mutation [115]. A genotoxic carcinogen may be an intrinsically reactive 

compound that can covalently bind to DNA or in most cases it requires prior 

metabolic activation, often through the P450 mono-oxygenase pathway [115]. 

The ultimate reactive species of genotoxic carcinogens are, in general, 

electrophiles; compounds that have an electron deficient atom which leads 

them to attack atoms that are electron rich (nucleophiles) [116]. The double 

helix has a number of N and O atoms that present targets for electrophiles. 

These atoms exist not only in the base, but also in the phosphodiester 

backbone.
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In general, the stronger electrophiles display a greater range of nucleophilic 

targets. The site of DNA reaction can be predicted, to some extent, by the 

electrophilicity of the activated species and the 3-dimensional shape of the 

molecule [115]. However, at the moment it is difficult to predict the exact 

spectrum of damage induced by any given electrophile in vivo because of the 

complex interactions between the double helix and the chemical and higher 

order structures such as histones [37]. Modification of DNA by an electrophilic 

carcinogen can result in a number of consequences; these events maybe 

dependent on adduct structure, at what stage of the cell cycle the damage is 

induced, where the adduct is formed (sequence context) and the type of repair 

process involved in responding to the damage [116]. DNA adduct formation 

can induce a variety of effects influencing the cell cycle and DNA integrity, 

namely i) blockage or impediment of DNA replication, leading to arrested cell 

division or chromosomal aberrations, ii) hydrolysis, leading to abasic sites 

which may cause mutations and iii) misincorporation of bases during 

replication, leading to mutations [37]. Genotoxic carcinogens can be 

categorised according to structure and include alkylating agents, aralkylating 

agents, and arylamines [72,117].

Alkylating agents

Humans are exposed to alkylating compounds produced both endogenously 

and present in the environment, or diet [118]. Carcinogens that transfer alkyl 

residues to DNA include the nitrosamines, aliphatic epoxides, aflatoxins, 

lactones, nitrosoureas, mustards, haloalkanes, alkyl triazenes and sultones 

[117]. Sources of endogenous alkylation include nitrosating agents and 

lipoperoxidation [119]. However, the doses of exogenous alkylating agents,
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such as cytostatic drugs in cancer therapy, often far exceed those humans are 

exposed to from endogenous sources [120].

Although numerous potential sites for alkylation have been identified in all four 

bases, not all of them have equal reactivity and different types of agents have 

different preferential binding sites. The most common sites for alkylation are 

shown in Figure 1.5.
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Figure 1.5 Nucleophilic centres in DNA that are the most reactive to alkylating 

agents [37].

Although the reaction sites tend to be the same, the percentage of 

modification at each position depends on the specific alkylating agent. In 

general, it seems that alkylating agents that are not particularly ionic in nature 

(e.g. dimethyl-nitrosamine or methyl methane-sulphonate) tend to react more 

extensively with the more-nucleophilic ring nitrogen atoms, whereas those that 

have greater ionic character (e.g. A/-ethyl-A/-nitrosourea) show greater 

preference for reaction at the oxygen atoms in DNA, such as the O6 position 

of guanine and the phosphodiester groups of the DNA backbone [121, 122],
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Mechanisms of alkylation are separated into two pathways, either Sn1 or Sn2, 

based on the kinetics of the alkylation reaction. Unimolecular nucleophilic 

substitution involves the formation of an intermediate carbonium ion, which 

then rapidly attacks DNA and other molecules (first-order kinetics). Therefore, 

the rate-limiting step in this type of reaction is formation of the carbonium ion. 

By contrast, Sn2 alkylating agents generate the reactive group upon direct 

contact with the DNA (second-order kinetics). Alkylating agents of the SN1 

type (e.g. A/-methyl-A/-nitrosourea, MNU) alkylate both oxygen and nitrogen 

atoms in nucleic acids, whereas SN2 reagents (e.g. methyl 

methanesulphonate, MMS) mainly alkylate nitrogen [123, 124]. Alkylating 

agents can be either monofunctional or bifunctional. The former have a single 

reactive group that interacts covalently with one of the nucleophilic centers in 

DNA. Bifunctional agents have two reactive groups so that each molecule is 

potentially able to react with two sites in DNA, within the same strand or 

across two complementary strands.

Examples of alkylating agents found in environmental sources include alkyl 

sulfonates, A/-nitroso compounds, triazenes and nitrogen mustards. A/-nitroso 

compounds, especially nitrosamines, formed in tobacco smoke may represent 

a major environmental source of exposure to alkylating agents for humans. 

After metabolic activation they give rise to alkylated DNA adducts, such as O6- 

meG and larger pyridyloxobutyl DNA adducts [125]. There is strong evidence 

that the specific nitrosamines found in tobacco are causative factors in human 

cancers of the lung, esophagus, pancreas and oral cavity [125].

Aralkylating agents are chemicals that transfer aralkyl groups to nucleotides, 

to form DNA adducts. Carcinogens of this category include the large group of
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polycyclic aromatic hydrocarbons (PAH), aflatoxins, alkenyl benzenes, 

pyrrolizidine alkaloids and those nitroaromatics that are activated through the 

dihydrodiol epoxide mechanism [117].

PAHs are products of incomplete pyrolysis of organic matter and are 

widespread in the environment [130]. It is believed that the largest 

concentrations of PAHs are inhaled by smokers [131, 132]. Therefore, 

smoking-related PAHs are strongly implicated as being responsible for the 

initiation and development of lung cancer. Activated diol epoxides of PAHs 

form bulky covalent DNA adducts, primarily at the exocyclic A/2 position of 

guanine residues and the A/6 position of adenines [130]. An ultimate 

metabolite of the well studied PAH benzo[a]pyrene, is benzopyrene 

diolepoxide (BPDE). A strong correlation has been found between preferential 

sites of BPDE adduct formation in the human p53 gene and lung cancer 

mutational hotspots, providing an etiological link between BPDE exposure and 

human lung cancer initiation [133].

The aflatoxins are naturally occurring mycotoxins found on foods such as corn 

and peanuts and they have been demonstrated to induce liver cancer in many 

experimental animal systems and also in humans based on experimental data 

and epidemiological studies in human populations [126, 127]. The four 

naturally occurring aflatoxins (B1, B2, G1 and G2) are highly substituted 

coumarins with a fused dihydrofuran configuration. Their carcinogenic potency 

decreases in the order B1>G1>B2>G2 [128]. Aflatoxins are known to be 

activated to their ultimate carcinogenic species by the cytochrome P450 

mono-oxygenase system and pathways of aflatoxin metabolism include 

epoxidation, which leads to covalent DNA binding. The activated metabolites
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preferentially bind to the N7 position of guanine, giving rise to the major 

aflatoxin-/V7-guanine adduct (AFB1-N7-gua). One possible pathway through 

which aflatoxin exerts its carcinogenicity and synergistic interaction with 

hepatitis B virus (HBV) infection in hepatocellular carcinoma (HCC) induction, 

is through its capacity to induce GC—>TA transversions as a predominant 

mutation. One of the most striking examples of a molecular fingerprint in the 

human p53 gene is a characteristic G—►T transversion at the third base of 

codon 249 which is observed in people with liver cancer from regions of high 

aflatoxin exposure [129].

Arylamines

The most heterogeneous groups of carcinogens are those that transfer an 

arylamine residue to DNA. This group includes the aromatic amines and 

amides, the aminoazo dyes, the nitroaromatics and the heterocyclic aromatic 

amines. Arylamines are widely used as dye intermediates, especially for azo 

dyes, pigments and optical brighteners, as intermediates for photographic 

chemicals, pharmaceuticals and agricultural chemicals, in polyurethanes, and 

as antioxidants in polymers [134]. Several arylamines are mutagenic and 

carcinogenic [135]. In humans, benzidine, 2-naphthylamine and 4-ABP have 

been classified by the IARC as group 1 human carcinogens [134]. It has been 

estimated that occupational exposures to aromatic amines explain up to 25 % 

of bladder cancers occurring in some regions of Western countries [136].

The metabolism of arylamines has been studied intensively and ring oxidation, 

A/-glucuronidation, A/-acetylation and A/-oxidation are the major metabolic 

pathways of arylamines in mammals [137]. DNA adducts of arylamines can be

formed through several metabolic intermediates, including N-
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hydroxyarylamines, A/-hydroxyarylamides, O-glucuronides and a variety of 

reactive arylamine esters such as A/-sulphonyloxy, A/-acetoxy and A/-polyoxy 

derivatives. The major adducts are typically formed through linkage of the 

chemicals N-atom to the C8 position and amino groups of guanine. These 

sites are usually unaffected by alkylating agents [117].

1.2.2.2. Ionising Radiation

The carcinogenic potential of ionising radiation was recognised soon after 

Roentgen’s discovery of X-rays in 1895 [138]. The principal sources of 

external background exposure are cosmic radiation and radionuclides 

naturally occurring on the planet.

Studies in several animal models [139], developed to investigate radiation- 

induced carcinogenesis, have shown radiation to be a “universal carcinogen” 

in that it will induce cancer in most tissues of most species at all ages, 

including the fetus. The types of cancer induced by radiation are of the same 

histological type as occur spontaneously, but their distribution may differ. 

Studies in in vitro cellular systems [140, 141] concluded that radiation is a 

relatively weak carcinogen and mutagen compared with certain chemical 

agents such as the PAHs.

Ionising radiation damages DNA through both direct and indirect effects. 

Direct damage results from the absorption of the radiation energy by DNA 

(which is considered to include the first layer of tightly bound water), leading to 

ionisation of bases and sugars [142]. It has been suggested that the direct 

action of ionising radiation may lead to the ejection of an electron from the 

unsaturated C5 or C6 position and that the resulting cation radical may
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further react with a hydroxyl ion [142]. Indirect effects occur when species 

formed by radiation in water or other surrounding molecules react with cellular 

DNA. The predominance of water in biological systems means ROS formed 

by irradiation of water are the major sources of indirect damage to DNA [142, 

143]. Thus, direct and indirect radiation effects may result in identical reactive 

intermediates that cause damage to DNA bases and strand breaks [72].

1.2.2.3. Ultraviolet Radiation

The ultraviolet portion of the solar spectrum is undoubtedly the major factor in 

the induction of skin cancer. This is well established for squamous and basal 

cell cancers together with malignant melanoma [144, 145]. The role of the sun 

in inducing these cancers was initially suggested by a number of clinical 

observations and has been subsequently confirmed by epidemiologic studies

[146]. In relation to DNA damage, ultraviolet light can damage DNA by both 

direct and indirect mechanisms.

DNA is the most prominent cellular chromophore for the absorption of UV-B

[147]. The absorption of energy causes excitation of a single electron to a 

higher, less stable, energy level. This reactive intermediate can then degrade 

or react with a variety of organic molecules in an oxygen-independent 

manner. This leads mostly to the formation of dimeric photoproducts at 

bipyrimidine sites in a strong sequence dependent manner. The most frequent 

lesions induced by UV-B and UV-C radiation are cis-syn cyclobutane 

pyrimidine dimers (CPDs) and pyrimidine-pyrimidone (6-4) photoproducts [(6- 

4) PPs]. Several minor photoproducts, such as the pyrimidine hydrates and 

thymine glycols are also formed [72]. Furthermore, UV-B can cause limited
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numbers of strand breaks and single base deletions have also been detected

[148]. Evidence also exists for the induction of 8-OHdG following UV-B 

exposure [149].

DNA is only a weak chromophore in the UV-A region. Instead, other organic 

molecules, referred to as photosensitizers, absorb photons of UV-A energy 

and may subsequently transfer this energy indirectly to DNA via reactive 

oxygen intermediates or radicals [148].

1.3 DNA REPAIR AND REPLICATION IN CANCER

Evolution has created a variety of sophisticated DNA repair systems to deal 

with most of the insults within the cell’s vital genetic information. However, if 

these repair processes are saturated or defective, persistent lesions may 

interfere with DNA replication and eventually give rise to mutations [150]. 

Defective DNA repair generally causes cancer, developmental abnormalities 

and early aging [72]. At least three main partly overlapping damage repair 

pathways operate in mammals: direct damage reversal, excision repair 

systems and DNA double strand break (DSB) repair. Moreover, an additional 

replicational pathway, known as damage tolerance or postreplication repair, 

has been recently discovered [151].

1.3.1 Direct Damage Reversal

The direct reversal of DNA damage is by far the simplest repair mechanism 

described to date and consists of polypeptide chains, with enzymatic 

properties, binding to the damaged base and restoring the DNA genome to its 

normal state in a single-reaction step [152]. The major polypeptides involved
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in this pathway are: i) DNA photolyase, which is the enzyme responsible for 

removing cyclobutane dimers from DNA in a light-dependent process termed 

photoreactivation [153] ii) DNA-alkyltransferases, which catalyse the efficient 

transfer of alkyl groups, ranging in size from methyl to benzyl groups, from the 

O6 of guanine to the enzyme’s active-site cysteine residue [154] , and iii) the 

ABH2 and ABH3 dioxygenases which catalyse the oxidation and release of 

the methyl group from 1-methyladenine and 3-methylcytosine [155]. Placental 

mammals (including humans), however, lack the proteins that catalyse 

photoreversal and, thus, can repair only alkylation damage [155]. DNA 

photolyases have been purified and characterised from a number of other 

organisms, including Eco//, the yeast S.cerevisiae and the fruit fly Drosophila 

melanogaster [156].

1.3.2 Double Strand Break (DSB) Repair

DSBs arise from ionizing radiation or X-rays, free radicals, chemicals and 

during replication of single strand breaks. These potentially cytotoxic lesions 

are repaired by the DSB repair system, which consists of the homologous 

recombination and the non homologous end joining (NHEJ) repair modes.

During DSB repair via homologous recombination, missing DNA is restored 

using the intact homologous sequence provided by the sister chromatid. This 

pathway requires that the cell be diploid for the region that requires repair. In 

vertebrate organisms, this pathway is restricted to the late S and G2 phases 

of the cell cycle [157]. As the name implies, NHEJ is a process of direct DNA 

end-to-end fusion that does not require strand exchanges or the availability of 

homologous DNA [158, 159]. In vertebrate organisms, this pathway is active
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throughout the cell cycle [157], therefore, NHEJ is thought to repair the 

majority of DSBs.

1.3.3 Excision Repair Pathways

Most base modifications in the cellular genome are repaired by the excision 

repair pathways: base excision repair (BER), nucleotide excision repair (NER) 

and mismatch repair (MMR). These pathways all involve recognition of DNA 

damage, removal of a single-stranded section of DNA that contains the 

damage, repair replication across the gap and restoration of DNA continuity 

by ligation of the repaired strand [155]. The only substantial difference 

between the three excision repair pathways is that MMR uses exonucleases 

to excise a long (up to a 1,000 bp [160]), single-stranded region containing the 

damage, starting from one incision in the damaged strand. By contrast, BER 

and NER use endonucleases to incise the strand very near to, or at the site of 

abasic sites or damage for excision of the damaged fragment [155].

The MMR pathway corrects mismatches in DNA that arise primarily from 

replicative errors and recombination between heterologous regions of DNA 

[161, 162]. Approximately 15% of colorectal cancers develop through 

mechanisms whereby this form of DNA maintenance is lost, leading to 100- 

1,000-fold increases in error rates during replication [163].

The high prevalence of endogenous DNA damage corresponds with highly 

efficient repair of such damage, necessary for cell survival [164, 165]. BER is 

initiated by a class of DNA repair enzymes known as DNA glycosylases [166]. 

These enzymes recognise only a particular type of base damage, a particular

inappropriate base, or a particular mispairing. However, some of these
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enzymes recognise more than one type of damage base. DNA glycosylases 

are either monofunctional or bifunctional. Monofunctional glycosylases 

remove the mispaired base only, leaving an intact apurinic, apyrimidinic or 

abasic (AP) site. Bifunctional glycosylases, in addition to the glycosylase 

activity have a lyase acivity that cleaves DNA 3' of the abasic site. AP sites 

can also result from depurination or depyrimidination of DNA following 

spontaneous hydrolysis of N-glycosyl bonds. The repair of AP sites requires 

further enzymatic processing and is initiated by a second class of BER 

enzymes called AP endonucleases, which specifically recognise these sites in 

duplex DNA. AP endonucleases produce incisions or nicks in duplex DNA by 

hydrolysis of the phosphodiester bond immediately 5' to the AP site. 

Hydrolytic cleavage of the phosphodiester bond generates a 5' terminal 

deoxyribose-phosphate residue that is removed by yet another class of 

enzymes, including exonucleases as well as enzymes with 

deoxyribophosphodiesterase (dRPase) activity. The sequential action of these 

three classes of enzymes results in the generation of single nucleotide gap in 

the DNA during BER. The missing nucleotides are replaced by DNA synthesis 

and covalently joined to the parental DNA by DNA ligation.

NER consists of a ubiquitous “cut and patch” mechanism, in which the 

damage is excised as part of a short oligonucleotide. This is in contrast to 

BER, in which the chemically modified moiety is excised in base form. The 

NER is responsible for removal of large helix-distorting DNA adducts induced 

by UV light and bulky electrophilic chemicals in mammalian cells. This is 

highlighted by the fact that patients with the rare disease xeroderma 

pigmentosum (XP), who are defective in NER and have a compromised ability
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to repair UV induced damage, have a 2000-fold increased incidence of 

sunlight-induced skin cancer [167].

1.3.4 Damage Tolerance

Despite the robust excision repair systems that remove DNA lesions before 

replication, cells also possess efficient strategies for tolerating lesions 

persisting at the replication fork during DNA synthesis. A group of 

mechanistically different processes, which are collectively referred to as 

damage tolerance strategies, can counteract this situation and facilitate 

replication on damaged templates. Two basic strategies of damage tolerance 

can be distinguished: i) damage avoidance (DA) or gap-filling homologous 

recombination repair (GFRR) and ii) translesion synthesis (TLS).

In DA the replication machinery avoids directly copying the damaged 

template. Two models for damage avoidance have been proposed (Figure 

1.6).
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Figure 1.6 Damage tolerance strategies. Proposed DA mechanisms comprise 

(a) recombinational repair and (b) DNA polymerase strand-switching and (c) 

translesion synthesis [168].

The first is recombinational repair, in which a gap in the newly synthesized 

daughter strand created by dissociation of the replicating polymerase is 

repaired by a recombination mechanism involving the sister chromatid [168], 

In the second model, DNA polymerase template switching, the DNA 

polymerase switches temporarily from the damaged parental template to the 

undamaged newly synthesized strand of the sister chromatid before returning 

to the parental template downstream of the lesion [169]. Both DA models are 

essentially error-free. Although our knowledge about the specific molecular 

mechanisms underlying these processes is elementary, sufficient evidence 

exists to suggest that DA is the major damage tolerance strategy in E. coli and 

S. cerevisiae [170].
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TLS is a process during which the replication machinery reads through the 

lesion with an associated risk of fixing a mutation [171]. The fundamental 

mechanism of TLS has been determined primarily by examining the capacity 

of purified polymerases to carry out TLS on a variety of DNA lesions in vitro. 

The mechanism involves several DNA polymerase transactions, the 

replicative DNA polymerase being transiently replaced in the vicinity of the 

lesion by one (or several) specialized polymerases, before resuming high 

fidelity replication (DNA polymerase switch model). These specialized DNA 

polymerases were recently discovered and are variously referred to as TLS, 

error-prone or Y-family polymerases. To date, 16 different DNA polymerases 

have been identified in eukaryotes, of which 12 appear to have specialized 

functions in DNA repair or chromosome stability [172]. The four founding 

members of the Y-superfamily of DNA polymerases are pol r\, pol i, pol k  and 

pol Rev1 [173], even though Y family translesion polymerases are 

continuously being identified. Structurally, Y family polymerases have a much 

more open catalytic site that can accommodate damaged bases and/or 

tolerate mispairing of the incoming nucleotide [173]. However, the same 

properties that allow lesion bypass can also result in reduced stringency. As a 

result some of these polymerases have a much lower fidelity on undamaged 

templates [173]. In fact, when copying undamaged DNA they manifest error 

rates two to four orders of magnitude greater than those of replicative 

polymerases [174]. As the inserted base might be incorrect, TLS is a 

potentially mutagenic event. In fact, TLS is responsible for most mutations 

caused by DNA damaging agents, such as sunlight and a variety of chemical 

carcinogens [175, 176]. TLS therefore permits the cell to “tolerate” the 

presence of DNA damage as a means of avoiding potentially fatal replicative
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risk, at the expense of replicational accuracy. Tolerance of DNA damage via 

TLS may be responsible for a significant fraction of damage-induced 

mutations linked to cancer and other genetic diseases [177].

1.4 MUTAGENESIS

Understanding the origin of mutations is central to understanding the aetiology 

of cancer. Not only is mutation linked to cancer and birth defects, but is also 

implicated in a number of other human diseases ranging from atherosclerosis 

to diabetes [88]. Therefore, DNA mutations are directly implicated in human 

health. The process by which mutations are generated is referred to as 

mutagenesis. It is important to note that damage to DNA itself is not a 

mutagenic event. DNA replication and subsequent cell division is necessary to 

convert chemical damage to an inheritable change in DNA that we call a 

mutation. Thus, proliferation is a vital factor in the formation of mutations and 

in the expansion of clones of cells bearing these mutations [178].

1.4.1 Mutational spectra

In general, a mutation spectrum is a distribution of mutation frequencies along 

nucleotide sequences and is compiled by the analysis of a large number of 

mutant target sequences [179]. Mutations in target sequences are revealed by 

specific experimental test-systems or, in cases of disease causing genes, by 

clinical studies. A mutation spectrum can include substitutions, deletions, 

insertions, inversions, transpositions, or other complex mutations. Mutation 

frequencies vary along a nucleotide sequence and positions with an 

exceptionally high mutation frequency are termed mutational “hotspots” [180-
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182]. A mutation hotspot should be assignable as a hotspot with > 0.95 

probability [179]. Mutational hotspots can provide molecular evidence of the 

importance of a specific environmental carcinogen in the development of a 

particular tumour. For example, there is a strong correlation between 

mutational hotspots in the p53 gene of lung tumours from smokers and 

preferential sites of adduct formation by PAHs found in tobacco smoke [183]. 

Thus, the mutational spectrum found in certain genes may, in some instances, 

serve as a fingerprint of the causative agent [184]. The basis of the uneven 

mutation frequency across a gene lies in two categories of factors: structural 

(e.g. DNA sequence context effects and adduct structure) and biological (e.g. 

differences in DNA polymerases and cell type) [185].

1.4.2 Factors affecting the mutagenic potential of a 

genotoxic chemical

1.4.2.1 Effect of DNA sequence context

DNA sequence context can affect both base substitution and frameshift 

mutational pathways. Regarding base substitution mutagenesis, the most 

extensive studies have been carried out with a variety of adducts formed by 

polycyclic aromatic hydrocarbons [186-190]. Sequence context also affects 

the mutagenic specificity of the PhlP-C8-dG adduct and the mutation 

frequency (MF) of 0 6-meG [191]. There are several DNA context features 

that can influence DNA damage and repair such as homonucleotide runs, 

specific mutable motifs, potential zDNA, direct and inverted repeats and 

minisatellites [192, 193]. At this time it is not entirely clear as to how sequence 

in general can affect mutation frequency or over what distance sequence
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determinants might be active [194]. In most cases, only local nucleotide 

sequence context was studied. In many cases, mutational hotspots emerge 

due to neighbouring nucleotides [195, 196]. However, several studies indicate 

that nucleotides that are distal, as well as those that are proximal to the 

adduct, are capable of influencing both the mutation frequency and the 

distribution of base substitution mutations [194, 197-200]. The contribution of 

sequence context has been extensively studied in the case of frameshift 

mutagenesis. For example, it was shown that the C8-dG adduct of the bulky 

carcinogen 2-acetylaminofluorene (2AAF-C8-dG) induces predominantly -1 

frameshifts when located in dG runs, but -2 frameshifts when located at G2 in 

A/ad-like sites (5'-A/aGiCG2cNb) [201-203]. Notably, MF can vary dramatically 

(by 30- to 50-fold) depending on the base at Nb, while Na has little influence 

[204].

1.4.2.2 Adduct structure

Different mutagens/carcinogens induce different patterns of mutations, 

implying that the structure of different adducts must result in the induction of 

different mutations. This conclusion was substantiated by the finding that 

relatively subtle changes in adduct structure can lead to significant changes in 

the patterns of mutagenesis. Perhaps the first evidence for this phenomenon 

was obtained by comparing the mutagenesis of 2-aminofluorene (2AF) and 2- 

acetylaminofluorene (2AAF) [205, 206]. While 2AF induces predominantly 

base substitution mutations, the presence of the acetyl group results in 2AAF 

principally inducing frameshift mutations. It is clear that this difference is due 

to mutational differences caused by the dominant adducts, 2AF-C8-dG and 

2AAF-C8-dG [202, 207]. This difference is likely to be due to the bulky acetyl
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group in 2AAF-C8-dG causing steric interference with the sugar attached to 

the modified base, thereby leading to a greater tendency to adopt the syn 

conformation compared to 2AF-C8-dG [208]. Other examples involve 

situations where an adduct can exist in different stereochemistries, changes of 

which can affect the pattern of mutagenesis [186, 187, 209].

1.4.2.3 Biological factors

The complex nature of adduct mutagenesis can be further influenced by 

biological factors. For example, different DNA polymerases can process 

adducts differently, as was demonstrated in a number of in vitro studies [68, 

210-212]. The situation seems to be even more complex in vivo, as the 

discovery of TLS polymerases implied that there is significant potential for 

complexity in how a cell might cope with the bypass of DNA damage [213]. 

Furthermore, the SOS damage response in E.coli is generally believed to 

enhance survival from DNA damage, although with increased mutagenesis 

[156]. Another important factor could be the rate of DNA repair. DNA repair 

rates vary for transcribed and non-transcribed strands of the same gene [214- 

217]. Finally, it is likely that other high-level features of gene and chromatin 

structure also have influence on the mutagenic processing and repair of DNA 

adducts [192].

1.4.2.4 Mechanisms of mutagenesis

A good mechanistic model for frameshift hotspots is the “Streisinger slippage 

model” which is thought to involve a conformational change to a Streisinger 

slippage intermediate, whereby the dC incorporated opposite the adduct pairs

with a downstream dG moiety in the template, followed by additional DNA

38



Chapter 1 Introduction

synthesis. The notion that frameshift mutagenesis involves a slipped 

intermediate is also supported by physical studies (thermal stability 

measurements, chemical probes and by NMR) [218, 219] and predictions can 

be made with some confidence as to where mutations might occur. However, 

in the case of base substitution hotspots, it is difficult to predict their location in 

a gene for a given mutagen, as little is known about the mechanisms by which 

mutagens induce base substitution mutations [220].

Possible mechanisms of substitution mutagenesis include mis-informational 

mechanisms, such as pathways whereby the carcinogen moiety of an adduct 

might cause the base to tautomerize, ionize, rotate or wobble, as well as non- 

informational mechanisms [221]. A lesion is classified as “non-informational” 

if it cannot base pair via hydrogen bonding [185]. Some adducts principally 

induce a single kind of mutation, while others can induce many different types 

of mutations [185]. Although the mechanism by which an adduct can induce 

different kinds of mutations is still a matter of debate, it is possible that a 

single DNA adduct may adopt several different conformations in DNA and 

each may potentially induce a different type of mutation [185]. Physical 

studies, using techniques such as 3D-NMR of carcinogen DNA adducts have 

yielded considerable information about the structures and conformations 

adopted in DNA. These studies, however, provide limited insight into what is 

actually occurring mechanistically during mutagenesis [185].

1.4.3 Experimental Mutagenesis Systems

In environmental toxicology, mutagenesis assay systems have been 

developed to measure potency (the strength of the mutagen) and mutagenic
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specificity (the types of mutations caused by the mutagen). In addition, 

systems have been developed for the investigation of mutational mechanisms. 

The mutagenic and carcinogenic potential of many chemicals can be 

confirmed by animal bioassays and by any number of in vitro assays of 

mutagenic activity (e.g. the Ames assay). Predictions of the carcinogenic 

potential of a much larger number of environmental agents for which 

epidemiological data are lacking have been made by extrapolation from 

animal bioassays and mutagenesis data [222]. Nevertheless, despite the 

availability of large amounts of such data, it is usually not possible to identify 

the specific environmental exposures responsible for the majority of human 

cancers. This is partly because of the small number of confirmed human 

carcinogens and partly due to the large variety and mixtures of agents to 

which individuals are exposed. In order to provide the missing link between 

exposure and cancer, investigators have sought to identify specific signatures 

of environmental agents that can be identified in the exposed population. One 

potential signature is the mutational specificity of genotoxins.

The majority of assay systems employ marker genes, the mutagenesis of

which can be scored by gain or loss of function. Analysis of genes, such as

p53, in the tumour itself cannot alone provide much information about the

carcinogenic exposure because mutations in the tumour are selected and

clonally expanded during tumour development. Also, tumour cells appear to

exhibit elevated levels of spontaneous mutagenesis. For application in human

populations, ideally a mutagenesis target should be small, easily accessible,

easily selected and easily sequenced. Phenotypic selection restricts the

mutation spectrum to detectable nucleotides in which a mutation leads to

phenotypic changes. Forward mutagenesis assays can detect various
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changes that lead to an observable loss of activity of a gene product. Base 

substitutions, frameshifts, deletions and insertions can be monitored at many 

sites, permitting the role of DNA sequence context on the mutagenic outcome 

to be ascertained. In contrast, in reverse mutation assays, an activity that has 

been lost due to a mutant allele is regained, either by back mutation to the 

original wild-type sequence or by other mutations that restore the selected 

phenotype (pseudo wild-type). Generally, forward assays can score a wider 

variety of mutations than reverse assays.

A widely used reversion system is the Ames Salmonella test. This system is 

based on the reversion of histidine auxotrophs of Salmonella typhimurium. 

Several different S. typhimurium strains, together with the agent to be tested, 

are plated on minimum medium plates containing a limited amount of 

histidine. This amount of histidine allows the bacteria to undergo several 

generations of growth so that DNA lesions can be processed into mutations 

and the mutant phenotype can be expressed. After the histidine has been 

exhausted, His+ revertants grow as distinct colonies, each one representing 

an independent mutational event [37], while non-mutated bacteria do not grow 

in the absence of histidine. The Ames test is a very effective tool for 

determining the relative mutagenicity of compounds and has a range of 5 

orders of magnitude. Despite the power of this system and the ease of use, 

the Ames test and similar reversion assay systems cannot be used to develop 

mutation spectra for compounds of interest.

To determine the nature of mutational changes caused by a particular 

mutagen and also the site specificity of those changes, a large and unbiased 

collection of mutations is required. In general, the number of mutational
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events that can cause a given mutant allele to revert is quite limited, so that all 

reversion systems are biased for the detection of a few specific events at a 

few specific sites. In principle, a much more unbiased collection of mutants 

can be obtained by using a forward mutation system [37]. A forward mutation 

spectrum in a reasonably large RNA or protein-coding gene usually 

possesses many (more than 50) detectable sites [223]. Examples of reporter 

genes that have been used as targets in forward mutational systems are 

shown in Table 1.2.

Gene Function encoded
lacl+ Repressor of lac operon
lacZ+ (3-Galactosidase
lacZ' a-Complementing fragment of (3-Galactosidase
Acl+ A repressor
galK+ Galactose kinase
supF Tyrosine suppressor tRNA
tet+ Tetracycline resistance
HPRT Hypoxanthine-guanine phosphoribosyltransferase
APRT Adenine phosphoribosyltransferase
9Pt+ Guanine-hypoxanthine phosphoribosyltransferase
HSVatk+ HSV thymidine kinase

Table 1.2 Examples of genes used as targets in forward mutational systems 

[37].

Reporter genes have been utilised for the study of mutagenesis in three main 

approaches; (i) as endogenous genes, (ii) in vector-based systems and (iii) in 

transgenic animals.

The most widely employed systems for studying mutational specificity in 

human cells are the hypoxanthine phosphoribosyl transferase (HPRT) system 

[224] and the supF [225] system. In the HPRT assay, this endogenous human 

gene is used as the mutagenesis target and mutations can be analysed either
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in lymphoblasts from exposed individuals or in culture cells treated with the 

agent of interest.

1.4.3.1 Endogenous Genes

Naturally occurring chromosomal reporter genes have many advantages for 

mutagenesis studies. They have a native chromatin structure and are present 

in all cell types. Forward mutation assays have been developed in which the 

loss of activity of the target gene by mutation confers a selective growth 

advantage on the cell in the presence of an appropriate drug. There is a 

requirement for the gene to be haploid, and this is realised by using X 

chromosome-linked genes such as HPRT or cells hemizygous for the marker 

gene such as APRT or DHFR. The HPRT gene has been the most actively 

studied locus in investigations of mutational agents. It controls the enzyme 

hypoxanthine-guanine phosphoribosyltransferase that plays a role in the 

purine salvage pathway. This enzyme also phosphoribosylates purine 

analogues such as 6-thioguanine (6-TG), 6-mercaptopurine and 8-azaguanine 

(8-AG) - a necessary step for their cytotoxicity [226]. Resistance to these 

analogues provides a highly efficient selective system for HPRT mutant cells, 

allowing them to grow while wild-type cells are killed [227].

There are two principal limitations associated with the use of endogenous 

markers. Induction of mutations with mutagens necessarily involves treatment 

of cells as well, with the triggering of an associated stress response [228]. 

Therefore, all mutagenesis occurs in the context of a cell responding to stress 

and that can influence the mutagenic outcome [229, 230]. Another limitation of 

the system is in the large size of the target gene; the gene in genomic DNA is
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approximately 44kb in length [231] and the coding region is 654bp [232]. A 

large group of mutants would have to be screened to allow meaningful 

analysis and generation of mutation spectra. Data from experiments with the 

HPRT locus have been reviewed by Cariello and Skopek [233].

1.4.3.2 Shuttle vectors

Until the 1980s mutational analysis systems were used to analyse 

mutagenesis in prokaryotes and lower eukaryotes but then it became feasible 

to develop systems that would allow mutagenesis studies in mammalian cells. 

These systems, known as shuttle vectors, consist of a target gene that is used 

to monitor mutagenesis and additional sequences that permit replication and 

selection in either mammalian cells or bacteria. There are three categories of 

vector-based reporter systems for mutation detection and analysis. They are 

distinguished by the extra- or intrachromosomal location of the reporter gene 

and by the technology used to identify and recover mutations.

1.4.3.2.1 Extrachromosomal Transient Vectors

Transient extrachromomal vectors replicate to high copy number (104 to 105 

copies per cell) in host cells over a few days’ period. DNA is recovered from 

the mammalian cells and then shuttled back into the appropriate indicator 

bacteria. The sequences permitting replication in mammalian cells are usually 

derived from viruses, such as SV40 and polyoma, while the sequences 

permitting replication in bacterial cells are usually derived from a plasmid. The 

lad and supF genes were the first reporter genes to be used extensively [225, 

234], with the latter gene currently in widespread use. One of the advantages

of these vectors is that plasmid can be treated with mutagen under controlled
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conditions in vitro prior to transfection into mammalian cells. Transient shuttle 

vectors are also useful for examining mutagenesis in various mammalian cell 

lines with repair deficiencies [235-237]. However, they also introduce the 

possibility that replication of the extrachromosomal DNA differs in some 

respect from that of genomic DNA and that this will influence the nature of the 

mutagenesis that occurs [37].

1.4.3.2.2 Extrachromosomal Stable Episomal Vectors

These vectors are maintained as stable episomes in cells in culture; i.e., the 

vector replicates autonomously rather than becoming integrated into the cell’s 

genome. Those in current use rely on information from Epstein-Barr virus and 

bovine papillomavirus replication systems. These vectors are present in 

approximately 10 to 100 copies per cell nucleus and replicate synchronously 

with the host cell. The first of these vectors carried thymidine kinase as a 

marker gene [238], while a separate group constructed a similar version with 

the lacl gene as a marker [239]. Generally, cells carrying the vector are 

treated with a mutagen of choice and several alkylators, such as A/-methyl-A/- 

nitrosourea and A/-ethyl-A/-nitrosourea have been tested [240, 241]. A severe 

limitation of episomal vectors is their limited sensitivity because of the low 

copy number of plasmid DNA in mammalian cells.

1.4.3.3 Mutagenesis Reporters in Transgenic Animals

Transgenic mouse mutation assays afford the opportunity to evaluate 

mutation frequency and specificity in individual tissues of the whole animal. 

The most widely used system is the Big Blue that utilises the bacteriophage

lambda-based lacl gene and was developed by Stratagene [242]. Mutational
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data has been generated for a variety of mutagens in different tissues and 

different routes of administration. A similar mouse system carrying the supF 

gene has also been developed [243]. The advantage of both systems is that 

mutational data generated by them can be compared directly with the large 

databases available from studies in E.coli or mammalian cells.

1.4.4 The supF assay

In the supF forward mutation assay, developed by Seidman and co-workers 

[244], the supF target gene is located in a shuttle vector plasmid that can 

replicate in both mammalian and E.coli cells. One of the advantages of these 

vectors is that the plasmid can be treated under control conditions in vitro prior 

to transfection into mammalian cells. It is worth mentioning that the vector is 

preferentially treated with an active form of the chemical in vitro, so there must 

be an appropriate reactive metabolite available. The supF system has been 

used to analyse the mutational specificity of over 40 different agents [245], 

including UV, BPDE, and aflatoxin. In each case the mutational specificity is 

presented as a “mutation spectrum”, that is the position and type of mutation 

in the supF gene sequence in each of a collection of independent mutants. In 

some cases, the mutation spectrum has been compared to the distribution of 

initial damage in the supF gene [246]. In other cases, the spectrum for the 

same agent has been compared in the presence or absence of specific DNA 

repair pathways [247-249].
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Figure 1.7 Hypothetical secondary structure of a single-stranded DNA 

containing the supF tRNA gene sequence and showing the location of 

mutations that inactivate supF function. (Adapted from Kraemer and Seidman

The supF gene encodes an amber suppressor tRNA (Figure 1.7). The 

presence of the stop codon within a coding sequence will lead to the 

production of a truncated, inactive protein. Active supF allows for the 

incorporation of tyrosine at the amber chain termination codons (UAG). 

Hence, the supF tRNA can suppress an amber mutation and allow production 

of a full length, active protein. After the plasmid is replicated in mammalian 

cells and recovered, the most common method for identifying supF mutants 

involves introduction of the shuttle vector into a bacterial indicator strain of 

E.coli (MBM7070) carrying an amber mutation in the lacZ gene, which 

encodes for (3-galactosidase (the enzyme responsible for cleaving the 

disaccharide lactose to glucose and galactose) [250]. Therefore, this strain of 

E.coli cannot convert lactose to glucose and galactose. When the transformed 

bacteria are grown on plates containing the lactose analogue X-gal, the 

presence of plasmid with non-mutated, functional supF allows read-through of

[244])
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the stop codon, resulting in blue colonies due to cleavage of the X-gal, 

whereas colonies with inactivated or partially active supF are white or light 

blue. When mutated supF gene DNA is sequenced from a number of white 

colonies, a spectrum of mutations can be obtained, which shows the types of 

mutations induced by the mutagenic agent, and the distribution of these 

mutations in the supF gene (Figure 1.8).
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Figure 1.8 Outline of the supF assay method.

One of the advantages of the supF reporter gene is its extreme sensitivity to 

mutagenic inactivation. Because tRNAs require a precise structure to be 

functional, tRNA genes are very sensitive to the substitution mutations, much 

more so than protein coding genes. In the latter, sequence changes that do 

not change the amino acid sequence, or those amino acid substitutions that 

do not affect the function of the protein, will not be scored. In the supF gene
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all six possible base substitutions, insertions and deletions can be detected 

[244]. Small insertions or deletions have also been found that inactivate supF 

function. The tRNA sequence itself or its promoter can be mutated. Therefore, 

the selection bias associated with protein coding mutagenesis marker genes 

is largely avoided. Besides providing a reliable target for studying the 

mutational specificity of a compound, the supF assay can give an indication of 

relative mutagenicity of different chemicals, by enabling comparisons of 

mutation frequencies.

1.5 AIM OF Ph.D. PROJECT

The primary aim of the work described in this thesis was to employ the supF 

assay to advance understanding of adduct-induced mutagenesis. The original 

supF methodology would be used to investigate the mutagenicity of two model 

reactive metabolites of tamoxifen, a-acetoxytamoxifen and 4- 

hydroxytamoxifen quinone methide (4-OHtamQM). In addition to the 

traditional application of the supF assay, a major goal was to develop and 

validate a site-specific version of the assay for determining the mutagenic 

potential of individual DNA adducts, in different sequence contexts within a 

double stranded plasmid, in both E.coli and human cells. The assay should be 

novel in that it should permit positioning of the DNA adducts anywhere on the 

supF gene, including studies of multiple lesions, and allow easy identification 

of the types of mutations induced by these adducts. The assay should also 

provide an indication of the relative mutagenicity for a given DNA adduct. The 

assay was validated using 0 6-MeG as an easily obtainable model DNA 

adduct. However, the methods can be adapted to the study of any stable 

adduct that can be synthesized and incorporated into the plasmid.
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2.1 INTRODUCTION

Tamoxifen supF

2.1.1 Tamoxifen and breast cancer

Breast cancer (BC) is the most common form of malignancy in women 

throughout the world. In 2005, breast cancer caused 502,000 deaths (7% of 

cancer deaths; almost 1% of all deaths) worldwide [251]. Each year almost 

44,100 cases of breast cancer are diagnosed in the UK, of which 99.2% are 

female cases and around 0.8% are male. Breast cancer causes more than 

12,500 deaths each year in the UK [252]. If current BC rates stay constant, a 

female born today has 1 in 8  chance of developing BC sometime during her 

life. Despite the increase in its incidence, mortality related to BC is decreasing 

in many western countries. Data from the USA and UK show that between 

1987 and 1997 there was a substantial reduction in breast cancer mortality, 

both in middle age (approximately 25%) and to a lesser extent in old age

[253].This is primarily due to increased awareness and x-ray mammography 

screening, as well as multidisciplinary treatment. However, more than 60% of 

BC patients will ultimately die from distant disease recurrence. The mainstay 

of BC treatment is surgery when the tumour is localized, with possible 

adjuvant hormonal therapy, chemotherapy and/or radiotherapy. More recently 

small molecules and monoclonal antibodies that target growth factor receptors 

and their downstream signaling pathways have entered in clinical trials, with 

the aim to minimize toxicity related side-effects. Patients with oestrogen 

receptor positive tumors (approximately 60-65% of primary breast cancers

[254]) will typically receive hormonal therapy after chemotherapy is completed 

to deprive cancer cells of oestrogen that causes cell proliferation. Typical
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hormonal treatments include selective oestrogen receptor modulators 

(SERMs) (such as tamoxifen and raloxifene), aromatase inhibitors (e.g. 

Arimidex) and pituitary downregulators (e.g. Zoladex).

Tamoxifen [trans- (Z)-1-[4-[2-(dimethylamino) ethoxy] phenyl]-1,2-diphenyl-1- 

butene] (ICI 46 474) is a non-steroidal SERM that has become the treatment 

of choice for women diagnosed with all stages of hormone-responsive breast 

cancer (both oestrogen receptor (ER) and/or progesterone receptor positive)

[255]. It is also the most widely prescribed cancer chemotherapeutic in the 

world [256]. Since its introduction in 1971 it has been used successfully to 

treat many millions of women [257]. Treatment results in an extension of 

disease-free survival [258] and a decrease in recurrence rates of breast 

cancer by 47% [257]. It was also found to have a chemopreventative role in 

women at high risk of developing BC, as a 49% decrease in the incidence of 

invasive breast cancer was observed in the tamoxifen arm versus placebo in 

the NSABP P-1 prevention trial, sponsored by the National Cancer Institute 

(NCI) [259]. Based on these findings, tamoxifen was approved by the United 

States Food and Drug Administration (FDA) for use as a chemopreventative 

agent in women at high-risk for breast cancer.

Paradoxically, cancer chemotherapeutic agents themselves may be 

carcinogenic. Several epidemiological as well as randomized, prospective 

trials have established an increased risk of endometrial cancer in association 

with prolonged tamoxifen treatment, with relative risks ranging from 2.53 to

7.5 [259-264]. This led to the International Agency for Research on Cancer 

(IARC) classifying tamoxifen as a group 1 (human) carcinogen [265]. The
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underlying mechanism of carcinogenicity for tamoxifen remains elusive and 

many properties of the drug have been implicated, including its genotoxic, 

oestrogenic and epigenetic effects. Findings such as these raised concerns 

about the widespread preventative use of tamoxifen by healthy women. They 

have also led to significant debate over whether its carcinogenic effects are 

due to its oestrogenic activity through the ER and/or its genotoxic potential.

2.1.2 Metabolism of tamoxifen

For environmental carcinogens, the most difficult parameters to assess are 

exposure and internal dose. In contrast, these factors are usually well 

characterized for therapeutic agents. The metabolism and metabolic activation 

of tamoxifen has been widely studied and it is now well established that 

several Phase I and Phase II enzymes are involved in the process.

Phase I metabolism of tamoxifen has been demonstrated to occur at several 

positions on the molecule [266-268]. The principal sites of Phase I metabolism 

in vivo, are the nitrogen atom of the side chain (N-oxidation and 

demethylation) and the 4-position (hydroxylation). These pathways give rise to 

tamoxifen A/-oxide (TAM A/-oxide), A/-desmethyltamoxifen (A/-desmethylTAM) 

and 4-hydroxytamoxifen (4-OHTAM) metabolites. Another minor metabolic 

route includes the hydroxylation of the a-position of the ethyl side chain to 

form a-hydroxytamoxifen (a-OHTAM). Although a-OHTAM is a minor 

metabolite, accounting for - 0 .1 % of the administered tamoxifen dose in rats 

[269], it is believed to be responsible for the major tamoxifen DNA adduct 

seen in rats, mice and humans [270]. Notably, when a-OHTAM was 

administered to rats, it was found to bind to DNA at up to 50-fold higher levels
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than an equal concentration of tamoxifen [271]. Results from in vitro studies 

suggest that tamoxifen is initially activated to a-OHTAM by cytochrome P450 

3A4 in humans [267, 272], but the involvement of other isoforms has also 

been proposed [273, 274]. In addition, the ability of minor and/or extrahepatic 

P450s to catalyze tamoxifen a-hydroxylation remains to be assessed fully.

Phase II metabolic activation of a-OHTAM, with and without concomitant N- 

demethylation, is mediated by a sulphotransferase, specifically by an isoform 

of hydroxysteroid sulphotransferase (ST2A2 in rat [275], SULT2A1 in human 

[276]) to generate reactive esters. A subsequent loss of sulphate from these 

esters results in short-lived reactive carbocation intermediates which react 

preferentially with exocyclic amino groups of guanine and adenine [270, 277]. 

Moreover, activation of a-OHTAM metabolites by acetyltransferases has been 

proposed [272, 278], but not substantiated [279].

Using a-acetoxytamoxifen or the sulphate ester of a-OHTAM as model 

reactive metabolites, the major reaction products between activated a- 

OHTAM and dG residues in DNA in vitro are a-(deoxyguanosin-A/2-  

yl)tamoxifen (dG-A^-TAM) adducts in which the a-carbon of tamoxifen is 

covalently linked to the exocyclic amino group of dG [270, 277, 280] (Figure 

2.1). Since the carbocation arising from these esters readily undergoes 

rotation about the central bond, both cis and trans forms are produced and 

once formed they are stable and do not interconvert. Additionally, as the a- 

carbon of tamoxifen is chiral, each geometric isomer exists as two 

diastereoisomers (fr-1 & fr-2 for the trans isomer and fr-3 & fr-4 for the cis). 

These adducts have been shown to co-elute with the major adduct peaks
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formed in the livers of rats administered tamoxifen [277, 281]. A minor 

tamoxifen deoxyadenosine adduct has also been identified in which linkage is 

through the amino group [270].

It remains to be ascertained whether these metabolic pathways of bio

activation to a reactive electrophilic species are relevant to humans. 

Metabolism of tamoxifen in humans appears to be qualitatively similar to 

metabolism in rodents [282] and a-OHTAM is a detectable metabolite in the 

plasma of women on long-term tamoxifen therapy [283]. Although there have 

been some case reports of acute liver toxicity of tamoxifen [284], there have 

been no findings of increased liver cancer among tamoxifen-treated women 

[262, 285]. To explain this apparent resistance to the hepatocarcinogenic 

effects of tamoxifen in humans compared to rats, two main mechanisms have 

been proposed. First, there is evidence that a-OHTAM is a poorer substrate 

for sulphotransferase in humans than in rats [286]. Second, glucuronidation, 

which is likely to be a detoxification (inactivation) pathway, seems to 

predominate over sulphation in incubations of a-OHTAM with human liver 

microsomal fractions [287].
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Figure 2.1 Formation of tamoxifen-DNA adducts in rat liver via a- 

hydroxylation of tamoxifen metabolites. Adapted from [279]
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2.1.3 Carcinogenicity of tamoxifen in rodents

Tamoxifen induces hepatocellular carcinomas in rats [288-290] and numerous 

tamoxifen-DNA adducts have been detected in rat liver, formed in a dose- 

related manner [277, 291, 292]. The incidence of tumours in a lifetime 

exposure study [289] was similar in male and female rats and showed a dose- 

dependent increase over the range of 5-35 mg/kg/day. This is 10-50-fold 

higher than the dose used in humans (i.e., 0.8 mg/kg/day for a 50-kg woman). 

However, lifetime exposure is not necessary for the induction of liver tumours. 

Following exposure to dietary tamoxifen for only 3 months, after 

discontinuation of treatment, five out of 15 rats developed liver tumours after 

20 months without any subsequent promotion, whereas 12 of 14 animals had 

liver tumours when phenobarbitone was used as a promoter [293]. It is also 

established that tamoxifen is not able to act as tumour initiator if administered 

as a single dose [293], although it can promote liver cancer initiated by N- 

nitrosodiethylamine [294].

In contrast to rats, mouse hepatocarcinogenicity did not occur either in the 

presence or absence of phenobarbital promotion [295]. Instead, tumours of 

the testis are induced in males, and of the ovaries in females [296]. 

Furthermore, when tamoxifen is administered neonatally, tumours develop in 

the uterus [297]. Finally, when administered transplacentally to mice, 

tamoxifen causes a high incidence of hyperplasia in the reproductive tract, 

and a lower incidence of tumours in offspring [298].
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2.1.4 Carcinogenicity of tamoxifen in women receiving 

tamoxifen therapy

In recent years, results indicate not only an increased incidence of 

endometrial cancer in women taking tamoxifen but also increased mortality 

from the disease [299], implying that the tamoxifen-induced neoplasms are in 

some way pathologically different from spontaneous tumours, not associated 

with use of the drug. Other studies have raised the concern that tamoxifen- 

related endometrial cancers may behave more aggressively compared with 

those found in patients with unopposed estrogen [299-302] and that 

endometrial thickening is evident in a much larger percentage of women [303].

2.1.5 Genotoxicity of tamoxifen

dG-A^-TAM and a-(/V2-deoxyguanosinyl)-A/-desmethyltamoxifen (dG-A^-A/- 

desTAM) account for the major adducts in the liver of rats treated with 

tamoxifen [277, 291, 292, 304, 305] and have been detected in several 

tissues including the reproductive organs of monkeys treated with tamoxifen 

[306, 307]. Hepatic tamoxifen-DNA adduct levels were relatively low in 

tamoxifen-exposed mice compared to equivalently treated rats [295, 308]. In 

addition, a-fA/2- deoxyguanosinyl) tamoxifen A/-oxide (dG-A^-TAM A/-oxide) 

was detected as a minor adduct in the liver of mice treated with tamoxifen. 

The trans- and cis- forms of dG-A^-TAM A/-oxide accounted for 7.2% and 

0.7%, respectively, of the total tamoxifen DNA adducts observed [308]. 

Formation of these adducts may be due to high levels of N-oxidation by flavin- 

containing monooxygenase in the mouse liver [309]. Finally, a-(A/2-
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deoxyguanosinyl)-4-hydroxytamoxifen (dG-A/^-OHTAM) is formed when 4- 

OHTAM quinone methide (4-OHtamQM) [310], produced by oxidation or by 

horseradish peroxidase activation of 4-OHTAM in vitro, reacts with dG in vitro 

[311]. However, this adduct was not found in the liver of rats treated with 

tamoxifen, a-OHTAM, or 4-OHTAM [281, 312], although the 4-OHTAM adduct 

potentially coeluted with an adduct seen only at trace levels in the liver of a 

tamoxifen treated rat.

While the formation of tamoxifen-DNA adducts in rat liver is well established, 

evidence for the formation of tamoxifen adducts in extrahepatic tissues is 

more controversial. In two studies, a low level of adduct formation in the 

kidney was reported [291, 313], although other studies have produced mostly 

negative results [302, 314]. Several studies in which the rat uterus was 

investigated reported negative findings [291, 312-316], whereas one study 

has reported low levels [317]. In contrast, a more sensitive accelerator mass 

spectrometry study found [14C]-tamoxifen to be bound to DNA in liver, 

intestine, reproductive tract, spleen, lung and kidney of rats dosed orally with 

the compound [318].

The situation regarding tamoxifen-DNA adducts in humans is still 

controversial. Some research groups have detected tamoxifen-DNA adducts 

in endometrial tissues of breast cancer patients treated with tamoxifen, using 

32P-postlabeling analysis [319-321] and accelerator mass spectrometry [322] 

while other groups could not detect any adducts in endometrial tissues [323- 

325] and lymphocytes of tamoxifen-treated women [326, 327]. However, in a 

recent study [328], low level of tamoxifen-DNA adducts were detected in
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lymphocytes from a small proportion of breast cancer patients receiving 

tamoxifen. In vitro experiments have also provided conflicting evidence 

concerning the ability of human endometrial cells to metabolically activate 

tamoxifen to DNA binding products [323, 329-332].

2.1.6 Estrogenic effects of tamoxifen

It is not clearly understood how SERMs, such as tamoxifen and raloxifene, 

can be antioestrogenic in some cells and oestrogenic in others. Current 

evidence suggests that oestrogen (E2) antagonism in the breast results from 

the ability of tamoxifen to inhibit co-activator binding and promote co- 

repressor binding to the ligand-binding domain, thus converting the ER into an 

active repressor in this tissue [333]. To date, more than 20 regulatory proteins 

have been identified that bind to ERa and ERp and modulate their function, 

each acting either as a positive (co-activator) or negative transcriptional 

regulator (co-repressors) [334]. Recent studies [335] reported that in 

endometrial cells, tamoxifen increased the recruitment of the co-activator 

SRC-1 to the ERa target promoter, which enhanced its oestrogen-like actions 

in this tissue, while raloxifene, which lacks oestrogen agonist activity in the 

endometrium, had no effect. In recent years, alternative mechanisms of 

SERM action have been proposed. For example, it has been proposed that 

the SERM-receptor complex may activate transcription by tethering to 

promoters that do not contain the classical oestrogen response elements 

(EREs) through protein-protein interactions with other DNA-bound 

transcription factors [336, 337]. Another idea is that the ratio of ERa to ERp is 

important for expressing the oestrogen-like effects of antioestrogens.
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Interestingly, both tamoxifen and raloxifene function as pure antagonists when 

acting through ERp on genes containing EREs but can function as partial 

agonists when acting on them through ERa [338]. Finally, there is a growing 

body of evidence to suggest that steroid hormones can initiate signalling from 

the exterior of the cell. Nongenomic effects have been reported for many 

classes of steroids including oestrogens [339].

2.1.7 Epigenetic effects of tamoxifen

It has been recently demonstrated that genotoxic carcinogens, in addition to 

exerting genotoxic effects, often cause epigenetic alterations [340]. 

Furthermore, it is becoming increasingly evident that these induced epigenetic 

changes may play a role in carcinogenesis [340-344]. However, it has not yet 

been established whether epigenetic changes induced by carcinogens play a 

causative role in carcinogenesis or are merely a consequence of the 

transformed state [340, 345]. A recent study has presented evidence that 

tamoxifen can induce epigenetic alterations in the livers of rats exposed to 

tamoxifen-containing diet. The epigenetic alterations include a substantial 

decrease in cytosine DNA methylation, and a decreased histone H4 lysine 20 

trimethylation in liver tissue accompanied by altered activity and expression of 

maintenance and de novo DNA methyltransferases. These alterations were 

specific for liver tissue only and were unaffected in non-target tissues, such as 

pancreas, spleen and mammary glands.
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2.1.8 Mutagenicity of tamoxifen-DNA adducts

The mutagenic potential of dG-A^-TAM, one of the major tamoxifen DNA 

adducts formed in rat liver and detected in DNA from treated women, was 

established using site-specific mutagenesis in a single-strand vector 

propagated in simian kidney (COS-7) cells [346]. dG-A^-TAM adducts 

promoted primarily G-+T transversions, along with small numbers of G—>A 

transitions (Table 2 .1 ).

dG- Af-TAM

Mutation trans-1 trans-2 cis-1 cis-2

G —► T 1.1% 9.6% 10.9% 12.3%
G —> A 1.5 2.8 1.7 1.7
G —► C 0.7 0 0.8 0
Total 3.3 12.4 13.4 14

Table 2.1 Mutagenic Potential of single dG-A^-TAM adducts in mammalian 

cells. Adapted from [346].

The mutagenic specificities were similar to those observed in primer extension 

reactions catalyzed by mammalian DNA polymerases on dG-A^-TAM- 

modified DNA templates [347] and in the liver DNA of M ad  transgenic rats 

[348, 349]. In addition, adducts formed by a-acetoxytamoxifen (which yields 

the same dG-A^-TAM adducts formed in rats after treatment with tamoxifen) 

preferentially induced GC—>TA transversions in the pSP189 supF gene when 

replicated in human kidney cells [350] or GM00637 human fibroblasts [351]. 

Finally, the role of pol r| and pol k in the mutagenic processing of tamoxifen- 

DNA adducts has been recently investigated in an in vitro study [352]. With
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pol q, a small amount of direct dAMP incorporation was observed along with 

deletions, indicating that G—>T transversions and deletions were produced. 

Pol k promoted small amounts of dTMP incorporation, indicating that G—>A 

mutations occurred. These observations were also supported by steady-state 

kinetic studies.

Bulky DNA adducts, such as those formed by tamoxifen are typically removed 

by the NER system. Using reconstituted mammalian and human NER 

enzymes in vitro, it was shown that tamoxifen-DNA adducts are removed 

slowly from DNA [353]. The repair rate of hepatic tamoxifen-DNA adducts has 

been determined in rats using 32P-postlabeling/PAGE and 32P- 

postlabeling/HPLC analyses. The adduct half-life was approximately 25 days 

and among the four different diastereoisomers, the trans form (fr-1 ) was 

removed much more slowly than the other forms [354]. In addition, in a 

separate study [351], the mutation frequency resulting from replication of a- 

acetoxytamoxifen-induced damage in NER-deficient cells (XPA) was higher 

than that observed with NER-proficient cells, suggesting that NER plays a 

significant role in the removal of tamoxifen-DNA adducts.

2.1.9 The LwPy53 algorithm

Ideally, determining the association between a specific carcinogen and cancer 

type would involve knowing not just the types of mutation that would arise in a 

reporter gene but also the actual carcinogen-specific mutation spectrum in a 

biologically important gene such as p53. Such carcinogen-specific mutation 

distributions along a cancer gene in combination with knowledge of 

preferential adduct distribution and exposure would allow for greater certainty
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when predicting the cause of tumourigenesis. The LwPy53 algorithm [355] 

ultilizes mutation data at the level of the dinucleotide from the supF gene to 

predict chemically induced hot-spots along the human p53 gene. The 

algorithm incorporates additional fixed parameters to represent environmental 

factors that contribute to the overall shape of the mutation spectrum: absolute 

deviation from mean DNA curvature and nucleosome positioning. Both factors 

can be assumed to contribute to the regional accessibility of a mutagen to a 

DNA sequence and the rate of DNA repair of adducts. These factors are 

derived from information concerning predicted p53 chromatin structure [356] 

and deviation from the predicted average p53 DNA curvature.

The algorithm was recently used to predict the p53 benzo(a)pyrene 

diolepoxide (BPDE) mutation distribution based on supF mutation data, and 

the resulting spectrum was remarkably similar to the p53 mutation pattern 

observed in lung cancer of smokers [355]. The resulting predicted mutation 

distribution reveals strong mutation hotspots at codons 157, 248 and 273 that 

correlate with known BPDE adduct hotspots within p53 [357]. The predicted 

spectra were closer to the in vivo mutation spectra of smokers with lung 

cancer when supF data generated using CpG methylated pSP189 plasmid 

DNA was used compared to data obtained using unmethylated plasmid, which 

is employed in the conventional assay. This finding lends further support to 

the idea that methylated CpG sites are a preferential target for certain 

carcinogens [358].
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2.1.10 Aims

Tamoxifen supF

The aim of the work presented in this chapter is to investigate the 

mutagenicity of the tamoxifen-DNA adducts dG-A^-TAM and dG-ISp-A- 

OHTAM. These adducts were formed using the model reactive intermediates 

a-acetoxytamoxifen and 4-hydroxytamoxifen quinone methide (4-OHtamQM) 

(Figure 2.2). The supF assay was employed to ascertain the mutations 

caused by these adducts in human endometrial cells. In order to utilise the 

LwPy53 algorithm the plasmid was methylated in vitro at CpG sites prior to 

treatment with a-acetoxytamoxifen or 4-OHtamQM. Since the plasmid is 

treated in vitro, aliquots of the treated DNA can be analysed for adduct 

quantification in parallel to the mutation assay; A previously developed HPLC- 

32P-postlabelling method [281] was used for this purpose.

a-CÂ -deoxyguanosinyl )-tamoxifen

Deoxyguanosine

I

a-Acetoxytamoxifen

4-Hydroxytamoxifen quinone methide a-^-deoxyguanosinyl )-4-hydroxytamoxifen

Figure 2.2 Reaction of a-acetoxytamoxifen and 4-hydroxytamoxifen quinone 

methide with deoxyguanosine yields the major dG-A^-TAM and the minor dG- 

A/M-OHTAM adducts respectively. Adapted from [350].
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2.2 MATERIALS AND METHODS

Tamoxifen supF

Materials

All chemicals were from Sigma-Aldrich, Poole, Dorset, UK unless otherwise 

stated.

2.2.1 Human cell lines

Human endometrial adenocarcinoma (Ishikawa) cells (oestrogen receptor 

negative) were cultured from cells provided by Dr Ian White (University of 

Leicester). Ishikawa cells were derived from a well differentiated human 

endometrial adenocarcinoma from a 39 year old woman that lacked tamoxifen 

treatment [359, 360]. Ishikawa cells were grown in DMEM/F12, phenol red- 

free (Invitrogen, Carlsbad, CA, USA) medium supplemented with 10% fetal 

calf serum (Life Technologies Ltd, Paisley, UK) and 2mM GlutaMAX at 37°C 

in 5% CO2 in air.

2.2.2 Shuttle vector plasmid and bacterial strain

The plasmid pSP189 containing the supF gene and E.coli strain MBM7070 {F‘

, lacZamCA7020, lacyl, hsd R', ara D139, A(araABC-leu) 7679, gal U, gal K, 

rps L, thi (derivative of MC1061) [361]} were gifts from Dr. M. Seidman 

(National Institute of Aging, NIH, Baltimore, MD, USA).

68



Chapter 2 Tamoxifen supF

Methods 

2.2.3 In vitro methylation of recombinant plasmid with 

CpG methyltransferase (M.Sssi)

Dried pSP189 plasmid (50 pg) was methylated in vitro using 50 Units of CpG 

methyltransferase (NEB), 5 pi 32mM S-adenosylmethionine (SAM) (NEB) and 

25 pi of NEBuffer 2 (10x) (NEB) in a 250 pi reaction which was incubated for 2 

h at 37°C. Methylated pSP189 plasmid was purified using Sureclean (Bioline, 

Bath, UK) prior to reaction with a-acetoxytamoxifen or 4-OHtamQM.

2.2.4 Digestion of methylated and unmethylated (control) 

pSP189 plasmid with Hpall restriction endonuclease

In order to confirm successful methylation of the plasmid, aliquots (2 pg) of 

methylated or unmethylated pSP189 (control) were digested with 50 Units of 

Hpall (NEB) and 6  pi NEBuffer 1 (10x) in a 60 pi reaction for 1 h at 37°C. 

Hpall will not cut sites that have been methylated by Sssl methylase.

2.2.5 Acetylation of a-hydroxytamoxifen

The trans isomer of a-hydroxytamoxifen was synthesised using the method 

described by Foster and co-workers [362] by Dr Robert Britton. Trans-a- 

Acetoxytamoxifen was prepared from trans a-hydroxytamoxifen using the 

published method [270]. Briefly, a-hydroxytamoxifen (100 mg, 260 pmol) was 

washed with 3x5 ml pyridine (followed by rotary evaporation each time), a- 

hydroxytamoxifen was redissolved in anhydrous pyridine ( 2  ml) and
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anhydrous acetic anhydride (100 pi, 100 pmol) was added. After 18 h at 37°C 

the reaction was stopped by addition of diethyl ether (50 ml) and washed with 

water (3x30 ml). The organic layer was dried (Na2S0 4) and concentrated 

then the product, trans-a-acetoxytamoxifen, was separated from unreacted 

starting materials by column chromatography (2 % methanol in 

dichloromethane). Mass analysis of the product revealed a protonated 

molecular ion (M+H)+ with m/z 430, confirming the molecular formula 

C28H31NO3 (429.230). Fractions containing purified a-acetoxytamoxifen were 

combined and dried by rotary evaporation, then a known mass of the residue 

was re-dissolved in ethanol to produce a stock solution for reaction with 

pSP189 plasmid.

2.2.6 Treatment of pSP189 plasmid with a- 

acetoxytamoxifen

Aliquots of methylated pSP189 plasmid (200 pg in 200 pi tris-EDTA buffer, pH 

8 .0 ) were treated with varying doses of a-acetoxytamoxifen in 1 0 0  pi ethanol 

(10 pM, 25 pM and 50 pM final concentrations) by Dr Keith McLuckie. 

Samples were prepared in duplicate, along with a single ethanol treated 

control (200 pg plasmid only) and incubated overnight at 37°C. Unreacted 

compound was then extracted with water saturated ethyl acetate (4 x  400 pi), 

using a needle and syringe to remove the organic layer. The DNA was 

precipitated with 2 M sodium acetate (10 pi) and ice-cold ethanol (800 pi). The 

DNA samples were pelleted by centrifugation using a bench top centrifuge 

(Hettich, Germany) the supernatant was removed and pellets washed with 

70% ice-cold ethanol, followed by 100% ice-cold ethanol. Pellets were re
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dissolved in 400 pi sterile tissue culture grade water. The yield of DNA was 

calculated from the optical density at 260 nm according to the following 

relationship:

DNA concentration = A26o x Dilution x 50 (constant for dsDNA)

The plasmid DNA was stored at -80°C until transfection into cells was 

performed.

2.2.7 Treatment of pSP189 plasmid with 4-OHtamQM

4-Hydroxytamoxifen (6.52 mg) was activated to its quinone methide by Dr 

Keith McLuckie, by stirring for 30 min with silver (II) oxide (42.92 mg) in 1.8 ml 

dry chloroform (Liehr, et ai, 1983). The reaction mixture was filtered and 

dried to a yellow-brown residue under nitrogen. Assuming 100% conversion, 

this was dissolved in 50:50 ethanohacetonitrile, and appropriate volumes were 

added to 100 pg pSP189 plasmid in 500 pi H20. Ethanohacetonitrile (50:50) 

was then added to adjust the total volume to 625 pi and produce final 

concentrations of 0, 50, 100 and 250 pM 4-OHtamQM. After incubation at 

37°C for 18 h the unreacted 4-OHtamQM was extracted by 5  x 400 pi diethyl 

ether. Plasmid DNA was precipitated with 3M sodium acetate / ice-cold 

ethanol as described above and re-dissolved in 2 0 0  pi sterile tissue culture 

grade water. The yield of DNA was calculated from the optical density at 260 

nm. The plasmid DNA was stored at -80°C until transfection into cells was 

performed.
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2.2.8 HPLC-32P-Postlabelling analysis of a- 

acetoxytamoxifen and 4-OHtamQM treated pSP189 

plasmid DNA

The HPLC-32P-postlabelling analysis (described in sections 2.2.8.1-2.2.9.3) 

was conducted by Robert Crookston.

2.2.8.1 Digestion

The assay method used is outlined in Figure 2.3. Aliquots of a- 

acetoxytamoxifen or 4-OHtamQM treated pSP189 plasmid and untreated 

plasmid (negative control) ( 1 0  pg of each) were dried by vacuum 

centrifugation in 1.5 ml ultra-centrifuge tubes. To each tube was added 6.25 

pi digestion mixture. The digestion mixture contained 175 mU micrococcal 

nuclease (Boehringer, Berkshire, UK), 3 mU calf spleen phosphodiesterase, 1 

pi SSCC buffer (100 mM sodium succinate and 50 mM calcium chloride) and 

sterile water to make up to 6.25 pi. Samples were incubated overnight (17 h) 

at 37°C.

2.2.8.2 Nuclease P1 treatment

After overnight digestion 5 pi (4 pg) was removed from the digestion mixture 

and transferred to a separate tube. The remaining 1 pg was retained for later 

use (Section 2.2.8.4). To enrich the samples for adducts nuclease P1 (9 pg) 

was added to each tube and incubated at 37°C for 1 h. Tris HCI (10 mM, pH 

7.6, 2.4 pi) was added to stop the incubation.
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•^P-Postlabelling Assay
A G C T G-Tam

Chemically modified DN A

I Micrococcal nuclease 
Spleen phosphodiesterase

A G C T G-Tam

HO

Nuclease P1 enhancement  

G-Tam

ho\Lp
Adducted nucleotide

I
 3 2  p .  A T P

T4 polynucleotide kinase

HPLC separation + online 
radiochemical detection

Figure 2.3 Outline of the 32P-postlabelling assay for quantitation of tamoxifen 

DNA adducts

2.2.8.3 Radiolabelling of adducted nucleotides

T4 Polynucleotide kinase (Roche Diagnostics Ltd., Lewes, East Sussex, UK) 

(0.5 pi) and labelling buffer (2 pi) (containing 200 mM Tris HCI, 100 mM 

magnesium chloride, 100 mM DTT, 10 mM spermidine, filter sterilised) was
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added to each nuclease P1 treated sample. The samples were 32P- 

radiolabelled by addition of ATP (50 pCi [y-32P]ATP, Amersham Life Sciences 

Ltd, Little Chalfont, Bucks., UK) and incubated at 37°C for 1 h, then an aliquot 

from each tube was removed and diluted (1:20). This was used to analyse the 

efficiency of the nuclease P1 enrichment step. The remainder of each sample 

was stored at -20°C until HPLC analysis.

2.2.8.4 Labelling normal nucleotide samples

The 1pg samples remaining after the digestion step (Section 2.2.8.1) were 

diluted by a factor of 4800 and 32P-postlabelled as above (Section 2.2.8 .3) 

with 20 pCi [y-32P] ATP. The samples were split into two aliquots: one aliquot 

was incubated with apyrase (80 mU) for 30 min at 37°C (+apyrase), whilst the 

other was incubated without enzyme (-apyrase). The aliquots were diluted 

with sterile water (final volume 1 0 0  pi).

2.2.8.5 Efficiency of labelling and nuclease P1 digestion

+Apyrase, -apyrase and nuclease P1 efficiency samples were spotted (2 pi) 

onto polyethyleneimine (PEI)-cellulose thin layer chromatography (TLC) plates 

(Merck Eurolab Ltd., Poole, Dorset UK), and developed in 0.12 M sodium 

phosphate, pH 6 . 8  for approximately 2 h. The plates were dried, wrapped in 

Saran wrap and scanned using a phosphorimager.
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2.2.9 HPLC analysis of 32P-postlabelled a- 

acetoxytamoxifen or 4-OHtamQM treated pSP189 plasmid 

DNA digests

2.2.9.1 HPLC instrumentation

HPLC analysis of radiolabelled samples was performed using a Varian HPLC 

system consisting of a 210 Prostar solvent delivery module and 410 

autosampler (Varian Ltd., Walton on Thames, Surrey, UK) coupled to an on

line radioactivity detector (p-ram, Lablogic, Sheffield, UK) fitted with a solid 

phase cell (500 pi). Data collection was performed using Laura, an MS 

Windows package (Lablogic). DNA adduct separation was performed using a 

Hypersil Ci8 BDS (5 pm, 250x4.6 mm) reverse-phase column (Thermo 

Electron Corporation, Runcorn, UK).

2.2.9.2 HPLC conditions

HPLC analysis was performed at ambient temperature according to the 

published method [281]. Solvent A was 2 M ammonium formate, pH 4.0. This 

was prepared by dissolving ammonium formate in water and adjusting the pH 

to 4.0 with 98% formic acid. Solvent B was a mixture of acetonitrile and 

methanol 6:1 (v/v). Optimum separation was achieved using a system of 80% 

A, 20% B for 40 minutes followed by a linear gradient of 20-45% B for 25 

minutes at a flow rate of 1 ml/min.
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2.2.9.3 Adduct calculations

Tamoxifen supF

Known amounts of [Y-32P]-ATP were injected onto the HPLC, a peak (eluting 

at 3 min) was collected and the radioactivity measured in disintegrations per 

min (d.p.m.) by scintillation counting. The ATP peak area was plotted against 

d.p.m. to give a standard curve. HPLC peak areas corresponding to 

tamoxifen adducts were measured and values applied to this standard curve 

to give values in d.p.m. Relative adduct labelling (RAL) was then calculated by 

the method of Reddy and Randerath (1986) based on the specific activity (SA) 

of the [y-32P]ATP (expressed as d.p.m. per pmol) and the amount of DNA 

used (1pg DNA = 3240 pmol deoxyribonucleoside 3-monophosphates [dNp])

RAL = d.p.m. in adduct peak / (SA [Y-32P]-ATP * pmol dNp used for analysis)

2.2.10 Fugene-6 mediated transfection of Ishikawa cells 

with a-acetoxytamoxifen and 4-hydroxytamoxifen quinone 

methide (4-OHtamQM) treated pSP189 plasmid DNA

Ishikawa cells (grown at 37°C, 5% C0 2 , 90% confluent) were split 1 in 10 and 

approximately 2*106 cells were plated in 9 cm transfection plates in 1 0  ml 

DMEM/F12, phenol red-free medium supplemented with 10% fetal calf serum 

(Life Technologies Ltd, Paisley, UK) and 2mM GlutaMAX and grown for 48 h 

(37°C, 5% C02). Cells were 40-60% confluent prior to transfection. Three 

hours before transfection, used medium was aspirated and fresh medium 

added (10 ml). Fugene- 6  (Roche Diagnostics Ltd, Lewes, East Sussex, UK) 

transfection reagent (30 pi) was slowly added to foetal calf serum free
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DMEM/F12, phenol red-free medium (500 pi). The tube was gently tapped to 

mix the contents. Plasmid DNA (10 pg) was added to the Fugene solution 

and incubated at room temperature for 45 min. The aliquot of DNA was 

carefully added dropwise to each transfection plate and swirled gently to mix. 

Plates were then returned to the incubator (37°C, 5% CO2) and 24 h after 

transfection, used media was aspirated and replaced with fresh media ( 1 0  ml). 

The plasmid was reclaimed from the Ishikawa cells between 45-48 h after 

transfection using a plasmid mini kit (Qiagen, Crawley, UK).

2.2.11 Isolation ofpSP189 plasmid from Ishikawa cells

Media was aspirated from the transfection plates. Cells were scraped, using 

disposable plastic cell scrapers (Fisher Scientific, Loughborough, UK) into the 

residual volume of medium on each plate then pipeted into 1.5 ml micro 

centrifuge tubes. The plates were washed by scraping remaining cells into 

buffer P1 (300 pi, Qiagen, Crawley, UK). The Qiagen mini plasmid 

preparation protocol was followed for the remaining steps. Briefly, this 

involves alkaline cell lysis and separation, plus washing of plasmid DNA on an 

anion exchange column, followed by elution and ethanol precipitation of 

purified DNA. Yeast tRNA (Invitrogen, Paisley, UK) was used as a co- 

precipitant to enhance plasmid yield. Briefly, the eluted plasmid was mixed 

with 100% ethanol (700 pi) and yeast tRNA (30 pi, 1 pg/pl) and incubated at - 

20°C for 20 min. Subsequently, plasmid DNA was precipitated by centrifuging 

at 14,000 g for 30 min in a microcentrifuge. The supernatant was removed 

and the pellet was washed once with 70% ethanol. Syringes and fine needles 

were used to remove supernatants to prevent loss of the DNA pellets. DNA
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pellets were air-dried and dissolved in 43 pi tris-EDTA buffer, pH 8.0, 

overnight (16 h). Reclaimed plasmid was stored at -20°C.

2.2.12 Digestion of pSP189 plasmid with Dpn1 restriction 

enzyme

Recovered plasmid was incubated with 2 units Dpn1 restriction enzyme (New 

England Biolabs (UK) Ltd., Hitchin, UK) for 3 h at 37°C in NEBuffer 4 (50 mM 

potassium acetate, 20 mM Tris-acetate, 10 mM magnesium acetate, 1 mM 

dithiothreitol) in a total volume of 50 pi. Restriction enzyme was inactivated 

by heat (80°C) for 20 min, reconstituted in 20 pi TE buffer and stored at -20°C 

prior to transformation of electrocompetent E.coli (see section 2.2.1.7). 

Treatment of plasmid with the Dpn1 restriction enzyme, after it has been 

recovered from human cells, will digest any plasmid molecules which have not 

been produced by replication, i.e. any original plasmid containing the DNA 

adducts. Dpn1 does this by recognising methylated adenosines in the 

sequence 5’-GAATC-3’ in DNA and catalysing a double stranded cut on the 

DNA strand 3’ to the adenine. All plasmid molecules that have been 

replicated in the human cells will have lost their methylated adenosines, as 

only bacterial cells possess the appropriate methylating enzymes, and will 

therefore remain in covalently closed circular form.

2.2.13 Preparation of plates for bacterial screening assay

Ampicillin (800 pi, 50 mg/ml), X-gal (5-bromo-4-chloro-3-indolyl-p-D- 

galactose, 600 pi, 50 mg/ml) and IPTG (isopropyl p-D-thiogalactoside, 200 pi,
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50 mg/ml) were added to molten agar (400 ml, 50°C). Plates were poured, 

200 ml per 525 cm2 square bioassay dish or 25 ml per 9 cm diameter round 

plate, and stored overnight in darkness to cure. Plates were then stored at 

4°C until needed and warmed in a 37°C incubator prior to use, to dry any 

excess moisture.

2.2.14 Production of E.coli MBM7070 glycerol stocks

Luria Bertoni broth (LB broth, 12 ml) was inoculated with a 1 ml aliquot of 

E.coli MBM7070 (15% glycerol in LB broth). The culture was incubated for 

approximately 4 h in an orbital shaking incubator (Gallenkamp, Germany) at 

37°C and 250 rpm. The starter culture was further used to inoculate a 500 ml 

flask containing 125 ml LB broth. This was grown for 16 h at 37°C and 250 

rpm. The next morning, 36 ml of culture from each flask were combined with 

36 ml of 30% sterile glycerol in LB broth. These were aliquoted and frozen at 

-80°C for future use.

2.2.15 Plasmid preparation

LB broth (2x12 ml) containing 100 pg/ml ampicillin was inoculated with 2 x 1  

ml aliquots of E.coli MBM7070 (15% glycerol in LB broth) containing the 

pSP189 plasmid. The culture was incubated for approximately 4 h in an orbital 

shaking incubator at 37°C and 250 rpm. These starter cultures were further 

used to inoculate four 2 I flasks each containing 500 ml LB broth (containing 

100 pg/ml ampicillin). These were grown at 37°C and 250 rpm. After 16 h 

growth, glycerol stocks were made as above and the plasmid was prepared
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from the culture using a Qiagen Endofree Mega plasmid preparation kit 

(Qiagen, Crawley, UK) according to the manufacturers’ protocol. Briefly, this 

involves alkaline cell lysis and separation of plasmid DNA on an anion 

exchange column, followed by ethanol precipitation of purified DNA. The yield 

of DNA was calculated from the optical density at 260 nm as shown below.

DNA concentration = A26o x Dilution x  50 (constant for dsDNA)

The yield of plasmid would generally be approximately 1 mg per 500 ml 

overnight culture. The plasmid DNA was stored at -80° C in 100 pg aliquots in 

TE Buffer pH 7.4).

2.2.16 Production of electrocompetent E.coli MBM7070

LB broth (2 x 12 ml) was inoculated with a 1 ml aliquot of MBM7070 E.coli 

(15% glycerol in LB). The cultures were incubated for 16 h (overnight) in an 

orbital shaking incubator at 37°C and 250 rpm. The next morning the starter 

cultures were used to inoculate two 2 I flasks each containing 500 ml LB 

broth. These were incubated in an orbital shaking incubator (Gallenkamp, 

Germany) at 37°C and 250 rpm until an optical density of 0.5-0.7 at 600 nm 

was reached. The cells were chilled on ice for 15 minutes then transferred to 

four 250 ml polypropylene copolymer centrifuge bottles. The tubes were 

centrifuged at 4200 rpm and 4°C in a Beckman J2-21m/E centrifuge using a 

JA-14 rotor (Beckman, Palo Alto, Ca., USA). The supernatant was removed 

and the pellets resuspended in 250 ml ice-cold sterile water. The cells were 

then centrifuged as before followed by another wash cycle (250 ml water). 

The pellets were then resuspended in 50 ml ice-cold 10% (v/v) glycerol
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solution. The cells were centrifuged at 4200 rpm, 4°C for 10 min. The 

supernatant was carefully removed and the pellets re-suspended in an 

equivalent volume of 10% (v/v) glycerol. The cells were stored at -80°C in 100 

pi aliquots, ready for use.

2.2.17 High-efficiency transformation of E.coli MBM7070 

by electroporation

pSP189 plasmid DNA (3 pi, recovered from human cells) was transferred to 

an aliquot of electrocompetent cells (100 pi, defrosted on ice) and mixed 

gently before being incubated on ice for 1 min. The DNA-cell mixture was 

then transferred to a Geneflow 0.2 cm gap electroporation cuvette (Geneflow 

Ltd, Staffordshire, UK) pre-cooled on ice. The DNA-cell mixture was 

electroporated at 2.5 kV, 25 pF and 200 Q using Biorad Gene Pulser 

apparatus (time constant 4.2 ms) (Biorad, Hercules, CA, USA). Immediately 

after electroporation 1 ml SOC medium was added. The mixture was 

transferred to a 15 ml sterile polypropylene tube and incubated for 30-45 

minutes at 37°C and 250 rpm in an orbital shaker to allow expression of the 

ampicillin resistance phenotype.

2.2.18 Screening for mutant colonies

Transformed MBM7070 cells were plated out on 245x245mm plates (VWR 

International, Hunter Boulevard, Leicestershire, UK) and grown overnight in 

darkness at 37°C. Colonies were counted using a high resolution sorcerer 

image analysis/colony counting system (Perceptive Instruments Ltd, Haverhill,
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Suffolk). The plate images were analysed using an automatic image analysis 

system (Sorcerer v2.2, Perceptive Instruments Ltd). A counting marker pen 

was used to count mutant colonies. Any white colonies (mutants) were noted 

and a mutation frequency was calculated.

Mutation Frequency = number of white colonies (mutant) / (number of blue 

colonies (WT) + number of white colonies (mutant))

Any white looking colonies were picked using a flamed wire loop and streaked 

out to single colonies on fresh 9 cm plates (25 pg/ml IPTG, 75 pg/ml X-gal, 

and 100 pg/ml ampicillin). Plates were grown in darkness for 16 h at 37°C. 

Single white colonies were re-streaked until it was possible to isolate single 

mutants (Figure 2.4).

Figure 2.4 Illustrates a streak plate of white MBM7070 E.coli colonies 

containing mutant pSP189 plasmid.
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2.2.19 Plasmid sequencing

Plasmid derived from mutant (white) colonies was amplified with the 

TempliPhi™ DNA Sequencing Template Amplification Kit (GE Healthcare, 

Amersham Place, Buckinghamshire, UK) before DNA sequencing. Templiphi 

generates microgram quantities of template DNA utilizing bacteriophage 

Phi29 DNA polymerase and rolling circle amplification. Briefly, a maximum of 

1 pi of the template to be amplified is added to 5 pi of sample buffer. The 

sample is heated to 95°C for three minutes to gently lyse the bacteria and 

release the plasmid DNA. The sample is cooled and combined with 5 pi of 

reaction buffer and 0.2 pi of enzyme mix and incubated at 30°C for 4-18 h. At 

the end of this incubation, the DNA polymerase is inactivated by heating at 

65°C for 10 min. The tube should now contain approximately 1-1.5 pg of 

amplified DNA that can be used directly in a DNA sequencing reaction.

A forward primer sequencing primer (psp2F) was used for all sequencing 

reactions. The primer had the sequence GGC GAC ACG GAA ATG TTG AA 

and was synthesised by biomers.net GmbH (Soflinger Str. 100, Ulm, 

Germany). The oligonucleotide was purified by a 20% denaturing PAGE 

electrophoresis gel and reconstituted in 1.5 ml sterile water prior to use. The 

sequencing primer concentration was calculated from the optical density at 

260 nm and was diluted to 0.8 pmol/pl in tris-EDTA buffer, pH 8.0 and 

submitted at 10 pi per plasmid sample to be sequenced. Amplified plasmid 

DNA samples and sequencing primer were sent to the Protein and Nucleic 

Acid Chemistry Laboratory (PNACL, University of Leicester, Leicester, UK) for 

DNA sequencing. DNA Sequencing was carried out on an Applied Biosystems
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Model 3730 DNA sequencer. The pSP189 shuttle vector contains an 8 base 

“signature sequence” giving 48 (65,536) possible unique sequences [363]. Any 

mutants with a duplicated “signature” were excluded from further analysis.

2.2.20 Utilization of the LwPy53 algorithm

In order to utilize the LwPy53 algorithm, mutation data from the supF assay 

had to be converted into an appropriate format. Mutation data was used from 

three supF spectra: (i) the a-acetoxytamoxifen 25pM+50pM combined 

spectrum, (ii) the 4-OHtamQM combined spectrum and (iii) the combined 

control spectrum. All base substitutions, along with point deletions and 

insertions at each supF position were recorded in an Excel spreadsheet (for 

an example see appendix 3). The output of the algorithm is a score that 

represents the probability of mutation at each nucleotide of the p53 gene 

(exons 5, 7 and 8). Each score was converted into a percentage per 

spectrum, by dividing the score by the sum of all scores and multiplying by 

100.

2.3 RESULTS

The mutagenicity of the major tamoxifen DNA adduct, induced by treatment 

with a-acetoxytamoxifen, and one potential minor tamoxifen DNA adduct, 

generated by reaction with 4-OHtamQM, was compared using the supF 

forward mutation assay and a relevant target cell line, human endometrial 

adenocarcinoma (Ishikawa) cells. In order to utilise the LwPy53 algorithm, the 

pSP189 plasmid was methylated in vitro at CpG sites prior to treatment with
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a-acetoxytamoxifen or 4-OHtamQM. CpG methylation of the plasmid was 

confirmed by Hpall digestion.

Treated plasmid was transfected into Ishikawa cells where replication 

occurred then recovered plasmid was used to transform MBM7070 indicator 

E. coli. Any plasmids containing a mutation in the supF gene grew as white 

colonies while non-mutant wild type plasmids grew as blue colonies. Mutant 

colonies were picked from agar plates and added to the Templiphi reaction to 

amplify their plasmids and these were subsequently sequenced to determine 

the mutation(s) in the supF gene region of the plasmid. The LwPy53 algorithm 

was then applied to exons 5, 7 and 8 of p53 using spontaneous, a- 

acetoxytamoxifen and 4-OHtamQM induced mutation data from supF to 

obtain a predicted human p53 spectrum that might be expected to be present 

in endometrial tumours of tamoxifen treated women, if tamoxifen DNA adduct 

formation plays a role in mutation induction in humans.

2.3.1 Hpa II Digestion of methylated and umethylated 

pSP189

Aliquots of CpG methylated and unmethylated (control) pSP189 plasmid were 

digested with the Hpall restriction endonuclease in order to confirm successful 

methylation by CpG methyltransferase and the products of the reaction were 

loaded on a 1% agarose gel (Figure 2.5). Hpall has the following recognition 

sequence:

5'...Ct CGG...3'

3'...GGCaC...5'
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However, Hpall will not cut sites that have been methylated by CpG 

methyltransferase or Hpall Methyltransferase. As a result, methylated plasmid 

is protected from Hpall digestion.

Figure 2.5 Hpall digestion of pSP189. Photograph of a 1% preparative 

agarose gel showing the Hpall-digested products. CpG methylated pSP189 

was digested with 50 units (lane 1) or 100 units (lane 2) of Hpall. Umethylated 

pSP189 (control) was digested with 50 units or 100 units of Hpall. (lanes 3 

and 4 respectively).

2.3.2 Tamoxifen-DNA adduct quantification by 32 P- 

postlabelling

2.3.2.1 DNA adduct quantification by 32P-postlabelling of a- 

acetoxytam oxifen treated pSP189 plasmid
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Shuttle vector plasmid pSP189 was modified by reaction with a- 

acetoxytamoxifen and analysed by 32P-postlabelling to quantify adduct levels 

formed at different doses. A positive control of liver DNA from a Wistar Han rat 

which had been treated with tamoxifen in the diet for six months (40 mg/kg) 

was also analysed in parallel. Figure 2.6B shows that as reported previously 

[281, 350], a-acetoxytamoxifen treated plasmid gave one major peak that co

eluted with the dG-A^-tamoxifen adduct detected in DNA from a tamoxifen 

treated rat (Figure 2.6D). An additional minor peak is also observed eluting 

just prior to the major adduct, which, based on retention time, is the N- 

demethylated dG-A^-tamoxifen adduct [364].

The relationship between a-acetoxytamoxifen dose and DNA adduct numbers 

is illustrated in Figure 2.7A. It is clear from the graph that the number of DNA 

adducts increased linearly as the dose of a-acetoxytamoxifen increased from 

10 pM to 50 pM. The degree of pSP189 modification by a-acetoxytamoxifen 

equates to a level of 1.8, 3.0 or 3.8 adducts per plasmid (4952 basepairs), for 

the 10, 25 and 50 pM doses respectively (Table 4.2), which is equivalent to a 

range of between 174-376 adducts per 106 nucleotides. The same batch of 

plasmid that was analysed by 32P-postlabelling was used for all subsequent 

supF assay investigations in Ishikawa cells.
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Figure 2.6 Representative radioactive HPLC chromatograms of 32P-labelled 

digests from control (A), a-acetoxytamoxifen (B), 4-OHtamQM (C) treated 

plasmids and liver DNA from a tamoxifen treated rat (D). HPLC analysis was 

conducted by Robert Crookston.
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Figure 2.7 Dose-related increase in DNA adduct formation induced by a- 

acetoxytamoxifen (A) and 4-OHtamQM (B) determined by HPLC-32P- 

postlabelling analysis. Data points represent the average of duplicate 

measurements of two plasmid samples per dose. Error bars represent 

standard deviation. Combined control represents unadducted methylated 

pSP189. The raw data used to construct this chart is tabulated in appendices 

1 and 2. Analysis was conducted by Robert Crookston.

2.3.2.2 DNA adduct quantification by 32P-postlabelling of 4- 

OHtam QM treated pSP189 plasmid

Shuttle vector plasmid pSP189 was modified by reaction with 4-OHtamQM 

and analysed by 32P-postlabelling to quantify adduct levels at different doses. 

Shuttle vector plasmid pSP189 was modified by reaction with 4-OHtamQM 

and analysed by 32P-postlabelling to quantify adduct levels at different doses.
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A positive control of liver DNA from a Wistar Han rat which had been treated 

with tamoxifen in the diet for six months was used (40 mg/kg). Following 

incubation of 4-OHtamQM with plasmid DNA, two main 32P-postlabelled 

adduct peaks are detected (Figure 2.6C). Although these peaks do not co

elute with any adduct peaks detected in DNA from rat liver tissue shown in 

Figure 2.6D, it has been previously demonstrated the presence of up to twelve 

adduct peaks in similarly treated rats and one of these co-elutes with the main 

4-hydroxytamoxifen derived adduct peak [281]. The major products of the 

reaction of 4-OHtamQM, produced by chemical oxidation, with DNA are 

known to be isomers of a 4-hydroxylated form of dG-A^-tamoxifen (a- 

(deoxyguanosin-A^-yl)-4-hydroxytamoxifen) [311]. This reactive intermediate 

can also be generated enzymatically and it has been shown that incubation of 

4-hydroxytamoxifen with horseradish peroxidase yields one major 32P- 

postlabelled adduct peak, which corresponds to peak 1 observed in this study 

[281, 365].

This difference in adduct profile is probably due to the different methods used 

to activate 4-hydroxytamoxifen. The additional adduct, which is present at low 

levels with peroxidase activation, may be an isomer of dG-A^-hydroxytam or 

may be an as yet unidentified adduct. Higher molar concentrations of 4- 

OHtamQM were used in the incubations compared to a-acetoxytamoxifen, as 

the former is known to generate lower levels of adducts [365]. However, 

despite the lower adduct levels, these doses have previously been shown to 

induce an increase in M.F. greater than a-acetoxytamoxifen which is why they 

were considered appropriate in this study. The relationship between 4- 

OHtamQM dose and DNA adduct numbers is illustrated in Figure 2.7B. A
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dose-dependent increase in adduct formation was observed which is 

consistent with previous reports [350]. In the present study, 4-OHtamQM (50 

pM) induced a 95-fold lower level of DNA adducts than an equimolar dose of 

a-acetoxytamoxifen. The three treatments with 4-OHtamQM (50, 100 and 250 

pM) induced approximately 0.04, 0.08 and 0.3 adducts per plasmid (Table 

4.5), which is equivalent to a range of between 4- 31 adducts per 106 

nucleotides.

2.3.3 Part A: Mutagenicity of plasmid treated with cr- 

acetoxytamoxifen replicated in Ad293 cells

2.3.3.1 Mutation frequency in supF gene

Treatment of pSP189 plasmid with a-acetoxytamoxifen induced an increase in 

mutation frequency for all doses relative both to the solvent (50% ethanol:50%

Table 2.2. Mutation frequency induced by a-acetoxytamoxifen treated pSP189 replicated 
in Ishikawa cells

Treatment Colonies
Screened

Number 
of Mutants

Mutation
Frequency3

Adduct
Number1’ (± S.D.)

Solvent Control 78487 39 4,9 0 ± 0
Water Control 65910 48 7,2 0 ± 0
Combined Control 144397 87 6,0
10 pM 192820 297 15,4 174,0 ± 78
25 pM 38861 200 51,4 297,0 ± 85
50 pM 14813 134 90,4 376,4 ± 61

a Mutation frequency per 104 colonies 
b Adduct number per 106 nucleotides
acetonitrile) and water (and acetonitrile) control, as illustrated in Table 2.2.

The mutation frequency of control plasmid treated with water only was similar 

to the mutation frequency of plasmid incubated with the solvent used to 

dissolve the a-acetoxytamoxifen. Furthermore, the mutation spectra induced
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by these two types of control were also very similar (Figure 2.12). Therefore, it 

can be assumed that the presence of ethanol and acetonitrile had no effect on 

the spontaneous mutagenesis of the plasmid. In order to increase the pool of 

mutated colonies for subsequent sequence analysis data from the two types 

of control were combined (combined control). The mutation frequency of the 

combined control sample was similar to that observed in previous studies from 

this laboratory using different cell lines (3.3-6.6 mutants/104 colonies in Ad293 

cells [350] and 7.06-12.27/104 in human fibroblasts [249]. Previous studies 

from other laboratories have reported lower values of background mutation 

frequency in Ad293 cells, ranging from 0.1-1.8/105 [366] to 1.3/104 colonies 

[367]. As illustrated in Figure 2.8 and Table 2.2, treatment with a- 

acetoxytamoxifen induced a linear increase in the mutation frequency relative 

to the solvent control (3.1-fold for 10 pM, 10.4-fold for 25 pM and 18.4-fold for 

50 pM).
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Figure 2.8 Mutation frequency vs. DNA adduct level detected in a- 

acetoxytamoxifen treated plasmid.
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2.3.3.2 Types of mutation found in supF gene

The types of mutations induced by a-acetoxytamoxifen are illustrated in Table 

2.3. For all sequenced plasmids, including controls, the predominant 

mutations are in the form of base substitutions (ranging from 60% - 92% of all 

mutations seen). When these are subdivided into single base, tandem (i.e., 

two or three adjacent point mutations) or multiple mutations, the single base 

substitutions are most common (between 47% and 80%) and the proportions 

increase in a dose related manner for treated plasmid compared to control. 

Tandem substitutions range from 0% to 2% and multiple mutations accounted 

for between 1% and 12%. The proportion of frameshift mutations ranges from 

2% to 12%. Large deletions are common in control plasmid, occurring in 39% 

of all cases, whereas the incidence decreases with increasing a- 

acetoxytamoxifen dose. Therefore, the mutation profile changes with a- 

acetoxytamoxifen treatment compared to spontaneous mutations.

Table 2.3. Types of sequence alterations in the supF gene of pSP189 plasmids treated 
with a-acetoxytamoxifen replicated in Ad293 cells

Mutations Number of plasmids with mutations (%)
Control 10 pM 25 pM 50 pM

Base substitutions 76 60 ) 35 63 ) 59 79 ) 70 92 )
Single 60 47 ) 31 55 ) 56 75 ) 61 80 )
Tandem 3 2 ) 1 2 ) 2 2 ) 0 0 )
Multiple 13 10 ) 3 5 ) 1 1 ) 9 12 )
Frameshifts 2 2 ) 5 9 ) 9 12 ) 5 7 )
Single base deletion 1 1 ) 2 4 ) 7 9 ) 4 5 )
Single base insertion 1 1 ) 2 4 ) 1 1 ) 1 1 )
Large insertions 0 0 ) 1 2 ) 1 1 ) 0 0 )
Large deletions 49 39 ) 16 29 ) 7 9 ) 1 1 )
Total plasmids sequenced 127 100) 56 100) 75 100) 76 100)

93



Chapter 2 Tamoxifen supF

Table 2.4 shows the types of single base substitutions induced by a- 

acetoxytamoxifen. At all dose levels, excluding control, transversions are the 

preferred mutation (46-79% of all substitutions). In the combined control 

plasmid the major mutations are GC—►AT transitions and GC—►TA 

transversions (accounting for 54% and 23% of all substitutions respectively) 

with GC—►CG transversions contributing 20% and AT—>TA transversions 3% 

of base substitutions. At the 10 pM a-acetoxytamoxifen dose the major 

mutations are the GC->TA transversions and GC—►AT transitions (each 

accounting for 32% of all substitutions), followed by GC—►CG (29%), AT—►CG 

and AT—>GC (3% each).

Table 2.4. Types of single base and tandem substitution mutations in supF gene of pSP189 
plasmids treated with a-acetoxytamoxifen replicated in Ishikawa cells

Mutations Number of plasmids with mutations (%)
Combined 10 pM 25 pM 50 pM
Control

Transversions 28 ( 46 ) 20 ( 65 ) 38 ( 68 ) 49 ( 79 )
GC—TA 14 ( 23 ) 10 ( 32 ) 27 ( 48 ) 38 ( 61 )
GC—CG 12 ( 20 ) 9 ( 29 ) 6 ( 1 1 ) 7 ( 11 )
AT—TA 2 ( 3 ) 0 ( 0 ) 0 ( 0 ) 1 ( 2 )
AT—CG 0 ( 0 ) 1 ( 3 ) 5 ( 9 ) 3 ( 5 )
Transitions 33 ( 54 ) 11 ( 35 ) 18 ( 32 ) 13 ( 21 )
GC—AT 33 ( 54 ) 10 ( 32 ) 18 ( 32 ) 12 ( 19 )
AT—GC 0 ( 0 ) 1 ( 3 ) 0 ( 0 ) 1 ( 2 )

Total single base substitutions 61 ( 100) 31 ( 100 ) 56 ( 100) 62 ( 100 )

At the two higher doses there is a pronounced preference for the induction of 

GC-^TA transversions (48% at 25 pM and 61% at 50 pM). At the 25 pM dose 

the other major substitution is the GC—►AT transition (32%) with GC-+CG and 

AT-^CG transversions being relatively uncommon (11% and 9% respectively). 

After treatment with the highest dose (50 pM) the second most common
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substitution is the GC—►AT transition (19%) as was the case for the 25 pM 

dose, followed by GC—►CG transversion (11%), AT—>CG transversion (5%), 

AT-TA transversions and AT-GC transitions (2% each).

Figure 2.9 shows a comparison of the different proportions of base 

substitution mutations induced in the supF gene by the various a- 

acetoxytamoxifen treatments or in the combined control. As the dose 

increases, the proportion of GC-+TA transversions increases linearly and the 

proportion of GC—>AT transitions decreases. It is clear from the graphical 

representation that transitions are the major substitution type in the control, 

while transversions dominate in treated samples.

COCo

(ft
-Q3</>
C0
1  oQ.O

Combined control 10 25
a-Acetoxytam dose (pM)

GC-TA

■ GC-CG

□ AT-TA

□ AT-CG

■ GC-AT

■ AT-GC

Figure 2.9 Bar chart illustrating the proportion of different single base and 

tandem substitution mutations seen in combined control plasmid and in 

plasmid treated with a-acetoxytamoxifen (10, 25 and 50 pM).
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Multiple substitution mutations were much less frequent compared to single 

substitutions (Tables 2.3 and 2.5). Transversions were more common than 

transitions in general, although the number of multiple mutations in the treated 

plasmids was too small to draw definitive conclusions.

Table 2.5. Types of multiple base substitution mutations in the supF gene of pSP189 
plasmids treated with a-acetoxytamoxifen replicated in Ishikawa cells

Mutations Number of plasmids with mutations (%)
Combined 10 pM 25 pM 50 pM
Control

Transversions 15 ( 54) 8 ( 89) 2 (100) 9 ( 4 7 )
GC—TA 11 ( 3 9 ) 0 ( 0 ) 1 ( 50) 8 ( 4 2 )
GC—CG 4 ( 14) 6 ( 6 7 ) 0 ( 0 ) 1 ( 5 )
AT—TA 0 ( 0 ) 1 ( 11 ) 0 ( 0 ) 0 ( 0 )
AT—CG 0 ( 0 ) 1 ( 11 ) 1 ( 50) 0 ( 0 )
Transitions 13 ( 4 6 ) 1 ( 11 ) 0 ( 0 ) 10 ( 53)
GC—AT 13 ( 4 6 ) 0 ( 0 ) 0 ( 0 ) 10 ( 53)
A T -G C 0 ( 0 ) 1 ( 11 ) 0 ( 0 ) 0 ( 0 )

Total multiple base substitutions 28 (100) 9 ( 100) 2 (100) 19 ( 100)

Transversion substitutions were slightly more prevalent than transitions in the 

combined control plasmid. However, the GC—>AT transition was the main 

mutational event (46% of all substitutions), followed by GC—>TA and GC—►CG 

transversions (39 and 14% respectively). After treatment with 10 pM a- 

acetoxytamoxifen, the major multiple substitution was the GC—►CG transition 

(67% of all mutations), while AT—TA and AT—►CG transversions together with 

AT—►GC transitions accounted for 11% each. Dosing the plasmid with 25 pM 

a-acetoxytamoxifen only yielded one multiple mutation; this contained two 

transversions, a GC—►TA and an AT—►CG substitution. The 50 pM treatment 

induced multiple substitutions primarily in the form of GC->AT transitions
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(53%), closely followed by GC—►TA transitions (42%). The remaining 

substitution was a GC—>CG transversion (5%).

Figure 2.10 illustrates graphically different proportions of multiple base 

substitution mutations induced in the supF gene by the various a- 

acetoxytamoxifen treatments, and through spontaneous means. Whilst there 

are no clear trends, the same types of substitutions (mainly GC—>TA and 

GC—>AT) were present at similar proportions in the control and highest dose 

(50 pM) plasmid. However, there were very few multiple substitutions at the 

10 and 25 pM doses and as a result no firm conclusions can be drawn about 

these treatments.
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■ GC-AT
■ AT-GC

Figure 2.10 Bar chart illustrating the proportion of different multiple base 

substitution mutations in the supF gene found in untreated control mutants 

and in those induced by treatment with a-acetoxytamoxifen (10, 25 and 50 

UM).
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The proportion of frameshift mutations was slightly increased with a- 

acetoxytamoxifen treatment, compared to control, although there was no dose 

response effect (Table 4.3). Insertions were uncommon in general. Of the 

control plasmids sequenced 1% had single base deletions, whereas at 10, 25 

and 50 pM a-acetoxytamoxifen single deletions occurred in 4%, 9% and 5% of 

cases of the supF gene respectively. Interestingly, a large deletion spanning 

bases 97—>267 was present in 40% of the control plasmids sequenced. The 

frequency of this large deletion was decreased in a linear fashion with 

increased a-acetoxytamoxifen doses, and accounted for 29, 9 and 1% of all 

mutations at 10, 25 and 50 pM respectively. The deleted sequences are 

illustrated in Figure 2.11.
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100 1 10 12 0  13 0  140 150 160  170  1 8 0  2 6 7
GT OGT GGGGTT CCCGAGCGGCCAAAGGGAGCAGACT CT AAATCT GCCGT CAT CQACTTCQAAQGTTCGAAT CCTT CCCCCACCACCANNNGAGCT CAA

4 4—4
4-------4
4 4 4

x 48

x 16

x 1

x 7

Key: Deletions: ^  Control •==> 10|jM ^  25jjM 50pM

^  Denotes the following insertions:

Control: A @119

10uM: G @128, as part of a multiple mutation, A @121,

G @124 and G @128, as part of a multiple mutation 

G @124 and G @132, G @133, TC @125 

25 uM: T @172, CCC @172 

50 uM: G @124

Figure 2.11 Deletions and insertions in the supF gene seen in spontaneous 

mutants and in those induced by treatment with a-acetoxytamoxifen (10, 25 

and 50 pM). Numbers on the right indicate the number of plasmid sequences 

with the same large deletion of bases 97->267.
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2.3.3.3 Mutation spectra in supF gene

Tamoxifen supF

The distribution of single base and tandem substitution mutations within the 

supF gene for plasmids dosed with a-acetoxytamoxifen (10, 25 and 50 pM) or 

control treatments is shown in Figure 2.12. These spectra were compared 

using the hyperg program [368] (appendix 4). The output of the program is a P 

value, which indicates the probability that any two spectra are drawn from the 

same population. A P value £ 0.05 indicates that the hypothesis that the 

spectra are the same can be rejected. When the solvent and water control 

spectra are compared, they are found to be statistically similar to each other 

(P=0.096). Furthermore, the 10 pM a-acetoxytamoxifen treatment did not 

induce a spectrum significantly different from the combined control (P=0.133). 

In contrast, treatment of plasmid with the intermediate (25 pM) and high (50 

pM) doses resulted in spectra significantly different from the combined control 

(P < 0.05). Since both spectra were distinct from the control single and 

tandem substitutions from these two a-acetoxytamoxifen doses were 

combined in one spectrum (as shown in Figure 2.13) for hotspot analysis and 

utilization of the LwPy53 algorithm. Mutations are not generally distributed 

randomly, but concentrated at one or more sites, known as hotspots. A 

hotspot was defined as a site where the number of mutations observed was 4- 

fold or more, greater than the number expected for a random (Poisson) 

distribution. Single and multiple base substitutions have been presented on 

separate spectra because it has been suggested that these multiple mutations 

arise through a different mechanism to single base mutations [369].
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Figure 2.12 Mutation spectra depicting single base and tandem substitutions 

induced in the supF gene after treatment with a-acetoxytamoxifen (10, 25 and 

50 pM), solvent (ethanol:acetonitrile) or water. Red asterisks denote 

hotspots. A hotspot was defined as a site where the number of mutations 

observed was 4-fold or more, greater than the number expected for a random 

(Poisson) distribution. Tandem mutations are underlined.
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Figure 2.13 Combined mutation spectrum depicting single base and tandem 

substitutions in the supF gene induced after treatment with a- 

acetoxytamoxifen (25 and 50 pM). Single base and tandem substitutions 

induced following both control treatments are shown in red above the supF 

gene sequence. Hotspots are represented by asterisks. Tandem mutations 

are underlined.

In the mutation spectrum induced in control plasmid treated with solvent only, 

there are two hotspots at positions 129 and 139. Whilst in the water control, 

hotspots also exist at the sites, together with a third at position 133. At the 

lower dose of a-acetoxytamoxifen (10 pM) there is one hotspot at position 

129, while at the middle dose (25 pM) there are three hotspots at positions 

122, 129 and 159. At the higher dose (50 pM) there are four hotspots at 

positions 115, 159, 160 and 164. If the mutation spectra from the two top 

doses of a-acetoxytamoxifen treated plasmids (25 and 50 pM) are combined
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(Figure 2.13) there are now six hotspots at positions 115, 122, 129, 159, 160 

and 168. Positions 115, 159 and 160 are sites of hotspots in both the 50 pM 

and combined mutation spectra. All hotspots in spectra arising from a- 

acetoxytamoxifen treatment are at positions of GC base pairs, consistent with 

guanine being the primary site of tamoxifen adduction.

In the mutation spectra comprised of multiple base substitutions (Figure 2.14) 

there are not many similarities with mutation spectra of single and tandem 

base substitutions (Figure 2.12). In the mutation spectrum of solvent control 

plasmid there is only one hotspot at position 133, while in the water treated 

control plasmid no hotspots are seen. When these two spectra are compared 

using the hyperg program, they are found to be statistically similar (P=0.536). 

Likewise, multiple mutation spectra from all a-acetoxytamoxifen treated 

samples were also similar to the combined control (P>0.05). After treatment 

with 10 pM a-acetoxytamoxifen, a single mutation hotspot was induced at the 

GC basepair position 117 (Figure 2.14). There were not enough multiple 

substitutions to give a mutation spectrum for the 25 pM dose of a- 

acetoxytamoxifen but at the highest dose (50 pM) there was one hotspot at 

position 102, which occurred at a GC basepair. When all a-acetoxytamoxifen 

treatments are combined in one spectrum the same two hotspots at positions 

102 and 117 are seen. On the other hand, in combined control plasmids, three 

hotspots (shown in red) are observed at positions 115, 133 and 139. There 

were sites for hotspots which corresponded to those seen in the single and 

tandem substitution mutation spectra (Figure 2.12). For the combined control 

plasmids, these sites were at positions 133 and 139, while for the lower a- 

acetoxytamoxifen dose (10 pM) there was one site at position 117.
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Figure 2.14 Mutation spectra depicting multiple substitutions induced after 

treatment with a-acetoxytamoxifen (10, 25 and 50 pM) or in solvent and water 

controls. Non-treated combined control multiple base substitutions are shown 

in red above the supF gene sequence of the combined a-acetoxytamoxifen 

spectrum. Asterisks denote hotspots. Tandem mutations are underlined.
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2.3.4 Part B: Mutagenicity of plasmid treated with 4-

OHtamQM and replicated in Ad293 cells

2.3.4.1 Mutation frequency in supF gene

Treatment of pSP189 plasmid with 4-OHtamQM did not induce a significant 

increase in mutation frequency for all doses in comparison to the combined 

control, as illustrated in Table 2.6 and Figure 2.15.

Table 2.6 Mutation frequency induced by 4-hydroxy tamoxifen quinone methide 
replicated in Ishikawa cells

Treatment Colonies Number Mutation Adduct
Screened of Mutants Frequency3 Number15 (± S.D.)

Combined Control 144397 87 6,0 0 ± 0
50 pM 126813 82 6,47 4,3 ± 0,8
100 pM 117465 113 9,6 8,2 ± 2,7
250 pM 131023 95 7,2 31,0 ± 6,4

3 Mutation frequency per 104 colonies
b Adduct number per 106 nucleotides. Adduct values were determined from duplicate
analysis of two plasmid samples/dose except for at 50pM where only 3 values were obtained.

Although the number of adducts increased proportionally with higher 4- 

OHtamQM concentrations, the mutation frequency increased only slightly 

compared to the untreated control and was not dose-related, as depicted in 

Figure 2.15. The highest mutation frequency was induced by 100 pM 4- 

OHtam (9.6/104 colonies), however this was only 1.96-fold higher than the 

spontaneous mutation frequency in the combined control plasmid.
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Figure 2.15 Relationship between DNA adduct level and mutation frequency for 4- 

OHtamQM treated plasmid.

2.3.4.2 Mutation types found in supF  gene

Table 2.7 shows the types of sequence alterations in the supF gene of 

pSP189 plasmid treated with 4-OHtamQM. For all doses, including the 

combined control, base substitutions were the major type of mutation 

observed, accounting for between 60% and 66% of all plasmids sequenced. 

At all treatment concentrations, including the combined control, single and 

multiple base substitution mutations were most prevalent, while tandem 

substitutions were far less frequent.
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Table 2.7 Types of sequence alterations in supF gene of pSP189 plasmids treated with
4-hydroxytamoxifen quinone methide replicated in Ishikawa cells

Mutations Number of plasmids with mutations (%)
Combined 50 |jM 100 pM 250 pM 
Controla

Base substitutions 76 60) 39 64) 53 66) 44 ( 59)
Single 60 47) 29 48) 43 54) 34 ( 46)
Tandem 3 2 ) 3 5 ) 3 4 ) 2 ( 3 )
Multiple 13 10) 7 11 ) 7 9 ) 8 ( 11 )

Frameshifts 2 2 ) 2 3 ) 3 4 ) 1 ( 1 )
Single base deletion 1 1 ) 0 0 ) 0 0 ) 1 ( 1 )
Single base insertion 1 1 ) 2 3 ) 2 3 ) 0 ( 0 )

Large insertions 0 0 ) 0 0 ) 1 1 ) 0 ( 0 )
Large deletions 49 39) 20 33) 24 30) 27 ( 36)
Total plasmids sequenced 127 100) 61 100) 80 100) 74 ( 100)

3 Combined control data is the same as presented in Table 2.3

Table 2.8 illustrates the types of single base substitution mutations induced by 

the different treatments with 4-OHtamQM. Transitions were the major type of 

base substitution mutation in combined control, 50 and 100 pM treated 

plasmid samples, while in the 250 pM treated plasmid, the major base 

substitution type were transversions. When the plasmid was treated with 4- 

OHtamQM, there was a preference for transitions at GC base pairs. Of the 

transition mutations, GC—►AT were the most prevalent, seen in between 47 

and 52% of all single base substitution mutations, AT—►GC transitions only 

appearing in three plasmids at the 100 pM treatment. Transversions were less 

common, with GC—►TA transversions accounting for between 23% and 31%, 

GC—►CG for between 14% and 21% and AT—►TA for between 3% and 9%.
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Table 2.8. Types of single base and tandem substitution mutations in supF gene
of pSP189 plasmids treated with 4-hydroxytamoxifen quinone methide
replicated in Ishikawa cells

Mutations Number of plasmids with mutations (%)
Combined 50 pM 100 pM 250 pM
Control a

Transversions 28 ( 46 ) 14 ( 48 ) 17 ( 40 ) 18 ( 53 )
GC—TA 14 ( 2 3 ) 9 ( 31 ) 10 ( 23 ) 8 ( 24 )
GC—CG 12 ( 2 0 ) 4 ( 14 ) 7 ( 16 ) 7 ( 21 )
A T -T A 2 ( 3 ) 1 ( 3 ) 0 ( 0 ) 3 ( 9 )
AT—CG 0 ( 0 ) 0 ( 0 ) 0 ( 0 ) 0 ( 0 )
Transitions 33 ( 54 ) 15 ( 52 ) 26 ( 60 ) 16 ( 47 )
GC—AT 33 ( 54 ) 15 ( 52 ) 23 ( 53 ) 16 ( 47 )
A T -G C 0 ( 0 ) 0 ( 0 ) 3 ( 7 ) 0 ( 0 )

Total single base substitutions 61 ( 100) 29 ( 100) 43 ( 100) 34 ( 100)

a Combined control data is the same as presented in Table 2.4

A graphical representation of the different single and tandem base substitution 

mutation types induced by 4-OHtamQM relative to the combined control 

mutations is illustrated in Figure 2.16. As the dose of 4-OHtamQM increases 

the proportion of substitutions did not alter significantly compared to the 

combined control.
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Figure 2.16 Bar chart illustrating the proportion of different single base and 

tandem substitution mutations in the supF gene observed in combined control 

mutants and in those induced by treatment with 4-OHtamQM (50, 100 and 

250 pM).

Table 2.9 shows the types of multiple substitution mutations induced in 

plasmids and reveals a preference for transitions in all treated samples, 

particularly at the highest dose, but not in the combined control. In addition, all 

transitions were of the GC—►AT type in all plasmids, including the control. In 

the untreated combined control plasmids the proportion of transversions 

(54%) was slightly higher than that of transitions (46%), with GC—►TA and 

GC—►CG transversions accounting for 39% and 14% of all substitutions 

respectively and with GC—►AT transitions accounting for 46%.
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Table 2.9 Types of multiple base substitution mutations in supF gene of pSP189
plasmids treated with 4-hydroxytamoxifen quinone methide replicated in Ishikawa cells

Mutations Number of plasmids with mutations (%)
Combined 50 pM 100 pM 250 pM
Control 9

Transversions 15 ( 54 ) 10 ( 48 ) 8 ( 44 ) 2 ( 8 )
GC—TA 11 ( 39) 6 ( 29 ) 2 ( 11 ) 2 ( 8 )
GC—►CG 4 ( 14 ) 3 ( 14 ) 6 ( 33 ) 0 ( 0 )
AT—TA 0 ( 0 ) 1 ( 5 ) 0 ( 0 ) 0 ( 0 )
AT—CG 0 ( 0 ) 0 ( 0 ) 0 ( 0 ) 0 ( 0 )
Transitions 13 ( 4 6 ) 11 ( 52 ) 10 ( 56 ) 24 ( 92 )
GC—AT 13 ( 46 ) 11 ( 52 ) 10 ( 56 ) 24 ( 92 )
A T -G C 0 ( 0 ) 0 ( 0 ) 0 ( 0 ) 0 ( 0 )

Total multiple base substitutions 28 ( 100) 21 ( 100) 18 ( 100) 26 ( 100)

9 Combined control data is the same as presented in Table 2.5

There was a slight increase in the percentage of transition substitutions in 

plasmids treated with the lower and intermediate doses (52% and 56% of all 

substitutions respectively) and a much more pronounced increase in the 

highest dose (92% of all substitutions). In contrast, there was a decrease in 

the proportion of transversion mutations that mirrored the increase in 

transitions as the dose of 4-OHtamQM increased. All of the transitions and 

transversions occurred at GC basepairs, in all plasmids (including the 

untreated control samples) except for one plasmid at the lower dose (50 pM), 

in which the mutation occurred at an AT basepair.
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Figure 2.17 Bar chart illustrating the proportion of different multiple base 

substitution mutations in the supF gene observed in combined control mutants 

and those induced by treatment with 4-OHtamQM (50, 100 and 250 pM).

The proportion of multiple substitutions induced by 4-OHtamQM is illustrated 

graphically in Figure 2.17. No definite trends can be seen in relation to 

increasing dose. The only exception seems to be the highest dose (250 pM), 

in which there was a high preference for GC—»AT transitions that was not 

evident at lower doses.

Frameshift mutations were relatively uncommon, only accounting for up to 4% 

of all mutations in the treated plasmid, and 2% in the combined control (Table 

2.7). Deletions were more prevalent, especially large deletions where greater 

than two adjacent bases were lost. The proportion of large deletions was 

similar at all doses, including the combined control and ranged from 30% to 

39%. Figure 2.18 illustrates the different insertions and deletions, including 

their sequence and position in the supF gene.
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100 110 120 130 140 150 160 170 180 267
GT QGT GGGGT T CCCGAGCGGCCAAAGGGAGCAGACT CT AAAT CT GCCGT CAT CGACTT CGAAGGTT CGAAT CCTTCCCCCACCACCANNNGAGCT CAA

x 48

x 20

x 23

x 27
4 4

Key: Deletions: ^  Control >==> 50pM ^  100 pM ^  250 pM

A Denotes the following insertions:

Control: A @119

50uM; C @110 and TTTC @173 as part of a multiple mutation 

T @110 

T @148

100 uM: A @108, GGGTTCC @109, C @110 

250 uM; T @107 as part of a multiple mutation,

C @ 110 as part of a multiple mutation

Figure 2.18 Deletions and insertions in the supF gene found in combined 

control mutants and in those induced by treatment with 4-OHtamQM (50, 100 

and 250 pM). Numbers on the right indicate the number of plasmid sequences 

with the same large deletion of bases 97—>-267.
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2.3.4.3 Mutation spectra in supF gene

Tamoxifen supF

The distribution of single base and tandem substitution mutations within the 

supF gene for plasmids dosed with 4-OHtamQM (50, 100 and 250 pM) is 

shown in Figure 2.19 along with the spontaneous mutation distribution in 

combined control samples. All treated spectra were found to be statistically 

similar to the combined control when compared using the hyperg program (P 

> 0.05).

In the combined spectrum there are three hotspots at positions 129, 133 and 

139. At the lower 4-OHtamQM dose (50 pM) there are three hotspots at the 

same positions as in the control (129, 133 and 139) plus one hotspot at 

position 123. At the intermediate dose (100 pM) there are four hotspots, two 

of which are also seen in the combined control (129 and 139) plus two at 

positions 108 and 168. At the highest dose (250 pM) there are three hotspots 

that are also present in the combined control (positions 129, 133 and 139) 

and a new one at 124. If all three treatments are combined there are now five 

hotspots at positions 108, 129, 133, 139, and 168 but only two are not present 

in the control spectrum (Fig. 2.20). All mutation hotspots are at positions of 

GC basepairs.
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50pM 4-OHtamQM

1 0 0  1 10  1 20  1 30  1 40  1 5 0  1 6 0  1 7 0  1 80
GGTGGGGTTCCCGAGCGGCC A AA GG GA GC AG AC T C TA AA TC TG CC GT CA TC GA C TT C 6 AA GG TT C GA A TC CTT CC C CC A CC A CC A

T T A A_I A A A TA
T T A T TA
A A G T
* A G T

A * T

C A
* G

*

100pM 4-OHtamQM

1 0 0  1 10  1 20  130  1 40  1 5 0  1 6 0  1 7 0  1 80
G G T G G G G T T C C C G A G C G G C C A A A G G G A G C A G A C T C T A A A T C T G C C G T C A T C G A C T T C G A A G G T T C G A A T C C T T C C C C C A C C A C C A

A A T  1 _ A A  T  T  G G C  T A  T  C A  T  T C  T  C T  T  T  T

T A  A G T A A  T T
T G  A G T  A  T

T  A  A T
*  A A *

A *

250pM 4-OHtamQM

1 0 0  1 1 0  1 20  1 30  1 40  1 50  1 6 0  1 7 0  1 80
G G T G G G G T T C C C G A G C G G C C A A A G G G A G C A G A C T C T A A A T C T G C C G T C A T C G A C T T C G A A G G T T C G A A T C C T T C C C C C A C C A C C A

T  A T  A T_ I  A  G T T A G ^ G  T G  A T A C T T A A
A A A  T  G A  A T

A A G G
A A *  *

Figure 2.19 Mutation spectra depicting single base and tandem substitutions 

induced in the supF gene observed in the combined untreated control or after 

treatment with 4-OHtamQM (50, 100 and 250 pM). Red asterisks denote 

hotspots. Tandem mutations are underlined.
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Combined 4 -OHtamQM Treatments + Combined Control

*

c
c
c
A

A *
A A
A * A
A G A
A G A
A G T
A G T
A G T A
A A T A

G T A A T A A
1 3 0 1 4 0

A A A A A C A A T A  A T  A
AAA A T T A A A AAT G T A A T A A  GA T A TC T T AA

1 0 0  1 1 0  1 2 0  1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0
G G T G G G G T T C C C G A G C G G CC A A A G G GA GC AG AC T C T A AA T C T G CC GT C A T C GA C T T C GA AG G T T C G A AT C C T T C C CC CA C C A C C A  
T A T T A  I J A  A G T TT QA G AC i J  AG T C A T TC TA CT ATA A U  A T T

AT A I _ I  TA T A  T A A A A A T A T T T
A J_A T A T G T A  A C T T

TA AA T G T T A
T G AA T G T T
T A G T T

*  A G T *

A G  T
A G  A

A * A

A A
A A
A G
A G
A G

A *
A
C
C

Figure 2.20 Mutation spectrum depicting single base and tandem 

substitutions induced in the supF gene after treatment with 4-OHtamQM (all 

doses combined). Non-treated combined control single base and tandem 

substitutions are shown in red above the gene sequence. Hotspots are 

represented by asterisks. Tandem mutations are underlined.

The distribution of multiple substitution mutations within the supF gene for 

plasmids dosed with 4-OHtamQM (50, 100 and 250 pM) or control treatments 

is shown in Figure 2.21. There is a single mutation hotspot in one control 

(solvent only) treated plasmid at position 133. This hotspot is also present in 

the multiple mutation spectrum induced by all 4-OHtamQM treatments.
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Finally, there is an additional hotspot at position 139 that is seen only at the 

highest 4-OHtamQM dose (250 pM). All hotspots occur at GC basepairs.

When all 4-OHtamQM treatments are combined three hotspots are now 

observed, at positions 133, 139 and 146 (Figure 2.22). On the other hand, in 

combined control plasmids, three hotspots (shown in red) are observed at 

positions 115, 133 and 139. There were sites for hotspots which 

corresponded to those present in the 4-OHtamQM single and tandem 

substitution mutation spectra (Figure 2.19). For the lower (50 pM) 4- 

OHtamQM dose there was a hotspot at position 133, while for the highest 

(250 pM) dose there were two hotspots at positions 133 and 139. For the 

combined 4-OHtamQM spectra, these sites were also at positions 133 and 

139.
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Solvent Control

1 0 0  1 1 0  1 2 0  1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0
G G T  G G G G T T  C C C G A G C G G C C A A A G G G A G C A G A C T  C T  A A A T  C T  G C C G T  C A T  C G A C T T  C G A A G G T T  C G A A T  C C T  T C C C C C A C C A C C A

A T T  G T T A T C T  A G
T G A A

A

Water Control

1 0 0  1 1 0  1 2 0  1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0
G G T  G G G G T T  C C C G A G C G G C C A A A G G G A G C A G A C T C T  A A A T C T  G C C G T  C A T  C G A C T T  C G A A G G T T  C G A A T  C C T T  C C C C C A C C A C C A

T TA A AA A T T
A T

50pM 4-OHtamQM

1 0 0  1 1 0  1 2 0  1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0
G G T G G G G T T C C C G A G C G G C C A A A G G G A G C A G A C T C T A A A T C T G C C G T C A T C G A C T T C G A A G G T T C G A A T C C T T C C C C C A C C A C C A

T T T T A T T T T  A T  G T
A A A T A A

G
G

100|iM 4-OHtamQM

1 0 0  1 1 0  1 2 0  1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0
G G T G G G G T T C C C G A G C G G C C A A A G G G A G C A G A C T C T A A A T C T G C C G T C A T C G A C T T C G A A G G T T C G A A T C C T T C C C C C A C C A C C A

T T G T T A A  T T T
G T T T
G
G
G
G

250|jM 4-OHtamQM

1 1 0 1 2 0 1 3 0
G G T G G G G T T C C C G A G C G G C C A A A G G G A G C A G A C T C T A A A T C T G C C G T C A T C G A C T T C G A A G G T T C G A A T C C T T C C C C C A C C A C C A

Figure 2.21 Mutation spectra in the supF gene depicting multiple substitutions 

induced after treatment with 4-OHtamQM (50, 100 and 250 pM), or water or 

solvent only. Asterisks denote hotspots.
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Combined 4 -OHtamQM Treatments + Control

G
*  G *

A A A
A A A A T T A
T TA T A T T T  T T A T C T A  G

1 0 0  1 1 0  1 2 0  1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0
GGT G G G G T T C CC GA GC G G C C A A A G G G A GC A G A C T  CT AAAT CT GCCGT CAT C G A C T T  CGA AG GT T C GA AT  C C T T  C C C C C A C C A C C A  

T T T T T  T T T  A T  T T T T  T A T  T T T T
T A A G T T A T T  T T T
T A A T T T  T T
A T T A T G

T T A
T T A
T T *

T T
G A
G *

G
G
G
G
G

Figure 2.22 Mutation spectra depicting multiple substitutions induced in the 

supF gene after treatment with 4-OHtamQM (50, 100 and 250 pM) or present 

in the combined control samples. Non-treated combined control multiple base 

substitutions are shown in red above the gene sequence. Asterisks denote 

hotspots.

2.3.5 Part C: In silico prediction

spectra

The LwPy53 algorithm was applied to supF mutation data generated by 

treatment of methylated pSP189 with the two highest a-acetoxytamoxifen 

doses (25 and 50pM), all three 4-OHtamQM doses (50, 100 and 250 pM) or 

by spontaneous means (combined control). The resulting predicted mutation 

distributions are illustrated in Figures 2.23, 2.24 and 2.25.
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Figure 2.23 Predicted human p53 G—>T mutation spectrum for exons 5, 7 and 

8 from data generated using methylated supF plasmid treated with a- 

acetoxytamoxifen (A), 4-OHtamQM (B) or untreated combined control (C). 

Hotspots were defined as sites containing 5% or more of the mutations in the 

spectrum. The vertical axes show the percentage of G—>T mutations for each 

site relative to the overall number of G—>T mutations for that particular 

spectrum.
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Hypothetical treatment with a-acetoxytamoxifen produced two G—>T hotspots 

in the human p53 gene at codons 244 and 273. Codon 244 was also a 

hotspot in the 4-OHtamQM predicted p53 spectrum along with codons 127, 

183, 227, 241, 244, 260, 264, 278 and 296. Finally, the untreated control 

generated 3 hotspots at codons 271, 278 and 295.

2.4 Discussion

The main aim of this chapter was to investigate the types and frequency of 

mutations induced by DNA adducts formed by two tamoxifen reactive 

metabolites in human endometrial (Ishikawa) cells. A secondary aim was to 

employ the LwPy53 algorithm in order to enable in silico prediction of the 

G—>T mutation distribution along the human p53 gene, using a- 

acetoxytamoxifen and 4-OHtamQM-induced mutation data from the supF 

assay.

To investigate the relative mutagenicity of tamoxifen DNA adducts, a- 

acetoxytamoxifen and 4-OHtamQM were used as the DNA damaging agents. 

a-Acetoxytamoxifen is a model of the reactive tamoxifen sulphate ester 

metabolite [280], and forms the same a-(/V2-deoxyguanosinyl)-tamoxifen DNA 

adduct as seen in rats [277, 305], mice [295, 308], monkeys [306, 307] and 

women undergoing tamoxifen treatment [320, 321]. 4-Hydroxytamoxifen is 

one of the major metabolites of tamoxifen [370], which via oxidation to its 

quinone methide, is proposed to form one of the minor tamoxifen DNA 

adducts (a-(/V2-deoxyguanosinyl)-4-hydroxytamoxifen) in rat liver [311].
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2.4.1 Part A: Mutagenicity of plasmid treated with a- 

acetoxytamoxifen replicated in Ishikawa cells

Replication of a-acetoxytamoxifen adducted plasmid in human endometrial 

(Ishikawa) cells resulted in an increase in mutation frequency above 

background control levels. The mutation frequency increased sharply at 

higher doses, which is in contrast to an earlier study from this laboratory 

carried out in E-coli that reported a lack of correlation between gross adduct 

number on the pLIZ lambda shuttle vector and mutagenicity in the lad  gene 

(Lowes, etal., 1999).

In the present study, for the lower a-acetoxytamoxifen dose (10pM), there was 

a small relative increase (~3-fold) in mutation frequency above the untreated 

control. In contrast, mutation frequency was sharply increased with higher 

doses, suggesting that the ultimate biological effect of tamoxifen may depend 

not only on the number of dG-A^-tamoxifen adducts originally formed, but also 

on processes such as cellular DNA repair, which may remove these lesions 

from the plasmids before DNA replication occurs. Higher damage levels may 

saturate the available repair mechanisms in vitro, resulting in a non-linear 

increase in mutation frequency. The mutation frequency of a- 

acetoxytamoxifen in this investigation was consistent with results from 

previous studies in our laboratory. In particular, treatment of plasmid with the 

highest a-acetoxytamoxifen dose (50 pM) induced about 22 x 10"4 mutant 

colonies on an adduct per plasmid basis. These results are comparable to 

results reported in Ad293 cells (-14 x 10-4) [350] and GM00637 fibroblasts 

(-4.5 x 10"4) [351] using the same concentration of a-acetoxytamoxifen (50
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pM). Additionally, the adduct levels were comparable between the studies 

which suggests that the methods used are reproducible, providing added 

confidence in the results. Therefore, a-acetoxytamoxifen appears to be 

similarly mutagenic regardless of the cells the damage is replicated in, 

although this was not the case for 4-OHtamQM. Previously published supF 

studies using different bulky carcinogens have reported lower levels of 

mutagenicity. Specifically, when compared on an adduct per plasmid basis, a- 

acetoxytamoxifen (in the current study) was about 39 times more mutagenic 

than benzo[c]phenanthrene [371], 22 times more mutagenic than 1,6- 

dinitropyrene [372], and 9 to 18 times more mutagenic than BPDE [373, 374]. 

These results indicate that a-fA^-deoxyguanosinyO-tamoxifen is an extremely 

potent mutagenic lesion.

In the current study the prevalent substitution mutations in control plasmids 

were GC—>AT transitions. These results are consistent with previously 

reported supF mutation spectra in human Ad293 cells [375, 376], 

lymphoblasts [377] and monkey kidney cells [378], in which the GC—►AT 

transition was the preferred spontaneous mutation. Upon treatment with a- 

acetoxytamoxifen, GC—►TA transversions become the major mutation type for 

a-acetoxytamoxifen single base substitutions and were induced in a dose- 

dependent manner. GC—►TA transversions are the preferred mutations 

induced by dG-A^-TAM adducts, as established by site-specific mutation 

studies in COS-7 cells [346], previous supF experiments [350, 351], primer 

extension reactions in vitro [347, 352] and from in vivo investigations in 

transgenic rats [348, 349]. Examination of the mutational specificity of 

polyaromatic hydrocarbons and other compounds which form DNA blocking
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lesions, has suggested that the preferential incorporation of A opposite a 

bulky lesion allows polymerase extension of the inserted A (the “A rule”) [379]. 

A straightforward explanation of the A rule is that in the presence of a bulky 

adduct or when a base is missing, some structural property of the template 

often allows A to be preferentially inserted [380, 381]. An alternative (and not 

exclusive possibility) is that polymerases preferentially bind adenine 

nucleotides and are therefore more likely to insert an A [382]. As well as 

misincorporation of A opposite the dG-A^-tamoxifen adduct, misincorporation 

of G and, in some sequences, T was also shown to be possible, albeit at 

lower frequency [346, 347, 352]. The occurrence of these misincorporation 

events, would lead to induction of GC—>CG and GC—>AT mutations, 

respectively.

Single and multiple base substitutions have been presented on separate 

spectra because it has been suggested that these multiple mutations may 

arise through a different mechanism to single base mutations [369]. Multiple 

mutations are defined as two or more point mutations occurring at distinct 

positions of a gene (not in tandem). For all treated and untreated plasmid 

spectra, hotspots were at GC base pair sites presumably as a result of 

preferential adduct formation on deoxyguanosine, including spontaneous 

endogenous lesions.

In the case of single and tandem substitution spectra, position 129 was a 

hotspot in all a-acetoxytamoxifen and untreated control spectra, except for the 

top a-acetoxytamoxifen dose (50 pM) spectrum. The same position (129) was 

the only hotspot observed in a previously reported supF spontaneous
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spectrum, after replication of pSP189 in Ad293 cells [376]. In the present 

study, GC—►AT transitions constituted 71% of the substitutions (observed at 

this position) in the combined untreated control, while in the combined a- 

acetoxytamoxifen spectrum, GC—>TA transversions were predominant at this 

site (80%). The difference observed in the mutational specificity of this hotspot 

suggests that position 129 is mutated both spontaneously and due to the 

presence of the dG-A^-TAM DNA adducts induced by a-acetoxytamoxifen but 

different nucleotides are incorporated opposite the lesion. Positions 133 and 

139 were the two other hotpspots present in the combined control spectrum 

but were not observed in any of the a-acetoxytamoxifen spectra. Therefore, it 

is likely that mutations at these two positions were purely spontaneous. This 

conclusion is further supported by a recent comparative analysis of 

mammalian cell line spontaneous mutation spectra in supF [383], in which 

hotspot C133 was the most frequent hotspot and hotspots G129 and C133 

also occurred frequently.

Using the hyperg analysis program, only the mutation spectra from the two top 

a-acetoxytamoxifen doses were found to be statistically different from the 

combined control (P<0.05). When these spectra were combined into a single 

spectrum (Figure 2.13) six hotspots were evident at positions 115, 123, 129, 

159, 160 and 168. The hotspot at position 159 was present in both the 

intermediate (25 pM) and high dose (50 pM) a-acetoxytamoxifen single 

spectra. Positions 159 and 160 were also hotspots in the combined single and 

tandem a-acetoxytamoxifen mutation spectrum of a previous supF study 

carried out in this lab [350].
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With regard to multiple base substitutions, three hotspots were present in the 

combined control spectrum at positions 124, 133 and 139 (Figure 2.14). Two 

of these hotspots (133 and 139) were also present in the single and tandem 

control mutation spectrum. Upon treatment with a-acetoxytamoxifen, two 

unique hotspots were induced at positions 102 and 117. However, multiple 

mutation spectra from a-acetoxytamoxifen treated plasmids failed to 

differentiate from the control when analysed by hyperg (P>0.05).

Frameshift mutations were relatively uncommon in both the control and a- 

acetoxytamoxifen treated samples. Nevertheless, there were 7 single base 

deletions and 3 single base insertions at position 124. Notably, a large 

deletion of bases 97—>267 was present in 39% of the combined control 

mutants sequenced. The frequency of this large deletion decreased markedly 

upon treatment with a-acetoxytamoxifen and accounted for 29%, 9% and 1% 

of all mutations in the 10, 25 and 50 pM treated plasmids respectively as the 

mutation pattern became more characteristic of tamoxifen induced damage 

and was less influenced by the spontaneous alterations. The deletion was 

also observed in recent spontaneous supF spectra from another member of 

our lab (Tompkins et al, unpublished data). The nature of this background 

mutation is uncertain, although there is strong evidence that short direct 

repeats mediate deletions and duplications in DNA [384, 385]. Two possible 

mechanisms for these events are (i) recombination between short 

homologous repeats and (ii) DNA polymerase slippage between short 

repeated sequences. Short-homology-independent illegitimate recombination 

(SHIIR) [386] occurs spontaneously or is induced, by UV light or other DNA- 

damaging agents, and requires short regions of homology between
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recombination sites. These regions usually contain 4-13 bp of homologous 

sequences [387, 388]. One such candidate site of sequence homology in the 

junction of the 171 bp deletion observed in the present study is a 5bp 

sequence (GAGCT). Furthermore, since this short sequence is positioned 

next to the 8bp signature of the pSP189 plasmid, a potentially larger 

homologous sequence could be formed, up to 13bp.

2.4.2 Part B: Mutagenicity of plasmid treated with 4- 

OHtamQM replicated in Ishikawa cells

Treatment of methylated pSP189 with 4-OHtamQM failed to raise the 

mutation frequency considerably above the background control levels at all 

three doses. This finding is in sharp contrast to the mutation frequencies 

reported in a previous supF investigation of 4-OHtamQM in Ad293 cells by a 

member of our lab [350], in which 4-OHtamQM induced damage was found to 

be about 25 times more mutagenic than a-acetoxytamoxifen derived adducts 

on an adduct per plasmid basis. Interestingly, the adduct levels were 

remarkably similar between the two studies, indicating that the differences in 

induced mutagenicity were not due to differences in the extent of adduct 

formation.

Although the reason(s) behind this discrepancy are not known, several 

possible explanations could account for it. First, a major difference between 

the two investigations is that methylated plasmid was used in the current 

study, while plasmid was adducted with 4-OHtamQM in the absence of 

methylation in the previous study. It is possible therefore, that DNA
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methylation at CpG sites could potentially interfere with the adduction reaction 

or the repair of induced damage in the cells. The adduction reaction could 

probably be affected in terms of adduct distribution but not in terms of overall 

adduct level (see comment above). Moreover, the types of adducts formed by 

4-OHtamQM in methylated DNA might be different and possible crosslink 

formation induced by 4-hydroxytamoxifen derived adducts in unmethylated 

plasmid [350] is less likely to occur with CpG methylation. Earlier reports 

indicate that methylation of CpG sequences may affect not only binding of 

chemically reactive intermediates with DNA, but also the conformational 

properties of the resultant DNA adducts formed [389, 390]. Another important 

difference between the two studies is that plasmids adducted with 4- 

OHtamQM were replicated in different cell lines (Ishikawas vs Ad293). It is 

known that cell specific factors (e.g. different polymerase profiles) can affect 

the mutagenic processing of DNA adducts [391]. Finally, a third possibility is 

that reactive species (such as free radicals) generated from the 4-OHtamQM 

during the adduction of plasmid may have been more abundant in the 

previous study [350], leading to an overestimation of the mutagenic potency of 

4-OHtamQM. 4-OHtamQM is believed to be a common reactive intermediate 

produced by microsomal, chemical and peroxidase activation of 4-OHtam and 

is responsible for the formation of identical 4-hydroxylated dG-A^tam adducts 

in each system [392, 393]. Dimers of 4-hydroxytamoxifen formed via an 

undefined mechanism involving free radical generation have been detected 

upon incubation with both rat liver microsomes [393] or horseradish 

peroxidase [392]. Similar radical species may also arise as a consequence of 

chemical oxidation and could potentially cause other types of DNA damage
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such as strand breaks, in addition to the 4-OHtam-dG/V2 adducts. However, 

the fact that the adduction reaction and synthesis of the 4-OHtamQM 

protocols were identical in each investigation makes this possibility unlikely.

The types of single-tandem and multiple substitutions generated by 4- 

OHtamQM treatment at all doses were in similar proportion to the types of 

mutations seen in the untreated control. In addition, the patterns of mutation 

distribution along the supF gene were virtually indistinguishable between the 

4-OHtamQM treatments and the untreated control. Accordingly, all 4- 

OHtamQM mutation spectra (both single-tandem and multiple) were found to 

be statistically similar to the untreated control spectra when compared by 

Hyperg (P>0.05). Furthermore, the 4-OHtamQM and untreated control shared 

3 hotspots in the combined single-tandem spectrum and 2 in the combined 

multiple spectrum. Altogether, these results suggest that treatment of 

methylated plasmid with 4-OHtamQM produced no real effect on the 

background spontaneous mutagenic specificity.

2.4.3 Part C: In silico prediction of p53 G-^T mutation 

spectra

The supF assay is extremely valuable for quantifying the relative mutagenicity 

of different chemicals and also for providing a qualitative insight into the types 

and distribution of mutations in the supF gene. However, this is not a 

biologically important gene, just a marker for mutagenesis. Moreover, these 

experiments do not provide information on whether tamoxifen derived DNA
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adducts cause mutations in human genes that might be involved in tamoxifen 

induced endometrial carcinogenesis.

Application of the LwPy53 algorithm represents an attempt to predict the 

mutational specificity of a mutagen in a biologically relevant gene, based on 

experimentally generated supF data. The mutation data from the supF assay 

experiments described in parts I and II were used as input data for the 

LwPy53 algorithm that predicts chemically-induced hotspots along the human 

p53 gene. Single, tandem and multiple substitutions, along with single 

deletions and insertions were recorded for each nucleotide position of the 

supF gene. These mutation data were subsequently utilized by the LwPy53 

algorithm to predict in siiico the distribution of G-»T transversions along exons 

5, 7 and 8 of p53.

Based on the p53 G—>J transversion predictions, treatment with a- 

acetoxytamoxifen resulted in two hotspots at positions 244 and 273. Codon 

273 is a unique hotspot, while hotspot 244 is also present in the 4-OHtamQM 

p53 spectrum. Position 273 is a common hotspot for bulky adducts such as 

benzo[a]pyrene [394] and has been shown to reside within regions of slow 

DNA repair [395]. Furthermore, characteristic mutations in the p53 gene have 

also been found in rat hepatocarcinomas induced by tamoxifen administration 

[396]. Therefore, it is plausible that the presence of this hotspot in p53 genes 

of women with tamoxifen associated endometrial cancer could imply a bulky 

adduct, such as dG-A^-TAM plays a role in mutation induction and cancer 

development. The extensive IARC TP53 mutation database [397] contains 

over 15 000 p53 somatic mutations recorded for many different cancer types.
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However, the record for endometrial cancer is incomplete, with little data 

available and there is no distinction between tamoxifen treated and control 

patients. A future study comparing the pattern of p53 mutations in 

spontaneous and tamoxifen induced endometrial tumours could address 

these issues.

Interestingly, there was only one hotspot shared between the 4-OHtamQM 

and combined control p53 spectra. One would expect a greater similarity 

between the two spectra, based on the supF results. However, LwPy53 

predicts mutations based on different types of base substitution frequencies at 

different dinucleotides. Therefore, even if the supF spectra were not 

significantly different using the very stringent Hypergeometric test one would 

still get different spectra predicted from the control and 4-OHtamQM spectra 

because certain mutation types occur at certain dinucleotides. If the 4- 

OHtamQM spectrum is aligned with the control, one can see that the 4- 

OHtamQM has a larger proportion of G>T mutations at GG dinucleotides. 

Subsequently, when interpreting hotspots in the p53 spectra one needs to 

look at the frequency of that mutation type in the supF spectrum and what 

dinucleotides they fall within. The same thinking should be applied to all 

predicted mutations. Mutation hotspots can only occur in the predicted p53 

spectrum if a mutation in that nucleotide leads to an amino acid change (i.e. 

selectable) and is exposed in a nucleosome (i.e. can be accessed by the 

mutagen). Also the probability of mutation is increased if the nucleotide lies in 

a very inflexible region estimated by DNA curvature. This is why hotspots are 

not seen in some places where just by sequence alone might have been 

expected.
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2.4.4 Summary

Tamoxifen supF

The mechanisms through which tamoxifen causes endometrial cancer are not 

yet established but the potential contribution of tamoxifen-induced DNA 

damage is a subject of much interest. The overall aim of this work was to 

investigate the mutagenicity and importance of tamoxifen DNA adducts in 

human endometrial cells. Relative mutation frequencies increased 

proportionally with the adduct level for a-acetoxytamoxifen treated plasmid, up 

to -18  times the background frequency. One could conclude that the a- 

acetoxytamoxifen metabolite of tamoxifen has the potential to cause serious 

mutagenic damage to DNA. However, 4-OHtamQM induced damage did not 

cause a dose-related increase in mutation frequency above that of the 

untreated control, which contrasts with previous studies from this laboratory 

[350, 365]. Additionally, only a-acetoxytamoxifen generated statistically 

different supF mutation spectra compared to the spontaneous pattern; the 

lack of mutagenicity demonstrated for 4-OHtamQM induced damage was 

consistent with a mutation spectrum similar to the spectrum observed in 

control untreated plasmid. Differences in the cellular background and/or 

methylation status of the plasmid could account for this disagreement. Finally, 

the LwPy53 algorithm was employed to predict G—>T transversion hotspots in 

the human p53 gene based on the experimental supF data. Codons 244 and 

273 were the predicted G-+T hotspots for the a-acetoxytamoxifen-treated 

plasmid. This suggests that if tamoxifen DNA adducts are directly involved in 

the initiation of human cancer then mutations may preferentially occur at these 

sites in endometrial tumours of treated women.
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3.1 INTRODUCTION 

3.1.1. The 0 6-methylguanine (06-MeG) DNA adduct

Many alkylating agents (described in Section 1.2.2.1.3) are known or 

suspected human carcinogens whose biological properties and mechanism of 

action have been extensively explored in cell and animal models over several 

decades [398]. Methylating agents are a type of alkylating agents that react 

with DNA by delivery of a methyl (-CH3) group and are capable of reacting 

with a number of nucleophilic sites on DNA (Figure 3.1). Methyl methane 

sulfonate (MMS), dimethyl sulfate (DMS), A/-methyl-A/-nitrosourea (MNU), and 

A/-methyl-A/-nitrosoguanidine (MNNG) have been used extensively as direct- 

acting methylating agents. Methylation damage from both endogenous [399- 

401] and exogenous [402] sources, as opposed to methylation by enzymatic 

reactions (e.g., 5-methylcytosine, N6-methyladenine), can result in 

mutagenicity, genotoxicity and cytotoxicity [403]. A critical lesion responsible 

for these endpoints is 0 6-MeG, which is induced in minor amounts (maximally 

8% of total alkylation products) in the DNA of cells exposed to methylating 

agents [404]. Wide variations in levels of Oe-MeG have been detected in 

human DNA in several studies of various populations exposed to methylating 

agents (reviewed in [405, 406]). The levels of DNA damage observed in 

human studies as a result of exogenous exposures (noniatrogenic), such as 

tobacco smoke [407, 408] or nitrated-treated food [409, 410] is of the order of 

1 adduct per 107-109 normal DNA bases, whereas that arising from 

endogenous exposures may potentially be several orders of magnitude higher 

[406].
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Figure 3.1 Potential sites of chemical methylation in double-strand DNA. The 

arrows point to each methyl adduct and whether the adduct is known to be 

predominantly toxic or mutagenic. The open arrows represent sites that are 

methylated by MMS, MNNG, and MNU. The filled arrows point to sites that 

are methylated by MNNG and MNU but not detectably by MMS. The size of 

the arrows roughly represents the relative proportion of adducts. Adapted from 

[411].

0 6-MeG can be responsible for a wide variety of biological effects, such as 

recombination and toxicity but the precise molecular mechanisms of these 

effects remain to be defined. However, the miscoding properties of this adduct 

are well established. The mutagenic capacity of 0 6-MeG lies in its ability to 

direct the misincorporation of thymine during replication [412-417]. Although
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cytosine is still the best Partner for 0 6-MeG with regard to Watson-Crick base 

pairing, pairing with C or T both cause structural distortions in the helix [413, 

418]. The frequency of inserting a T opposite this adducted base can be 7-fold 

higher than insertion of C and the difference is dependent on sequence 

context [419]. As a result, G—>A transition mutations arise following two 

rounds of replication of DNA containing 0 6-MeG. Furthermore, 0 6-MeG does 

not cause an overt block to in vitro replication using E.coli Pol I [420], but it 

can slow the rate of polymerization [421]. Both prereplicative and 

postreplicative DNA repair systems are involved in the repair of 0 6-MeG DNA 

adducts.

Prereplicative repair of 0 6-MeG is performed by the DNA repair protein O6- 

methylguanine-DNA-methyltransferase (MGMT). This protein contains an 

active cysteine residue which facilitates the removal of, and acts as a recipient 

for methyl groups from 0 6-MeG in DNA [422]. The protein becomes 

inactivated during the process, as the demethylation reaction has a 1:1 

stoichiometry and is irreversible. Therefore, the capacity of adapted cells for 

0 6-MeG repair is determined by the number of preformed MGMT molecules. 

A coordinated inducible adaptive response to DNA methylation is not a feature 

of mammalian cells. In cultured mammalian cell lines the MGMT levels are 

low and are simply depleted, rather than induced, by chronic dosage. In 

contrast, in bacteria, there is a several hundred-fold increase in the levels of 

MGMT in response to methylating agents [423]. It is generally thought that the 

repair of methylated DNA is mediated, for the most part, by MGMT. However, 

when the E. coli genome contains a high level of methylation damage a large 

proportion of 0 6-MeG is repaired by the uvr nucleotide excision repair
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pathway [424]. Despite this, the uvr repair pathway only provides a moderate 

amount of protection against methylation induced mutation.

Postreplicative repair of 0 6-MeG lesions is mediated by the MMR system. The 

cytotoxic cellular responses to 0 6-MeG turn out to be dependent upon a 

functional MMR repair system [425]. The major function of MMR is to correct 

replication errors that escape proofreading at the replication fork. In addition to 

alkyltransferase repair, mismatch repair is known to play a role in modulating 

the mutagenicity and genotoxicity of 0 6-MeG residues. Defective mismatch 

repair is known to be associated with tolerance to the cytotoxic effects of 

agents that produce Oe-MeG in DNA in both E. coli [426] and in human cells 

[427, 428] and a role for mismatch repair in modulating 0 6-MeG mutagenesis 

in E. coli has been previously demonstrated [429-431]. MMR-mediated 

cytotoxicity in wild-type E.coli might result from both the formation of DSBs 

and through interference of their repair. Two separate mechanisms have been 

proposed for the formation of DSBs in E.coli [432]. Replication-independent 

DSBs arise from overlapping base excision and MMR repair tracts on 

complementary strands and constitute the majority of detectable DSBs in 

dam~ mutants (E.coli strains that lack dam methylase). DSBs formed this way 

could be repaired efficiently by homologous recombination with a sister 

chromosome. In contrast, replication-dependent DSBs result from replication 

fork collapse at 0 6-MeG containing base pairs undergoing MMR futile cycling 

and are more likely to contribute to cytotoxicity. This general model of “futile 

repair” in E.coli was later adopted to explain MMR-dependent DNA repair in 

mammalian cells [433].

138



Chapter 3 Site-specific assay E.coli

Cytotoxicity induced by 0 6-methylating agents in rodent fibroblasts, human 

lymphocytes and lymphoblastoid cells deficient in MGMT is due to apoptosis, 

which indicates that 0 6-MeG is a critical pro-apoptotic DNA lesion [434-437]. 

Apoptosis induced by 0 6-MeG requires cell proliferation [438] and 

competence for MMR [434, 437, 439]. How MMR is causally connected to 

apoptotic cell death and recombination has not been established, although 

mouse models indicate that the apoptotic response is mediated through p53 

[440]. Two separate mechanisms have been proposed for the formation of 

DSBs in eukaryotes [425]. One possibility is that DSBs are produced when 

0 6-MeG residues are present on opposite DNA strands and the distance 

between the residues is short enough to allow the ss regions of DNA, resulting 

from excision of the newly replicated strand by MMR, to overlap. An 

alternative possibility is that some of the MMR ss intermediates are replicated 

(in the absence of cell cycle arrest) and that this results in a DSB in one of the 

daughter strands. It is well established from the effects of ionising radiation 

that double-strand breaks are lethal, only 40 being required to kill a cell [441]. 

Double-strand breaks are processed by the recombination repair system, of 

which there are two pathways (described in Chapter I); homologous 

recombination (HR) and non-homologous end joining (NHEJ). The molecular 

interactions occurring during these repair processes are highly complex and 

much has yet to be resolved.

3.1.2 Adduct site-specific mutagenesis

Mutation spectra yield information about the sites at which mutations can 

occur when DNA is damaged by a specific agent and about the molecular
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nature of the resulting mutations. When this information is coupled with 

information concerning the chemical nature of the lesions introduced and 

distribution of these lesions in DNA, hypotheses can be formulated as to 

which lesions are premutagenic and as to the type of mutations they cause 

[442]. However, genotoxic agents such as chemical carcinogens and radiation 

commonly generate more than one and usually many, activated species. 

Additionally, DNA, the target of these species, is a chemical composite made 

up of many nucleophilic atoms and, thus, the range of the resulting adduct 

structures can be vast. For example, simple alkylating agents and radiation 

each produce >12 specific modified bases in nucleic acids [443, 444]. The 

complexity of adduct mutagenesis makes it a challenging task to (i) assess 

the impact of any individual adduct on local DNA structure and chemistry, (ii) 

determine the contribution of each adduct to the mutation spectrum generated 

by chemical or radiation treatment, (iii) assess the effect of sequence context 

on the pattern of mutations and (iv) ascertain the identities of the DNA repair 

proteins responsible from protecting cells for specific forms of damage [445].

One potential means to assess the consequences of individual DNA adducts 

involves their study in defined DNA sequences in biological systems. The 

ultimate goal of an adduct site-specific study is to investigate whether a 

particular adduct is responsible for a particular mutation obtained in an in vivo 

mutagenesis (or carcinogenesis) study and to understand the mechanisms 

governing lesion induced mutagenicity. Correlations between the qualitative 

and quantitative pattern of mutations induced by an adduct and that observed 

in vivo following treatment with the mutagen/carcinogen itself in the tissue of 

interest can provide information on the relative importance of each type of
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DNA adduct and therefore on mechanisms of carcinogenesis [446]. The 

advent of strategies for the chemical synthesis of oligonucleotides containing 

single DNA adducts has revolutionized the study of how DNA lesions are 

processed by cellular systems. When DNA synthesizers became widely 

available in the mid 1980s, it was possible to design oligonucleotides of 

virtually any sequence containing normal or modified bases for which stable 

phosphoramidites could be made [447].

In brief, the field of adduct site-specific mutagenesis involves the synthesis of 

an oligonucleotide that contains a DNA adduct of known structure at a defined 

position, and the use of recombinant DNA techniques to incorporate this 

oligonucleotide into an autonomously replicating plasmid, or viral-based 

vector. This vector can then be studied in vitro or transfected into cells, where 

biological processing occurs, the nature of which can be deduced from 

analysis of the progeny [446]. The resulting mutations can be detected with a 

variety of methods, such as differential DNA hybridization [448-450], primer 

extension assays [451, 452], REAP analysis [453-455], or DNA sequencing 

[416]. Selection of mutant progeny for DNA sequencing can be achieved 

using an a-complementation (blue/white) screening assay in bacteria [456], or 

by antibiotic resistance [457].

In an adduct site-specific study, the choice of vector is significant. Both single 

stranded (ss) and double stranded (ds) vectors, as well as ds vectors where 

the lesion is in a ss gap, have been used. The advantage of studying a lesion 

in a ds vector is that the system comes as close as possible to resembling 

genomic replication and repair. However, a major drawback with a system

141



Chapter 3 Site-specific assay E.coli

where one DNA strand contains a bulky lesion(s), while the complementary 

strand does not, is that progeny plasmids are preferentially derived from the 

unadducted strand. This phenomenon, referred to as “strand bias”, may also 

occur with small DNA adducts and is due to damage avoidance mechanisms. 

In order to minimize the generation of plasmids from the unmodified strand, 

uracil bases can be incorporated opposite the region containing the adduct, or 

UV-induced damage can be introduced [446]. Repair of deoxyuridines by 

uracil DNA glycosylase and AP endonucleases creates a gap in the strand 

complementary to the adduct [431, 458]. The resulting constructs promote 

TLS past the modified base and eliminate possible preferential DNA synthesis 

over a normal complementary strand containing thymine residues [456]. The 

study of lesions in ss DNA has proven attractive, because it eliminates the 

problem of strand bias (only TLS can be performed in ssDNA). However, a 

potential problem with ss vectors is that there is no guarantee that the 

conformation of any given lesion is the same in ss DNA as it is in ds DNA, 

which may have an influence on the repair of the lesion and the pathway of 

mutagenesis when the DNA polymerase forms the ss/ds replication junction 

[446]. Finally, it is worth mentioning that although an adduct is replicated 

autonomously in an extrachromosomal genome in most adduct site-specific 

studies, there are strategies whereby an adduct can be placed in a vector that 

ultimately integrates into host cell genome, where it is replicated [459]. From 

such site-specific sequence context studies, empirical data are being 

generated that help understand the important variables in lesion processing 

as a function of its sequence environment, which may ultimately explain in
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molecular terms the observed mutation spectra from exogenous and/or 

endogenous DNA damaging agents.

3.1.3 Adduct site-specific mutagenesis assays

While it falls outside the scope of this thesis to discuss in detail the intricacies 

of all methods for adduct site specific mutagenesis, various assays have been 

developed where specific adducts were placed in known locations within 

vectors that could subsequently be replicated in cellular systems (some earlier 

systems are reviewed in refs [446, 447, 460]). One such assay, developed by 

Delaney and Essigmann [453] uses an M13 derivative bacteriophage genome 

containing certain base sequences incorporating the adduct of choice which 

are transfected into E.coli. Restriction digestion and radioactive one

dimensional thin layer chromatography (TLC) can be used to identify which 

mutations are preferentially induced by DNA lesions in the site-specific 

sequences used. This assay has been used to study 0 6-MeG [453, 454], 8- 

oxodG [455] and N6-(2-deoxy-a,p-D-erythropentofuranosyl)-2,6-diamino-4- 

hydroxy-5-formamidopyrimidine (Fapy.dG) [461]. Although methods like this 

increase our understanding of the site selectivity and mutagenicity of DNA 

lesions in E.coli in ss DNA, they do not pertain to mammalian systems and in 

particular to human cells.

In recent years several assays have been developed for use in mammalian 

cells. Various reporter genes have been employed in these assays, such as 

the HPRT [462], UR A3 [463], lacZ' [456] or supF [464-466] genes. One such 

assay has been developed by McLuckie, et al. [466] and involves insertion of 

a short synthetic deoxyoligonucleotide containing a single 0 6-methylguanine
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adduct into the supF gene of the pSP189 plasmid using blunt ended ligation. 

The adduct containing plasmid is transiently transfected and replicated in 

human cells and subsequent screening for mutations is performed by MALDI- 

ToF mass spectrometry (MALDI-MS). A great advantage of this approach is 

that it can be applied to the study of any adduct in any short sequence of a 

biologically relevant gene (e.g. p53) in human cells. A separate site-specific 

approach utilizing the supF reporter gene has been developed by Upton, et al. 

[464, 465] and it involves placing the adduct on a position located in the 

acceptor stem of the transcribed tRNA. The adducted pLSX plasmids are 

transfected into Ad293 cells and screening of the recovered mutant progeny is 

achieved by the blue/white assay.

A major limitation of the existing adduct site-specific assays is that positioning 

of the adduct of interest in a gene is restricted to a small defined region of the 

gene. For example, it is often impossible to place a DNA adduct site- 

specifically at a position that manifested as a hotspot in a random 

mutagenesis study performed using the same system. This is largely because 

of the difficulty of devising assay systems that are tolerant of sequence 

alteration around a hotspot, since many nucleotide changes can be expected 

to inactivate the marker and preclude an experiment. This is particularly true 

of tRNAs which are quite sensitive to mutagenesis [467]. As a result, 

investigations of sequence context effects in mutagenesis have been limited 

to the cataloguing of bases adjacent to hotspots (based on random 

mutagenesis studies) and changing the local sequence environment 

surrounding the adducted base in site-specific in vitro studies. This strategy 

has been useful in elucidating the effects of neighbouring bases on the
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mutagenesis of a DNA adduct. However, this type of approach does not take 

into account the effects of distal sequence context and secondary DNA 

structure of the reporter gene in the mutagenic processing of an adduct and 

consequently cannot replicate faithfully a random mutagenesis study. Another 

important constraint of existing assays is their inability to assess the 

mutagenicity of multiple DNA adducts and the influence of one DNA adduct on 

the mutagenic processing of another. Such methodological issues have been 

a large impediment to understanding the role of sequence context in adduct 

mutagenesis and can be potentially overcome with the development of the 

novel assay described in this Chapter. The main difference with this new 

approach is that instead of inserting a small adducted oligonucleotide (a 

foreign sequence) at a defined, restricted position on the reporter gene, the 

whole reporter gene (supF in this case,) is recreated from ligation of smaller 

synthetic oligos. This strategy allows for insertion of a DNA adduct at any 

conceivable position in the supF gene without changing the plasmid 

sequence. It also permits insertion of multiple DNA adducts at desirable 

positions. Therefore, this novel assay offers a great potential to efforts aimed 

at delineating the complex nature of adduct mutagenesis.

3.1.3 Aim

The aim of the work described in this Chapter was to develop and validate an 

assay for determining the mutagenic potential and types of mutations caused 

by individual adducts situated in ds or gapped plasmids, in two different 

sequence contexts, in E.coli. The assay would be a site-specific variation of 

the supF assay (described in Chapter 1). The main difference compared to
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the original supF assay is that this new approach would assess the 

mutagenicity of individual adducts, rather than compounds. The assay 

involves the use of DNA recombination techniques to excise a sequence of ds 

DNA from the original pSP189 plasmid and replace it with a chemically 

synthesized ds DNA oligomer containing the supF gene. The assay was 

validated using an oligomer that would completely inactivate supF function 

and with oligomers containing 0 6-MeG adducts as a model lesion in two 

different DNA sequence contexts in double-stranded or gapped plasmids. 

Furthermore, the methods could be adapted to the study of any DNA adduct, 

as long as the particular DNA-adduct phosphoramidite is available for 

incorporation into the synthetic deoxyoligonucleotide insert.

3.2 PART I: EARLY METHODS

3.2.1 Experimental Design

Using DNA recombination techniques, a sequence of ds DNA was excised 

from the original pSP189 plasmid and replaced with a chemically synthesized 

ds DNA oligomer. The synthetic oligo was designed in such a way that it does 

not interrupt the activity of the supF gene and as a consequence the 

unadducted plasmid should produce blue colonies when transformed E.coli 

are grown on X-gal selection plates. A 114 basepair-long sequence (which 

includes the wild-type supF gene) was excised from the pSP189 plasmid 

using the Xhol and BamHI restriction endonucleases and replaced by a 

modified ds114mer. This modified ds oligo was constructed from the ligation 

of three smaller chemically synthesized ds oligos (Figure 3.2). The modified
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114mer insert is slightly different from the wild-type sequence in that it has two

base pairs (at positions 99 and 179) changed. These two base changes

should not inactivate supF function and were introduced to serve as a marker

to prove that there was no contamination with the original or singly-digested

T O P  5 5 M E R

5  AATTCGAGAGCCCTGCTCGAGCTGl®GTGGGGnCCCGAGCGGCCAAAGGGAGCAGACTCTAAATCTGCCG-3'
3 ' GCTCTCGGGACGAGCTCGACAIfcACCCCAAGGGCTCGCCGGTTTCCCTCGTCTGAGATTTAGACGGCAGTA 5

B O T T O M  5 5 M E R

T O P  1 1 M E R

5 -TCATCGACTTC -3 '
3 ' - g c tg a a g c ttc  5 '

B O T T O M  1 1 M E R

T O P  6 6 M E R

5 ' - GAAGGTTCGAATCCTTCCCCCA(©kCCACGGCCGAAATTCGTTACCCG - 3 ' 
3-CAAGCTTAGGAAGGGGGTG@rGGTGCCGGCTTTAAGCCATGGGCCTAG-5

B O T T O M  6 6 M E R

religated plasmid [467].

Figure 3.2 Oligos used to construct the modified 114mer insert. The supF 

sequence is shown in pink. Bases circled in red correspond to alterations in 

the wild-type supF sequence and demonstrate incorporation of the synthetic 

114mer oligo. The original bases are guanine in the place of adenine and 

cytosine in the place of thymine.

This strategy takes advantage of the secondary structure of tRNA which 

allows some alterations to be made in certain regions of the gene without loss
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of function (Figure 3.3). During the early stages of assay development, only 

unadducted oligos were used. The key aim of this early method development 

was to successfully construct the recombinant vector and to ensure that the 

activity of the supF gene is preserved when the unadducted modified 114mer 

insert is present.
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Figure 3.3 Sequence of the supF gene. The familiar cloverleaf form is 

depicted as a DNA sequence. Bases circled in red correspond to alterations in 

the wild-type supF sequence and demonstrate incorporation of the synthetic 

114mer oligo. The original bases are guanine in the place of adenine and 

cytosine in the place of thymine. These base changes do not distort the
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secondary structure of the tRNA molecule and as a result do not inactivate the 

supF function. Some of the pre tRNA bases are indicated in small letters.

3.2.2 Materials and methods 

Materials

All chemicals were from Sigma-Aldrich, Poole, Dorset, UK unless otherwise 

stated.

Methods

All methods specific to this Chapter are described below. For any other 

procedures relating to the supF assay refer to Chapter 2.

Vector Preparation

3.2.2.1 Digestion of pSP189 plasmid with the BamHI restriction endonuclease

pSP189 (80 pg) was digested with 800 Units of BamHI (New England Biolabs 

Ltd., Hitchin, UK), in 80 pi NEBuffer 3 (10x) and 8 pi BSA, in a total reaction 

volume of 800 pi for 3 h at 37°C. The BamHI-digested linear plasmid was 

immediately loaded on to a 1% agarose gel. BamHI has the following 

recognition site:

5'...Gt GATCC...3'

3'...CCATGaG...5'

3.2.2.2 Agarose purification of BamHI-digested pSP189
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The BamHI-digested plasmid was loaded on a 1% Seakem LE (Lonza 

Wokingham Ltd., Berkshire, UK) agarose gel for 24h at 40V. The gel was 

photographed using a Syngene Chemigenius 2 bio imaging system and 

genesnap image analysis software. The bands corresponding to linear 

digested psP189 were visualised under low intensity UV light using a GLLS-4 

UV wand (Syngene, Cambridge, UK) and excised from the gel using a sterile 

scalpel. The DNA was purified from the agarose gel using the QIAquick Gel 

Extraction Kit according to the manufacturer’s protocol (Qiagen, West Sussex, 

UK) and eluted in EB buffer (10mM Tris-CI, pH 8.5).

3.2.2.3 Digestion of pSP189 plasmid with the Xhol restriction endonuclease

BamHI-digested linear plasmid (80 pg) was digested with 800 Units of Xhol 

(NEB), in 80 pi NEBuffer 2 (10x) and 8 pi BSA in a total reaction volume of 

800 pi for 3 h at 37°C. The reaction was terminated by heat inactivating the 

enzyme for 20 min at 65°C. Xhol has the following recognition site:

5'...Ct TCGAG...3’

3'...GAGCTaC...5'

3.2.2.4 Agarose purification of BamHI+Xhol-digested pSP189

Doubly-digested vector was purified again by agarose gel electrophoresis as 

described in section 3.2.22. The eluted DNA (in EB buffer) was then ready to 

use for downstream applications.
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3.2.2.5 Dephophorylation of BamHI+Xhol-digested pSP189 with Antarctic 

phosphatase

Doubly-digested vector (10 pg, in EB buffer) was dephosphorylated with 300 

Units of antarctic phosphatase (NEB) in 60 pi antarctic Phosphatase Buffer 

(10x) (NEB) in a 600 pi reaction for 1 h at 37°C.

114mer modified insert preparation

The sequences of the deoxynucleotide oligos used for the construction of the 

114 basepair insert are shown below:

Top 55mer (5'-3'): TCG AGC TGT AGT GGG GTT CCC G AG CGG CCA 

AAG GGA GCA GAC TCT AAA TCT GCC G

Bottom 55mer (5,-3'): TGA CGG CAG ATT TAG AGT CTG CTC CCC TTT 

GGC CGC TCG GGA ACC CCA CTA CAG C

Top 11mer TCA TCG ACT TC

Bottom 11mer (S’-T): CTT CGA AGT CG

Top 48mer (5'-3'): GAA GGT TCG AAT CCT TCC CCC ACT ACC ACG GCC 

GAA ATT CGG TAC CCG

Bottom 48mer (5'-3'); GAT CCG GGT ACC GAA TTT CGG CCG TGG TAG 

TGG GGG AAG GAT TCG AAC

Oligonucleotide synthesis was carried out by Biomers.net (Ulm, Germany) at 

a typical scale of 1pmol. The desalted oligonucleotides were dissolved in
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sterile water to a final concentration of 1pg/pl and purified by denaturing 

PAGE (20%).

3.2.2.6 Polyacrylamide gel preparation

Denaturing polyacrylamide stock solution (20%) was prepared by dissolving

420.4 g urea in 200 ml TBE buffer (5x) and adding 498.8 ml 30% Acryl/Bis 

37.5:1 (Biorad, Hertfordshire, UK). The solution was heated/stirred until 

completely dissolved and the volume was made up to 1 L by addition of 

distilled H2O. Non-denaturing (native) polyacrylamide stock solution (20%) 

was prepared as above but the urea was excluded.

For each gel, 100 ml of stock solution was mixed with 500 pi 10% ammonium 

persulfate and 80 pi TEMED (Biorad, Hertfordshire, UK). The solution was 

stirred and poured straight away into the gel set up, where it was left to 

polymerise for 30 min. The oligomers were then loaded on to the gel (in 2x 

volume of formamide) together with loading dye as a marker at each side of 

the gel. The gel was left to run overnight in 0.5 x TBE buffer at 300V at 4°C. 

The slowest migrating bands were visualised under 254 nm UV light by 

placing the gels on a silica TLC GF25 fluorescent plate. The bands were 

excised and mixed with 300 pi water and left to elute for a minimum of 4 h. 

The solution containing DNA was isolated from the gel using a homemade 

device described by Delaney and Essigmann [453] by inverting into an 

eppendorf (with a small hole made in the bottom using a sterile needle) 

containing a small amount of sand at the bottom. This eppendorf was then 

placed into another eppendorf that was centrifuged for 3 min at 4000 rpm in a 

Sanyo Hawk 15/05 microcentrifuge (MSE, Watford, Herts, UK). The eluate
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was desalted through an lllustra NAP-5 G-25 DNA grade sephadex column 

(GE Healthcare Ltd., Buckinghamshire, UK) and the concentration was 

calculated from the UV absorbance, then dried down under vacuum on a SC 

21OA speed vac (Savant Instruments, Inc. Holbrook, NY) and reconstituted to 

give a concentration of 100 ng/pl in TE buffer (pH 7.1).

3.2.2.7 Oligomer phosphorylation with T4 polynucleotide kinase (T4 PNK)

PAGE-purified oligomers (300 pmol) were 5’-phosphorylated with 100 units of 

T4 PNK (NEB) in 60 pi T4 DNA ligase buffer (10x) (NEB) in a total volume of 

600 pi for 1 h at 37°C. The reaction was terminated by heat inactivating T4 

PNK at 70°C for 20 min.

3.2.2.8 Annealing of ss oligos

The modified ds114mer insert was constructed from ligation of three smaller 

5’-phosphorylated double-stranded (ds) oligos; a ds55mer, a ds11mer and a 

ds48mer (Figure 1). The top and bottom strands of each ds oligo were 

annealed together by heating at 95°C for 5 min then allowing to cool slowly to 

room temperature over a period of 1 h. Subsequently the three ds oligos were 

ligated together in two sequential ligation reactions.

3.2.2.9 Construction of the ds66mer

Equimolar amounts of ds55mer and ds11mer were ligated together using 

2000 cohesive end units of T4 DNA ligase (NEB) in 100 pi T4 DNA ligase 

buffer (10x) (NEB) in a total volume of 1 ml for 1 h at room temperature. The 

ligation reaction was terminated by heat inactivation (65°C, 10min). The
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resulting 66mer was loaded on to a 4% agarose gel (run at 40V, overnight) to 

separate it from the unligated 55mer and 11 mer. The bands representing the 

ds66mer were visualized under 254 nm UV light and excised using a sterile 

scalpel. Excised DNA was subsequently purified using the QIAquick Gel 

Extraction Kit following the manufacturer’s protocol.

3.2.2.9 Construction of the ds114mer

Equimolar amounts of the purified ds66mer and the ds48mer (~23 pmol) were 

then ligated together using the same protocol as above. The resulting 114mer 

was separated again from the 66mer, the 48mer and the concatemers formed 

in the reaction, using a 4% agarose gel (40V, overnight) and then purified with 

the QIAquick Gel Extraction kit.

3.2.2.10 Ligation of the ds114mer insert to the doubly-digested 

dephosphorylated vector

Doubly-digested dephosphorylated vector (1 pg) and ds114mer insert were 

ligated together in a 1:10 (vector:insert) molar ratio ligation reaction using 400 

cohesive end units of T4 DNA ligase (NEB) in 2 pi T4 DNA ligase buffer (1 Ox) 

(NEB) in a total volume of 20 pi for 3 h at room temperature.

3.2.2.11 Effect of UV light on mutagenic background

The ds114mer insert was exposed to low intensity 254 nm UV light for 1 and 3 

min. These oligos were then ligated into the doubly-digested 

dephosphorylated vector and transformed into E.coli as usual, along with 

control samples prepared using the standard protocol, which were not 

exposed to any additional UV light.
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3.2.3 Results
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3.2.3.1 Digestion of pSP189 plasmid with the BamHI restriction 

endonuclease

The digestion product arising from incubation of pSP189 with BamHI is shown 

in Figure 3.4. The gel photo indicates that digestion with BamHI was highly 

efficient, resulting in almost complete conversion of circular plasmid to the 

linear form.

Undigested plasmid 

ss^^^^Ccircular form )

======= :j Bam HI-digested
plasmid (linear form)

Figure 3.4 BamHI digestion of pSP189. Photograph of a typical 1% 

preparative agarose gel showing the BamHI-digested product (1pg of vector 

per lane).

3.2.3.2 Digestion of pSP189 plasmid with the Xhol restriction 

endonuclease

The results of digestion of pSP189 plasmid with Xhol are shown in Figure 3.5. 

The gel photo indicates that a high proportion of the circular plasmid is 

converted into the linear form upon digestion with Xhol under the conditions 

employed.
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Covalently closed 
circular plasmid

Supercoiled 
plasmid

Xhol-digested
plasmid

Nicked (relaxed) 
circular 
and concatemers

plasmid

Figure 3.5 Xhol digestion of pSP189. Photograph of a typical 1% preparative 

agarose gel showing the Xhol-digested product. Lane 1 represents 

undigested control pSP189 (1 pg) and lanes 2-6 contain Xhol-digested 

plasmid (1pg of vector per lane).

3.2.3.3 Construction of the ds66mer and ds114mer insert

As shown in Figure 3.6, once the ligation reaction was optimized according to 

the protocol described in the methods section, the ligation reaction of the ds 

55mer with the 11mer was highly efficient, giving the desired 66mer as the 

major product. 1 7 o A c 7

n
Figure 3.6 Construction of the ds66mer. Photograph of a typical 4% 

preparative agarose gel showing the ds66mer ligated product. Lane 1 

contains a 500bp ladder (hyperladder V, Bioline, Bath, UK) and lanes 2-7 

contain the ds66mer ligation reaction product (500 ng per lane).
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Ligation of the ds66mer and ds48mer to produce the final ds114mer insert is 

illustrated in Figure 3.7. The gel photo suggests that the ds114mer ligation 

reaction resulted in the formation of concatemers of multiple sizes, for 

example a 228merfrom ligation of two full length 114mers. However, the yield 

of the desired 114mer after isolation from the gel (typically about 2 pg) was 

considered satisfactory for subsequent ligation experiments.

12  3 4 5

KKj jESSKW!
Km! g 3 r n
RgfH ■

'.'■ H

Iff
Figure 3.7 Construction of ds114mer. Photograph of a typical 4% preparative 

agarose gel showing the ds114mer ligated product. Lane 1 contains a 500bp 

ladder and Lanes 2-5 contain the ds114mer ligation reaction product (1 pg per 

lane).

3.2.3.5 Transformation of electrocompetent E.coli with the 

recombinant vector

Once formed (see Section 3.2.2.10), the recombinant plasmid was used to 

directly transform E.coli. Transformation of electrocompetent E.coli cells with 

the recombinant plasmid DNA resulted in about 8.7 ± 3% white colonies 

(Table 3.1). When the bacteria were transformed with recombinant doubly cut 

dephosphorylated vector ligated in the absence of the modified insert 

(negative control sample) this produced few or more typically zero colonies.

157



Chapter 3 Site-specific assay E.coli

This indicated that the vector was not religating to itself and also that there 

was not significant contamination with the parent undigested pSP189 which 

may have been present in small quantities in the gel purified plasmid.

E x p e rim e n t S am p le
11 4m er
in sert

D o u b ly -
d ig e s te d
D e p h o s
v e c to r

C o lo n ie s  c o u n te d

T o ta l B lu e W h ite % W h ite

1
1 + + 1130 1022 108 9.6

(-ve) control - + 2 2 0

2

1 + + 288 250 38 13.2
2 + + 406 355 51 12.6
3 + + 243 209 34 14.0

(-ve) control - + 52 52 0

3
1 + + 762 702 60 7.9
2 + + 398 370 28 7.0

(-ve) control - + 0 0 0

4
1 + + 762 718 44 5.8

(-ve) control - + 0 0 0

5
1 + + 913 845 68 7.4

(-ve) control - + 0 0 0
6 1 + + 830 760 70 8.4

S u m 5732 5231 501
A v e ra g e  ±

SD 9.4  ± 3.0

Table 3.1 Number of mutant and wild type colonies resulting from the 

transformation of electrocompetent E.coli cells with the recombinant vector. 

Each experiment was performed on a separate occasion, using freshly 

digested pSP189 plasmid and recently constructed 114mer insert. For most 

experiments only one ligation reaction of insert to plasmid (designated sample 

1) was performed. In situations where multiple samples are listed (expt 2+3) 

samples 1, 2 and 3 were identical and represent separate vector to insert 

ligation reactions. For each sample a single transformation of E.coli was 

carried out. The average proportion of white mutant colonies across all 

experiments and the standard deviation are highlighted in yellow. The 

negative control represents plasmid ligated in the absence of insert. The high 

number of colonies observed in the (-ve) control sample in expt 2 may have 

resulted from a batch of plasmid that was inadequately purified.

158



Chapter 3

3.2.3.6 DNA sequencing
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In order to acquire information on the nature of the mutant white colonies and 

also to confirm that the blue colonies contained the synthetic 114mer oligo 

selected samples were sequenced. Three blue and three white colonies were 

randomly picked and sent for sequencing to PNACL.

100 110 ^  120 130 140 150 160 170 180
A O C C C T O C T  C O A Q C T  O W l ' I  G G G G T  T C C C G  G C G O C C A  G G G  A G C G A C T C T •> T C 7  G C C O T C A T C G A C T T C G A ^ G G T T C O A A T C C T I

Figure 3.8 Electropherogram illustrating a sequence within a pSP189 

recombinant plasmid derived from a blue colony. The bases circled in red 

correspond to alterations in the wild-type supF sequence and demonstrate 

incorporation of the synthetic 114mer oligo. The original bases are guanine in 

the place of adenine and cytosine in the place of thymine.

Importantly, three sequences derived from blue colonies (e.g. Figure 3.8) 

proved that the modified 114mer oligo was incorporated successfully into the 

vector in place of the original sequence and that the base changes made did 

not constitute inactivating mutations, as predicted. This is evident from the 

presence of the altered bases at positions 99 and 179 (see Figure 3.8 

legend). The sequences of plasmid extracted from the white mutant colonies 

(Figure 3.9) confirmed that the modified 114mer insert was also successfully 

incorporated as indicated by the presence of the double base changes, and
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that random mutations (e.g. base substitution, addition and deletion 

mutations) were responsible for inactivation of the supF gene.

C hronrs 1.43 File: 1W Sequence Name: (none) Run ended: (unknown) 
10 20

T 1 C M :  :■ . 1 T G a 0  c i T T , \ T  CA.GOG *  . -  T C S MJ * 0  C C  C T OC T CO  AG T G r f

Chromas 1.45 File: 3LB.abl Sequence Name: 3LB Run ended: Nov 15. 2004 Page I of 2

*  TC 0  AG GCC C TO C T C G  A.G C TO T

G addition

Chromas 1.45 File: 2LB.abl Sequence Name: 2LB Run ended: Nov 15, 2004_______________________________________________ Page 1 o f 2
10 20 30 4 0  SO ^  60 70 80 90 100

TA 7CTT r T ,-v r • : - G G C  *'! I ' T C - G G G  7 T C G  ; G G C C C  TO C TCG * 0  C TO I V  T 0  G 0  0  T  TC  C CO  O CO O C C. C C C  A C C  -  0 * C : c  I A  A a T C  TOC

110 120 
C O  T C A  T C O  AC T T C O  h  AO Q T T C O  ' A 1

C rG substitution
C C C C  A

r deletion

Figure 3.9 Electropherogram illustrating sequences of pSP189 recombinant 

plasmid derived from three separate white colonies (A, B and C). The bases 

circled in red correspond to the expected alterations in the wild-type supF 

sequence and demonstrate incorporation of the synthetic 114mer insert. The 

original bases are guanine in the place of adenine and cytosine in the place of 

thymine. Also observed are inactivating mutations in the form of a single G 

deletion, G addition and a C—>G substitution coupled with a T deletion in 

samples A, B and C respectively.
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3.2.3.7 Effect of short term exposure to UV light

Short term exposure of the modified insert to UV light during visualization and 

image capturing of the gel and during excision of the appropriate bands was 

considered a possible cause of the random mutations detected in -9%  of 

colonies. To investigate this possibility, the 114mer was exposed to low 

intensity 254 nm light for 1 and 3 minutes. These oligos were ligated into the 

psP189 plasmid and the recombinant vectors were used to transform E.coli, 

along with control samples prepared using the standard protocol, which were 

not exposed to any additional UV light.

Sample Colonies counted
Blue White %Blue

no UV (control 1) 40 5 88.8
no UV (control 2) 575 56 91.1

1 minute UV 353 16 95.6
3 minutes UV 146 17 89.5
(-ve) control 0 0 0

Table 3.2 Number of colonies produced when E.coli were transformed with 

recombinant plasmid which was either exposed or not exposed (control) to 

low intensity 254 nm UV light. The negative control corresponds to plasmid 

ligated in the absence of insert.

As shown in Table 3.2, additional exposure to UV light did not induce an 

increase in the proportion of mutant colonies compared to those plasmid 

samples that were prepared using the standard protocol, indicating that UV 

exposure was not the cause of the typical mutation background observed 

(~9%).
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3.3 PART II: METHODOLOGICAL IMPROVEMENTS

3.3.1 Experimental Design

Having established the basic protocol and ascertained that the synthetic oligo 

could be successfully incorporated in place of the original sequence without 

inactivating the supF gene several modifications were introduced into the 

methodology. First, the number of ss oligos used for the construction of the 

114mer insert was increased from 6 to 14. This increase was carried out with 

the intention of reducing the mutation background and also to facilitate the 

introduction of short adducted or deoxyuridine-containing 

oligodeoxynucleotides. Second, additional 114mer constructs (Figure 3.10) 

were prepared containing either deoxyuridines in the complementary strand 

(114-B) or a single 0 6-MeG DNA adduct at sequence context 1 (position 100, 

114-C) or sequence context 2 (position 129, 114-D). Third, the ds66mer, 

ds48mer and ds114mer constructs were purified by non-denaturing PAGE 

(20%), instead of agarose purification, prior to ligating to the doubly-digested 

dephosphorylated vector. Finally, the recombinant vector was purified by 

ethanol precipitation using yeast tRNA as a co-precipitant, prior to 

transformation of E.coli.
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SupF gene shown in red

114-A
5'TCGAGCTGlgpTGGGGnCCCGAGCGGCCAAAGGGAGCAGACTCTAAATCTGCCGTCATCGACTTCGAAGGTTCGAATCCTTCCCCCA(£i>CCACGGCCGAAATTCGTTACCCG-3'

S'-CGAO&ACCCCAAGGGCTCGCCGGTTTCCCTCGTCTGAGATnAGACGGCAGTAGCTGAAGCnCCAAGCnAGGAAGGGGGTQOrGGTGCCGGCnTAAGCCATGGGCCTAG-S'

114-B
5'-TCGAGCTG^)GTGGGGTTCCCGAGCGGCCAAAGGGAGCAGACTCTAAATCTGCCGTCATCGACTTCGAAGGTTCGAATCCTTCCCCCAC(i>CCACGGCCGAAATTCGTTACCCG-3'

3  - CGACAUCACCCCAAGGGCUCGCCGGTTTCCCTCGTCTGAGATTTAGACGGCAGTAGCTGAAGCTTCCAAGCTTAGGAAGGGGGTGlgrGGTGCCGGCTTTAAGCCATGGGCCTAG- 5 '

114-C
5 t c g a g c t g '@s t g g g g t t c c c g a g c g g c c a a a g g g a g c a g a c t c t a a a t c t g c c g t c a t c g a c t t c g a a g g t t c g a a t c c t t c c c c c a c CAc c a c g g c c g a a a t t c g t t a c c c g - 3

3 '-  CGAC>@DACCCCAAGGGCTCGCCGGTTTCCCTCGTCTGAGATTTAGACGGCAGTAGCTGAAGCTTCCAAGCTTAGGAAGGGGGTG@rGGTGCCGGCTTTAAGCCATGGGCCTAG-5

114-D
S - t c g a g c t g iQ g t g g g g t t c c c g a g c g g c c a a a g g g a g c a g a c t c t a a a t c t g c c g t c a t c g a c t t c g a a g g t t c g a a t c c t t c c c c c a o ^ c c a c g g c c g a a a t t c g t t a c c c g -S '

3 '  CGAC^fcACCCCAAGGGCTCGCCGGTTTCCCTCGTCTGAGATTTAGACGGCAGTAGCTGAAGCnCCAAGCnAGGAAGGGGGTQgrGGTGCCGGCnTAAGCCATGGGCCTAG 5

Figure 3.10 Sequence of the ds 114mer inserts. Bases circled in red correspond to alterations in the wild-type supF sequence and 

demonstrate incorporation of the synthetic 114mer oligo. Bases in green correspond to thymines replaced by uracil. Asterisks 

denote the presence of a single 0 6-MeG adduct positioned at sequence context 1 (114-C) or at sequence context 2 (114-D).
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3.3.2 Materials and methods 

Materials

All chemicals were from Sigma-Aldrich, Poole, Dorset, UK unless otherwise 

stated.

Methods

All methods specific to part II are described below. For any other procedures 

refer to part I (Chapter 3) and Chapter 2.

114mer modified insert preparation

The sequences of the deoxyoligonucleotides used for the construction of the

114 basepair inserts are given below (Figure 3.11).

T1:
TOP STRAND (5'-3'): 

TCG AGC TGT AGT GGG GTT 18MER
T1-06-MeG: TCG AGC TGT AXT GGG GTT 18MER
T2: CCC GAG CGG CCA AAG GGA GC 20MER
T3: AGA CTC TAA ATC TGC CGT C 19MER
T3-06-MeG: AXA CTC TAA ATC TGC CGT C 19MER
T4: ATC GAC TTC 9MER
T5: GAA GGT TCG AAT CCT T 16MER
T6: CCC CCA CTA CCA CGG CC 17MER
17: GAA ATT CGG TAC CCG 15MER

B1:
BOTTOM STRAND (5'-3'): 

CTC GGG AAC CCC ACT ACA GC 20MER
B1U: CUC GGG AAC CCC ACU ACA GC 20MER
B2: GAG TCT GCT CCC TTT GGC CG 20MER
B3: TCG ATG ACG GCA GAT TTA 18MER
B4: ACC TTC GAA G 10MER
B5: TGG GGG AAG GAT TC G A 16MER
B6: AAT TTC GGC CGT GGT AG 17MER
B7: GAT CCG GGT ACC G 13MER

Figure 3.11 Sequences of the deoxyoligonucleotides used for the 

construction of ds 114mer inserts. X represents an 0 6-MeG lesion and U

represents a uracil base.
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As before, oligonucleotide synthesis was carried out by Biomers.net (Ulm, 

Germany). 0 6-MeG containing oligos T1-06-MeG and T3-06-MeG were 

synthesised by Trilink (TriLink BioTechnologies, San Diego, CA, USA). MALDI- 

ToF MS analysis of T1-06-MeG and T3-06-MeG oligodeoxynucleotides gave 

protonated molecular ions with a mass within 0.008% and 0.0017% of the 

expected theoretical mass respectively. Adducted and unadducted 

oligonucleotides were dissolved in sterile water to give a final concentration of 

1pg/pl and purified by denaturing PAGE (20%), as described in section 

3.2.2.6.

3.3.2.1 Oligonucleotide phosphorylation with T4 polynucleotide kinase (T4 

PNK)

PAGE purified oligos T2, B2, T3, B3, T4, B4, T6, B6, T3-06-MeG and B2U 

were phosphorylated as in 3.2.2.7.

3.3.2.2 Construction of the ds66mers

The ligation strategy followed was different from that adopted in part I. In 

particular, the annealing and ligation steps were combined in a single 

reaction. Four different ds66mers were constructed using the following ss 

oligos from Figure 3.11:

66-A: T1+T2+T3+T4+B1+B2+B3

66-B: T1+T2+T3+T4+B1U+B2+B3

66-C: T1 -06-MeG+T2+T3+T4+B1 +B2+B3
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66-D: T1 +T2+T3-06-MeG+T4+B1 +B2+B3

Each ds66mer was constructed from 7 smaller ss oligos. Equimolar amounts 

of each ss oligo (-10 pg) were mixed with 100 pi T4 DNA ligase buffer (10x) 

(NEB) and the volume of the solution was made up to 1 ml with water. The 7 

oligos were annealed together by heating at 95°C for 5 min then allowing to 

cool slowly to room temperature over a period of 1 h. Subsequently, 4000 

cohesive end units of T4 DNA ligase (NEB) were added and the ligation 

reaction was carried out for 35 min at room temperature. The ligation reaction 

was terminated by heat inactivation of T4 DNA ligase (65°C, 10 min). The 

resulting ds66mers were purified by 20% non-denaturing PAGE.

3.3.2.3 Construction of the ds48mer

The ds48mer was constructed using the following oligos from Figure 3.11 : 

48MER: T5+T6+T7+B4+B5+B6+B7

The ligation strategy employed was the same as that described above in 

3.3.2.2. The resulting ds48mer was purified by 20% non-denaturing PAGE.

3.3.2.4 Construction of the ds114mer inserts

Four different ds114mer inserts (Figure 3.10) were constructed using the 

following PAGE purified ds66mers and the ds48mer:

114-A: 66-A+48MER

114-B: 66-B+48MER
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114-C: 66-C+48MER

114-D: 66-D+48MER

Equimolar amounts of each ds66mer and ds48mer (-23 pmol) were mixed 

with 100 pi T4 DNA ligase buffer (10x) (NEB) and the volume adjusted to 1 ml 

with water. The oligos were annealed together by heating at 95°C for 5 min 

then allowing to cool slowly to room temperature over a period of 1 h. 

Subsequently, 4000 cohesive end units of T4 DNA ligase (NEB) were added 

and the ligation reaction was carried out for 1 h at room temperature. The 

ligation reaction was terminated by heat inactivation of T4 DNA ligase (65°C, 

10min). The resulting ds114mers were purified by 20% non-denaturing PAGE.

3.3.2.5 114mer insert phosphorylation with T4 polynucleotide kinase (T4 PNK)

PAGE purified ds114mers (200 ng) were 5’-phosphorylated with 20 units of T4 

PNK (NEB) in 10 pi T4 DNA ligase buffer (10x) (NEB) in a total reaction 

volume of 100 pi for 1 h at 37°C. The reaction was terminated by heat 

inactivating T4 PNK at 70°C for 20 min.

3.3.2.6 Ligation of the phosphorylated ds114mer insert to doubly-digested 

dephosphorylated vector

Doubly-digested dephosphorylated vector (1 pg) and 5’-ds114mer insert (200 

ng) were ligated together in a 1:10 (vector:insert) molar ratio ligation reaction 

using 800 cohesive end units of T4 DNA ligase (NEB) in 15 pi T4 DNA ligase 

buffer (10x) (NEB) in a 150 pi total volume for 24 h at room temperature. The 

ligation reaction was terminated by heat inactivation (65°C, 10 min). The
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ligation reaction was subsequently purified by ethanol precipitation using 

yeast tRNA as a coprecipitant.

3.3.2.7 Ethanol precipitation of recombinant vector with yeast tRNA as a co

precipitant

Recombinant vector (150 pi) was mixed with 1500 pi 100% ethanol, 30 pi 

yeast tRNA (1 pg/pl, Invitrogen, Paisley, UK), and 420 pi water, then 

incubated at -20°C for 20 min. Yeast tRNA is suitable for use as a carrier in 

nucleic acid purification and precipitation procedures. Subsequently, plasmid 

DNA was precipitated by centrifuging at 14,000 g for 30 min in a 

microcentrifuge. The supernatant was removed and the pellet was washed 

once with 70% ethanol. The pellet was reconstituted in 10 pi water, 5 pi of 

which was used per transformation experiment.

3.3.3 Results of Part II

3.3.3.1 Construction of the ds66mers

PAGE-purified ds66mers were analysed by 4% agarose electrophoresis 

(Figure 3.12). The gel photo suggests that PAGE purification of the ligation 

reaction resulted in ds66mer fragments of high purity.
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Figure 3.12 Construction of ds66mers. Photograph of a typical 4% agarose 

gel showing the ds66mer ligated products. Lane 1 contains a 500bp ladder 

and lanes 2-5 contain constructs 66-A, 66-B, 66-C and 66-D respectively.

3.3.3.2 Construction of the ds48mer

PAGE-purified ds48mer was analysed by 4% agarose electrophoresis and 

consistently found to be of high purity as shown by the representative gel 

photo (Figure 3.13).

1 2 3

Figure 3.13 Construction of ds48mer. Photograph of a typical 4% agarose gel 

showing the ds48mer ligated product. Lane 1 contains a 500bp ladder and 

lanes 2+3 contain the same ds48mer construct.
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3.3.3.3 Construction of ds114mer inserts

Ds 114mer constructs were purified by PAGE rather than the agarose gels 

that were employed previously, then the purity of the isolated products was 

assessed by analysis on a 4% agarose gel as shown in Figure 3.14. The gel 

photo demonstrates that the PAGE-purified ds114mer inserts were of high 

purity, revealing a single band of the desired size

114 bp

Figure 3.14 Construction of ds114mer inserts. Photograph of a typical 4% 

agarose gel showing the ds114mer ligated and PAGE purified products. Lane 

1 contains a 500bp ladder and lanes 2-5 contain constructs 114-A, 114-B, 

114-C and 114-D (-200 ng each) respectively.

3.3.3.4 Transformation of electrocompetent E.coli with the 

recombinant vector

The results of E.coli transformation with the recombinant constructs produced 

by ligation of the various ds 114mers with the digested vector are summarized 

in Table 3.3. Transformation of electrocompetent E.coli cells with the 114-A
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recombinant plasmid DNA resulted in about 3.2 ± 0.2% white colonies. The 

equivalent uracil containing construct (114-B) resulted in a 2.2-fold increased 

mutation frequency compared to the unadducted control (114-A). Likewise a 

similar increase in the mutant fraction of constructs containing a single O6- 

MeG adduct in either sequence context 1 (114-C) or context 2 (114-D) was 

observed. When the bacteria were transformed with the recombinant doubly 

cut dephosphorylated vector ligated in the absence of the modified insert 

(negative control sample) this produced few or zero colonies, suggesting that 

contamination with the parent undigested or with singly-cut religated pSP189 

plasmid was insignificant.
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Experiment Type of Colonies counted
construct Sample Total Blue White % White STDEV

1 1353 1311 42 3.1
2 1307 1264 43 3.3

114-A (T1) 3 1171 1124 47 4.0
4 437 424 13 3.0
5 656 636 20 3.0

SUM 4924 4759 165 3.4 0.4
1 1 996 922 74 7.4

114-B (B1U) 2 500 466 34 6.8
SUM 1496 1388 108 7.2 0.4

1 1460 1354 106 7.3
114-C (T1-06) 2 1557 1454 103 6.6

SUM 3017 2808 209 6.9 0.5
114-D (T3-06) 1 498 435 63 12.7

1 854 830 24 2.8

114-A (T1) 2 7307 7059 248 3.4
3 5633 5486 147 2.6

SUM 13794 13375 419 3.0 0.4
2 1 633 588 45 7.1

114-D (T3-06) 2 5213 4930 283 5.4
SUM 5846 5518 328 5.6 1.2

(-ve) control 1 0 0 0
2 4 0 4

4 . 0

114-A (T1) Exp1+Exp2
SUM 18718 18134 584 3.2 0.21+Z

114-D (T3-06) Exp1+Exp2
SUM 6344 5953 391 9.1 5.0

Table 3.3 Number of mutant and wild type colonies resulting from the

transformation of E.coli cells with recombinant constructs 114-A, 114-B, 114-C 

and 114-D. Samples numbered 1 through to 5 were identical but represent 

separate vector to insert ligation reactions. For each sample a single 

transformation of E.coli was carried out. Constructs 114-A and 114-D were 

assessed in two experiments, each one performed on separate ocasions, 

while constructs 114-B and 114-C were assessed in one. Average mutation 

frequencies and standard deviations are highlighted in yellow. The average 

percentages of white colonies and standard deviations from both experiments 

for constructs 114-A and D are highlighted in light green.
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Three blue colonies from sample 114-A were picked and sent for sequencing 

by PNACL. All three sequences derived from these blue colonies confirmed 

the presence of the modified 114-A insert (Figure 3.15) as evidenced by the 

altered bases (circled), proving that it was successfully ligated into the vector 

and that there were no inactivating mutations in it, reinforcing the previous 

results.

10 20 30
• 9 nt 0  NC C G O G  w M T C G  G G C C C 7  0C

40 50 60 70  80  90
T C  G G C T  G Q G :  G G G G T 1 C C C  G GC GG C C  GG G GC G C T C  : T C I G C C G I C  1

100 110 120 ^  130 140 150 160 170 180 190
CO  c  1 G G G  C G r c c i  r c c c c c  ee C G G C C G  : : c o  g : c c c q g  C C T T  G C G  GC : GG . - . • • C GC 0  T G  GO

t o !  Iwk: Jfe

Figure 3.15 Electropherogram illustrating a sequence from a 114-A 

recombinant plasmid derived from a blue (non-mutant) colony. The bases 

circled in red correspond to alterations in the wild-type supF sequence and 

demonstrate incorporation of the desired synthetic 114mer oligo. The original 

bases are guanine in the place of adenine and cytosine in the place of 

thymine. As expected, no other changes were detected.

To characterize the types of alterations causing inactivation of the supF gene 

in the white colonies, a number of samples derived from recombinant vectors 

114-A, 114-B, 114-C and 114-D were randomly picked and sent for 

sequencing to PNACL. The types of mutations observed in sequences of 

plasmid extracted from the white colonies are summarized in Table 3.4. DNA
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sequencing of plasmid extracted from white colonies of unadducted control 

sample 114-A revealed that a variety of mutations were responsible for the 

mutagenic background (3.2 ± 0.2%) observed. The majority of mutations (3/5 

sequences) were large deletions of the whole supF gene. All three deletions 

occurred between the Xhol restriction site and position 261, which is placed 

immediately after the 8 bp signature. The remaining inactivating mutations 

included a G deletion at position 102 and a G—►A transition at position 124.

Sample
No of white 

colonies 
sequenced

Mutation Type

114-A 5
del 90—>261 (x1)
del 90-*261 and 18bp insertion at junction site (x2)
G del @102 (x1)
G—A @124 (x1)

114-B 5 del 90—>261 (x2)
del 90->261 and 18bp insertion at junction site (x3)

114-C 10

del 90—>261 (x5)
del 88—>203 (x1)
del 129—>203 (x1)
G—>A @100 (T1 -06-MeG-targeted) (x2)
G—>A @129

114-D 10

del 90—>261 (x6)
del 90->261 and 18bp insertion at junction site (x1)
del 90->263 and 8bp insertion at junction site (x1)
del 141—>210 (x1)

C—>T @155 (x1)

Table 3.4 Types of mutations observed in sequences of plasmid extracted

from white colonies.

Plasmid containing uracil residues in the complementary strand (114-B) was 

replicated in E.coli and DNA sequencing of the replicated plasmid revealed 

that all white colonies had resulted from the same large deletions seen in 

sample 114-A. Likewise, analysis of the mutation types observed in 0 6-MeG
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adducted plasmid at sequence context 1 (sample 114-C) suggested that the 

majority of inactivating mutations were large deletions between the Xhol site 

and position 261 (5/10) or between the Xhol and BamHI sites (1/10) or 

between position 129 and BamHI site (1/10). Placement of a single 0 6-MeG 

adduct at position 100 (context 1) produced G-*A targeted mutations in 2 out 

of 10 plasmids along with a G—►A transition at position 129. Finally, sample 

114-D produced no Oe-MeG targeted mutations at position 129 and the 

majority (8/10) of inactivating mutations occurred as deletions between the 

Xhol site and distant bases 261 or 263. The remaining mutation events 

observed in this sample were a large deletion of bases 141 —>-210 and a 

random C—>T transition at position 155. These results indicate that when the 

Oe-MeG adduct is situated in ds DNA the majority of mutations detected can 

be attributed to the background frequency, also observed with unadducted 

plasmid. The presence of the adduct only causes a small number (if any) of 

the expected targeted mutations.

3.4 PART III: FINAL METHODS

3.4.1 Experimental Design

Experimental results so far suggested that the majority of background 

mutations in unadducted plasmids were caused by religation of plasmid at 

Xhol sites (see discussion for a more in-depth analysis). To further minimize 

the mutation background, the recombination strategy was modified so that the 

EcoRI enzyme was used instead of Xhol to cut the vector. The pSP189 

plasmid contains an EcoRI site 16 basepairs upstream of Xhol. As a result,
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the modified insert would also have to be extended by 16 basepairs in order to 

create EcoRI-compatible overhangs. Furthermore, several additional 130mer 

modified inserts were constructed (Figures 3.16 and 3.17). These include 

inserts containing a single 0 6-MeG DNA adduct at position 100 (sequence 

context 1) in the presence or absence of deoxyuridines in the complementary 

strand (130-H and 130-E respectively) and inserts containing a single 0 6-MeG 

DNA adduct at position 129 (sequence context 2) in the presence (130-1) or 

absence (130-F) of deoxyuridines. By positioning uracil residues in the 

complementary strand, cellular uracil-DNA glycosylase and AP 

endonucleases create a gap in the complementary strand forcing translesion 

synthesis past the adducted base [430].

To study the mutagenicity of multiple DNA adducts, inserts containing two O6- 

MeG adducts at both sequence contexts (positions 100 and 129) in the 

presence (130-J) or absence (130-G) of bottom strand uracil bases were also 

constructed. Moreover, control unadducted inserts containing bottom strand 

uracil residues alone (130-B, 130-C and 130-D) were prepared to assess the 

mutagenic effects of incorporating uracil in the plasmid. Finally, an insert with 

a GC—►CG base alteration at position 150 was also prepared for validation 

purposes, as this point mutation should completely inactivate supF function, 

producing white colonies.
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SupF gene shown in red

130-A
5'-AAnCGAGAGCCCTGCTCGAGCTGl®STGGGGTTCCCGAGCGGCCAAAGGGAGCAGACTCTAAATCTGCC3TCATCGACTTCGAAGGTTCGAATCCTTCCCCCA(@kCCACGGCCGAAAnCGTTACCCG-3'

3 GCTCTCGGGACGAGCTCGACADCACCCCAAGGGCTCGCCGGTTTCCCTCGTCTGAGATTTAGACGGCAGTAGCTGAAGCTTCCAAGCTTAGGAAGGGGGTG@TGGTGCCGGCTTTAAGCCATGGGCCTAG 5

130-B
5 ' -AATTCGAGAGCCCTGCTCGAGCTGt§)GTGGGGTTCCCGAGCGGCCAAAGGGAGCAGACTCTAAATCTGCCGTCATCGACTTCGAAGGTTCGAATCCTTCCCCCA((JfcCCACGGCCGAAATTCGTTACCCG - 3 '

3 -GCTCTCGGGACGAGCTCGACAUCACCCCAAGGGCUCGCCGGTTTCCCTCGTCTGAGATTTAGACGGCAGTAGCTGAAGCTTCCAAGCTTAGGAAGGGGGTG(gJGGTGCCGGCTTTAAGCCATGGGCCTAG 5

130-C
5  -AATTCGAGAGCCCTGCTCGAGCTGlfiSTGGGGTTCCCGAGCGGCCAAAGGGAGCAGACTCTAAATCTGCCGTCATCGACTTCGAAGGTTCGAATCCTTCCCCCAOQ^CCACGGCCGAAATTCGTTACCCG 3'

3' GCTCTCGGGACGAGCTCGAC/(DCACCCCAAGGGCTCGCCGGTTTCCCUCGUCUGAGATTTAGACGGCAGTAGCTGAAGCTTCCAAGCTTAGGAAGGGGGTagrGGTGCCGGCTTTAAGCCATGGGCCTAG-5'

130- D
5'-AA^CGAGAGCCCTGCTCGAGCTGl^GTGGGG^CCCGAGCGGCCAAAGGGAGCAGACTCTAAATCTGCCGTCATCGAC^CGAAGG^CGAATCC^CCCCCA0®kCCACGGCCGAAA^CG^ACCCG-3,

3'GCTCTCGGGACGAGCT;GACAUCACCCCAAGGGCUCGCCGGTTTCCCUCGUCUGAGATTTAGACGGCAGTAGCTGAAGCTTCCAAGCTTAGGAAGGGGGTG(AJGGTGCCGGCTTTAAGCCATGGGCCTAG5'

130-E
5'AAnCGAGAGCCCTGCTCGAGCTGT»STGGGGTTCCCGAGCGGCCAAAGGGAGCAGACTCTAAATCTGCCGTCATCGACTTCGAAGGTTCGAATCCTTCCCCCA<0ACCACGGCCGAAATTCGTTACCCG-3'

3  - GCTCTCGGGACGAGCTCGAC>&ACCCCAAGGGCTCGCCGGTnCCCTCGTCTGAGATTTAGACGGCAGTAGCTGAAGCnCCAAGCnAGGAAGGGGGTG(grGGTGCCGGCTTTAAGCCATGGGCCTAG - 5

Figure 3.16 Sequence of ds130mer inserts. Bases circled in red correspond to alterations in the wild-type supF sequence and act 

as a marker to demonstrate incorporation of the synthetic 130mer oligo insert. Bases in green (130-C and 130-D) correspond to 

uracil. Asterisks represent the site of 0 6-MeG adduction.
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130-F
5-A A nC G A G A G C C C T G C T C G A G C T G lS S T G G G G nC C C G A G C G G C C A A A G G G A G C A G A C T C T A A A T C T G C C G T C A T C G A C nC G A A G G T T C G A A T C C T T C C C C C A (@ kC C A C G G C C G A A A nC G nA C C C G 3

3  GCTCTCGGGACGAGCTCGAO^DACCCCAAGGGCTCGCCGGTTTCCCTCGTCTGAGATTTAGACGGCAGTAGCTGAAGCnCCAAGCTTAGGAAGGGGGTQgrGGTGCCGGCnTAAGCCATGGGCCTAG 5 '

130-G
5'-AAnCGAGAGCCCTGCTCGAGCTGflteTGGGGnCCCGAGCGGCCAAAGGGAGCAGACTCTAAATCTGCCGTCATCGACnCGAAGGnCGAATCCnCCCCCA<Q>kCCACGGCCGAAAnCGTTACCCG-3'

3  GCTCTCGGGACGAGCTCGACADCACCCCAAGGGCTCGCCGGTTTCCCTCGTCTGAGATTTAGACGGCAGTAGCTGAAGCTTCCAAGCTTAGGAAGGGGGTGgJGGTGCCGGCTTTAAGCCATGGGCCTAG 5 '

130-H
5'-AAnCGAGAGCCCTGCTCGAGCTGlg!STGGGGTTCCCGAGCGGCCAAAGGGAGCAGACTCTAAATCTGCCGTCATCGACTTCGAAGGnCGAATCCnCCCCCA<(^CCACGGCCGAAAnCGnACCCG-3'

3 ' G CTC TCG G G AC G AG C TCG AC AUC AC CC CAAGG GC UC GC CG GTTTCC CTC GTCTG AG ATTTAG ACG G CAG TAG CTGAAG CTTC CAAG CTTAGG AAGG GG GTQSrG GTG CC GG CTTTAAGC CATGG GC CTAG  5 '

130-1
5'-AATTCGAGAGCCCTGCTCGAGCTGT®BTGGGGnCCCGAGCGGCCAAAGGGAGCAGACTCTAAATCTGCCGTCATCGACTTCGAAGGnCGAATCCnCCCCCAC@^CCACGGCCGAAAnCGnACCCG 3 '

3'-GCTCTCGGGACGAGCTCGAC^CACCCCAAGGGCTCGCCGGTnCCCUCGUCUGAGATTTAGACGGCAGTAGCTGAAGCnCCAAGCnAGGAAGGGGGTG@rGGTGCCGGCTTTAAGCCATGGGCCTAG5'

1 3 0 -J
5  AATTCGAGAGCCCTGCTCGAGCTGl3)GTGGGGTTCCCGAGCGGCCAAAGGGAGCAGACTCTAAATCTGCCGTCATCGACTTCGAAGGTTCGAATCCTTCCCCCA<©kCCACGGCCGAAATTCGTTACCCG 3

3'-GCTCTCGGGACGAGCT:GACAUCACCCCAAGGGCUCGCCGGTTTCCCUCGUCUGAGATTTAGACGGCAGTAGCTGAAGCTTCCAAGCTTAGGAAGGGGGTG(grGGTGCCGGCTTTAAGCCATGGGCCTAG 5 '

130-K
5  AATTC G AG AG CC CTG CTCG AG CTG '@ G TG GG GTTCCCG AG CG GCCAAAG GG AG CAGACTCTAAATCTGCCG TCATCCACTTCG AAGG TTCGAATCCTTCCCCCAC© kCCACG GCCG AAATTCGTTACCCG  3

3 ' GCTCTCGGG ACGAGCTCG ACy(lfcACCCCAAG GG CTCGCCG GTTTCCCTCG TCTG AG ATTTAG ACGG CAGTAGG TG AAG CTTCCAAG CTTAG GAAGG G GG TG(grGG TG CCGG CTTTAAG CCATG G GCCTAG  5 '

Figure 3.17 Sequence of ds130mer inserts. Bases circled in red correspond to alterations in the wild-type supF sequence and act 

as a marker to demonstrate incorporation of the synthetic 130mer oligo insert. Bases in green (130-H, 130-1 and 130-J) correspond 

to uracil. Bases in blue (130-K) represent a GC->CG inactivating alteration. The asterisks indicate the site of 0 6-MeG adducts.
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Materials

All chemicals were from Sigma-Aldrich, Poole, Dorset, UK unless otherwise 

stated.

Methods

All methods specific to part III are described below. For any other procedures 

refer to parts I and II (Chapter 3) and Chapter 2.

Vector Preparation

3.4.2.1 Digestion of pSP189 plasmid with the EcoRI restriction endonuclease

pSP189 (80 pg) was digested with 800 Units of EcoRI (New England Biolabs 

Ltd., Hitchin, UK) in 80 pi EcoRI Buffer (10x) (NEB), in a total reaction volume 

of 800 pi for 3 h at 37°C. EcoRI has the following recognition site:

5'...Gt AATTC...3'

3,...CTTAA aG...5'

130mer modified insert preparation

The sequences of the deoxyoligonucleotides used for construction of the 130 

basepair inserts are given below (Figure 3.18).
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TO:
T O P  S T R A N D  (5 '-Z ') : 

A A T  T C G  A G A  G C C  C T G  C 1 6 M E R
T1: T C G  A G O  T G T  A G T  G G G  G T T 1 8 M E R
T 1 -0 6 -M e G : T C G  A G C  T G T  A X T  G G G  G T T 1 8 M E R
T2: C C C  G A G  C G G  C C A  A A G  G G A  G C 2 0 M E R
T3: A G A  C T C  T A A  A T C  T G C  C G T  C 1 9 M E R
T 3 -0 6 -M e G : A X A  C T C  T A A  A T C  T G C  C G T  C 1 9 M E R
T4: A T C  G A C  T T C 9 M E R
T 4C : A T C  C A C  T T C 9 M E R
T5: G A A  G G T  T C G  A A T  C C T  T 1 6 M E R
T6: C C C  C C A  C T A  C C A  C G G  C C 1 7 M E R
T7: G A A  A T T  C G G  T A C  C C G 1 5 M E R

BO:
B O T T O M  S T R A N D  t5 '-3 '): 

T C G  A G C  A G G  G C T  C T C  G 1 6 M E R
B1: C T C  G G G  A A C  C C C  A C T  A C A  G C 2 0 M E R
B1U: C U C  G G G  A A C  C C C  A C U  A C A  G C 2 0 M E R
B2: G A G  T C T  G C T  C C C  T T T  G G C  C G 2 0 M E R
B2U: G A G  U C U  G C U  C C C  T T T  G G C  C G 2 0 M E R
B3: T C G  A T G  A C G  G C A  G A T  T T A 1 8 M E R
B3G: T G G  A T G  A C G  G C A  G A T  T T A 1 8 M E R
B4: A C C  T T C  G A A  G 1 0 M E R
B5: T G G  G G G  A A G  G A T  T C  G  A 1 6 M E R
B6: A A T  T T C  G G C  C G T  G G T  A G 1 7 M E R
B7: G A T  C C G  G G T  A C C  G 13MER

Figure 3.18 Sequences of the deoxyoligonucleotides used for the 

construction of the ds130mer inserts. X represents an 0 6-MeG adduct and U 

represents a uracil base.

3.4.2.2 Oligomer phosphorylation with T4 polynucleotide kinase (T4 PNK)

PAGE purified oligos BO, T2, B2, T3, B3, T4, B4, T6, B6, T3-06-MeG and 

B2U were phosphorylated as in section 3.2.2.7.

3.4.2.3 Construction of the ds66mers

The ligation strategy employed was the same as that outlined in part II 

(section 3.3.2.2). Eleven different ds66mers were constructed from the 

following ss oligos (Figure 3.18):

66-A: T1+T2+T3+T4+B1+B2+B3
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66-B: T1+T2+T3+T4+B1U+B2+B3

66-C: T1+T2+T3+T4+B1+B2U+B3

66-D: T1+T2+T3+T4+B1U+B2U+B3

66-E: T1-06-MeG+T2+T3+T4+B1 +B2+B3

66-F: T1 +T2+T3-06-MeG+T 4+B1+B2+B3

66-G: T1 -06-MeG+T2+T3-06-MeG+T4+B1 +B2+B3

66-H: T 1 -06-MeG+T2+T3+T4+B1 U+B2+B3

66-I: T1 +T2+T3-06-MeG+T4+B1 +B2U+B3

66-J: T 1 -06-MeG+T2+T3-06-MeG+T4+B1 U+B2U+B3

66-K: T1+T2+T3+T4C+B1+B2+B3G

3.4.2A Construction of the ds130mer inserts

Eleven different ds130mer inserts (Figures 3.16 and 3.17) were constructed 

using the following PAGE purified ds66mers, ds48mer and ss16mers BO and 

TO:

130-A: 66-A+48MER+B0+T0

130-B: 66-B+48MER+B0+T0

130-C: 66-C+48MER+B0+T0

130-D: 66-D+48MER+B0+T0
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130-E: 66-E+48MER+B0+T0

130-F: 66-F+48MER+B0+T0

130-G: 66-G+48MER+B0+T0

130-H: 66-H+48MER+B0+T0

130-1: 66-I+48MER+B0+T0

130-J: 66-J+48MER+B0+T0

130-K: 66-K+48MER+B0+T0

Equimolar amounts of each ds66mer, ds48mer, ssBO and ssTO (~23 pmol) 

were mixed with 100 pi T4 DNA ligase buffer (10x) (NEB) and the volume of 

the solution was adjusted to 1 ml with water. The oligos were annealed 

together by heating at 95°C for 5 min then allowing to cool slowly to room 

temperature over a period of 1 h. Subsequently, 4000 cohesive end units of 

T4 DNA ligase (NEB) were added and the ligation reaction was carried out for 

1h and 30 min at room temperature. The ligation reaction was terminated by 

heat inactivation of T4 DNA ligase (65°C, 10 min). The resulting ds130mers 

were purified by 20% non-denaturing PAGE prior to ligating to the vector 

following the protocol detailed in Section 3.2.2.6.
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3.4.3.1 Digestion of pSP189 with the EcoRI restriction 

endonuclease

The products arising from digestion of pSP189 plasmid with EcoRI are 

illustrated in Figure 3.19. The gel photo indicates that the digestion reaction to 

linear plasmid is nearly complete.

Undigested circular 
plasmid

EcoRI-digested linear 
plasmid

Figure 3.19 Digestion of pSP189 with EcoRI. Photograph of a typical 1% 

preparative agarose gel showing EcoRI-digested linear product.

3.4.3.2 Construction of the ds130mer inserts

The products of the ds130mer ligation reaction (3.4.2.4) are shown in Figure 

3.20. The reaction resulted in bands representing the usual ds114mer 

fragments and in additional bands corresponding to fragments of the expected 

size (130 bp).
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1 2 3 4 5 6 7 8 9 10 11 1213

130 bp 
114 bp

Figure 3.20 Construction of ds130mer inserts. Representative photograph of 

a 4% analytical agarose gel showing the ds130mer ligation reaction products. 

Lane 1 contains a 500bp ladder, lanes 2-3 contain construct 130-A, lanes 5-6 

construct 130-B, lanes 8-9 construct 130-E and lanes 11-12 construct 130-F.

3A.3.2 Transformation of electrocompetent E.coli with the 

recombinant vector

The results of E.coli transformation with the recombinant constructs produced 

from ligation of the 130mers with the digested vector are summarized in Table

3.5 and Figure 3.21. Transformation of E.coli with the unadducted 

recombinant plasmid (sample 1) resulted in a background mutation frequency 

of 2 ± 1.4%. The mutant fraction was increased slightly (2.3-3.6%) in uracil- 

containing constructs (samples 2, 3 and 4) and in 0 6-MeG adducted plasmids 

(3.4-4.8%)in the absence of bottom strand uracil bases (samples 5, 6 and 7). 

However, the placement of deoxyuridines on the complementary strand at 5'- 

and 3'-positions flanking the 0 6-MeG adducts resulted in significant 

enhancements of the mutation frequency. In particular, 0 6-MeG increased the
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mutant fraction of constructs containing deoxyuridines in the complementary 

strand by 14-fold in sequence context 1 (sample 8) and 7-fold in sequence 

context 2 (sample 9). When two 0 6-MeG adducts were situated in both 

sequence contexts in the presence of uracil bases in the complementary 

strand (sample 10) there was a 17-fold increase in mutation frequency over 

the uracil-alone control sample (sample 4).

Transformation of E.coli with recombinant vector containing a GC—►CG 

basepair change at position 150 (sample 11) inactivated supF function almost 

completely as is evident from the high mutation frequency observed (99.3 ± 

0.2%). Validation samples 12 and 13 were prepared by mixing the 130-A and 

130-K constructs in different proportions in the ligation reaction (75:25 and 

50:50 respectively). When these samples were used to transform E.coli, they 

produced mutant fractions of 27.9 ± 5.2 and 46.1 ± 0.6 respectively. Finally, 

when the bacteria were transformed with the recombinant doubly cut 

dephosphorylated vector ligated in the absence of the modified insert 

(negative control sample) this produced very few colonies, confirming that 

contamination with the parent undigested pSP189 was insignificant.
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Sample
Type of 
130mer 
insert

Exp1
total

Exp1
whites

Exp1 % 
whites

Exp2
total

Exp2
whites

Exp2 % 
whites

Exp3
total

Exp3
whites

Exp3
%

whites

Average M.F. 
from all exps STDEV

1 130-A 2478 46 1.9 27832 981 3.5 727 5 0.7 2.0 1.4

2 130-B 5075 73 1.4 16315 650 4.0 856 12 1.4 2.3 1.5
3 130-C 1750 35 2.0 16135 948 5.9 421 4 1.0 2.9 2.6
4 130-D 4809 117 2.4 16110 1048 6.5 401 8 2.0 3.6 2.5
5 130-E 9890 377 3.8 17124 1047 6.1 786 19 2.4 4.1 1.9
6 130-F 13909 423 3.0 27629 1466 5.3 907 18 2.0 3.4 1.7
7 130-G 8948 463 5.2 7485 472 6.3 1003 30 3.0 4.8 1.7
8 130-H 3223 887 27.5 308 120 39.0 33.2
9 130-1 1727 412 23.9 7450 2100 28.2 398 51 12.8 21.6 7.9
10 130-J 372 278 74.7 90 44 48.9 61.8
11 130-K 16411 16274 99.2 6611 6578 99.5 99.3

12 75% 130-A 
+25% 130-K 8517 2687 31.5 844 204 24.2 27.9

13 50% 130-A 
+50% 130-K 3162 1471 46.5 844 386 45.7 46.1

14 No insert 6 2 29 4 3 2

Table 3.5 Number of mutant and total colonies resulting from the transformation of electrocompetent E.coli cells with recombinant 

constructs. Experiments 1 to 3 represent separate vector to insert ligation reactions. Average mutation frequencies and standard 

deviations are shown in blue font. Samples are colour-coded according to the type of modified construct they contain; red = 

unadducted, lavender = unadducted (+) uracil, pale blue = adducted (-) uracil, yellow = adducted (+) uracil, light green = validation 
oligos, grey = (-ve) control.
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Figure 3.21 Graphical representation of E.coli transformation results. Average 

mutation frequencies from two (samples 8, 10, 11, 12 and 13) or three 

(samples 1, 2, 3, 4, 5, 6, 7 and 9) separate experiments. Error bars represent 

standard deviation, where three expts were performed. Samples are colour- 

coded according to the type of modified construct they contain; red = 

unadducted, purple = unadducted (+) uracil, light blue = adducted (-) uracil, 

yellow = adducted (+) uracil, light green = validation oligos.

3.4.3.3 DNA sequencing

A small number of blue colonies from all recombinant samples were picked 

randomly and sent for sequencing to PNACL. Sequences derived from blue 

colonies of all samples, except for samples 8 and 10, confirmed the presence 

of the modified 130mer insert illustrated by the presence of altered bases at 

positions 99 and 179, proving that it was successfully ligated into the vector

187



Chapter 3 Site-specific assay E.coli

and that there were no inactivating mutations in it. In contrast, all sequences 

derived from blue colonies of samples 8 and 10 corresponded to the original 

pSP189 plasmid sequence, as they contained the wild type supF sequence.

S am ple
No of blue 
colonies  

sequenced

Modified  
synthetic insert 
(no mutations)

Original
p S P 189

sequence

5 5 0
2 5 5 0

3 5 5 0
4 5 5 0

5 5 5 0

6 5 5 0

7 5 5 0

8 5 0 5

9 2 2 0

10 1 0 1

11 0 0 0

12 4 4 0

13 4 4 0

Table 3.6 Nature of the sequences derived from blue colonies of recombinant 

samples.

A small number of white colonies from all samples were randomly picked and 

sent for sequencing to PNACL. The types of mutations seen in sequences of 

plasmid extracted from white colonies are summarized in Tables 7, 8, 9, 10 

and 11.

188



Chapter 3 Site-specific assay E.coli

Sample No of white 
colonies sequenced Mutation type

T  D EL @ 1 5 3  (x7)

D EL 7 9 —>263 + 10bp IN S  @ junction

D E L 7 6 —>158

C DEL @ 1 1 0
15 G DEL @ 1 6 0

A D E L  @ 1 7 7

C DEL @ 1 1 0

T -C  @ 1 3 8

A -C  @ 1 5 8

Table 3.7 Mutations observed in DNA sequences derived from white colonies 

of sample 1 (unadducted control).

DNA sequencing of plasmid extracted from white colonies of unadducted 

sample 1 revealed that a variety of mutations were responsible for the 

mutagenic background (2 ± 1.4%) observed (Table 3.7). The major mutation 

observed (7/15) was a point deletion at position 153, followed by two large 

deletions (2/15), one of which occurred at the vicinity of the EcoRI restriction 

site. The remaining inactivating mutations were random point deletions (4/15) 

and random substitutions (2/15).

DNA sequencing results from control unadducted samples containing 

deoxyuridines on the complementary strand (samples 2, 3 and 4) are 

summarized in Table 3.8. Inclusion of deoxyuridines at sequence context 1 in 

the absence of adduct (sample 2) induced similar types of background 

mutations to those found in sample 1. The predominant mutation events were 

point deletions at positions 153 (6/15) and 152 (2/15). A large deletion of the 

whole supF occurred between the EcoRI restriction site and position 189 

(1/15) while the remaining mutations were random point deletions (5/15) and 

one substitution (1/15).
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Sample No of white 
colonies sequenced Mutation type

2 15

T  DEL @ 1 5 3  (x6)
C D EL @ 1 5 2 (x 2 )

D EL 7 3 —>189
A D EL @ 1 3 0
C D EL @ 1 7 8

G D E L  @ 111 and G D E L  @ 1 1 5
G D EL @ 1 1 3  and G D EL @ 1 1 6

G D EL @ 1 2 6
G -C  @ 1 0 5

3 14

T  DEL @ 1 5 3  (x3)
DEL 7 4 —>177

DEL 7 9 -2 6 3  + 11 bp INS @ junction
D EL 74 —>190
G DEL @ 1 60
G DEL @ 1 02

C D E L @ 1 10 and C D E L @ 1 27
G DEL @ 1 29

C IN S E R T IO N  @ 131
A -C  @ 1 20
G -A  @ 104
T -A  @ 140

4 14

DEL 7 4 —>189 (x2)

T  DEL @ 1 53  (x2)

DEL 7 3 —>189

G DEL @ 9 9  and DEL 1 7 1 ^ 2 1 0

C DEL @ 152

G DEL @ 1 02

A DEL @ 1 30

A D E L  @ 177

C DEL @ 1 27

C -T  @ 168

G -A  @ 1 02

A -C  @ 1 20

Table 3.8 Mutations observed in DNA sequences derived from white colonies

of uracil-containing control samples 2, 3 and 4

The presence of uracil bases at sequence context 2 (sample 3) again induced 

a similar mutation spectrum, with the point deletion at T153 being the 

predominant mutation (3/14), followed by large deletions between the EcoRI
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site and distant positions 177, 190 and 263 (3/14). The remaining mutations 

were random point deletions (4/14), substitutions (3/14) and an insertion 

(1/14). Likewise, when uracils were present at both sequence contexts 

(sample 4) the prevailing mutation was again a deletion of thymine at position 

153 (2/14), followed by large deletions (4/14) random point deletions (5/14) 

and substitutions (3/14). When the mutation spectra from the uracil-containing 

samples (samples 2, 3 and 4) are combined, the main mutation type observed 

are random point deletions (27/43 sequences), followed by large deletions 

(8/43), point substitutions (7/43) and a point insertion (1/43).

DNA sequences of plasmid extracted from 15 white colonies of samples 5, 6 

and 7 were analyzed for mutations and the results are summarized in Table 

3.9. When a single 0 6-MeG adduct was placed site-specifically at sequence 

context 1 and the recombinant plasmid (sample 5) was replicated in E.coli, a 

targeted G—>A transition was observed at position 100 in one third of the 

mutants sequenced (5/15). The remaining inactivating mutations were of the 

same type seen in previous control samples 1 to 4, namely a T deletion at 153 

(2/15), large deletions between the EcoRI site and position 189 (2/15), 

random point deletions (4/15) and substitutions (2/15), indicating they are not 

related to the adduct. Positioning of the 0 6-MeG adduct at sequence context 2 

(sample 6) resulted in targeted G—>A transitions at position 129 in more than 

half (8 out of 15) of the mutants sequenced. A point deletion at the same 

position was also observed. The remaining inactivating mutations were 

random point deletions (3/15) and substitutions (3/15). Incorporation of two 

0 6-MeG adducts on a single construct (130-G-sample 7) resulted in targeted 

G—>A transitions in either sequence context 1 (1/15) or sequence context 2
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(4/15). However, no sequences with both G—>A transitions present on the 

same supF gene were observed. The rest of the mutation spectrum was 

comprised of large deletions between the EcoRI site and positions 189 or 190 

(6/15), a large deletion of part of the supF gene (1/15), two point deletions 

(2/15, one of which was at position 153) and a random substitution.

Sample
No of white 

colonies sequenced Mutation type

5 15

G -A  @ 1 0 0  (T1 -0 6 -M e G  targeted) (x5)
T  D EL @ 1 5 3  (x2)
D E L 7 3 —>189 (x2)

G  D E L @ 1 1 3  and G DEL @ 1 1 6
C DEL @ 1 55
A D EL @ 1 18
G DEL @ 122

T -A  @ 140
C -T  @ 182

6 15

G -A  @ 1 2 9  (T 3 -0 6 -M e G  targeted) (x8)
G  DEL @ 1 2 9  (T 3 -0 6 -M e G  targeted)

G DEL @ 1 59
T  DEL @ 153
G DEL @ 122

G -A  @ 104
G -A  @ 124
G -A  @ 144

7 15

G -A  @ 1 2 9  (T 3 -0 6 -M e G  targeted) (x4)

DEL 7 3 —>189 (x3)

DEL 7 4 —>189 (x2)

G -A  @ 1 0 0  (T 1 -06 -M eG  targeted)

DEL 7 4 —>190

DEL 171—>210

T  DEL @ 1 53

C DEL @ 1 33

C -T  @ 1 39

Table 3.9 Mutations observed in DNA sequences derived from white colonies 

of samples 5, 6 and 7 which contain one or two 0 6-MeG adducts.
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Inclusion of deoxyuridines on the strand complementary to the adducts at 5' 

and 3' flanking positions (samples 8, 9 and 10) resulted in variable mutation 

patterns, depending on the sequence context on which the adduct(s) was 

placed. The mutation types observed in the DNA sequences from these 

samples are summarized in Table 3.10.

Sample No of white 
colonies sequenced Mutation type

8 20

DEL 7 3 —>189 (x9)
DEL 7 4 —>189 (x4)
T  DEL @ 1 5 3  (x3)

DEL 7 4 —>190
D EL 7 4 —>157

G -A  @ 1 0 0  (T 1 -0 6 -M e G  targeted) and T  D EL @ 1 5 3
G DEL @ 1 02

9 10
G -A  @ 1 2 9  (T 3 -0 6 -M E G  targeted) (x8)

A  DEL @ 128
C DEL @ 131

10 11

D EL 7 2 —>207 (x3)

DEL 7 3 —>207 (x2)

D EL 7 3 —>203 (x2)

DEL 7 1 —>208

DEL 7 3 —>208

DEL 74—>204

DEL 7 4 —>263 plus 17bp INS

Table 3.10 Mutations observed in DNA sequences derived from white 

colonies of samples 8, 9 and 10, which contain a single or two 0 6-MeG

adducts in gapped plasmids.

Positioning of the 0 6-MeG adduct at sequence context 1 (position 100) in the 

presence of deoxyuridines (sample 8) resulted in large deletions between the 

EcoRI site and distant bases (at positions 189, 190 and 157) in the majority of 

mutants (15/20). The remaining mutations were comprised of the T153 point 

deletion (3/15), a double mutation consisting of a G—>A targeted transition at
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position 100 and a point deletion at 153 (1/15) and a random point deletion 

(1/15).In contrast, placement of the 0 6-MeG adduct at sequence context 2 

(position 129) in the presence of deoxyuridines resulted predominantly in 

G—>A targeted transitions (8/10), followed by random point deletions (2/10). 

When 0 6-MeG adducts and deoxyuridines were present in both sequence 

contexts (sample 10), the prevailing mutation obtained was a large deletion of 

bases between the EcoRI site and the BamHI site (10/11) or the EcoRI site 

and position 263 (1/11).

Mutation analysis of DNA sequences from plasmids containing a GC—»CG 

inactivating basepair alteration at position 150 (samples 11, 12 and 13) is 

summarized in Table 3.11. DNA sequences from these validation samples 

confirmed the presence of the GC—>CG inactivating mutation in 100% of the 

mutants sequenced.

Sample No of white 
colonies sequenced Mutation type

11 8 G -C  @ 1 5 0  (Targeted) (x8)

12 8 G -C  @ 1 5 0  (Targeted) (x8)

13 8 G -C  @ 1 5 0  (Targeted) (x8)

Table 3.11 Mutations observed in DNA sequences derived from white 

colonies of validation samples 11, 12 and 13. Sample 11 was prepared using 

an inactivating 130mer construct (130-K), while samples 12 and 13 were 

prepared by mixing the 130-A and 130-K constructs in different proportions in 

the ligation reaction (75:25 and 50:50 respectively).
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3.5 DISCUSSION

Site-specific assay E.coli

3.5.1 Discussion of Parti

The main aims of this early method development were to ensure (i) that the 

supF activity is preserved by the unadducted synthetic insert and (ii) that all 

colonies would result from the recombinant vector and not from contamination 

with the parent undigested vector or with singly-digested religated vector. 

Digestion of pSP189 with Xhol and BamHI restriction endonucleases was 

performed in two sequential reactions, each followed by agarose gel 

purification in order to maximize the purity of the linear digested product. 

Ligation of doubly-digested dephosphorylated plasmid in the absence of insert 

resulted in very few or more typically zero colonies, suggesting that 

dephosphorylation with phosphatase completely prevented religation of singly- 

cut vector and that contamination with undigested circular pSP189 was 

insignificant. Dephosphorylation of the doubly-cut plasmid was considered a 

necessary step as early experiments using phosphorylated plasmid (data not 

shown) produced high numbers of blue colonies resulting from religation of 

contaminant singly-digested linear plasmid, reducing thus the sensitivity of the 

assay.

The modified 114mer insert was constructed from 6 smaller PAGE-purified ss 

oligodeoxynucleotides. All ss oligos were phosphorylated at their 5' ends prior 

to ligation using T4 Polynucleotide kinase. This resulted in the formation of 

higher molecular weight multimers (concatemers) and consequently the 

ds114mer insert was constructed in two sequential ligation reactions with
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agarose purification of intermediates in order to increase the purity and yield 

of the final construct. Selective phosphorylation of constituent oligonucleotides 

in later experiments (parts II and III) eliminated formation of concatemers.

Transformation of E.coli with the recombinant vector resulted in thousands of 

colonies, the majority of which were blue, non-mutants (90.6%). Plasmids 

from three separate blue colonies were sequenced and all three sequences 

confirmed the presence of the modified insert, indicating that blue colonies 

had resulted from replication of the recombinant plasmid. However, the 

background mutation frequency was still relatively high (9.4 ± 3%) and DNA 

sequencing analysis of plasmid derived from white colonies revealed that 

random point mutations were responsible. The source of these background 

inactivating mutations was unknown. One potential source considered was the 

short exposure of the modified insert to low intensity 254 nm UV light during 

band excision from the agarose gel or during photography of the gel. To 

investigate this possibility, the insert was exposed to low intensity UV light for 

different periods of time (one or three minutes) to mimic typical exposures 

encountered during oligo recovery prior to ligating to the vector and E.coli 

transformation and the resulting mutation frequency was compared to 

minimally exposed insert protected from UV light as much as possible. 

Additional exposure to UV light failed to increase the mutation frequency and 

consequently UV light exposure was excluded as a possible cause of the 

mutational background observed. A second potential source of random 

mutations could be errors introduced during the oligodeoxynucleotide 

synthesis process, as phosphoramidite chemistry is not 100% efficient. As 

oligo length increases, the number of incomplete synthesis products (n-1
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species) increases and purity of oligos generally decreases with increasing 

length, which is Partly why the insert was constructed from smaller oligos 

rather than using a synthetic full length product. PAGE purification of crude 

oligos eliminates most of these by-products, but not all of them. This would 

result in point deletions in mutagenesis studies. Single base substitutions are 

more rare by-products and could be generated due to the purity of reagents 

used during the oligo synthesis.

3.5.2 Discussion of Part II

Construction of the unadducted modified insert (114-A) from smaller 

oligodeoxynucleotides and PAGE purification of the ds114mer inserts resulted 

in a reduced mutation frequency (~3%), suggesting that errors introduced 

during the chemical synthesis of longer oligomers were the main source of the 

point mutations observed in previous experiments (Part I).

DNA sequencing of mutant colonies from the unadducted plasmid (114-A) 

revealed that the predominant background mutation was a large deletion of 

bases 90—►261. Inspection of the sequence at the junctions suggests that 

deletion of bases 90—̂ 261 resulted from perfect rejoining of DNA ends at the 

Xhol restriction site. Since there is only one Xhol restriction site in the pSP189 

plasmid it would be virtually impossible for the ends to rejoin without any 

mutations introduced at the junction site. A potential mechanism for the 

generation of this large mutation involves the 8 bp signature of the pSP189 

plasmid. pSP189 contains a randomly generated 8 bp signature 3' of the supF 

gene providing 48 (65,536) sequence possibilities [468]. Since the 8 bp 

signature is randomly generated, a certain proportion of plasmids (64/65536
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copies) would have a signature ending in “etc”. Additionally, the sequence 

immediately 3' to the 8 bp signature is “gag”. It is possible, therefore, that a 

second Xhol site was generated in a certain proportion of plasmids. As a 

result, digestion with Xhol would generate compatible sticky ends, in vivo 

phosphorylation and ligation of which would result in the 90—>261 deletion 

observed. The remaining mutations seen in this sample (114-A) were random 

point deletions and substitutions, probably resulting from unavoidable errors 

introduced during the oligo synthesis.

Inclusion of deoxyuridines in the complementary strand (114-B) increased the 

background mutation frequency to ~7%. DNA sequencing of colonies arising 

from this sample showed that the major mutation was the same large deletion 

of bases 90->261, as in sample 114-A. A second mutation involving deletion 

of bases 90—>261 and insertion of 18 bp at the junction was seen in 2 out of 5 

colonies sequenced. Although the exact mechanism by which this mutation 

was generated is unclear, it is possibly similar to the one described above.

Plasmids adducted with a single 0 6-MeG in sequence context 1 (sample 114- 

C) induced a mutation frequency of -7%. The predominant mutation observed 

was again the large 90—>261 deletion, followed by 0 6-MeG targeted G—>A 

substitutions. Two large deletions of bases 88—>203 and 129—>203 were also 

observed. Although the mechanism by which these latter two large deletions 

were generated is uncertain, they both involve the BamHI restriction site. 

Exonucleolytic hydrolysis from the GATC site (position 204) of the modified 

insert by MMR in response to the Oe-MeG adduct and subsequent 

recombination of the digested ends could possibly account for the large
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deletions observed. Finally, a G-*A transition was seen at position 129 and 

probably reflects a spontaneous mutation, as this mutation was very common 

in spontaneous supF spectra (Chapter II).

Plasmids containing a single 0 6-MeG adduct at sequence context 2 (sample 

114-D) induced about a 3-fold increase in the mutation frequency compared to 

unadducted sample 114-A. The small increase observed in the mutation 

frequency in response to the 0 6-MeG adduct, in either sequence context, is 

consistent with previous investigations comparing adduct mutagenesis in ds 

vs gapped plasmids [430, 431, 465] that reported only small increases in 

mutation frequency in ds plasmids. The mutation types observed were similar 

to the ones detected in previous samples and primarily involved large 

deletions between the Xhol site and the 8 bp signature, followed by a large 

deletion of bases 141—>210 and a random point substitution. Interestingly, the 

3-fold increase in the mutation frequency was not accompanied by a similar 

increase in 0 6-MeG targeted G—>A transitions at position 129. A possible 

explanation for this increase could be an upregulation of DSB repair in 

response to the 0 6-MeG adduct that would result in increased rejoining of 

compatible dephosphorylated Xhol overhangs in vivo.

3.5.3 Discussion of Part III

Experiments using the BamHI and Xhol endonucleases (part II) suggested 

that the majority of background mutations were large deletions resulting from 

in vivo recombination of Xhol compatible dephosphorylated ends and that the 

8 bp signature was responsible for generating the second Xhol site. In order 

to avoid these nonspecific background mutations and increase the sensitivity
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of the assay the Xhol endonuclease was replaced by EcoRI, as described in 

part III. This modified recombination strategy resulted in a further decrease of 

the mutation background (2 ± 1.4%) in the unadducted plasmid (sample 1) 

and successfully eliminated the 90—>261 deletion from all samples, as it was 

absent from all white colonies sequences.

Mutation analysis of the unadducted control plasmid (sample 1) constructed 

using the new EcoRI protocol showed that the majority of background 

mutations were random point deletions and substitutions. These mutations 

were probably due to by-products of DNA synthesis that were not entirely 

removed by PAGE purification. Among the single base deletions, deletion of a 

thymine at position 153 was most frequent, suggesting poor efficiency of DNA 

synthesis and/or PAGE purification of the respective oligomer (T4). Inclusion 

of deoxyuridines in the complementary strand of unadducted plasmids (control 

samples 2, 3 and 4) resulted in small enhancements of the mutant fraction 

(1.1-fold, 1.4-fold and 1.8-fold respectively). Mutation spectra obtained from 

these samples were remarkably similar to each other and also to sample 1 

and implicate DNA synthesis errors as the main source of background 

mutations.

Plasmids containing a single (samples 5 and 6) or two (sample 7) 0 6-MeG 

adducts in the absence of deoxyuridines in the complementary strand, 

induced small increases in the mutation frequency compared to sample 1 (2- 

fold, 1.7-fold and 2.4-fold respectively). The large percentage of blue colonies 

produced by these double-stranded Oe-MeG-containing plasmids resulted 

from the lesion inducing preferential use of the unmodified complementary
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strand as the DNA template (damage tolerance) instead of continuing 

synthesis past the adduct. The small enhancement of the mutant fraction 

observed in these samples was due to targeted 0 6-MeG G—>A transitions in a 

large proportion of the mutants, while the rest of the alterations were the same 

types of mutations seen in previous control samples, particularly single base 

deletions. More specifically, plasmids containing a single Oe-MeG adduct at 

sequence context 1 (sample 5) gave the expected targeted G—►A transitions 

in one third of the mutants sequenced, while placing the 0 6-MeG adduct at 

sequence context 2 (sample 6) resulted in targeted G-+A transitions in more 

than half of the mutants sequenced. When two 0 6-MeG adducts were placed 

on the same plasmid, polymerase replication induced G—►A transitions in 

either sequence context, albeit 4 times more frequently in sequence context 2, 

suggesting that translesion synthesis occured more frequently in the second 

sequence context. Additionally, no plasmids harbouring both G—►A transitions 

on the same supF gene were seen. This finding could be explained by 

preferential translesion synthesis of one 0 6-MeG adduct by DNA polymerase 

and lesion bypass of the second. It is possible that if more samples were 

sequenced, however, a double substitution may have been detected.

Replacement of thymidines that flank the adducted positions on the 

complementary strand with deoxyuridines enhanced significantly the 

mutagenic potential of 0 6-MeG in either (samples 8 and 9) or both (sample 

10) sequence contexts, indicating that in the absence of an intact 

complementary strand translesion synthesis was continued out past the 

adducted templates. These findings suggest that the sequence context in 

which a single 0 6-MeG adduct is placed can significantly influence its
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mutagenicity in gapped plasmids and that replication past two 0 6-MeG 

adducts (on the same supF gene) is more mutagenic in total than replication 

of a single 0 6-MeG adduct. Moreover, mutation analysis of sequences derived 

from these three samples revealed that inactivation of supF was induced by 

different types of mutations, depending on the sequence context of the O6- 

MeG adduct and the presence of one or two 0 6-MeG adducts on the same 

supF gene.

Most of the mutations observed (14/20) in colonies derived from 0 6-MeG 

adduction at sequence context 1 in gapped plasmids (sample 8) were large 

deletions of bases between the EcoRI site (positions 73 or 74) and distant 

positions 189 or 190. Point deletions reflecting errors introduced during 

chemical synthesis of the oligos were seen in four out of 20 mutants 

sequenced while only one 0 6-MeG targeted G—>A transition was observed. 

Positioning of the 0 6-MeG adduct in sequence context 2 (sample 9) induced a 

strikingly different mutation spectrum compared to sample 8. The majority of 

mutations observed in sample 9 (8/10) were 0 6-MeG targeted G—>A 

transitions, followed by random point deletions (2/10) that presumably resulted 

from errors during the oligo synthesis. Interestingly, when two Oe-MeG 

adducts were placed on the same supF gene in gapped plasmids (sample 10) 

almost all of the resulting mutations observed (10/11) were large deletions 

between the EcoRI and BamHI sites.

The nature of the frequent large deletion between the EcoRI site and positions 

189 or 190 in sample 8 indicates that recombination repair of adducted 

plasmid between regions of homology was carried out, as a 6 bp homologous
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sequence (AATTCG) is present at both ends of the deleted sequence. The 

presence of homologous sequences from 6 to 20 bp long at the ends of 

deleted regions invokes mechanisms that cause deletion by annealing 

complementary regions from direct repeats on opposite ends of the deleted 

sequence [469]. This conclusion is further supported by the fact that all blue 

colonies sequenced from this sample had resulted from recombination of 

original singly-digested pSP189 contaminants and not from plasmid 

containing the modified insert. Although dephosphorylation of doubly-digested 

vector completely prevented religation of these contaminants in vitro, it would 

not prevent recombination in cells following activation of the homologous 

recombination repair system.

This large deletion was also detected in uracil control samples (samples 2, 3 

and 4) and in samples containing a single 0 6-MeG adduct at sequence 

context 1 (sample 5) or two 0 6-MeG adducts (sample 7) in ds plasmids, albeit 

in much lower frequency. Interestingly, the deletion was absent in samples 

containing a single 0 6-MeG adduct at sequence context 2 in both ds (sample 

6) and gapped plasmids (sample 9). It is not entirely clear why this might have 

occurred. One possibility is that homologous recombination was more efficient 

when the adduct was placed at sequence context 2 and resulted in no 

mutations. A second option is that the presence of the 0 6-MeG adduct at 

sequence context 2 did not induce a homologous recombination response at 

all. This scenario is favourable because of the fact that all blue colonies 

derived from these samples had resulted from plasmid containing the modified 

insert and not from recombined original pSP189. Nevertheless, it is not clear 

why recombination would not take place in these samples. It is possible that
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the sequence context could affect the ability of the 0 6-MeG adduct to 

generate DSBs.

It has been suggested that homologous recombination is essential to repair 

both DSBs and single-strand gaps in E.coli [432]. However, relatively little is 

known about the role of homologous recombination in response to methylation 

damage in E.coli. The RecA recombinase is the key player in homologous 

recombination as it alone can mediate homology recognition and exchange of 

DNA strands [470, 471]. Although there are numerous reports in the literature 

documenting the increased sensitivity of recA mutants to methylating agents 

(e.g. [472]), these results are difficult to interpret because of the multiple roles 

of RecA in cell physiology including regulation of the SOS response and 

translesion synthesis [473]. Unlike RecA, there are other genes that have 

well-defined roles in homologous recombination that are not part of SOS or 

TLS. For example, RecBCD and RecFOR are essential components of the 

two major recombinational repair pathways in E.coli, the former being 

primarily for the purpose of processing DSBs and the latter for processing 

single-strand gaps [474, 475].

In the present system, homologous recombination between the 6bp direct 

repeats presumably resulted in response to both single-strand gaps created 

by the action of AP endonucleases in uracil-containing control plasmids 

(samples 2, 3 and 4) and single or double strand breaks induced by 0 6-MeG 

adduct(s) when placed at sequence context 1, but not at sequence context 2. 

DSBs could arise as a consequence of interference between MMR and BER. 

Overlapping BER and MMR repair tracts on complementary strands could
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give rise to DSBs and DSBs have been detected in E.coli dam recB ada ogt 

cells exposed to MNNG in a dose- and MMR-dependent manner [432]. In the 

current recombinant system MMR should be activated in response to O6- 

MeG:T mismatches, while BER could be induced by deoxyuridines in the 

complementary strand and by ss nicks in the EcoRI and BamHI sites that 

would result due to dephosphorylation of the doubly-cut plasmid prior to the 

ligation reaction. The presence of these lesions would induce repair by uracil 

DNA glycosylase and by AP endonucleases.

Deletion of bases between EcoRI and BamHI sites in plasmids containing 

both Oe-MeG adducts in gapped plasmids (sample 10) might have arisen as a 

result of a separate recombination mechanism, since this deletion was not 

observed in any of the sequences derived from other samples. Unlike in the 

case of the large deletion between the EcoRI site and position 189 or 190 

(described above), there is no sequence homology between the EcoRI and 

BamHI sites of linear, doubly-cut plasmid molecules. In the absence of 

homology, E.coli repair systems will join noncomplementary ends by a 

mechanism that produces junctions identical to those produced by NHEJ in 

mammalian systems [476]. Since NHEJ is exceedingly rare or often absent in 

E.coli [477], the mechanism by which noncomplementary ends are joined has 

remained obscure. It has been proposed that DNA polymerases might 

facilitate illegitimate recombination by stabilizing transient constructs by primer 

extension [478]. DNA polymerases can join DNA ends of various structures in 

vitro. Short overlaps of one to four bases can be joined by an exonuclease- 

free Klenow fragment of E.coli DNA pol I [476]. Mismatched bases inhibited 

but did not prevent end-joining in these assays. In this assay system, it is

205



Chapter 3 Site-specific assay E.coli

conceivable that DSBs generated by the two 0 6-MeG adducts in gapped 

plasmids (sample 10) might have upregulated this unique recombination 

system and gave rise to the deletion observed.

Validation of the assay was achieved using a ds130mer modified construct 

containing a GC-+CG inactivating mutation at position 150 (130-K). As 

expected, ligation of this construct to the doubly-cut dephosphorylated vector 

(sample 11) resulted in an almost complete inactivation of supF function. 

Furthermore, mixing of this insert with 130-A in two different proportions in the 

ligation reaction (75:25 and 50:50) produced mutant fractions close to the 

expected ones (-28 and 46% compared to the predicted 25 and 50% 

respectively). Importantly, mutation analysis of plasmid derived from white 

colonies of these three samples (samples 12, 13 and 14) confirmed that all 24 

mutants sequenced had resulted from the targeted GC->CG substitution at 

position 150.

Mutagenesis of Oe-MeG has been previously studied both in vitro and in vivo 

site-specific systems, including ss [453, 454], ds [466] and gapped vectors 

[430, 431]. These studies have showed that the mutagenicity of Oe-MeG DNA 

adducts can be attributed to its potential to mispair with thymine, thereby 

introducing G—►A transitions after two rounds of replication. However, most 

previous studies relied on differential oligonucleotide hybridization or mass 

spectrometry for detecting mutations, restricting their ability to detect 

substitution mutations and/or small deletions in short adducted 

oligonucleotides. Our current approach relies on DNA sequencing and can 

therefore detect larger deletions and rearrangements in response to DNA
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damage and also assess the effect of DNA adducts on distal bases. Our 

results suggest that mutations induced by recombination repair in response to 

0 6-MeG adduct(s) in E.coli can vary significantly depending on the sequence 

context surrounding the adduct. Furthermore, the role of large deletions 

induced by homologous recombination might have been seriously overlooked 

in previous studies as they may constitute a significant proportion of the 

mutation spectrum induced by this lesion in E.coli.

3.5.4 Summary

The overall aim of this work was to develop and validate a novel adduct site- 

specific assay in E.coli that could then be adopted for use in human cells. 

Utilising DNA recombination techniques, the assay allows for insertion of a 

DNA adduct at any conceivable position in the supF gene. Therefore, it offers 

great potential in helping to unravel the role of both local and distal sequence 

context in the mutagenic processing of DNA adducts. The assay was 

successfully validated using an inactivating 130mer insert and was 

subsequently applied to the investigation of the mutagenic potential of a single 

or two 0 6-MeG adducts at two different DNA sequence contexts in ds or 

gapped plasmids. Positioning of 0 6-MeG adduct(s) at either site and 

subsequent replication in E.coli produced different types of mutations 

depending on the sequence context in which the 0 6-MeG adduct(s) were 

placed. These results suggest that the mutagenic and cytotoxic potential of 

these adducts might have been underestimated and that deletions arising as 

a result of DNA recombination repair in response to 0 6-MeG adducts might
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play an important role in addition to the G—►A transitions in initiating the 

carcinogenic process.
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Chapter 4

4.1 AIMS

Site-specific assay Ad293

The aim of the work described in this Chapter was to develop and validate an 

assay for determining the mutagenic potential and types of mutations caused 

by individual adducts situated in double stranded or gapped plasmid DNA, in 

different sequence contexts, in human cells. The assay would be an 

adaptation of the E.co//-based site-specific assay (described in Chapter 3) for 

use in human cells. The main difference in the assay presented in this 

Chapter was the addition of a PCR step for selection of mutant plasmids after 

replication in Ad293 human kidney cells. The assay was validated as in 

Chapter 3 using an oligomer that would completely inactivate supF function 

and with oligomers containing 0 6-MeG adducts in two different DNA 

sequence contexts in double-stranded or gapped plasmids. However, the 

methods could be adapted to the study of any DNA adduct, as long as a DNA- 

adduct phosphoramidite is available for insertion into the synthetic 

deoxyoligonucleotide insert.

4.2 PART I: EARLY METHODS

4.2.1 Experimental Design

The primary aim during the early stages of development was to assess the 

mutagenicity of unadducted recombinant plasmid after replication in human 

Ad293 kidney and GM00637 fibroblast cells. The recombinant vector was 

constructed as detailed previously from six smaller ss DNA oligos using the 

methods described in section 3.2.2 and the transfection procedure was similar
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to the protocol described in section 2.2.10, although a smaller amount of 

plasmid DNA was transfected this time for the site-specific version (2 pg). 

Replicated plasmid DNA recovered from the human cells was digested with 

Dpnl and subsequent screening of the replicated vector was performed in 

E.coli as described previously (sections 2.2.17-2.2.18).

4.2.2 Materials and methods 

Materials

All chemicals were from Sigma-Aldrich, Poole, Dorset, UK unless otherwise 

stated.

4.2.2.1 Human cell lines

Human embryonic adenovirus-transformed kidney cells (Ad293) were cultured 

from cells provided by Dr. A. Dipple, National Cancer Institute, Frederick, MD, 

USA. Ad293 cells were grown in Dulbecco’s modified Eagle’s medium 

supplemented with 10% fetal calf serum (Life Technologies Ltd, Paisley, UK) 

at 37°C in 5% CO2 in air. Human SV40 transformed apparently normal non- 

foetal cells (GM00637) were obtained from NIGMS Human Genetic Cell 

Repository, Camden, NJ, USA. Cells were grown in Dulbecco’s modified 

Eagle’s medium (with Earle’s salts) supplemented with 15% fetal calf serum 

(Life Technologies Ltd, Paisley, UK) at 37°C in 5% CO2 in air.
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Methods

All methods specific to part I of this Chapter are described below. For any 

other procedures refer to Chapters 2 and 3.

4.2.2.2 Construction of the recombinant unadducted plasmid

Refer to Chapter 3, sections 3.2.2.1-3.2.2.10

4.2.2.3 Fugene-6 mediated transfection of Ad293 kidney and 

GM00637 fibroblast cells with recombinant unadducted plasmid

Ad293 cells (grown at 37°C, 5% CO2 , 90% confluent) were split 1 in 50 

(approximately 4*105 cells) and plated in 21.5 cm2 transfection plates in 2 ml 

Dulbecco’s Minimum Eagle’s medium (Life Technologies Ltd., Paisley, UK) 

(with glutamax 1 and pyridoxine, without glutamine and sodium pyruvate, 10% 

foetal calf serum) and grown for 68 h (37°C, 5% CO2). Cells were 40-60% 

confluent prior to transfection. Three hours before transfection, used medium 

was aspirated and fresh medium added (2 ml). Fugene-6 (Roche Diagnostics 

Ltd, Lewes, East Sussex, UK) transfection reagent (6 pi) was slowly added to 

foetal calf serum free Dulbecco’s Minimum Eagle’s medium (100 pi). The 

tube was gently tapped to mix the contents. Plasmid DNA (2 pg) was added 

to the Fugene solution and incubated at room temperature for 45 min. The 

aliquot of DNA was carefully added dropwise to each transfection plate and 

swirled gently to mix. Plates were then returned to the incubator (37°C, 5% 

C02). After 24 h, used media was aspirated and replaced with fresh media (2 

ml). The plasmid was reclaimed from the Ad293 cells between 45-48 h after
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transfection as described in Chapter 2. The same protocol was followed for 

transfection of GM00637 fibroblst cells except the plasmid was reclaimed from 

the GM00637 cells 60 h after transfection, since GM00637 had a longer 

doubling time.

4.2.3 Results

4.2.3.1 Direct transformation of electrocompetent E.coli with 

recombinant vector recovered from Ad293 cells

Direct transformation of electrocompetent E.coli cells with recombinant 

plasmid recovered from the human kidney cells resulted in about 89% white 

colonies (Table 4.1). This high mutagenic background was unexpected, since 

direct transformation of E.coli with the same type of unadducted plasmid 

resulted in a much lower mutation frequency (9.3%).
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Experiment Sample Colonies counted
Total Blue White % White

1

1 868 74 794 9 1 .5
2 272 28 244 89 .7
3 167 22 145 86 .8
4 313 30 283 90 .4

Average 89.6

2
1 278 39 239 86 .0
2 792 74 718 90 .7

Average 88.3

Average of both 
experiments 89.0

Table 4.1 Number of mutant and wild type colonies resulting from 

transformation of E.coli cells with recombinant vector recovered from Ad293 

cells. Each experiment was performed twice, using freshly digested pSP189 

plasmid and recently constructed 114mer insert. In each experiment samples 

numbered 1-4 were identical and represent separate vector to insert ligation 

reactions. For each sample a single transformation of E.coli was carried out. 

The average percentage of white colonies from both experiments is 

highlighted in yellow.

4.2.3.2 Direct transformation of electrocompetent E.coli with the 

recombinant vector recovered from GM00637 fibroblast cells

To test whether the unexpectedly high mutagenic background observed in 

Ad293 cells transfected with the unadducted plasmid was specific to this cell 

line, GM00367 fibroblast were transfected using the same protocol. Direct 

transformation of electrocompetent E.coli cells with recombinant plasmid 

recovered from the human fibroblast cells resulted in about 77.6% white 

colonies (Table 4.2). Although this mutational background was lower 

compared to Ad293 cells it was still considered unacceptably high for the site- 

specific assay.
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Experiment
Sample

Colonies counted
Total Blue White % White

1

1 74 18 56 75 .7
2 265 58 207 78.1
3 299 63 236 78 .9

Average 77.6

Table 4.2 Number of mutant and wild type colonies resulting from the 

transformation of E.coli cells with recombinant vector recovered from 

fibroblast cells. Samples 1, 2 and 3 were identical and represent separate 

vector to insert ligation reactions. For each sample a single transformation of 

E.coli was carried out. The percentage of white colonies is highlighted in 

yellow.

4.2.3.3 DNA sequencing

One blue colony derived from the Ad293 cells was analysed by DNA 

sequencing (Figure 4.1) and this colony contained plasmid with the wild type 

supF sequence. This suggests that the colony resulted from contamination 

with either parent uncut or singly-cut recombined pSP189 plasmid.

rhromas I 45 File: 1AD B Sequence Name: (none) Run ended: (unknown) parent pSP189 Vector page ] 0f2
"■— — _ _ 71 '  ̂ ba on60 70 80 90

S T C O G G t t C C C G A O C G G C C A A A O Q G A G C A G A C T C T a
10 20 30 40 SO

C T T T T T C A A T A T T A T T O A J k O C A T T T A T C A G G G A A T T C G A G A G C C C T G C I C G A G C T G

110 120 130
C G A C T T C G A A G C T T C G a A T C C T T C C C C C

Figure 4.1 Electropherogram showing a sequence of Ad293 replicated 

pSP189 recombinant plasmid derived from a blue colony. The bases circled in 

red are unchanged from the wild type supF gene and show the plasmid does 

not contain the synthetic insert.
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Mutational analysis of plasmid derived from three white colonies (Figure 4.2) 

produced after replication in Ad293 cells shows that these mutant sequences 

contained large deletions of bases between the Xhol and BamHI sites. In all 

three cases the original wild-type 114mer sequence had been successfully 

excised, suggesting that the mutations resulted from recombination of linear 

doubly-cut dephosphorylated vector contamination inside the human cells.

hromps 1.45 File I AD Wl Sequence Name: (none) Run ended: (unknown) HO 114 m e f  in s e rt____________________ Page 1 of 2
id >e >o «e , so to ?o to oo

CTT T 7 TC T Tfc T t  O *  *0 C»T 7 T *  T C«100 O • H  tca»0 »OCCC r  OCj l  CO » I C C I T » O C O » ‘ » OCT  /  ’ 0 0 7 T r T T T T 7 A C 8 C O T O » O C 7 e i

iromas 1.45 File 1AD W2 Sequence Name: (none) Run ended, (unknown) no 114mer and next 34bp Ptge | of2
c c ' o a c - c c  c * o c : c ^ : t c c c o t c c a g o : c

addition no 114mer insert I of2hromas 1.43 File: 1ADW3 Sequence Name: (none) Run ended: (unknown)

Xhol

A

B

Figure 4.2 Electropherograms illustrating sequences of pSP189 recombinant 

plasmid derived from three different white colonies. The mutant colonies 

contained large deletions of the entire modified 114mer insert (A and C) or 

deletion of the 114mer insert and the next 34 bp (B). In all three cases the 

original wild-type 114mer sequence had been successfully excised.
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4.3 PART II: METHODOLOGICAL IMPROVEMENTS

4.3.1 Experimental Design

Recombinant unadducted vector was constructed and transfected into Ad293 

human kidney cells, then the replicated plasmid was recovered and digested 

with Dpnl as described previously (4.2). At this stage, a PCR step was 

introduced into the methodology. The allele-specific PCR method (Figure 4.3) 

involves selective amplification of the modified insert from plasmid that was 

recovered from A293 cells. The amplified 134 bp PCR product containing the 

replicated modified insert was then digested with the Xhol and BamHI 

endonucleases and the resulting ds114mer was purified by agarose 

electrophoresis and re-inserted into doubly-cut dephosphorylated vector as in 

section 3.3.2.6. The new recombinant vector containing the PCR-amplified 

insert was subsequently screened for mutations in E.coli as described in 

Chapter 2. Addition of these extra steps into the methodology should eliminate 

any mutants derived from recombination of linear doubly-cut, 

dephosphorylated plasmid inside human cells, thereby reducing the high 

mutagenic background observed in previous experiments (see Sections 

4.2.3.1-4.2.3.2).
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Xho1 g in original pSPl 89 SUpF 10 9r08n
5 '. |  •

1 gaattcgagagccctgctcgagctglggtagggttcccgagcggccaaagggagcagact
agccctgctcgagctgta 

Left Primer

61 ctaaatctgc^tcatcgacttcgaaggttcgaatccttcccccaccad0Bcggccgaaa

BamH C in original pSPl89

121 ttcggtacccggatccttagcgaaagctaagattttttttacgcgtgagctcgactgact -3 '
atgggcctaggaatcgct

Right Primer

Figure 4.3 Allele-specific PCR amplification of the modified insert from 

unadducted plasmid replicated in Ad293 cells. Left and right primers flanking 

the modified insert are shown in pink and the supF gene sequence in green. 

The bases circled in red correspond to alterations in the wild-type supF 

sequence and demonstrate incorporation of the synthetic 114mer oligo. The 

original bases are guanine in the place of adenine and cytosine in the place of 

thymine.

4.3.2 Materials and methods 

Materials

All chemicals were from Sigma-Aldrich, Poole, Dorset, UK unless otherwise 

stated.

Methods

All methods specific to part II of this Chapter are described below. For any 

other procedures refer to Chapters 2, 3 and 4 (part I).
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4.3.2.1 Preparation of primers

Site-specific assay Ad293

The following left and right primers were prepared for amplification of the 

modified insert:

Left Primer (5'-3'): AGC CCT GCT CGA GCT GTA 

Right Primer (5'-3'): TCG CTA AGG ATC CGG GTA

The oligonucleotides were prepared by Sigma-Proligo (Sigma-Proligo, the 

Woodlands, TX, USA) and supplied as HPLC-purified and desalted. The PCR 

primers were diluted to 50 pmol/pl with tissue culture grade water and stored 

at -20°C prior to use. The left primer contained a locked nucleic acid (LNA) at 

its 3' end (shown in red). LNA is a conformationally restricted nucleic acid 

analogue, in which the ribose ring is locked into a rigid C2>-endo (or Northern- 

type) conformation by a simple 2 -0 , 4'-C methylene bridge. LNA may be used 

to enhance the performance of primers or probes used in allele-specific PCR 

by improving the stability and specificity of duplexes toward complementary 

DNA.

4.3.2.2 Polymerase chain reaction (PCR) amplification of 

unadducted plasmid replicated in Ad293 cells

Tissue culture grade water (78 pi) was mixed with 10x thermopol buffer (NEB) 

(10 pi), dNTPs (NEB) (4 pi), Left and Right primers (1 pi, 50 pmol each), Taq 

DNA polymerase (NEB) (5 pi, 1:10 diluted in water) and Ad293 recovered 

template plasmid DNA (1 pi, 1:5 diluted in water) in the order given. The PCR 

reaction (100 pi total volume) was performed in a 200 pi thin walled PCR tube
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and subjected to the following program using a DNA engine DYAD Peltier 

thermal cycler (MJ Research, Inc., Waltham, MA, USA): 95°C for 5 min 

followed by 35 cycles of 95°C for 30 s, 59°C for 20 s, 72°C for 30 s, final 

extension at 72°C for 7 min, then cooled to 4°C (optimised method). Final 

concentrations in each tube were; 2.5 U Taq DNA polymerase, 0.4 pM Left 

and Right primers, 200 pM each of dATP, dCTP, dGTP and dTTP, 10 mM 

Tris-HCL (pH 8.3 @ 25°C), 50 mM KCI, 1.5 mM magnesium chloride. Taq 

DNA polymerase was removed after the reaction using Sureclean (Bioline, 

Bath, UK). Samples were then stored at -4°C until required.

4.3.2.3 Double digestion of the 134 bp PCR product with the BamHI 

and Xhol endonucleases

The purified 134 bp PCR product was digested with 200 Units of Xhol (NEB) 

in 25 pi NEBuffer 3 (10x) (NEB) with 2.5 pi BSA (NEB) and the reaction was 

made up to 250 pi using water. After incubation of the reaction at 37°C for 30 

min, 200 units of BamHI (NEB) were added and the reaction was incubated at 

37°C for 90 min.

4.3.2.4 Agarose purification of the digested PCR product

The reaction products were loaded on a 4% agarose gel and run for 6 h at 

80V. The gel was photographed as outlined previously (Section 3.2.2.2). The 

bands corresponding to the 114 bp digested PCR product were visualised 

under low intensity UV light and excised from the gel using a sterile scalpel. 

The DNA was purified from the agarose gel using the QIAquick Gel Extraction 

Kit (Qiagen, West Sussex, UK).
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4.3.2.5 Ligation of the 114 bp digested insert into the doubly- 

digested dephosphorylated vector

The 114 bp digested insert was ligated to doubly-cut dephosphorylated vector 

as in section 3.3.2.6. The recombinant vector containing the PCR-amplified 

insert was subsequently screened for mutations in E.coli, as described in 

Chapter 2.

4.3.3 Results

4.3.3.1 Direct transformation of electrocompetent E.coli with 

recombinant vector recovered from Ad293 cells

The experiment described in section 4.2.3.1 was repeated in order to 

generate fresh samples for the PCR part. Direct transformation of 

electrocompetent E.coli cells with recombinant plasmid recovered from human 

kidney cells resulted in about 86.4% white colonies (Table 4.3).

Experiment Sample Colonies counted
Total Blue White % White

1

1 68 10 58 85 .3

2 170 31 139 81 .8

3 4 5 8 85 373 81 .4

4 100 9 91 91 .0
5 860 65 795 92 .4

Average 86 .4

Table 4.3 Number of mutant and wild type colonies resulting from the 

transformation of E.coli cells with recombinant vector recovered from Ad293 

cells. Samples 1-5 were identical and represent separate vector to insert 

ligation reactions. For each sample a single transformation of E.coli was 

carried out. The average percentage of white colonies is highlighted in yellow.
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4.3.3.2 PCR amplification of unadducted plasmid replicated in 

Ad293 cells

The 134 bp product of the PCR reaction performed with plasmid isolated from 

Ad293 cells was loaded on an analytical agarose gel (Figure 4.4) to confirm 

that the PCR amplification was successful. PCR amplification of the wild type 

vector was negligible in comparison (data not shown) confirming that the PCR 

method is specific for the synthetic insert.

134 bp

Figure 4.4 Allele-specific PCR amplification of the modified insert from 

plasmid replicated in Ad293 cells. Photograph of a 4% agarose gel showing 

the 134 bp PCR product. Lane 1 contains a 500bp ladder and lanes 2 and 3 

contain the PCR amplified 134 bp product.
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4.3.3.3 Double digestion of the 134 bp PCR product with the BamHI 

and Xhol endonucleases

The 134 bp PCR product was digested with BamHI and Xhol in a double 

digestion reaction, in order to produce a 114 bp insert with overhangs 

compatible to the doubly-cut dephosphorylated vector. The 114 bp product of 

the digestion reaction was purified on a 4% agarose gel (Figure 4.4) before 

ligation to the vector. Digestion was highly efficient as illustrated by a single 

band corresponding to the desired product and the absence of a visible band 

corresponding to the starting 134mer.

114 bp

Figure 4.4 Digestion of the 134 bp PCR product with BamHI and Xhol to 

produce the 114 bp insert. Photograph of a 4% agarose gel showing the 114 

bp digestion product. Lane 1 contains a 500bp ladder and lane 2 contains the 

114 bp digested insert.
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4.3.3.4 Transformation of electrocompetent E.coli with 

recombinant vector containing the PCR-amplified insert.

Transformation of electrocompetent E.coli cells with recombinant plasmid 

containing the PCR-amplified insert resulted in about 14.3% white colonies 

(Table 4.4). Although this was a significantly improved mutation background 

compared to directly transformed plasmid recovered from the Ad293 cells 

(86.4%) the number of white colonies was still too high for the assay to be 

used routinely in the investigation of DNA adduct mutagenesis. When the 

bacteria were transformed with recombinant doubly cut dephosphorylated 

vector ligated in the absence of the modified insert (negative control sample) 

this produced zero colonies. The negative control sample had not been 

previously replicated in Ad293 cells and was used in order to prove that the 

vector was not religating to itself and also that there was not significant 

contamination with the parent undigested pSP189.

E x p e rim e n t S am p le
C o lo n ie s  co u n te d

T o ta l B lue W h ite %  W h ite

1

1 1208 1051 157 13

2 61 6 520 96 15.6
-ve control 0 0 0

A v e ra g e 14.3

Table 4.4 Number of mutant and wild type colonies resulting from the 

transformation of electrocompetent E.coli cells with recombinant vector 

containing the PCR-amplified insert. Samples 1 and 2 were identical and 

represent separate E.coli transformations. The average percentage of white 

colonies from the two transformations is highlighted in yellow.
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4.4 PART III: FINAL METHODS

4.4.1 Experimental Design

Experimental results so far suggested that the PCR method significantly 

reduced the high mutational background obtained after direct transformation 

of E.coli with recombinant plasmid replicated in Ad293 human cells from 86.4 

to 14.3%. However, the mutation frequency obtained with this new PCR 

method was still too high. Subsequent experiments were focused on reducing 

this background further using 130mer PAGE purified constructs (as in Section 

3.4) and also by replacing Taq polymerase with a high-fidelity polymerase 

(see discussion for further analysis). The assay was validated using the same 

types of constructs as in the E.coli experiments (Chapter 3, Part III), although 

construct 130-A was not included in the analysis because of methodological 

constrains.

4.4.2 Materials and methods 

Materials

All chemicals were from Sigma-Aldrich, Poole, Dorset, UK unless otherwise 

stated.

Methods

All methods specific to Part III of this Chapter are described below. For any 

other procedures refer to Chapters 2, 3 and 4 (Parts I and II).
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4.4.2.1 Transfection of Ad293 cells with recombinant plasmid 

samples

Ad293 cells were transfected with samples containing the same 130mer 

inserts described in Section 3.4.2.4 and also with a control sample ligated in 

the absence of insert (-ve control). However, construct 130-A was excluded 

from analysis due to insufficient quantities available. Additionally, constructs 

130-H, 130-1, 130-J and 130-K were purified by 4% agarose electrophoresis 

instead of 20% PAGE because of time constraints.

4.4.2.2 Polymerase chain reaction (PCR) amplification of 

unadducted plasmid replicated in Ad293 cells

Tissue culture grade water (36.5 pi) was mixed with 5x Phusion HF Buffer 

(NEB) (10 pi), dNTPs (Bioline) (1 pi), Left and Right primers (1 pi), Phusion 

DNA Polymerase (NEB) (0.5 pi) and Ad293 recovered template plasmid DNA 

(1 pi) in the order given. The PCR reaction (50 pi) was conducted into a 200 

pi thin walled PCR tube and subjected to the following PCR program using a 

DNA engine DYAD Peltier thermal cycler (MJ Research, Inc., Waltham, MA, 

USA): 98°C for 1 min followed by 40 cycles of 98°C for 10 s, 60°C for 20 s, 

72°C for 5 s, final extension at 72°C for 5 min, then cooled to 4°C (optimised 

method). Final concentrations in each tube were; 1 U Phusion DNA 

polymerase, 0.5 pM Left and Right primers, 200 pM each of dATP, dCTP, 

dGTP and dTTP, 10 mM Tris-HCL (pH 8.3 @ 25°C), 50 mM KCI, 1.5 mM 

magnesium chloride. Phusion DNA polymerase was removed after the
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reaction using Sureclean according to the manufacturers protocol (Bioline, 

Bath, UK). Samples were then stored at 4°C until required.

4.4.3 Results

4.4.3.1 Direct transformation of electrocompetent E.coli with 

recombinant vector recovered from Ad293 cells

The results of direct E.coli transformation with plasmid samples recovered 

from Ad293 cells are summarized in Table 4.5. Not all transfected samples 

were used to directly transform E.coli. Samples containing inserts 130-H, 130- 

I and 130-J were excluded due to the limited quantities recovered from the 

human cells.

Transformation of E.coli with uracil-containing constructs (samples Ad2, Ad3 

and Ad4) resulted in similar mutation frequencies (46.1, 47.1 and 50.6% 

respectively). Plasmids containing single 0 6-MeG adducts in two different 

DNA sequence contexts, in the absence of deoxyuridines in the 

complementary strand, (samples Ad5 and Ad6) produced mutation 

frequencies of 40.1 and 46.6% respectively. However, the presence of two 

0 6-MeG adducts on the same supF gene in ds plasmids increased the mutant 

fraction to 62.3%. Sample Ad12 was prepared by mixing constructs 130-B and 

130-K in different proportions (75:25) in the ligation reaction. When this 

sample was recovered from the human cells and used to directly transform 

E.coli, it produced a mutation frequency of 50.7%. Finally, doubly cut 

dephosphorylated vector ligated in the absence of the modified insert (sample 

14) was also replicated in Ad293 cells and direct transformation of E.coli with
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the recovered plasmid resulted in a high mutation frequency (97.9%). 

Although the mutagenic background observed in unadducted recombinant 

plasmids prepared using PAGE-purified 130mer constructs were significantly 

lower than those obtained with agarose-purified 114mers (Parts I and II) in 

general, this background still interferes with the quantitative analysis of 

adducted plasmids when the PCR step is not included.

S a m p le T y p e  o f 1 3 0 m e r in s e rt
C o lo n ie s

T o ta l W h ite %  W h ite

Ad 2 130-B 40 82 1882 46.1
Ad3 130-C 922 43 4 47.1
Ad4 130-D 3 176 1607 50.6
Ad 5 130-E 5896 2 3 6 6 40.1
Ad6 130-F 1535 716 46.6
Ad7 13 0 -G 3417 2 1 2 8 62.3

Ad12 7 5 %  130-B  + 25 %  130-K 5236 2 6 57 50.7
Ad14 No insert 12403 12147 97.9

Table 4.5 Number of mutant and total colonies resulting from direct 

transformation of electrocompetent E.coli cells with the recombinant 

constructs recovered from Ad293 cells. Mutation frequencies are highlighted 

in yellow. Samples are colour-coded according to the type of modified 

construct they contain; red = unadducted, lavender = unadducted (+) uracil, 

pale blue = adducted (-) uracil, yellow = adducted (+) uracil, light green = 

validation oligos, grey = (-ve) control.
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4.4.3.2 DNA sequencing of mutants resulting from direct 

transformation of E.coli with plasmid samples recovered from 

Ad293 cells.

Blue colonies produced from samples Ad2 and Ad7 were picked randomly 

and sequenced. All DNA sequences derived from these blue colonies 

confirmed the presence of the modified 130mer insert, proving that it was 

successfully ligated into the vector and that there were no inactivating 

mutations in it. A selection of white colonies produced from samples Ad2 and 

Ad7 were also sequenced. The types of mutations seen in sequences of 

plasmid extracted from white colonies of these samples are summarized in 

Table 4.7

Sam ple
No of blue 
colonies 

sequenced

Modified insert 
(no mutations)

Original
pS P 189

sequence

Ad2 10 10 0
Ad7 10 10 0

Table 4.6 DNA sequences derived from blue colonies of samples Ad2 and 

Ad7.

The mutation spectrum observed in these two samples is comprised mainly of 

large deletions between the EcoRI and BamHI restriction sites, suggesting 

that these deletion mutations resulted due to recombination of linear doubly- 

cut dephosphorylated vector once in the Ad293 cells.
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Sample No of white colonies sequenced Mutation type

7 8 —>203 (x3)
7 1 —>211
7 8 —>207

Ad2 9 7 9 —>207
7 8 —>211

157—>203
C G A A  insertion @ 1 5 5

7 7 —>204
7 7 —>203
7 8 —>203

Ad7 7 7 8 —>205
7 8 —>207

156—>203
G -A  @ 1 0 0  A N D  G -A @ 1 2 9  

(both targeted)

Table 4.7 Mutations observed in DNA sequences derived from white colonies 

of samples Ad2 and Ad7.

4.4.3.3 PCR amplification of recombinant plasmid samples 

replicated in Ad293 cells

The plasmid samples isolated from Ad293 cells were used as templates for 

PCR to selectively amplify insert containing plasmid DNA. The 134 bp 

products (20 pi of each PCR reaction) were then loaded on an analytical 

agarose gel (Figure 4.5) to assess the efficiency of the PCR amplification. In 

order to confirm that all 134 bp PCR products resulted from specific 

amplification of the modified insert and not from amplification of the original 

pSP189 sequence, sample Ad 14 (no insert control) was amplified in parallel to 

the recombinant samples. As the gel photo suggests, PCR amplification of 

this sample resulted in a detectable 134 bp band, however, the intensity of 

this band was much lower than that of bands resulting from recombinant 

samples indicating the method has specificity towards the synthetic insert.
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Furthermore, samples Ad8, Ad9, Ad10 and Ad11 were not amplified as 

efficiently as the rest of the samples, as is evident from the low intensity of the 

respective 134 bp bands probably because they were constructed using 

agarose-purified 130mer constructs (instead of PAGE) that were less 

efficiently ligated into the vector.

Figure 4.5 Allele-specific PCR amplification of the modified inserts from 

plasmid samples replicated in Ad293 cells. Photograph of a 4% agarose gel 

showing the 134 bp products of PCR reactions. Lanes 1 and 14 contain a 

500bp ladder and lanes 2-13 contain the PCR 134 bp products amplified from 

samples Ad2 (lane 2), Ad3 (lane 3), Ad4 (lane 4), Ad5 (lane 5), Ad6 (lane 6), 

Ad7 (lane 7), Ad8 (lane 8), Ad9 (lane 9), Ad10 (lane 10), Ad11 (lane 11), Ad12 

(lane 12) and Ad14 (lane 13).

4.4.3.4 Double digestion of the 134 bp PCR products with the 

BamHI and Xhol endonucleases

The 134 bp PCR products were digested with BamHI and Xhol in a double 

digestion reaction, in order to produce 114 bp inserts with overhangs 

compatible to the doubly-cut dephosphorylated vector. The 114 bp products of 

the digestion reactions were loaded on two 4% agarose gels (Figures 4.6 and

1 2 3 4 5 6 7 8 9 10 11 121314

— 134 bp

4 .7).
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1 2 3 4 5 6 7 8 9  1011 121314 1516

— 114 bp
176

jr  
100 -  

7 5 -
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Figure 4.6 Digestion of the 134 bp PCR products with BamHI and Xhol to 

produce the 114 bp inserts. Photograph of a 4% agarose gel showing the 114 

bp digestion products of sample Ad2 (lanes 2-3), Ad3 (lanes 5-6), Ad4 (lanes 

8-9), Ad5 (lanes 11-12) and Ad6 (lanes 14-15). Lanes 1 and 16 contain a 

500bp ladder.

5 00 -
4 0 0 -

98: 
200. 
175-  

150—  
125 —  
100 —

7 5 —

5 0-

1 2 3 4 5 6 7 8 9  1011 121 314 151 6

2 5 -
ill

114 bp

Figure 4.7 Digestion of the 134 bp PCR products with BamHI and Xhol to 

produce the 114 bp inserts. Photograph of a 4% agarose gel showing the 114 

bp digestion products of sample Ad7 (lanes 2-3), Ad8 (lane 5), Ad9 (lane 7), 

Ad10 (lane 9), Ad11 (lane 13) and Ad12 (lanes 15-16). Lane 1 contains a 

500bp ladder.
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4.4.3.5 Transformation of electrocompetent E.coli with

recombinant vector containing the PCR-amplified insert.

Results from the transformation of electrocompetent E.coli cells with 

recombinant plasmids containing the PCR-amplified inserts of samples Ad2- 

Ad12 are summarized in Table 4.8 and Figure 4.8.

S am p le T y p e  o f 1 3 0 m e r in s ert
C o lo n ie s

T o ta l W h ite %  W h ite

A d 2 -P C R 130-B 2591 122 4 .7

A d 3 -P C R 13 0 -C 6573 183 2.8

A d 4 -P C R 13 0 -D 4477 247 5.5

A d 5 -P C R 130-E 1127 174 15.4

A d 6 -P C R 130-F 3293 678 20 .6

A d 7 -P C R 130-G 3847 835 21 .7

A d 8 -P C R 130-H 3766 25 76 68 .4

A d 9 -P C R 130-1 2606 412 15.8

A d 1 0 -P C R 130-J 7846 71 17 90 .7

A d 1 1 -P C R 130-K 5509 5286 96 .0

A d 1 2 -P C R 75%  130-B  + 25 %  130-K 3194 1232 38 .6

Table 4.8 Number of mutant and total colonies resulting from the 

transformation of electrocompetent E.coli cells with recombinant plasmids 

containing the PCR-amplified inserts. Samples are colour-coded according to 

the type of modified construct they contain; red = unadducted, lavender = 

unadducted (+) uracil, pale blue = adducted (-) uracil, yellow = adducted (+) 

uracil, light green = validation oligos, grey = (-ve) control.

Transformation of E.coli with recombinant plasmids containing the PCR- 

amplified inserts resulted in significant reductions of the background mutation 

frequency in general, compared to directly transformed plasmids recovered 

from the Ad293 cells (Table 4.5). Transformation with control samples that 

contained deoxyuridines in the complementary strand prior to Ad293
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transfection (Ad2-PCR, Ad3-PCR and Ad4-PCR) resulted in similar mutant 

fractions (4.7, 2.8 and 5.5% respectively). Samples that contained single O6- 

MeG adducts in the absence of deoxyuridines in the complementary strand 

prior to Ad293 transfection (samples Ad5-PCR, Ad6-PCR and Ad7-PCR) 

produced mutation frequencies of 15.4, 20.6 and 21.7% respectively. 

However, the placement of deoxyuridines on the complementary strand at 5'- 

and 3'-positions flanking the 0 6-MeG adducts (samples Ad8-PCR, Ad9-PCR 

and Ad10-PCR) resulted in considerable enhancements of the mutation 

frequency over the deoxyuridine-alone control samples (Ad2-PCR, Ad3-PCR 

and Ad4-PCR respectively). In particular, 0 6-MeG enhanced the mutant 

fraction of constructs containing deoxyuridines in the complementary strand 

14.5-fold in sequence context 1 (sample Ad8-PCR) and 5.6-fold in sequence 

context 2 (sample Ad9-PCR). When 0 6-MeG adducts were present in both 

sequence contexts in the presence of uracil bases in the complementary 

strand (sample Ad10-PCR) there was a 16.4-fold increase in the mutation 

frequency over the uracil-alone control sample (Ad4-PCR). Positioning of the 

adducts in gapped plasmids resulted in increased mutant fractions compared 

to positioning of the same adducts in ds plasmids. Placement of a single O6- 

MeG adduct in sequence context 1 in a gapped plasmid (sample Ad8-PCR) 

gave a 4.4-fold increase in the mutation frequency compared to placement of 

the adduct at the same sequence context but in a ds plasmid (sample Ad5- 

PCR). Similarly, when two 0 6-MeG adducts were present in both sequence 

contexts in a gapped vector (sample Ad10-PCR) they induced a mutation 

frequency 4.2-fold higher than when present in a ds vector (sample Ad7- 

PCR). In contrast, situating the adduct in sequence context 2 induced a 1.3-
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Figure 4.8 Graphical representation of E.coli transformation results using 

plasmid samples containing PCR-amplified inserts. Samples are colour-coded 

according to the type of modified construct they contain, as in Table 4.8.

Transformation of E.coli with a plasmid sample that contained a supF 

inactivating GC—>CG basepair change at position 150 (sample Ad 11-PCR) 

inactivated supF function almost completely as is evident from the high 

mutation frequency observed (96%). Sample Ad12-PCR was prepared by 

mixing by mixing the 130-B and 130-K constructs in different proportions 

(75:25) in the ligation reaction prior to transfection of Ad293 cells. Following 

PCR amplification, this sample produced a mutant fraction of 38.6%, which is
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slightly higher than the expected 25%, possibly due to added background 

frequency.

4.4.3.6 DNA sequencing of mutants resulting from transformation 

of E.coli with plasmid samples containing PCR-amplified inserts.

A selection of blue colonies produced from samples containing PCR amplified 

inserts were picked randomly and sent for sequencing to PNACL. All DNA 

sequences derived from blue colonies of samples Ad2-PCR, Ad3-PCR, Ad4- 

PCR, Ad5-PCR, Ad6-PCR and Ad7-PCR confirmed the presence of the 

modified 130mer insert, proving that it was successfully ligated into the vector.

Sample
No of blue 
colonies 

sequenced

Modified insert 
(no mutations)

Original
pSP189

sequence

A d 2-P C R 5 5 0
A d3-P C R 5 5 0
A d 4-P C R 5 5 0
A d 5-P C R 5 5 0
A d 6-P C R 5 5 0
A d 7-P C R 5 5 0
Ad8-PCR 10 7 3
Ad9-PCR 10 5 5

Ad10-PCR 7 3 4

Ad11-PCR 10 0 10

Table 4.9 DNA sequences derived from blue colonies of plasmids containing 

PCR-amplified inserts.

In contrast, a certain proportion of DNA sequences derived from blue colonies 

of samples Ad8-PCR, Ad9-PCR, Ad10-PCR and Ad11-PCR corresponded to 

the original pSP189 plasmid sequence, as the base alterations at positions 99 

and 179 were absent. These blue colonies clearly resulted from non-specific
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PCR amplification of parent undigested or singly-cut linear pSP189 

contaminants.

White colonies produced from samples containing PCR amplified inserts were 

also sequenced and the types of mutations detected in plasmid extracted from 

white colonies of these samples are summarized in Tables 4.10, 4.11 and 

4.12.

DNA sequencing results from control unadducted samples containing 

deoxyuridines on the complementary strand (samples Ad2-PCR, Ad3-PCR 

and Ad4-PCR) are summarized in Table 4.10. Inclusion of deoxyuridines at 

sequence context 1 in the absence of adduct (sample Ad2-PCR) induced 

predominantly random substitutions (5/9) along with point deletions at 

positions 153 (3/9) and 152 (1/9).

The presence of deoxyuridines at sequence context 2 (sample Ad3-PCR) 

induced mainly random point deletions (4/8), substitutions (2/8) and large 

deletions (2/8). Likewise, when uracils were present at both sequence 

contexts (sample Ad4-PCR) the prevailing mutation type was again random 

point deletions (5/10), substitutions (4/10) and a large deletion (1/10). When 

the mutation spectra from the uracil-containing samples (samples 2, 3 and 4) 

are combined, the main mutation type observed are random point deletions 

(13/27 sequences), followed by random substitutions (11/27) and large 

deletions (3/27).
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Sample No of white colonies 
sequenced Mutation type

Ad2-PCR 9

T  DEL @ 1 5 3  (x3)

C DEL @ 1 52

G -A  @ 1 56

A -T  @ 1 3 6

C -T  @ 1 08

G G -A A  @ 1 5 9

T -A  @ 1 70

Ad3-PCR 8

DEL 8 9 —>208

DEL 8 9 —>207

A DEL @ 1 58

C DEL @ 1 10

G DEL @ 1 24

A DEL @ 121

C C -T T  @ 1 74

G -C  @ 1 0 5

Ad4-PCR 10

DEL 8 9 —>205

A DEL @ 1 66

C DEL @ 1 55

C DEL @ 1 18

C DEL @ 1 10

C DEL @ 127

C -T  @ 155

G -C  @ 213

T-A  @ 138

A -T  @ 121

Table 4.10 Mutations observed in DNA sequences derived from white

colonies of samples Ad2-PCR, Ad3-PCR and Ad4-PCR.

DNA sequences of plasmid extracted from white colonies of samples Ad5- 

PCR, Ad6-PCr and Ad7-PCR were analyzed for mutations and the results are 

summarized in Table 4.11. Placement of a single 0 6-MeG adduct at sequence 

context 1 and subsequent PCR amplification of the replicated insert (sample 

Ad5-PCR) resulted in a targeted G—>A transitions at position 100 in the 

majority of the mutants sequenced (10/14). The remaining mutations 

observed in this sample were point substitutions (3/14) and a point deletion 

(1/14). Positioning of the 0 6-MeG adduct at sequence context 2 (Ad6-PCR)
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resulted in targeted G—>A transitions at position 129 in the majority of the 

mutants sequenced (9/11). A point deletion and a point substitution comprised 

the rest of the mutation spectrum of this sample.

Incorporation of two 0 6-MeG adducts on a single construct (130-G-sample 

Ad7-PCR) induced primarily targeted G—►A transitions in both sequence 

contexts at the same time (5/14 multiple mutations), followed by single 

targeted G—>A transitions in either sequence context 1 (3/14) or context 2 

(2/14), random substitutions (3/14) and a point deletion (1/14).

Sample No of white colonies 
sequenced Mutation type

Ad5-PCR 14

G -A  @ 1 0 0  (T 1 -0 6 -M e G  Targ eted ) (x10)

G -A  @ 103

A DEL @ 1 66

C C -T T  @ 174

A -G  @ 125

Ad6-PCR 11
G -A  @ 1 2 9  (T 3 -06 -M eG  T argeted) (x9)

C -A  @ 174

T  DEL @ 1 53

Ad7-PCR 14

G -A  @ 1 00  and G -A  @ 1 29  (Both Targeted) (x5)

G -A  @ 1 2 9  (T 3 -06 -M eG  Targeted) (x3)

G -A  @ 1 00  (T 1 -06 -M eG  T argeted) (x2)

T  DEL @ 1 5 3

C -A  @ 1 73

C -A  @ 1 4 6

G -A  @ 1 56

Table 4.11 Mutations observed in DNA sequences derived from white

colonies of samples Ad5-PCR, Ad6-PCR and Ad7-PCR.

Replication of 0 6-MeG adducts in gapped plasmids, followed by PCR 

amplification of the replicated inserts and screening in E.coli (samples Ad8- 

PCR, Ad9-PCR and Ad10-PCR) resulted predominantly in targeted G-+A
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transitions. The mutation types observed in the DNA sequences from these 

samples are summarized in Table 4.12. When a single 0 6-MeG adduct was 

placed in sequence context 1 (sample Ad8-PCR) it generated exclusively 

G—>A targeted transitions at position 100. However, when the same adduct 

was positioned in sequence context 2 (Ad9-PCR) it resulted in both G—►A 

targeted transitions at position 129 (16/24) and other mutation types, namely 

large deletions (3/24), random substitutions (3/24) and point deletions (2/24). 

Positioning of two 0 6-MeG adducts in both sequence contexts in a gapped 

plasmid resulted in multiple targeted G—►A transitions in the majority of 

mutants sequenced (31/39), while single targeted transitions were 3 times 

more frequent in sequence context 1 (6/39) than in sequence context 2 (2/39).

Mutation analysis of DNA sequences from plasmids containing a GC—>CG 

inactivating basepair alteration at position 150 (sample Ad 11-PCR) confirmed 

the presence of the GC—►CG inactivating mutation in 100% of the mutants 

sequenced.
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Sample No of white colonies 
sequenced Mutation type

Ad8-PCR 20 G -A  @ 1 0 0  (T 1 -0 6 -M e G  T arg eted ) (x20)

Ad9-PCR 24

G -A  @ 1 2 9  (T 3 -0 6 -M e G  T arg eted ) (x16)
DEL 8 8 —>207

DEL 8 9 —>207

DEL 8 9 —>154

T  DEL @ 171

C D EL @ 1 1 0

T -A  @ 1 4 5
G -T  @ 1 2 6

T -A  @ 1 6 7

Ad10-PCR 39

G -A  @ 1 0 0  and G -A  @ 1 2 9  (Both Targeted) 
(x31)

G -A  @ 1 0 0  (T 1 -0 6 -M e G  T argeted) (x5)

G -A  @ 1 2 9  (T 3 -0 6 -M e G  Targeted) (x2)
G -T  @ 1 0 0  (T 1 -0 6 -M e G  Targeted) (x1)

Ad11-PCR 9 C -G  @ 1 5 0  (T A R G E T E D ) (x9)

Table 4.12 Mutations observed in DNA sequences derived from white

colonies of samples Ad8-PCR, Ad9-PCR, Ad10-PCR and Ad11-PCR.

4.5 DISCUSSION

4.5.1 Discussion o f Part I

The aim of work conducted during the early stage of development was to 

assess the mutagenicity of the unadducted recombinant plasmid in human 

cells. Replication of the recombinant vector in either Ad293 kidney or 

GM00637 fibroblast cells and subsequent screening in E.coli resulted in 

similarly high background mutation frequencies (89.0 and 77.6% respectively) 

which was unexpected. DNA sequencing of plasmid extracted from mutant 

colonies suggested that large deletions of bases between the Xhol and 

BamHI restriction sites were responsible for the high mutation frequencies
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observed. These large deletions were presumably due to rejoining of the ends 

of linear doubly-cut dephosphorylated plasmid by non-homologous end-joining 

(NHEJ) in human cells. The ligation reaction of the modified insert to the 

doubly-cut dephosphorylated plasmid is never 100% efficient, in fact it is a low 

efficiency event (estimated to be less than 10% by agarose electrophoresis), a 

certain proportion of linear plasmid molecules will always be transfected along 

with the recombinant covalently closed relaxed plasmid. The ends of these 

linear plasmid molecules would be treated as DSBs inside the human cells 

and would be subject to DNA recombination repair. Assays involving the 

transfection of restriction enzyme-generated linear plasmids into host cells 

have been used to study joining of free DNA ends in intact cells [479-481]. 

Linear double-stranded deoxyribonucleotides, including transfected plasmids 

with DSBs are known inducers of DNA-PK activity [482]. DNA-PK is known to 

play an important role in NHEJ repair [482] and is a DNA end-binding protein, 

composed of a catalytic subunit (DNA-PKcs) and the Ku protein, a 

heterodimer of polypeptides of 70 and 80 kDa (Ku70 and Ku80 respectively). 

Ku is the DNA-targeting subunit of DNA-PK. In the current assay transfection 

of non-ligated recombinant plasmid may induce NHEJ repair, resulting in the 

large deletions observed.

4.5.2 Discussion of Part II

In order to reduce the high mutagenic background obtained with direct E.coli 

transformation of plasmid recovered from the human cells, an allele-specific 

PCR method was developed. The method takes advantage of the base 

changes introduced into the synthetic oligonucleotide and involves selective
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amplification of the modified insert from plasmid that was recovered from the 

human cells, thereby eliminating the high mutagenic background associated 

with rejoined linear plasmids that do not contain the synthetic insert and 

improving the overall sensitivity of the assay. The amplified 134mer PCR 

product is then digested with BamHI and Xhol to produce a shorter 114mer 

insert with suitable overhangs for re-insertion into the vector and screening in 

E.coli. Therefore, any substitutions or small frameshift mutations fixed in the 

supF gene in response to replication of a DNA adduct would be detected by 

selective amplification of modified inserts. A potential disadvantage of this 

approach, however, is that any large deletions induced in response to DNA 

adducts, such as those observed in Chapter 3 (Part III) that encompass the 

primer binding sites, would escape detection, as these deletions would result 

in PCR products of shorter length or no PCR products at all.

At this stage of development only unadducted plasmid was used. Screening of 

vector containing the PCR-amplified insert resulted in a significant reduction of 

the mutagenic background (14.3%) compared to direct transformation of the 

recovered plasmid (89.0%). However, the mutagenic background was still 

higher than the background obtained from direct transformation of E.coli cells 

with the same type of recombinant vector (9.3%). A potential source of 

mutations could be errors introduced during PCR amplification of the modified 

insert by Taq Polymerase, and this was investigated subsequently.

4.5.3 Discussion of Part III

In order to further reduce the mutational background Phusion High Fidelity 

DNA polymerase was used instead of Taq DNA polymerase, since Phusion
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reportedly has a 50-fold lower error rate than that of Taq, as determined using 

a modified /acl-based method [483]. In addition, the plasmid constructs were 

prepared using PAGE rather than agarose-purified 130mer inserts prior to 

transfection into Ad293 cells, as in Chapter 3 (part III).

Direct transformation of E.coli with gapped unadducted control plasmid 

samples recovered from Ad293 cells (samples Ad2, Ad3 and Ad4) resulted in 

a high mutagenic background (46-50%), although much lower compared to 

that observed in part II using unadducted ds control plasmid (89%). This 

finding suggests that construction of unadducted control recombinant 

plasmids using PAGE-purified 130mer inserts played a significant role in 

reducing the background mutation frequency. The mutagenic background 

arising from direct transformation of E.coli with 0 6-MeG adduct-containing ds 

plasmid samples replicated in Ad293 (samples Ad5, Ad6 and Ad7) was similar 

to that obtained with the uracil controls, although there was a small increase in 

the sample containing both adducts (sample Ad7). DNA sequencing of mutant 

colonies from samples Ad2 and Ad7 revealed that the inactivating mutation 

type responsible for the high mutant fractions observed in both samples was 

large deletions between the EcoRI and BamHI restriction sites, similar to 

those seen in part II using unadducted control templates. In addition 

transfection of Ad293 cells with linear doubly-digested, dephosphorylated 

plasmid (sample Ad 14, -ve control) and subsequent direct screening in E.coli 

resulted in the production of thousands of colonies the vast majority of which 

were white (97.9%). Since plasmid is required to be in a circular form in order 

to be replicated, it can be inferred that the linear vector was recircularized 

inside the human cells.
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These findings reinforce the conclusion that these particular deletions resulted 

from rejoining of linear doubly-cut plasmid by NHEJ. Interestingly, this type of 

mutation was not observed in any of the samples from the experiments in 

E.coli (Chapter 3), except for sample 10 which contained two Oe-MeG adducts 

in a gapped plasmid, indicating that these large deletions occur only in 

response to heavy DNA damage in E.coli, whereas they are induced more 

readily in undamaged plasmid DNA replicated in Ad293 cells. There are 

several feasible non-exclusive reasons why this might happen. One possibility 

is that the longer replication time in human cells (48 h) as opposed to E.coli 

(45 min) might allow DNA recombination repair systems to join the ends of 

linear digested plasmids more efficiently. Another likely cause could be the 

low transformation efficiency of linear DNA molecules in E.coli compared to 

the transfection efficiency in human cells [484, 485], which would mean 

greater numbers of linear molecules are available for processing by the 

human DSB repair systems. A third reason could be the differences in the 

DNA recombination repair systems between E.coli and human cells, as it is 

known that E.coli are incapable of performing NHEJ .

Incorporation of the PCR step eliminated these non-specific large deletions 

and restored the mutagenic background to the levels seen in E.coli (see 

Chapter 3, part III) using gapped undamaged control plasmids (Ad2-PCR, 

Ad3-PCR and Ad4-PCR). DNA sequencing of mutants produced by these 

samples confirmed that the background mutation spectrum consisted of the 

same mutation types, such as point deletions (e.g. the T deletion at position 

153) and substitutions, that were observed in spectra obtained from 

replication of the same constructs in E.coli (samples 2, 3 and 4 in Chapter 3),
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while large deletions were rare. Additionally, the background mutation 

frequency obtained in part III experiments (Chapter 4) using unadducted 

control plasmids was ~3-fold lower than that of part II (Chapter 4). This 

reduction in mutagenic background could be due to both PAGE purification of 

the inserts and increased fidelity of the PCR reaction, although it is impossible 

to estimate the relative contribution of each factor.

The mutation frequency was increased moderately (3-4-fold) in samples that 

contained a single or two 0 6-MeG adducts in ds context (Ad5-PCR, Ad6-PCR 

and Ad7-PCR) compared to the gapped unadducted controls when these 

samples were processed using the PCR approach. This increase in mutation 

frequency was accompanied by an increase in the proportion of 0 6-MeG- 

targeted G—►A transitions observed in DNA sequences generated from mutant 

colonies of these samples. The mutation fraction was enhanced dramatically 

in gapped plasmids when a single Oe-MeG adduct was positioned in 

sequence context 1 (sample Ad8-PCR) or when two 0 6-MeG adducts were 

present in both contexts (sample Ad10-PCR), but not when a single adduct 

was placed at sequence context 2 (sample Ad9-PCR). This difference might 

be explained by the poor PCR amplification observed in this sample (Ad9- 

PCR) that could potentially cause an increase in the proportion of blue 

colonies by non-specific amplification of the wild type supF gene. This 

hypothesis is further supported by the fact that half of the blue colonies 

sequenced from this sample contained the wild-type supF sequence and not 

the modified insert. The wild-type supF sequence was also observed in a 

certain proportion of blue colonies derived from plasmids Ad8-PCR, Ad 10- 

PCR and Ad 11-PCR indicating a low level of contamination with non-
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specifically PCR-amplified products. This was probably due to the fact that 

PCR amplification of these samples was less efficient, resulting thus in a non

specific amplification of the wild type supF gene sequence.

Sequence analysis of the mutant white colonies generated by samples Ad8- 

PCR and Ad10-PCR proved that 0 6-MeG targeted transitions were present in 

100% of plasmids sequenced and that they were solely responsible for the 

enhancement of the mutant fraction over their respective unadducted gapped 

control samples (Ad2-PCR, Ad4-PCR) or ds adducted samples (Ad5 and Ad7 

respectively). The increase in the mutation frequency observed with these 

samples is consistent with previous reports comparing the relative 

mutagenicity of adducts in ds intact vs gapped plasmids [486, 487] and is 

thought to reflect induction of TLS in gapped plasmids rather than damage 

avoidance. Interestingly, the majority of the mutants in sample Ad10-PCR had 

Oe-MeG-targeted transitions present in both sequence contexts, suggesting 

that the human polymerase(s) involved preferentially introduces a T opposite 

multiple 0 6-MeG adducts, irrespective of sequence context, or number of 

adducts. Oe-MeG-targeted transitions were also prevalent in sample Ad9- 

PCR, although in a lower proportion (66.6%), with random point mutations and 

large deletions comprising the rest of the spectrum. It is unclear why this 

might have occurred, although it implies that the mutagenicity of the 0 6-MeG 

adduct in sequence context 2 was not as high as in context 1. Alternatively, 

the lower occurrence of Oe-MeG-targeted transitions with this sample might 

have arisen due to an experimental error that involved the accidental 

incorporation of the thymine-containing oligo (B2) in the complementary 

strand in place of the uracil-containing one (B2U), essentially resulting in
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duplication of sample Ad6-PCR. This could easily be investigated by simply 

repeating the experiment with newly prepared constructs. Finally, analysis of 

the DNA sequences derived from mutant colonies of the validation sample 

Ad11-PCR confirmed the presence of the inactivating insert in 100% of cases, 

providing further confidence in the sensitivity of the PCR method for detecting 

point mutations.

4.5.4 Summary

The overall aim of the work described in this Chapter was to develop and 

validate a novel adduct site-specific assay in Ad293 human kidney cells. The 

assay was successfully validated using an inactivating 130mer insert and was 

subsequently applied to the investigation of the mutagenic potential of a 

single or two 0 6-MeG adducts at two different DNA sequence contexts in ds 

or gapped plasmids. Transfection of recombinant constructs and subsequent 

replication in Ad293 produced a high mutagenic background when vector 

recovered from the human cells was screened for mutations in E.coli. DNA 

sequencing of plasmid extracted from mutant colonies suggested that large 

deletions of bases between the Xhol and BamHI or EcoRI and BamHI 

restriction sites were responsible for the high mutation frequencies observed. 

These mutations presumably resulted from recombination of linear doubly-cut 

plasmid molecules that were co-transfected with the covalently closed circular 

plasmids by the NHEJ repair system. To overcome this impediment a PCR- 

based method was develop that involves selective amplification of the 

replicated modified insert and subsequent re-insertion into the vector and 

screening in E.coli. The method improved dramatically the sensitivity of the
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assay, allowing detection of 0 6-MeG-targeted G—>A transitions in the majority 

of mutants derived from both ds and gapped Oe-MeG-adducted plasmids. 

However, a potential limitation of the assay is its inability to detect larger 

frameshift mutations (e.g. large deletions and insertions). This limitation could 

possibly be overcome by eliminating the linear plasmid molecules before the 

transfection reaction, e.g. by agarose electrophoresis purification of the 

covalently closed circular recombinant plasmid or by digestion with 

Exonuclease-lt (Bayou Biolabs, Harahan, USA). This refinement could 

potentially improve the range of mutations detected and also simplify the 

assay by rendering the PCR step unnecessary.
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The aim of the work described in this thesis was to develop and utilise 

mutagenesis assays for investigating the mutagenicity of carcinogenic agents. 

The mechanisms through which tamoxifen causes endometrial cancer are not 

yet established but the potential contribution of tamoxifen-induced DNA 

damage is a subject of much interest. The first part of the thesis was aimed at 

investigating the mutagenicity of the tamoxifen-induced lesions dG-A^-TAM 

and dG-A/M-OHTAM. The conventional version of the supF assay was 

employed to ascertain the mutations caused by these adducts in human target 

endometrial cells. A secondary aim was to employ the LwPy53 algorithm in 

order to enable in silico prediction of the G—►T mutation distribution along the 

human p53 gene, using a-acetoxytamoxifen and 4-OHtamQM-induced 

mutation data from the supF assay. Relative mutation frequencies increased 

proportionally with adduct level for a-acetoxytamoxifen, up to ~18 times the 

background frequency, indicating the dG-A^-tam adduct, which is reportedly 

present in endometrial DNA of a proportion of tamoxifen treated women, 

poses a mutagenic risk. However, 4-OHtamQM induced damage did not 

cause a dose-related increase in mutation frequency above that of the 

untreated control, which is in contrast to analogous studies performed in 

different cell types and indicates the importance of cell specific factors in 

governing the biological effects of DNA adducts. Furthermore, only a- 

acetoxytamoxifen induced statistically different supF mutation spectra 

compared to the spontaneous pattern. Based on the p53 G-»T transversion 

predictions, treatment with a-acetoxytamoxifen resulted in two hotspots at 

positions 244 and 273. Further investigations to establish the p53 mutation
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spectrum in endometrial tumours arising in tamoxifen treated women are 

needed to determine whether dG-A^-tam adducts play a causal role in cancer 

development.

The second part of this thesis was devoted to the development and validation 

of a novel site-specific assay in E.coli. The main difference compared to the 

original supF assay is that this new approach assesses the mutagenicity of 

individual adducts, rather than a profile of damage caused by a particular 

genotoxic compound. Once developed and validated, the site-specific assay 

was then used to investigate the mutagenic potential and types of mutations 

caused by individual 0 6-MeG adducts situated in ds or gapped plasmids, in 

two different sequence contexts, in E.coli. Importantly, the assay facilitates 

investigations on the mutagenicity of multiple lesions (two 0 6-MeG adducts) 

located on the same DNA strand, to ascertain whether the presence of 

additional damage influences the processing of each single adduct. This is a 

key feature given that humans are exposed to complex mixtures of genotoxic 

carcinogens that can potentially generate a wide variety of lesions in genomic 

DNA. The methods successfully established can be easily adapted to enable 

studies of any stable adduct that can be synthesized and incorporated into the 

plasmid. Positioning of 0 6-MeG adduct(s) at either site and subsequent 

replication in E.coli produced different types of mutations depending on the 

sequence context in which the 0 6-MeG adduct(s) were placed. These results 

suggest that the mutagenic and cytotoxic potential of these adducts might 

have been underestimated and that deletions arising as a result of DNA 

recombination repair in response to 0 6-MeG adducts might play an important 

role, in addition to the G—»A transitions, in initiating the carcinogenic process.

254



Chapter 5 Conclusions and Summary

The final part of the thesis was dedicated to adapting the site-specific assay 

for use in human cells. The main modification here was the addition of a PCR 

step for selection of mutant plasmids after replication of adducted or control 

plasmids in Ad293 human kidney cells. The assay was validated using the 

same oligonucleotide constructs as in the E.coli version, and was 

subsequently used to examine the mutagenicity of 0 6-MeG adducts as 

described previously. The human cell version of the assay exhibited high 

sensitivity in detecting 0 6-MeG-targeted G-»A transitions. A potential 

limitation of the assay, however, is its inability to detect longer frameshift 

mutations, which was not a problem evident in the E.coli version. 

Furthermore, small methodological refinements have been suggested to 

further improve the assay before routine use. The developed assay currently 

offers great potential to complement the traditional supF approach and 

provide further mechanistic information aimed at elucidating mutagenic 

processes in the target human cells most relevant to the particular carcinogen 

of interest.
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Appendices

Appendix 1. Raw 32P-postlabelling data from a-acetoxytamoxifen treatment of pSP189 plasmid 
This data was used to produce graph A in Figure 2.7, page 89

Value 1 Value 2 Value 3 Value 4 Average S.D. Standard Error

Solvent Control 0 0 0 0 0 0 0

10 mM 6295,85 20187,87 24484,95 18904,36 17468,26 7821,24 3910,62

25 mM 20689,64 26539,21 30748,18 41030,16 29751,80 8575,89 4287,94

50 mM 30279,13 37047,37 38062,35 45182,82 37642,92 6099,35 3049,67

Q

Adducts per 10 nucleotides

Appendix 2. Raw 32P-postlabelling data from 4-OHtamQM treatment of pSP189 plasmid 
This data was used to produce graph B in Figure 2.7, page 89

Value 1 Value 2 Value 3 Value 4 Average S.D. Standard Error

0 0 0

436 83,18 41,59

816 92,84 46,42

3099 635,76 317,88

Adducts per 108 nucleotides

Solvent Control 0 0 0 0

50 mM 436,52 318,89 551,13

100 mM 1007,85 876,56 967,53 413,8

250 mM 4104,44 3205,34 2521,56 2564,12
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Appendix 3. Example of an Excel spreadsheet containing imars input data. 

The format of the data file is shown below where the first column describes 

the sequence where each base is preceded by a number. The remaining 

columns give the frequencies of the different types of point mutations 

observed for each base (where X is the current base and, for example, an A 

to G mutation is written A>G). Thus, in this example: for base 7G there were 

two mutations, both G A>.

X-A X-G X-C X-T DEL INS
1G 0 0 0 0 0 0
2G 0 0 0 0 0 0
3T 0 0 0 0 0 0
4G 0 0 0 0 0 0
5G 0 0 0 1 0 0
6G 0 0 0 1 0 0
7G 2 0 0 0 0 0
8T 1 0 0 0 0 0
9T 0 0 0 0 1 0
10C 0 1 0 1 0 0
11C 1 1 0 0 0 0
12C 0 0 0 0 0 0
13G 0 0 0 0 0 0
14A 0 0 0 0 0 0
15G 3 0 0 1 0 0
16C 0 0 0 0 0 0
17G 1 0 2 5 0 0
18G 1 0 0 0 0 0
19C 0 0 0 0 0 0
20C 2 1 0 0 0 0
21A 0 0 0 0 0 0
22A 0 0 1 0 0 0
23A 0 0 0 0 1 0
24G 0 0 0 7 0 0
25G 0 0 0 3 0 0
26G 0 0 0 1 7 1
27A 0 0 0 0 0 0
28G 2 0 0 0 0 0
29C 3 0 0 1 0 0
30A 0 0 0 0 0 0
31G 1 0 1 8 0 0
32A 0 0 0 0 0 0
33C 0 0 0 0 0 0
34T 0 0 0 0 0 0
35C 3 3 0 0 0 0
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Appendix 4. HYPERG is a computer program that compares two mutation 

spectra. The input of the program is a text file containing the number and 

nature of mutations observed in the two spectra. The output of the program is 

a P value, which indicates the probability that the two spectra are drawn from 

the same population. A P value of <=0.05 indicates that the two spectra are 

most likely not drawn from the same population. The algorithm implemented 

here is described in [479]. This algorithm is currently viewed as one of the 

best for mutational spectra calculations. The types of substitution mutations 

present in the two spectra are entered in the form of a table, as shown in the 

example below;

bp
position wt base

specific
mutation

spectra
1

spectra
2

44 A A>C 0 1
A>G 0 1
A>T 0 0

45 C O A 0 0
O G 0 0
O T 0 0

46 G G>A 3 1
G>C 0 1
G>T 1 1

Rows with no mutants (0 0) are discarded and the final two column table is set 

up, like this.
o 1
o 1
3 1
0 1
1 1

This table now contains the two input spectra. The file containing these two 

columns of numbers is then submitted to the program.

The program then generates a number of random tables that contains the 

same number of mutants in each row as the input spectra. The number of 

iterations that you request is the number of random tables to generate. 1700 

random tables gives fairly good precision. The input table is compared to each 

random table. If the input spectra is “more unusual” than the random table, 

this is scored as a hit. The P value is “hits / (total number of random tables)” 

[479].
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